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Fig 6-8 Severe corner cracks in nitride oxidation mask on silicon The cracks occurred at

concave corners LOCOS thickness is 2-im.6 1991 IEEE

growing field oxide to lift the edges of the nitride In some locations e.g 2700 corners

in the nitride film see Fig 6-8 the stresses in the brittle nitride film cause it to crack

defeating the purpose of the nitride to act as an oxidation barrier The pad oxide flows

during the field-oxide growth process in such way that the stresses in the nitride can be

kept small enough to prevent cracking Stresses are also transmitted from the nitride to

the silicon and these can produce defects in the silicon crystal as well The pad oxide

also serves to prevent these defects In general the thicker the pad oxide the fewer the

defects in both the nitride films and the silicon substrate However thick pad-oxide

layer will render the nitride layer ineffective as an oxidation mask by allowing lateral

oxidation to take place Hence the thinnest pad oxide that will serve as an effective

stress relief layer is employed Typically pad oxide layers are 50 nm thick

6.2.1.2 CVD of Silicon Nitride Layer Next 100-200 nm thick layer of

CVD silicon nitride which functions as an oxidation mask is deposited Silicon nitride
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is effective in this role because oxygen and water vapor diffuse very slowly through it

preventing oxidizing species from reaching the silicon surface under the nitride In

addition the nitride itself oxidizes very slowly as the field oxide is grown typically

only few tens of nm of nitride are converted to Si02 during the field-oxide growth

process Thus the nitride behaves as an integral oxidation-barrier layer during the entire

field-oxide-growth step Figure 6-9 compares the oxidation rate of silicon and silicon

nitride and shows that silicon oxidizes approximately 25 times faster than silicon

--

nitride.9 One criterion for selecting the nitride thickness is that it should be greater than

the thickness that will be converted to Si02 during the subsequent field oxidation step

Silicon-nitride films however have the well-known drawback of exhibiting very

high tensile stress when deposited by CVD on silicon on the order of lOb dynes/cm2

The termination of intrinsic stresses at the edge of nitride film gives rise to

horizontal force that acts on the substrate Under some circumstances this stress can

exceed the critical stress for dislocation generation in silicon thus becoming source of

fabrication-induced defects The pad oxide as described in the previous section is used

to combat these stresses and avoid dislocation generation

6.2.1.3 Mask and Etch Pad-Oxide/Nitride Layer to Define Active

Regions The active regions are now defined with photolithographic step resist

pattern is normally used to protect all areas on which active devices will later be formed

The nitride layer is then dry etched and the pad oxide may be etched by means of either

dry- or wet-chemical process In many cases however it is desirable to retain some of

the pad oxide after the nitride etch In this case the dry nitride-etch process must be

optimized to prevent all the pad oxide from being removed during the nitride overetch
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Fig 6-9 Nitride consumption during oxidation.9 Reprinted with permission of

Semiconductor International
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that the resist is left in place to serve as masking layer during the channel-stop-implant

step and must be stripped prior to the field-oxide growth step

6.2.1.4 Channel-Stop Implant An implant is performed in the field regions

to create channel-stop doping layer under the field oxide In NMOS circuits

implant of boron is used while in PMOS and in the n-tubs of CMOS circuits an

implant of arsenic is utilized Although this normally requires two masking steps in

CMOS circuits single mask process for implanting both and channel stops has

been reported After the implant has been completed the masking resist is stripped

6.2.1.5 Problems Arising from the Channel-Stop Implants During
field oxidation the channel-stop boron experiences both segregation and oxidation-

enhanced diffusion Thus relatively high boron doses are needed 5x1Oi25x1O3
atoms/cm2 in order for acceptable field threshold voltages to be achieved This also

implies that the peak of the boron implant must be deep enough that it is not absorbed

by the growing field-oxide interface implant energies in the 60-100 keV range are

typical If the channel-stop doping is too heavy it will cause high source/drain-to-sub

strate capacitances and reduce source/drain-to-substrate pn junction breakdown voltages

The lateral diffusion of the boron also causes it to encroach into the NMOS active

areas Fig 6-10 Such redistribution raises the boron surface concentration in the active

regions near the edge of the field oxide causing VT to increase in that region of the

active device As result the edges of the channel will not conduct as much current as

the central portion making smaller narrow-width effect This effect is also enhanced

as the dose of the channel-stop implant is increased

..j---------- Wp/2

OXIDE

P- SUBSTRATE

0.0 0.2 0.4 0.6 3.8 1.0 1.2 1.4 1.6 1.8

micron

Fig 6-10 Field oxide and boron encroachment in LOCOS From Cham et al

Computer-Aided Design and VLSI Device Development Copyright 1986 Kluwer Academic

Publishers Reprinted with permission
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Fig 6.11 Reduction of boron implant redistribution during field oxidation by co

implanting Ge Figure shows implanted boron doping profile after field oxidation step with

and without the presence of co-implanted Ge dose Boron doping profile is deeper without

implanting Ge.13 1990 IEEE

Several techniques have been studied to reduce the extent of the channel-stop dopant

diffusion including use of high-pressure oxidation HiPOX to grow the field

oxide co-implanting chlorine and boron into the field regions use of

germanium-boron co-implant use of high-energy post-field-oxide channel-stop

implant and implementation of novel field-implant-free well-drive process.99

HiPOX allows the oxide-growth temperature to be reduced which reduces the

diffusion length of the boron The chlorine co-implant is performed in the field regions

prior to field oxidation causing the oxide to grow at faster rate Consequently the

same field oxide thickness can be attained in less time at the same temperature The

germanium-boron co-implant exploits the fact that boron diffuses with lower

diffusivity by factor of nearly three in the presence of implanted germanium and

boron segregation effects are also reduced The result is 40% increase in field threshold

voltage for the same dose of implanted boron and corresponding decrease in lateral

boron encroachment Figure 6-11 shows the effect of the Ge on the vertical boron

profile in the field region after field oxide step of 165 minutes at 1000C in steam

The boron implant dose was 1x1013 cm2 at 100 keV and the Ge dose was 5x1015 cm2
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at 150 keV The Ge significantly enhances the final surface concentration of boron and

maintains generally shallower profile with greater peak concentration

higit-energy channel-stop implant following the field oxide growth greatly reduces

the lateral penetration of boron because it no boron is present during the long high-

temperature field oxidation In one reported process 400-keV boron channel-stop

implant was implanted through 0.8 jim field oxide this same implant is also used in

the process to create retrograde p-well profile in the active areas.5 118
Implanting the

channel-stop dose after field oxidation appears to become even more attractive as device

dimensions shrink toward 0.5 jim because the field-oxide thickness is also reduced in

advanced submicron CMOS processes For example for 0.5 jim devices this thickness

is projected to be 0.4 jim Such thinner field oxides require implant energies 250 keY

for boron and 600 keV for phosphorus High-energy implanters with implant ener

gies exceeding MeV are now commercially available making these latter processes

manufacturable The application of MeV implantation to well fonnation and isolation in

CMOS technology is described further in sections 6.6 and 6.7 and in chap

The novel field-implant-free approach is reported to be applicable to p-well or twin-

well CMOS process and is described more fully in section 6.7.1.1 Briefly here

sufficiently high boron concentration at the Si surface is achieved without channel-stop

implant by using unique well drive-in process After implanting the boron well

dopants most of the well dopant distribution is accomplished in non-oxidizing

ambient after field-oxide growth The time-at-temperature during field-oxide growth

makes up the first part of the well drive-in during which time the boron near the oxide

surface is depleted by impurity segregation effects However during the after-oxide

drive-in boron dopants deep in the bulk diffuse back toward the surface and replenish the

boron lost near the surface to the field oxide Fig 6-12 Since no channel-stop implant

is used boron does not encroach into the active regions and the problem of lateral boron

diffusion is eliminated The associated narrow-width effect is also thereby avoided

Nominal V-ms 1OV at isolation spacing of 1.2 jim were reported

6.2.1.6 Grow Field Oxide After the channel-stop implant has been performed

the field oxide is thermally grown by means of wet oxidation at temperatures of around

1000C for 2-4 hours to thicknesses of 0.8-1.0 jim The oxide grows where there is

no masking nitride but at the edges of the nitride some oxidant diffuses laterally This

causes the oxide to grow under and lift the nitride edges Because the shape of the oxide

at the nitride edges is that of slowly tapering oxide wedge that merges into the pad

oxide it has been named birds beak Fig 6-13 The birds beak is lateral extension

of the field oxide into the active area of the devices Although as we shall discuss in the

following section the length of the birds beak depends upon number of parameters

including the thicknesses of the buffer oxide nitride and isolation oxide as well as the

oxidation temperature and oxygen partial pressure for typical 0.7-0.8-jim field oxide

it is 0.5 jim/side This would make lithographically defined 1-jim feature disappear

on the chip following the field oxidation step Fig 6-14 Although this effect led to

predictions that LOCUS isolation would have to be replaced for device dimensions

smaller than Jim optimization of process steps has allowed conventional LOCOS to
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Fig 6-12 SIMS profiles of boron well underneath field oxide and in the active area for split

and non-split drive-in Implanted boron dose 8x1012 cm2 The active area profile is the

same for both drive-in cases.99 1990 IEEE

continue to be used for device-isolation spacings as narrow as 1.25-1.5 JIm.167 For

dimensions smaller than this modifications to basic LOCOS which reduce birds beak

had to be incorporated One such modification is poly-buffered LOCOS to be described

later

2.01

10
LOCOS

0.0
10 2.0

Fig 6-13 Schematic of the birds beak that occurs during semirecessed LOCOS
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Silicon nitride

Silicon dioxide

Field implant

encroachment of field oxide

lateral diffusion of field dopants

Fig 6-14 Birds beak encroachment limits the scaling of channel widths to about 1.2-1.5

jim.16 Reprinted with permission of Semiconductor International

Another limitation of LOCOS-based isolation schemes for submicron structures is

the oxide field-thinning effect.7 The field-oxide thickness in submicron-isolation

spacings is significantly less than the thickness of field-oxides grown in wider spacings

Fig 615.1718 The narrower the width of the exposed substrate silicon region the

thinner the field oxide For example field oxide that is grown to thickness of 400

nm above region of exposed Si that is .5-jim wide would be only about 290 nm thick

if grown above 0.8-pm-wide region of Si In 0.2 pm-wide windows the thinning can

be as great as 80% Thin field oxides that result from this effect can have great impact

orma1Lted Oxide ThIcIness

SILSWAMI
.1 /-

SWAMI

SILO

Scon Openthg

Fig 6-15 Normalized field oxide thickness versus silicon opening for various advanced

LOCOS processes.7 1985 IEEE
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on TF values and on the interconnect capacitances to substrate

The field thinning effect is believed to be caused by higher compressive stress in the

oxide growing in smaller openings.19 The stress is sufficient to reduce the diffusivity of

the oxidant through the oxide Field oxides grown at 1200C showed less thinning than

those grown at 1000C in the same size openings At 1200C the viscosity of the

growing oxide is reduced by roughly two orders of magnitude This permits the oxide to

flow and thereby reduce the growth inhibiting stress Unfortunately raising the growth

-- temperature is not feasible solution in most cases Higher temperatures increase birds

beak length and exacerbate unwanted diffusion of channel-stop dopants in CMOS or

BiCMOS Indeed the field-thinning effect and the need to maintain defect-free isolation

structures see next section may limit the minimum space for LOCOS-type isolation

structures with field-oxide thickness of 550 nm to -.0.8 /.tm Recently however it has

been reported that use of HiPOX may be way to reduce the severity of the problem see

section 6.4.1 for more details

6.2.1.7 Factors Which Impact Birds Beak Length and Shape We

mentioned earlier that the length and shape of the birds beak is impacted by number of

factors They include the following pad layer thickness and composition silicon crystal

orientation temperature of the field oxide growth process thickness of the nitride layer

mechanical properties of the nitride layer and mask stack geometry Let us consider

each of these factors in more detail

Pad layer thickness In general lateral oxidation should be reduced by

making the pad oxide thinner leading to shorter birds beak Fig 616.20

However since the purpose of the pad oxide is stress reduction it cannot be

0.35
SILICON NITRIDE

030- OXIDE

025-
SILICON

BUFFER OXIDE

020 THICKNESS

0.15

I-

IOO

0.0

lilT IT
500 1000 2000

DISTANCE FROM NITRIDE EDGE

Fig 6-16 Oxidation rates versus distance from the edge of the nitride edge with the buffer

pad oxide thickness as parameter.20 1982 IEEE
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Fig 6-17 Suppressed LOCOS Birds beak reduction is achieved by replacing the pad oxide

of the conventional LOCOS structure with an oxynitride Note that the oxynitride is hardly

oxidized TEM of cross section.3 1991 IEEE

made arbitrarily thin The minimum pad oxide thickness will depend on the

oxidation conditions Also note that LOCOS structures with no pad oxide

have been investigated termed SILO structures sealed interface local

oxidation In such cases native oxide of 10-20A is still usually present

giving rise to some birds beak formation

Pad layer composition Although direct contact of the nitride with the

silicon can dramatically reduce birds beak effects i.e pad oxide thickness is

zero defects may be thereby produced in the silicon variation that has been

investigated is to employ pad layer composed of CVD oxynitride SiOxNy
rather than thermally grown oxide The material properties of such layers

may be compromise between those of pure nitride and oxide with respect to

the oxidation masking capability of nitride and the stress relief qualities of

oxide Kuiper et al studied the oxidation behavior of such films as function

of their composition.22 They concluded that oxynitride films with composition

ratios of x/y 0.5 nitride rich show better oxidation resistance during field

oxide growth than do oxygen rich films Figure 6-17 shows TEM photo

micrograph of LOCOS structure with CVD oxynitride pad layer Note that

the birds beak penetration is smaller in the latter structure and that oxynitride

pad layer is not noticeably oxidized

Silicon crystal orientation Since the oxidation rates of different crystal

planes in silicon vary the birds beak lengths depend on the silicon crystal
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orientation Shorter birds beaks are found on ill silicon wafers than on

silicon wafers with 100 surface orientation

Field oxide process temperature Shorter birds beaks are found as the field

oxidation temperature is increased The oxide is less viscous at higher

temperatures As it forms under the nitride edge it is more easily squeezed out

by the pressure of the nitride mask which is resisting being lifted

Thickness and mechanical properties of the nitride layer In general all

other factors being equal the thicker the nitride layer the less birds beak

penetration The thicker the nitride the stiffer it will be and thus will resist

the edge lifting that accompanies birds beak penetration However if the

nitride film is too thick it is likely to crack Consequently the thickness of

masking nitride layers is usually chosen to be 250 nm or less

The mechanical properties of the nitride are also major factor that

influences the birds beak It has been reported that at elevated temperatures

Si3N4 is more viscous than elastic material.23 As result once the nitride

mask edge is lifted up by the growing birds beak it will have no further

tendency to compress the oxide grown under it The nitride seems to have

higher viscosity than Si02 but this also depends on the stoichiometry of the

nitride Silicon-rich nitride films were found to exhibit higher resistance to

flow resulting in less nitride bending and less encroachment of the field oxide

under the nitride edge

Mask stack geometry The shape of LOCOS structures is also dependent on

the mask geometries That is the following effects have been observed the

birds beak penetration is significantly greater at convex corners particularly at

the end of long narrow mask stack structures e.g mask widths 1.0 jim

birds beaks are shorter at concave corners and birds beaks are shorter for

narrow mask features.68 It should be noted that these effects are less

pronounced in the poly-buffered LOCOS process discussed in section 6.3

This is explained as follows At the end of long narrow mask stack lines

Fig 6-18 the nitride layer is less resistant to bending than along the narrow

dimension of the line hence allowing greater lateral oxidation to occur as the

nitride is lifted The birds beak length at the end of the line can be 2-3 times

the normal birds beak length Convex 270 corners are also less resistant to

bending than concave 90 corners allowing further lifting of the nitride edge

and greater lateral penetration at the convex corner

The extended birds beak penetration effect can impose limitations on

packing density since more overlap area is needed for contacts to the end of

small device areas In addition the region of the longer birds beak is

susceptible to junction leakage because etchback of the thin long beak after pn

junction formation can easily expose the junction

Isolation Lifting or Birds Beak Punchthrough If the birds beak on either

side of mask-stack-isolation line penetrates under the line such that the
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Fig 6-18 Birds beak dependence on mask geometry Top view of CMOS RAM cell

The birds beak length white arrows is different in concave and convex corners Enhanced

birds beak EBB at the end of narrow active areas BB refers to the normal birds beak.3

1990 IEEE

active-area width reaches zero it is said that isolation lifting or birds beak

punchthrough has occurred Figure 6-19a shows this effect.13 The effect

occurs for two reasons Wider isolation spacings permit the mask stack to

deform at the edges relieving the stress that is lifting the lines As the

isolation space is made narrower the mask stack becomes more rigid with

respect to edge bending and thus will not deform Instead the entire mask stack

line will lift Thus an optimum nitride thickness must be used That is the

nitride must be thick enough to suppress birds beak penetration by resisting

upward deformation at the mask line edges yet it must not be so thick that

LO
paox

111111
0.8

JLOCOS

PATTERNED NITRIDE WIDTH pm
.2

lifting

Fig 6-19 Birds beak lifting31 Birds beak height under the center of the isolation

line as function of isolation line width and for three different isolation technologies.1
32

1994 IEEE
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deformation cannot occur at all instead giving rise to lifting suggested PBL

mask stack with optimized layer thicknesses for both isolation widths and

isolation spacings of 0.6 jim consists of 2500A/500A/100A-thiCk nitride

amorphous silicon/pad oxide layers respectively.31 As the active area

dimension is decreased the concentration of the oxidizing species merges at the

center of the isolation line at very early stage of field oxidation In this case

as the field oxidation proceeds the oxidizing species concentration quickly

reaches supersaturation at all locations beneath the line resulting in surface-

reaction limited growth condition uniform oxide punchthrough profile

beneath the isolation line thus results see Fig 6-19a This suggests that if

the lateral diffusion of the oxidizing species under the nitride can be limited

oxide lifting can be reduced In the PBL and PELOX processes which are

advanced variations of LOCOS described in section 6.4 nitride cladding of the

mask-stack sidewalls is used to reduce this lateral diffusion for the purpose of

suppressing the oxide lifting effect.122

Figure 6-19b shows the birds beak height under the center of the isolation

line as function of isolation line width and for three different isolation

technologies.32 Note that the advanced LOCOS isolation processes can reduce

the effect for isolation spacings down to -.0.5 Jim

However if isolation lifting occurs the thicker oxide underneath the nitride

mask must then be etched back resulting in reduced field oxide thickness

elsewhere which degrades the isolation of the small active spaces In addition

increased field etchbacks are limited by the susceptibility of LOCOS to the

field thinning effect in small active spaces As solution post-field-oxide

implantation has been proposed in order to locally increase the well doping and

compensate for the thinner field oxide However achieving acceptable

MOSFET performance with this solution requires that very critical

alignment-sensitive photomasking step be used to keep the implant out of

neighboring active regions Reference 132 describes the integration of

PELOX isolation structure and split-well drive-in scheme to realize the same

benefits but without the need for such an extra post-field oxide implant

allowing this scheme to provide adequate isolation for CMOS technology

down to 0.35 jim

From this list of factors we can see that accurately predicting the length and shape of

the birds beak is formidable task We shall see in later section the attempts that

have been made to model such 2-D and 3-D oxidation effects In practice some

experimentation is generally required to get the optimum conditions for making the

desired device structures

6.2.1.8 Use of High-Energy Ion Implantation to Introduce the

Channel-Stop Dopant After Field Oxide Growth As noted earlier the

commercial availability of high-energy implanters now makes it possible to implant the

channel stop dopants chiefly boron through the field oxide rather than having to
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implant them into the substrate prior to field oxide growth This approach offers several

attractive benefits First higher concentration of boron at the surface under the oxide

can be achieved with the same implant dose than if the implant is done prior to field-

oxide growth This is possible because the leaching of the boron that takes place during

field oxide growth is avoided and this leaching causes the boron surface concentration of

at the silicon surface to be reduced see section 6.2.1.5 Thus the field oxide thickness

needed to attain the target V-0 value can be reduced Second such thinner field oxides

exhibit smaller birds beak This means that smaller isolation spacing design rules can

be used which in turn translates to reduced chip size Third the thinner field oxide

makes the topography of the wafer after the semirecessed field oxide growth step

smoother Smoother topography may extend the use of existing stepper tools for one or

more device generations and will delay the need to introduce chemical-mechanical

polishing for back-end processing Finally the redistribution of channel-stop dopants by

lateral diffusion during the field oxide growth step is largely replaced by lateral straggle

of the dopant occurring from the high-energy implant step.2 Since the latter effect

results in approximately 25% less lateral dopant spread this also contributes to smaller

isolation spacing design rules and thus reduced chip size

6.2.1.9 Strip the Masking Nitride/Pad-Oxide Layer Following field

oxidation the masking layer is removed For several reasons this removal process

must be optimized and during manufacture carefully controlled in CMOS technologies

smaller than 2.0 /im

First since 20-30 nm of the top of the nitride is converted to Si02 and oxynitride

during field oxidation the removal of the nitride must in fact begin with step to

remove this layer The very top surface actually consists of layer of approximately

stoichiometric SiO2 Beneath this is an oxynitride region that is graded in composition

from SiO2 to Si3N4 i.e SiON If wet chemical removal of the nitride is used an

HF deglaze step is first usually used to remove the SiO2/mixed SiON layer Note

also that vapor HF is reportedly replacing wet HF deglaze processes in some advanced

processes.24 Hot 180C phosphoric acid H3PO4 is then used to etch the remaining

nitride The etch rates of SiO2 in 5% HF 0.5% HF and hot H3P04 respectively are

29373 7017 A/mm The etch rates of silicon nitride in these same chemicals

are respectively nil and 50 A/mm This indicates that etching in hot phosphoric

acid offers excellent selectivity with respect to the underlying oxide and considerable

overetching during this step can be used.25

However during the deglaze step the HF also etches the field oxide Thus an

optimum deglaze etch time must be established If the deglaze does not completely

remove the oxynitride layer the remaining residue may delay the onset of nitride etching

by the H3PO4 as hot H3P04 is ineffective at removing oxide As result the nitride

may not all be removed in the nominal time allotted for the nitride stripping process

Such inadequate removal of the nitride can sometimes result in scrapping of wafer lots

On the other hand too long deglaze step
will excessively etch the field oxide To

assist in the development of an optimal deglaze process thorough characterization of

the material properties of the nitride film after field oxidation should thus be conducted
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Fig 6-20 Koois model for explaining nitride growth under the gate oxide.26 Reprinted by

permission of the publisher The Electrochemical Society Inc

If dry process is used to remove the oxidized nitride the variation in the etch rates of

the two layers must still be taken into account when choosing the etching conditions

The oxynitride layer generally etches more slowly than the underlying nitride The

amount of field oxide removed during this dry etch step also must be considered

After stripping the nitride the pad oxide must also be removed so that gate oxide

can be grown over the active device regions The etchant used to remove the pad oxide

will also attack the field oxide hence the conditions of this step must also be carefully

determined and controlled In fact the field-oxide thickness-reduction is cumulative to the

deoxidation of the nitride layer the removal of the pad oxide and removal of the

sacrificial gate oxide see next section Typically 100-200 nm of field oxide may be

removed by the sum of these three etching steps Some of the thinner part of the birds

beak will also be removed reducing lateral oxide penetration

6.2.1.10 Regrow Sacrificial Pad Oxide and Strip Kooi Effect

During the growth of the field oxide another phenomenon occurs that can cause defects

later when the gate oxide is grown Kooi et al discovered that thin layer of silicon

nitride can form on the silicon surface i.e at the pad-oxide/silicon interface close to

the border of the active regions as result of the reaction between the oxidizing species

02 or H2O and the silicon nitride Fig 620.26 That is NH3 or some other NH

compound or nitrogen is generated from the reaction between H20 and the masking

nitride during the field-oxidation step This NH3 then diffuses through the oxide and

reacts with the silicon substrate to form silicon-nitride spots or ribbon these regions are

also sometimes called white ribbon because they have this appearance when viewed

under an optical microscope due to light scattering see Fig 6-21 Under the field oxide

the reaction of NH3 with Si would not be very effective due to competition with the

oxidation reaction of H20 with Si However at some distance from the field oxide edge

under the nitride mask the concentration of H20 might be assumed to be low enough to

allow an effective nitridation reaction to occur This would allow some silicon nitride or

possibly silicon oxynitride with oxidation masking capability to form Direct

observation of this masking layer by transmission electron microscopy has also been

reported.39
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Fig 6-21 Top view of LOCOS structure with white ribbon effect.6 1991 IEEE

When the nitride mask and pad oxide layer are removed there is possibility that the

nitride ribbon would remain present When the gate oxide is subsequently grown the

growth rate becomes impeded at the locations where such silicon nitride remains The

gate oxide is thus thinner at these locations than elsewhere Fig 6-22 giving rise to

problems of low-voltage breakdown of the gate oxide One way to overcome this

problem would be to etch the pad oxide long enough to also ensure that the ribbon is

removed Unfortunately too much field oxide is removed at the same time

Instead the most widely method to eliminate the white ribbon problem is to grow

wet sacrificial gate oxide typically 25 50 nm thick after stripping the masking

nitride and pad oxide This sacrificial oxide layer is removed by wet etching before

growing the final gate oxide.2728 The chemical removal of the sacrificial oxide will

again consume part of the field oxide and as noted above must likewise be optimized

double sacrificial-oxide process has also been reported Its benefit is smoother

active-area silicon surface on which the final gate oxide is grown This results in smaller

gate leakage currents due to the onset of Fowler-Nordheim tunneling at higher fields

lower interface state density and lower gate-oxide defect density.29
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Fig 6-22 SEM picture of cross-section of LOCOS structure with white ribbon

effect.6 1991 IEEE

6.2.2 Panarizng Semirecessed LOCOS Structures

As described in chap Vol very planar surfaces are required for accurate lithography

and for implementing multilevel interconnects in submicron ICs However semi-

recessed LOCUS structures produce non-planar conditions i.e smooth steps on the

wafer surface LOCUS structures modified to reduce birds beak such as PBL described

in section 6.4 produce topographies with steeper steps than conventional LOCUS
even though the step heights are comparable To return the wafer surface to flat

condition after semi-recessed LOCOS efforts have been made to planarize semi-recessed

LOCUS structures

One example of such planarization scheme is shown in Fig 623.15 mask stack

consisting of 50 nm oxynitride pad layer and 100 nm nitride film is first formed An

800 nm field oxide is grown Prior to planarization by RIE etchback 200 nm thick

layer of CVD oxide is deposited to fill the gaps between the nitride edge and field oxide

Fig 6-23d Then when the field oxide is etched back the gap will not be etched into

the remaining planarized field oxide structure Fig 6-23e This procedure is reported to

produce birds beak free field oxide for thicknesses below 500 nm
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Sj3N4

Ote0e
Channel Stopper

Peak boron concentration

Fig 6-23 scheme to planarize semi-recessed LOCOS In this example SLOCOS is combined

with high energy ion implantation scheme to provide channel stoppers and retrograde wells to

make high density CMOS devices.15 1987 IEEE

6.3 MODEUNG THE TOPOGRAPHY
OF LOCOS STRUCTURES

For the case of 1-D oxidation it is possible to accurately simulate oxide growth under

virtually all practical conditions When oxidation occurs in two dimensions e.g
birds beaktt growth beneath the nitride-mask edge in LOCUS simulation of oxide

growth is more difficult Complexities associated with 2-D oxidation include

nonplanar geometries moving boundaries and volume expansion arising from

the formation of new oxide at the Si surface In the latter effect the newly formed oxide

expands and pushes out the old oxide which rearranges itself through viscous flow

Nevertheless both empirical and physically based models have been developed to

provide two-dimensional simulations of oxide growth in LOCUS structures Some
process simulators such as SUPREM IV contain both types and the user is able to

select the desired model for particular simulation The physical models solve the

complete set of differential equations governing both the oxide growth and the

simultaneous viscous flow Although such models can give accurate results they are

complex and require long computation times The empirical models which are

expressed in terms of relatively simpler analytical functions involve much less

computational effort
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6.3.1 Empirical Models of 2-D Thermal Oxidation

Empirical models have been implemented to simulate the birds beak of LOCOS
structures The 2-D model in SUPRA for local oxidation uses an empirically determined

shape function based on such input parameters as pad-oxide thickness silicon-nitride

thickness oxidation temperature and pressure That is the contour of the birds beak

is approximated with complementary-error function whose parameters are defined by

the particular LOCOS process conditions The empirical model in Stanfords SUPREM
IV is essentially the same as that used in SUPRA

Another empirical model that also treats semi-recessed LOCOS oxide shapes was

developed by Guillemot et al and has been incorporated in the TSUPREM-4 simulator

available from TMA Inc.30 This model again uses simple parametric relationship that

is based on the analysis of experimental data It characterizes the birds beak by three

main parameters the birds beak length lbb the extent the nitride edge has been

lifted H2 and the depth of the birds beak below the surface at the nitride edge H1 It

also classifies the shapes of the birds beaks that occur in semi-recessed LOCOS into

two groups depending on the stress exerted by the nitride masks Fig 6-24 If the

nitride layer is relatively thin low mask stress exists and smooth birds-beak shapes

occur Case in Fig 6-24 For such shapes two analytical complementary-error

functions are used to fit the oxide contours one for the oxide-silicon interface and the

other for the oxide-nitride interface In Case the nitride layer is thicker and the pad

layer thinner This causes stronger mask stresses in which case the oxide becomes

pinched beneath the nitride edge Therefore two functions are used to simulate the

birds beak contours at each interface one on the left side of the pinch and the other on

the right side Figure 6-25 shows that in each case the birds beak shape predicted by the

simulation closely duplicates the shapes observed in SEM photos

Fig 6-24 The two shapes of the birds beak with characteristic lengths Eox 1bb and

and processing parameters cox and er Shape and shape 1987 IEEE
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Fig 6-25 Comparison between experimental and simulated field oxide shapes.3 1987

IEEE

6.3.2 Physically Based Models of 2-D Oxidation

As mentioned above the physically based models of 2-D oxidation solve the equations

of the Deal-Grove linear-parabolic model or the equivalent steady-state diffusion model
and at the same time account for the volumetric expansion due to oxide formation and

viscous flow The viscous-flow phenomenon was first quantitatively studied by Eer

Nisse using silicon wafers that had thermal-oxide film on only one side.46 Since the

thermal-expansion coefficient of Si02 differs from that of silicon the wafer was bowed

when the oxidation temperature was less than 960C If the temperature was increased

above 960C however the wafers remained flat which suggests that the stress due to

thermal mismatch was relieved by the viscous flow of the oxide

The first physically based model of 2-D oxidation that became available in public

domain simulator was designed to handle LOCOS processes and was incorporated in the
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Stanford Oxidation Analysis Program SOAP.31 It assumed that the growing SiO2

films behave like viscous fluids that flow when the thermal-oxidation temperature

exceeds 960C with the viscosity of the oxide determined by the curvature of the wafers

The viscosity of thermally grown Si02 films decreases exponentially with increasing

temperature Above 960C the oxide may flow with relatively little viscous resistance.32

The oxidation process is modeled by assuming that two mechanisms occur

oxidant diffuses through the Si02 to the Si02/Si interface and the oxide flows due to

the volume expansion and associated stress buildup The oxidant diffusion in the SOAP

model is described by generalized diffusion equation rather than by the flux-

conservation equations of the 1-D model given in Volume chapter

DV2C-E 6-1

The boundary conditions for this equation for LOCOS structures are nonhomogeneous

and hence cause the oxidant distribution to be different from place to place along the

silicon/oxide interface The volume-expansion rate therefore also varies with position

The flow of the oxide is described by simplified Navier-Stokes equation as

11V2VVP 6-2

where and are the viscosity the velocity and the pressure of the oxide

respectively To model the localized oxide structures well one needs information on the

mechanical properties of the materials used in LOCOS processing namely SiO2 and

Si3N4

The goal of simulating 2-D-oxidation is to determine the position of the oxide

boundaries at the conclusion of the oxide-growth cycle Since these boundaries are

continuously moving it is very difficult to obtain this information from the above

equations The SOAP program incorporates boundary-value numerical technique to

solve the integral form of Eqs 6-1 and 6-2 by using Greens function Details of this

method are given in reference 31

Figure 6-26 shows the simulation of two semirecessed LOCOS field oxides using

SOAP In Fig 6-26a the nitride mask is 25 nm thick Since the stress is small the

oxide moves in direction normal to the interface throughout its entire growth In Fig

6-26b the nitride mask is much thicker 175 nm and it thus prevents the oxide from

moving normal to the interface by forcing it to move laterally during growth The

compressive stress due to the thicker nitride film reduces oxide growth by making the

SiO2 flow toward the open surface

At temperatures below 960C oxides no longer exhibit viscous behavior but instead

deform as nonlinear viscoelastic materials This has consequences for mechanical stress

and birds beak Another model must therefore be used to treat such conditions Such

model was developed by Kao et al and has been incorporated into SUPREM IV.33

This model takes into account the stresses that build up in the growing oxide film and

how such stresses impact the growth rate Experimental evidence to support the model

shows that these stresses cause the oxide to grow most slowly at concave corners The
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more general nature of this model allows it to simulate the growth of oxide in trenches

as well as in LOCOS processes Figure 6-27 shows SUPREM IV simulation of an

oxide grown in trench in dry oxygen for 240 minutes at 950C.34 Thinning of the

oxide in the lower corners is predicted for this structure In addition the stresses induced

by growing oxide will be lower at higher temperatures This implies that birds beak

dimensions will then be smaller because the nitride edge can more successfully resist

lifting if the oxide can flow aside Figure 6-28 compares the birds beak length and edge

lifting of various experimental LOCOS structures with simulation results obtained

using SUPREM-IV Relatively good agreement is displayed

CREEP is another physically based 2-D oxidation simulator developed to incorporate

the stress effects associated with the growth of thermal Si02.3536 This simulator

incorporates modified form of Kaos 2-D thermal-oxidation model The major change

from the earlier model is the use of shear-stress-dependent viscosity model in lieu

of the hydrostatic-stress-dependent model CREEP simulations of 2-D oxide thicknesses

on both convex and concave cylindrical silicon structures over wide range of

temperatures and curvature conditions show better agreement with experimental

\\\\\

IC \\\\\

Fig 6-26 Two-dimensional oxide growth simulated using SOAP with thin nitride 25

nm masking layer and thicker 170 nm nitride masking layer.3 1983 IEEE
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10

Fig 6-27 Oxidation of trench structure using SUPREM IV Initial grid Final oxide

profile.36

measurements than do simulations based on previous models The model used indicates

that the effect of stress during oxidation on the linear-growth-rate constant dominates the

two-dimensional profile-shape evolution

Figure 6-29a shows the CREEP simulation of an oxide grown on vertical step
in

wet oxygen for minutes at 1000C This simulation clearly predicts the thinning of

the oxide in the lower and upper corners of the step as is observed in experimentally

8000
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6-28 Comparison of SUPREM-IV simulations to parameterized data on LOCOS structures.3

1990 IEEE Experimental data is from Bassous.135
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Fig 6-29 CREEP simulation of an oxide grown on vertical step in wet oxygen for

minutes at 1000C CREEP simulation of SILO process using 2-nm-thick pad oxide

thick nitride mask and an oxide-growth temperature of 10000C.35 1986 IEEE

grown oxides on trench structures Figure 6-29b shows CREEP simulation of SILO

process using 2-nm-thick pad oxide thick nitride mask and an oxide-growth

temperature of 1000C CREEP is also capable of calculating the stress along the

SiO2/Si interface as function of time and to simulate reflow of deposited oxides

Oxidation-induced stress in LOCOS structures have been calculated by Isomae et

al.37 and others.123 Compressive stress in the birds beak region is presumed to cause

retardation of the oxidation rate both the oxidant diffusion and the interface oxidation

rate may be impacted and thus influence the birds beak shape It is also reported that

plastic deformation is initiated at the edge of the nitride mask and expands into the

silicon substrate as oxidation proceeds.123

6.3.3 Simulating Thermal Oxidation in 3-0

Using Physical Models

Earlier we discussed that corners in the patterns of the mask stack can have significant

effect on the length of birds beak longer birds beak arises at convex corners and

shortened birds beak at concave corners Simulations with 3-D thermal oxide

simulators confirm this effect Results of 3-D numerical simulations with the aid of

supercomputer and the 3-D process simulator SMART-P38 have been published by

Unimoto and Odanaka.39 In 3-D calculations of the stress in LOCOS structures they

assume elastic beam bending of the edges of the nitride mask during local oxidation

though as discussed earlier according to Griffin23 this may not be totally correct Their

simulation of the corner effects mentioned above quantitatively considered two factors

the stress distribution in the LOCOS oxide and the local flux of oxidant Figure

6-30 shows an example of calculations around corners in semi-recessed oxide patterns In
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the case of square hole structure oxidation mask surrounded by LOCOS the

formation of birds beak is significantly enhanced at the corners of the hole because the

stress at the corners is lower and the flux of oxidant is larger at such 2700 corner In

the case of LOCOS island structure with concave 90 corners it is more difficult

to bend the nitride edge at the corners resulting in enlarged pressure at these locations

Hence the birds beak is reduced there

These 3-D simulations also support the idea that it is important to limit the bending

of the nitride edge by making the mask sufficiently thick in submicron isolation

structures That is Odanakas simulations confirmed that at the end of long narrow

gm-wide nitride lines the birds beak can be surprisingly long because the nitride

edge can be easily lifted at such locations

Another report studied the sensitivity of the birds beak profile to variations in the

4C 40
oxide FIELD REGION MASK REGION

__________ 30 MASK EDGE 3.0

silicon

MASK EDGE

2.0 cm3 2.0 /cm3

III1\ 20 20
oxide

LATERAL POSITION ON X-AXIS pm LATERAL POSITION ON X-AXIS pm
silicon

-1IIsDh

________________________
ii5ide oxide

ic

Fig 6-30 Three typical nitride mask structures before field oxidation hole structure

island structure and line structure Calculated position of the birds beak edge hole

structure island structure Top view SEMs of LOCOS structure after nitride and pad oxide

stripping Hole structure Island structure Solid and dashed lines show the birds beak

edge and the mask edge by simulation respectively.38 IEEE 1988
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active pattern geometries.122 They used experimental data of birds beak heights and
widths for various active pattern widths for conventional LOCOS poly-buffered LOCOS
and PELOX described in section 6.4 They also compared the data to simulation of the

birds beak profile obtain from SUPREM4 simulations

6.4 POLY-BUFFERED LOCOS

To reduce the undesirable encroachment of birds beak various semirecessed- and fully-

recessed LOCOS birds-beak compaction schemes have been developed including

polybuffered-LOCOS PBL SILO SWAMI and OSELO These have allowed

LOCOS-based isolation structures to continue to be used in MOS ICs down to 0.6 /im
Of the above structures we elect to discuss only PBL here as it appears to be the most

widely adopted LOCOS-based isolation structure for 1.0-0.5 ICs An example of

study favorably comparing PBL to SILO is given in ref 40 SILO sealed-interface
local oxidation relies on interface sealing and SWAMI sidewall masked isolation on

sidewall masking to reduce birds beak to almost zero However these approaches are

less attractive than PBL because they are susceptible to defect formation leading to either

excessive diode leakage or gate-oxide degradation SWAMI also involves much more

complicated process sequence Fabrication details of these and other LOCOS-based
structures can be found in Vol chap

All birds-beak compaction schemes exploit the fact that thinner pad oxide and
thicker nitride produce shorter birds beak As the pad oxide is reduced and the nitride

layer thickened increasingly greater stresses arise during field oxidation In conventional

LOCOS structures this will eventually lead to defects in the silicon In PBL however

polysilicon layer is deposited on the pad oxide before depositing the nitride layer The

polysilicon absorbs some of the stress produced during field oxidation permitting the

use of thinner pad oxide and thicker nitride film without the producing defects

typical mask stack in PBL process Fig 6-31a consists of very thin pad oxide 8-10-
nm an LPCVD poly layer 40-60 nm and thicker LPCVD nitride layer e.g 180-

250 nm.414243

PBL exhibits two other significant advantages First the dependence of birds beak

length on mask stack geometry discussed in section 6.2.1.7 appears to be less severe

than in conventional LOCOS study of the mask geometry effects on birds beak in

PBL structures by Wils et al reports this conclusion.44 Second the white ribbon

problem seems to be mitigated by the PBL approach The underside of the nitride mask
is shielded from oxidation and thus less NH3 is produced With less NH3 available

there is less propensity to form Si3N4 on the Si surface under the gate oxide

detailed explanation of how the poly provides stress relief is given in Ref 45 but

briefly the poly apparently gets squeezed out of the edge of the mask stack by

compressive forces arising from volume expansion caused by the birds beak oxide

growth and the rigidity of the thick top nitride The small-grained nature of the poly

allows some of it to be squeezed out thereby relaxing the stress that would otherwise be

applied to the silicon substrate The subsequent oxidation of this squeezed-out poly also

produces feature on the field oxide named crab-eye Such features have been observed
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Fig 6-31 Poly-buffer LOCOS mask stack Crab eyes at edges of poly-buffer

LOCOS.45 Reprinted by permission of the publisher The Electrochemical Society

in field oxides grown using PBL mask stacks Fig 6-31b The formation of the crab-

eye thereby also retards the oxidation rate near the mask edge by providing longer oxide

path to the substrate for the oxidizing species As result the degree of lateral oxidation

which is responsible for birds beak is even further reduced Conventional PBL

processes yield birds beak of only 0.2-0.3 tmIside for field oxides of 400-600 nm
thickness compared to 0.5 /.tm per side for LOCOS Leakage currents of the ni-p

junction comparable to those of conventional LOCOS process are reported provided

the birds beak penetration is not reduced below 0.3 um per side

Reference 46 provides an extensive description of PBL isolation technology

optimized for an 0.8-nm CMOS process By carrying out full-factorial experimental

plan the effects on defect formation birds-beak penetration and isolation-leakage

currents as result of varying the pad-oxide-layer and nitride-layer thicknesses were
studied An additional description of conventional PBL technology developed for
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high-volume 08 um CMOS process is given in ref 47 Included is discussion of how
this process can be enhanced to provide wider manufacturing process-latitude These

reports also address some of the issues unique to the fabrication of PBL structures

including

Special precautions should be taken to minimize oxidation of the poly layer

prior to the deposition of the Tnitride layer such as inserting the wafers into the

nitride deposition tube more rapidly than the usual 25 cmlmin and allowing no

wet chemical cleanups of the poly between poly and nitride deposition The

presence of significant poly-oxide layer obstructs the removal of the sandwich

layers after field oxidation and provides more efficient path for lateral oxidation

leading to enhanced birds beak encroachment

When the PBL stack layer is patterned it may be desired to leave

approximately one-half of the poly layer as well as the pad oxide layer unetched

The remaining poly-plus-pad-oxide film serves as screen layer to minimize

damage and contamination during the channel-stop implant The poly remaining

on the pad oxide in the field regions is oxidized during the field oxidation step

After field oxidation the removal of the PBL stack is similar to the removal

of the mask stack in conventional LOCOS with two exceptions

It has been reported that the action of the H3P04 with respect to nitride

etching is inconsistent when poly layer is below the nitride This can

lead to inadequate removal of the nitride and may even lead to scrapping

wafer lots.25

The poly layer must be carefully stripped In ref 38 the poly is dry-

etched in manner that leaves the pad-oxide intact The pad-oxide is then

removed in 10% HF solution with lengthy overetch used to remove

portion of the birds beak that penetrates under the nitride This reduces the

final birds beak encroachment to 0.13 pm In ref 48 the removal of the

poly by dry etching and by steam oxidation followed by wet etching in

HF was studied MOS capacitors fabricated after dry-etch removal of the

poly showed worse gate-oxide endurance under high-field stressing than did

those in which the poly was removed by steam oxidation

In two other reports wet stripping of the nitridefpoly mask layers was

compared with an all dry stripping process.2838 It was found that the

gate oxides grown after the dry process exhibited worse oxide integrity

behavior than those grown after the wet strip was performed This

degradation was blamed on damage in the form of increased interface

states in the substrate created in the silicon substrate

Voids can occur in the polysilicon layer during field oxide growth Fig
6-32 In ref 49 Lin et al propose that these voids arise by Kooi-like effect

see section 6.2.1.9 that causes nitridation of some of the poly grains and

oxidation of others during field oxide growth They argue that the nitrided poly
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grains are removed when the nitride is stripped in hot H3PO4 resulting in voids

in the poly along the mask stack edges After the nitride is stripped the oxided

grains remain behind as residue on the poiy surface If this residue is removed

using dip in weak 1501 H20HF solution the etchant will also attack the

pad oxide exposed by the poiy voids Then when the poiy is removed the pad

oxide may be breached and the Si substrate attacked by the poly etch assuming

the selectivity of poly-to-Si02 is not high enough during poly removal This

will produce pits in the Si substrate PBL isolation structures in which pitted

substrates occur exhibit higher leakage currents than conventional LOCOS It

was suggested that the dip in weak HF be replaced with short dry process that

attacks the ribbon residue much faster than the pad oxide to prevent Si-substrate

pitting

Yang et al however observed that such voids occur in the poly before the

nitride is removed and also that they increase in density as the width of the

active-area nitride mask width decreases.50 significant number of voids begin

to appear when the width shrinks below 1.0 sum Furthermore as the

nitride/poly thickness ratio is increased more voids are observed Thus it was

jI

SiO2H2
Fig 6-32 Voids or pits are observed on polysilicon around the field oxide edge after

nitride removal by hot phosphoric acid.49 Reprinted by permission of the publisher The

Electrochemical Society
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jllg 1IIIIM

Fig 633 Microfoot at the patterned resist/nitride interface Examples of 0.40 tm
photoresist imaged over 2500A nitride/500A polysilicon/100A pad oxide in which the

microfoot can be seen 0.40 im lines imaged over 2000A nitride/500A polysilicon/100A

pad oxide Microfoot does not occur 129 This paper was originally presented at the Spring

1994 Meeting of the Electrochemical Society Inc held in San Francisco CA

proposed that the voids- arise from stress between the nitride and poly layers

thicker narrower nitride feature does not bend upward as birds beak oxide forms

under the edges producing more stress in the poiy film Yang postulates that

the stress is relieved by void formation It was also reported that voids were not

observed if the oxidation temperatures exceeded 1000C or if the poly deposition

temperature was 500C

It has also been reported that some unique issues arise in patterning PBL mask layers

That is standing waves introduced by the interaction of the nitride layer and

photoresist can produce micro-foot at the patterned resist/nitride interface see Fig

6-33a which shows the presence of the micro-foot on resist features with 0.4 im
lines and spaces.29 Because image variation and subsequent substrate etch profiles are

critical in PBL processes to maintain and control active area encroachment this foot

must be eliminated This is done by minimizing substrate reflectivity i.e by proper

choice of the nitride film thickness The substrate reflectivity is found to be maxi

mum when the nitride is 2500 thick and minimum when 2000 thick Thus

use of 2000 nitride film eliminates the micro-foot as shown in Fig 6-33b

641 Modfied PBL Processes

Several modified PBL processes have also been proposed In the first thinner field

oxide is grown and the channel-stop implant is performed through this 220-nm-thick

field oxide Fig 6-34 The 100-keV boron implant that forms the channel stop also

serves as the punchthrough implant in the active regions Since the channel-stop

implant is done after the field-oxide growth much less boron encroachment occurs In

addition smaller field-oxide step is produced thereby helping the planarity

requirement thinner field-oxide region can be used because the process is designed for
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0.7-jim and smaller device applications At these short channel lengths the doping of

the substrate must be increased to prevent punchthrough As result the dopant

concentration of the channel stop also ends up being high enough to prevent field

inversion even with the use of such thin field oxide

6.4.1.1 Framed-Mask PBL FMPBL Another advanced PBL process forms

nitride spacers on the pad-oxide-poly-nitride stack after the nitride layer of the stack is

patterned in the conventional PBL manner Fig 635.5253 These spacers are formed by

depositing second 1000A-thick nitride layer and performing an anisotropic etch which

stops on the underlying poly layer Since the nitride spacers frame the masking stack

and also reduce the field isolation width to dimensions smaller than can be achieved

lithographically this process has been named framed mask PBL FMPBL Field

encroachment of FMPBL isolation can be reduced by increasing the width of the nitride

sidewall or the thickness of nitride-IT as opposed to increasing thickness of nitride-I

which has the potential for defect generation at high stress field-oxide etch-back step

can be used to further reduce field-oxide encroachment FMPBL provides excellent

isolation characteristics e.g nominal VTF values1OV down to isolation spacings of

8-jim
variation of the FMPBL approach called reverse L-shaped sealed PBL RLS-PBL

technology has recently been reported.54 It provides comparable birds beak encroachment

to the FMPBL method but with improved reverse leakage currents of NMOS submicron

devices In this process the pad oxide of the pad oxide/poly/nitride-1 mask stack is

laterally undercut by 300-500 using 151 HF etch for several minutes as part
of

PolySi

SiOz

Nch SopDoep Ch

Pch StopDeep Cli

AddiIonI Deep Cli

Pci VLIi Adjcc

Fig 6-34 Process flow of Advanced Poly Silicon Pad LOCOS APPL.5 1988 IEEE
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Fig 6-35 Process flow for the advanced or etched-back FMPBL isolation scheme.53

1991 IEEE

the mask stack patterning method Fig 6-36 The exposed portions of Si including the

undercut portions were reoxidized to grow very thin oxide as new buffer layer Next

POLY

SI PADOXIDE

Fig 6-36 Reverse L-shape sealed PBL process flow formation of side etched portions

of pad oxide sealed nitride film deposition and RIE nitride etch The pad oxide

lOOM polysilicon film 500A nitride cap 2000A and regrown oxide 60A are not

shown to scale.54 1990 IEEE
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thin 500 LPCVD SiN film is deposited over the whole surface nitride-2 The

conformally deposited SiN layer also fills the etched portions of the pad oxide film Fig

6-36b Finally nitride spacers are formed by anisotropic etching of the nitride-2 film

Fig 6-36c which also shows the L-shaped nature of these interface-sealing spacers

Following 600-nm field oxide growth virtually no birds beak is observed It is

conjectured that this approach results in reduced transistor and diode leakage currents

because the stresses created in the silicon lattice are absorbed by the polysilicon film

which is sandwiched between the nitride and pad oxide via the specially designed

shaped sealed nitride spacer

An advanced form of the RLS-PBL technology reportedly suitable for devices with

0.3 um dimensions e.g 256-Mbit DRAM cells was recently described called PBR
LOCOS Fig 6-37 During the mask-stack etch the Si substrate is also aniso

tropically etched to depth of 25-200 nm Then the exposed sides of the pad oxide

SRO-1 are selectively etched to form lateral undercuts of 30 nm using buffered HF
The exposed Si substrate and polysilicon surfaces are reoxidized to form new stress-

relief oxide SRO-2 which extends into the lateral undercut areas as well Next thin

nitride layer is deposited and etched so that it remains on the sidewalls of the stack and

_____________

Poly-Si

sno.i

Si.Substrate

SN-2 ______

ii SRO.2

Field Oxide

Fig 6-37 PBR LOCOS process sequence After recess etching After nitride sidewall

formation Field oxidation.55 1992 IEEE
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Fig 6-38 PELOX process flow RIE nitride HF dip to undercut nitride and form

cavity grow reoxidation deposit polysilicon encapsulation layer.56 1991 IEEE

the trenched Si areas SiN-2 Field oxide is then grown Using PBR-LOCOS birds

beak encroachment is reportedly suppressed to 0.15 jim for 50 nm-deep Si trench

Junction leakage is almost identical to that of conventional semirecessed LOCOS and

the punchthrough voltage of the parasitic field-oxide transistors exceeds 5V at isolation

spacings of 0.3 urn Furthermore no anomalous leakage currents are observed in the

subthreshold characteristics of MOS transistors formed using this technique and gate

oxide integrity in these devices is also excellent implying that defect generation in the

Si is not significant

It has been noted that in the RLS-PBL approach the etching process that is used to

form the nitride-2 spacers may represent critical problem when attempting to

implement this process That is the anisotropic nitride-spacer etch must stop on the

nitride-I layer of the mask stack and thus there is no selectivity secondary concern

is that the nitride-2 spacers will worsen the field thinning problem as they will further

narrow the spacing of the field oxide area.133

6.4.1.2 Polysilicon-Encapsulated LOCOS PELOX Another variation

of PBL in which the poly layer does not extend over the entire pad-oxide/nitride

interface is called polysilicon-encapsulated local oxidation PELOX.5657 As shown in

Fig 6-38 the poly layer is inserted into cavity between thin pad-oxide layer at the
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mask stack edges and the nitride That is the initial mask consists of conventional

50-nm-thick pad oxide and 140-nm-thick CVD nitride After patterning the nitride

film the uncovered pad-oxide layer is etched in diluted hydrofluoric acid During this

step some of the pad oxide under the nitride is undercut forming cavity beneath the

nitride edges that penetrates on each side to depth of 0.12 jim Next the exposed

portions of the silicon are slightly re-oxidized When thin layer of poly 300A thick

is next deposited by CVD it covers all the exposed surfaces and fills the cavities under

the nitride edges created when the original pad was undercut Unlike the RLS-PBL

process no spacer-formation etch process is needed after the cavities have been filled

Instead the wafers are transferred directly into the field-oxidation furnace After the field

oxide is grown the oxidized polysilicon on top of the nitride mask is removed by wet

etching and finally the nitride mask is stripped

By varying the thickness of the re-oxidized pad-oxide layer called REOX in Fig
6-38c both the height and length of the birds beak oxide may be minimized The

authors claim that if no re-oxidation is used less than 0.1 jim birds beak is observed
With 25 nm of regrown Si02 the birds beak length is 0.3 jim Although some

reoxidation is required to prevent defect formation in the silicon crystal about nm

seems to be enough for this purpose second report combined PELOX with shallow

trench prior to growing the REOX pad layer and depositing the poly The field oxide is

more recessed than in either conventional-PBL or PELOX structures Almost fully

planar isolation with slightly larger encroachment than non-trenched PELOX was
achieved with 140 nm deep trench and 720 nm field oxide.58 In addition the small

birds beak in PELOX significantly reduces the degree of birds beak punchthrough in 0.5

jim-wide active regions

The enhanced field oxidation substrate recess of PELOX compared to conventional

PBL also makes PELOX an attractive candidate for technologies smaller than 0.5 jim
That is conventional PBL appears to be sufficiently robust for 0.8-0.5 jim

technologies but its susceptibility to field-oxide punchthrough at active spacings of

0.5 im limits its ability to scale further.59 On the other hand PELOX or nitride

clad-LOCOS NCL have been reported to be attractive candidates for 0.35 jim32 and

0.25 jim CMOS processes respectively.33 The integration of PELOX into an existing

PBL 1-MB DRAM baseline process is also described by Roth et al.60

6.4.1.3 Nitride-Clad LOCOS NCL Despite the fact that PELOX appears to

be suitable for 0.35 im CMOS technology it has problem that may prevent from

being implemented in the next generation technology i.e 0.25 .Lm CMOS That is

the oxidized poiy mask layer must be stripped by wet etch after the field oxide is

grown This etch steps thins down the field oxide and may potentially degrade the

isolation in narrow field regions

To circumvent this difficulty modification to the PELOX process has been

suggested that may be suitable for 0.25 jim CMOS.34 That is instead of using

polysilicon to fill the oxide cavity under the nitride mask very thin bOA thick

CVD-nitride-2 layer is deposited instead Thus the process has been dubbed nitride-clad

LOCOS NCL Unlike in the RLS-PBL process however no nitride spacer-formation
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etch step is needed here Instead the wafers are immediately subjected to the field

oxidation step The thin nitride-2 layer is oxidized away during the initial portion of the

field oxidation cycle Then only the relatively short etch step used in the conventional

LOCOS process to remove the oxidized nitride is required prior to stripping the nitride

see section 6.2.1.9 Hence less field oxide is removed in the NCL process allowing

it to be scaled to 0.25 jIm technologies

6.4.1.4 Mitigating the Field-Thinning Problem of LOCOS
Recently the field thinning problem has also been reported to be reduced in PBL by

growing the field oxide under high pressure HiPOX.616263 Field oxides were grown at

8-20 atm and 900-1000C in steam with isolation spacings of 2.0-0.8 jim Field oxide

thinning as function of decreasing isolation spacing was significantly reduced

especially at 1000C and 20 atm Increases in nominal-VTF of 30% were also observed

in parasitic field MOSFETs in which 1.0 jim compared to those in which the oxide

was grown at atm Part of the VTFiSO increase was also attributed to the reduced

encroachment of channel-stop boron during HiPOX field oxidation since less time at

constant is needed to grow the same thickness of field oxide under HiPOX Birds

beak length was also decreased by the HiPOX step

Another technique for reducing the field thinning problem and to reduce the

encroachment of the field oxide at convex corners as discussed in section 6.2.1.7 is to

etch only the nitride layer of the PBL mask i.e leave the poly-buffer layer unetched

prior to the field oxidation growth step.3 In addition if thinner field oxide e.g 150

nm thick can be tolerated these two effects are reduced in magnitude even further

especially if combined with the nitride-only etch approach

6.5 SHALLOW TRENCH AND REFILL ISOLATION

Despite the advances made to decrease birds beak and channel-stop encroachment in

LOCOS isolation by PBL and other approaches it appears that LOCOS-based

techniques will eventually become inadequate for deep-submicron MOS technologies

The most probable successor to LOCOS in CMOS is the shallow trench and refill

isolation structure Here relatively shallow trench is first etched in the Si substrate

0.3-0.5 jim deep and is then refilled with an insulator material following short

thermal oxidation growth that is first grown on the trench walls to control the Si-SiO2

interface quality The surface is planarized after refill to complete the isolation structure

Since birds beak is entirely eliminated and channel-stop dopant redistribution is

reduced smaller isolation spacing is possible than with LOCOS In addition the

structure- is fully recessed offering the potential of completely planar surface

Furthermore the problem of field-oxide thinning in narrow isolation spaces does not

occur and the threshold voltage is constant as function of channel width because of the

elimination of the narrow-channel effect found in LOCOS see chap Also
MOSFETs made with fully recessed oxide isolation exhibit larger and smaller St

values than those using semirecessed LOCOS Finally fully recessed structures with

sharp lower corners provide improved isolation efficiency due to the so-called corner
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effect.64 That is the field lines at the bottom corners of the trench spread out at the

vicinity of the corner leading to higher threshold at the corners Until the silicon

surface at these corners is inverted isolation is maintained

Despite the impressive advantages of shallow trench isolation listed above variy

of new difficulties associated with such structures have slowed their acceptance as

replacements for LOCOS isolation As we shall show however significant progress has

recently been made toward overcoming these problems

6.5.1 Early Shallow Trench and Refill Isolation

The earliest example of shallow-trench and refill is the so-called buried-oxide or BOX
isolation technology The original BOX technique BOX-i was introduced in 1981 see

Fig 6-39 and an improved version was presented in 1983 BOX-lI Fig 639ii.65

In the latter shallow trenches 0.5-0.8 jm deep are etched with an orientation-dependent

Si etch to provide an inclination of the trench sidewalls of 60 Next channel stop

implant step is performed The inclination ensures that the sidewalls also receive

sufficient doping during the channel stop implant step to prevent weak inversion of the

sidewall Si surface Thus subthreshold leakage from source to drain along this parasitic

conduction path is suppressed thin thermal oxide 20-50 nm is then grown to

passivate the trench sidewalls Next CVD oxide is deposited to fill the trenches This

layer is etched back leaving the oxide only in the recesses Ideally the top of the oxide

ALUMINUM AFTER BUFFERED HF
ETCHING GROOVES

______ 02
_____ .IMPLANTED

REGION __________________
Si WAFER

1st OXIDE BURYING STEP 2nd OXIDE BURYING STEP
RES

-PLASMA.DEPOSITED

$zr-
-cvco

________
-FIELD Sb2

BOX-I

1FER Ic REST
Ib _____ _____

BOX-lI

Fig 6-39 The BOX-I isolation process ii The BOX-Il isolation technique Si is

etched using an oxide transfer mask Oxide is deposited by CVD Two layers of resist

are applied with the first being flowed The oxide is planarized using an RIE etchback

technique which etches oxide and resist at the same rate.65 1983 IEEE
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should be level with the original silicon surface Etchback was performed by eroding

photoresist and Si02 at the same rate in plasma see chap Vol In the improved

process two layers of resist were applied to try to produce globally planarized surface

prior to etchback Active regions are those protected from etch when the trenches are

formed

These early BOX processes however exhibited several drawbacks including

Void formation occurred if the CVD oxide was deposited into 0.5 tm-wide

trenches that are narrower than about tm However more recently developed

CVD-deposition processes have mitigated this problem

Inversion of the silicon at the sidewalls of p-type active regions may occur

especially if vertical trench sidewalls are used to reduce the isolation spacing

This problem is made worse by boron segregation into the thin sidewall

passivating thermal oxide which lowers its concentration at the sidewall

surface as discussed in following section which defines isolation in CMOS and

gives further details of this problem

Despite complex planarization schemes the early BOX processes were

unable to yield adequately planar surfaces In particular global planarity was

poor More recently new planarization approaches have been announced which

may overcome this difficulty e.g chemical-mechanical polishing Note that

the topography of the trench-surface after etch should be smooth to enable

lower particle size detection limit and to provide favorable surface for

subsequent film nucleation

This isolation structure can negatively impact the device operating

behavior.676869141 That is in conventional LOCOS-isolated MOSFET

polysilicon gate that passes across the device will curve upward and away from

the device once it reaches the isolation oxide as shown in Fig 6-40a This

figure represents the cross section of the region under the gate of the MOSFET
where the source and drain of the device are situated above and beneath Fig

6-40 which lies in the plane of the paper For this particular configuration of

the polysilicon gate the portion of the gate over the LOCOS region will have

little effect upon the device behavior Consequently simple 2-D simulation

will give an adequate description of the behavior of the device where the 2-D

region is taken in the plane perpendicular to Fig 6-40 and along the axis of the

device so that it includes the source and drain regions

In the case of shallow-trench-isolated MOSFET the gate region runs flat

across the isolation as shown in Fig 6-40b Consequently the part of the gate

over the field region creates more of two-dimensional fringing field on the

corner and sidewall of the silicon mesa than in the LOCOS case of Fig 6-40a

This establishes corner parasitic MOSFETin parallel with the main device.40

The parasitic device turns on at gate voltages lower than those required by the

main channel resulting in hump in the drain current versus gate voltage
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RAISED
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Fig 6-40 In grow-oxide-and-cut-window isolation and in LOCOS isolation

structures the field oxide rises above substrate In trench isolation structures the field

oxide is flat with respect to the substrate surface unless if the trench oxide is overetched

downward step exists at the edge of the active regions see for example Fig 6-41

subthreshold curves Fig 6-41 Thus the parasitic device increases the

subthreshold leakage current of the active device

This effect becomes even stronger if the isolation region is partly etched

below the silicon mesa top surface Then the gate wraps around the corner of

the mesa as shown in Fig 6-40c Now the regions of the channel near the

edges of the device will behave much differently than the region at the center of

the mesa Consequently 3-D modeling is required to accurately simulate the

device characteristics Such simulations verify that the corner regions have

lower threshold voltage than do the center regions of the device

Thinning of the gate oxide at the trench edge is another concern Thinned

gate oxide not only degrades the gate oxide reliability but also worsens the

parasitic device problem since thinner gate oxide increases the electric field

strength at the trench corner

Problems arose as result of the etchback step That is to ensure complete

removal of the CVD Si02 from the active areas the field oxide must be
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overetched by about 100 nm The field oxide surface is then lower than active-

area surface causing portion of the active-area sidewall to become exposed

Fig 6-40c This exacerbates the parasitic sidewall conduction described above

as well as to an enhanced inverse narrow-width effect see chap

The combination of the above problems especially the complex processing required to

produce adequately planar surfaces kept BOX isolation from displacing LOCOS-type

isolation structures However the benefits offered by shallow-trench isolation are so

attractive that work has proceeded to overcome the above problems It appears highly

likely that shallow-trench and refill isolation will become more widely adopted as

dimensions approach 0.5 jim and smaller Indeed an isolation approach for NMOS that

combined the best features of both BOX and LOCOS was reported by Fuse et al7 as is

discussed in more detail in the following section

6.5.2 Improved Shallow Trench
and Refill Isolation Processes

Progress in overcoming the four major problems of early BOX isolation is summarized

as follows

VBS OV

06
VBS

MEASUREMENT

td

Ii
C.i

Ii rfI
iII Ii

GATE

It IS

Cv

Fig 6-41 Measured and simulated drain current versus gate potential for devices having

downward step in the field oxide td 1981 IEEE
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Fig 6-42 Shallow trench process with tapered trenches.70 IEEE 1992

The problem of void formation when refilling narrow trenches with CVD
Si02 has been ameliorated through the development of various advanced CVD

techniques Such CVD processes which exhibit less tendency to form void during

trench filling include LPCVD TEOS atmospheric-pressure ozone-TEOS and

various deposition-etchback approaches new shallow-trench process Fig
6-42 that produces tapered trenches by dry-etching with Cl2 and N2 gases and

which uses cap oxide as mask attacks this problem from another direction.70

Such tapered trenches can be more easily filled without void formation and the

deposited dielectric can be planarized with less difficulty However the wider

trenches have hollow tops i.e when the trench width is is greater than twice the

depth resulting in poor isolation characteristics in the resulting parasitic field

transistors Hence the shallow tapered trench isolation structures are used only

for small isolation spaces 0.6 with wider spaces being isolated using

LOCOS structures Film stress of the trench-fill dielectrics must also be smaller

200 MPa than in intermetal dielectric films due to the use of thicker films

Several approaches have been developed to overcome the inability to

adequately planarize the surface through etchback One involves the use of

block mask whose function is to allow LOCOS oxide to be grown in wide

isolation regions see chap Vol for discussion of complete global

planarization through the use of block mask After employing the block

mask variety of methods involving CVD deposition and etchback are used to

planarize the remaining narrow isolation spaces Many of these methods
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followed the early BOX methods of conventional resist etchback but one novel

technique used thin 5i02 layer sputter deposited at low temperature between
double photoresists the SiO2 layer acts as an etchback layer and polysilicon

film above active regions as an etchback buffer This process is called

planarization with resist/oxide/resist and polysilicon PRORPS.7 Another

technique used LOCOS to fill the wide spaces in the trench and spin-on-glass

SOG to fill the nanow spaces Three or four layers of SOG were spun on to

get good planarization.72 All of the above however are complex processes

relatively new planarization method called chemical-mechanical polishing has

been applied to this problem as is discussed in subsequent paragraphs

As described above the subthreshold characteristics of narrow MOSFETs
e.g 0.5 jim wide isolated by refilled shallow- trench structures are sensitive to

the shape of trench upper corner shape.73 The edges of the silicon mesa at the

upper corners are turned on by the portion of the gate that overlaps such corner

regions see also section 5.2.2 This edge effect becomes even stronger if the

isolation region is partly eroded away in which case the gate wraps around the

corner of the device as shown in Fig 6-40c The optimum condition for the

shallow trench isolation structure is thus gate that runs flat across the isolation

requiring planar surface prior to poly deposition process utilizing RIE
etchback followed by chemical-mechanical polishing step offers the ability to

produce highly planar surface after etchback The top shape exhibits virtually

no step However single wafer processing with in situ control of the CMP
process is likely to be needed to obtain the exact surface required

Inversion of trench sidewalls This problem and techniques to overcome it are

described in section 6.6

shallow trench isolation STI process incorporating the above improvements is

described by Fazan and Mathews.2 They project that this isolation approach will be

feasible for DRAM generations as dense as Gbits minimum feature size of 0.12 pm
Another trench process that uses trenches with sloped sidewalls and CMP for etchback

is described by Deleonibus.27 Finally Inowaka describes how shallow-trench

isolation process with minimum trench width of 0.28 jim is applied to 0.2 jim
CMOS technology.20

6.6 CMOS ISOLATION TECHNOLOGY

In CMOS ICs isolation must exist not only between like kinds of devices e.g between

two n-channel transistors or two p-channel transistors within given well or within the

substrate region but also between devices of opposite polarity e.g between p- and

channel devices separated by at least one well The isolation of like kind of devices

involves the same techniques used to isolate the devices in either NMOS or PMOS
circuits i.e combination of thick field oxide and channel-stop doping However
the isolation of p-channel from n-channel devices involves additional considerations
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insofar as two opposite-type FETs must be separated physically by at least one well

That is in CMOS isolation two additional requirements that arise in neither PMOS or

NMOS technology must be simultaneously satisfied any possible leakage currents

that could flow between p-channel device adjacent to an n-channel device must be

suppressed and the susceptibility of CMOS to latchup must be minimized In this

section we describe isolation techniques to suppress the leakage currents between n- and

p-channel devices Latchup suppression is described in Vol chap

Interest in isolating n- from p-channel devices is very keen because CMOS isolation

structures generally consume much more chip area than the isolation structures needed

between like types of devices That is earlier in this chapter we showed that isolation

between like kinds of MOS devices can be realized with isolation spacings .0 /im

But in single-well CMOS technologies the minimum required isolation spacing is about

three times the depth of the well.76 Thus for 4-im-deep well the minimum to

spacing is -42 /im Even in twin-tub CMOS technologies with dual channel-stops

minimum of 4-9 jim of lateral space is necessary for effective isolation In advanced

submicron CMOS technologies it has been estimated that the minimum interwell i.e

ntop spacing is about three times the minimum intrawell i.e nto.n or

p-to-p spacing

The large area penalty of p-channel-to-n-channel device isolation is the most

important reason why CMOS technologies using conventional isolation methods cannot

achieve as high packing density as NMOS Furthermore while new techniques such

as epitaxy greatly reduce latchup susceptibility as CMOS is scaled down they generally

do not suppress leakage currents in the parasitic MOS structures Hence the layout

spacing between an n-channel and p-channel device may be limited by isolation failure

rather than by latchup

In this section we describe why greater isolation spacing is needed in CMOS than in

NMOS or PMOS and how the minimum spacing for given CMOS technology is

determined We begin by considering CMOS isolation from qualitative perspective

Next we give description of how CMOS isolation is quantitatively modeled Then

test structures for empirically assessing the adequacy of isolation among opposite-type

FETs in CMOS technology are described Procedures for establishing the design rules

for minimum CMOS-isolation-spacing from the simulation results and measured data

are then presented Finally technological approaches for fabricating isolation structures

in CMOS are discussed

6.6.1 Qualitative Description of Isolation in CMOS

In CMOS structures the isolation spacing between the n- and p-channel devices is

defined as the sum of the distance between the edge of the region of the n-channel

device and the edge of the well and the distance between the edge of the region of

the p-channel device and the edge of the well or in other words the to spacing

as shown in Fig 6-43 As noted in the introduction the minimum isolation spacing

in CMOS is much larger than that required in NMOS or PMOS technologies Here we

explore the reasons why this is the case
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Fig 6-43 Layout top view of the isolation region between n-type and p-type transistors

in CMOS Cross sectional view of CMOS inverter showing the channel stops that are

designed to prevent the surface under the field oxide from inverting.74 1986 IEEE

An overall grasp of the issues of isolation in CMOS can be obtained by analyzing

the various causes of leakage current in CMOS inverter The circuit schematic layout

and device cross-section of an n-well CMOS inverter is shown in Figs 6-44a and

respectively The layout actually shows two CMOS inverters connected in series

allowing the figure to be used to illustrate intra-well as well as inter-well isolation

issues In addition the cross-section depicts an inverter with different layout than the

one shown in part to enable us to show the source drain substrate and well contacts

Finally note that n-well CMOS is chosen as the example CMOS architecture for this

discussion but the concepts are also equally valid for p-well and twin-well CMOS
If normally operating CMOS inverter is in one of its two logic states i.e it is

not in transition between states only negligibly small leakage current DD should

exist between VDD and To ensure that the total DD is within acceptably small

limits all of the sources of leakage between V00 and need to be identified and

characterized Having such information in hand permits appropriate measures to be taken

to assure that none of the leakage current components will exceed the maximum
allowable DD value From this perspective we can identify the sources of such leakage

by dividing them up into two groups those which arise as result of leakage
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phenomena within active devices or from isolation breakdown between like types of

devices and those which occur as result of isolation failure in CMOS structures

e.g loss of isolation between devices in the well and in the substrate

6.6.1.1 Leakage Currents in CMOS Gates Due to Active Device

Phenomena and Intra-Well Isolation Loss The leakage-current phenomena

associated with active devices and intra-well isolation structures have already been

discussed in depth in chaps and and in earlier sections of chap Therefore they are

considered here only in the context of their contribution to leakage in CMOS structures

Recall first that if CMOS inverter is in one of its two logic states one of the two

complimentary MOS devices of the inverter will be OFF see Fig 6-44a In the OFF

state there are two components of leakage current that the device itself can contribute to

DD namely the subthreshold drain current Dst arising from either conventional

subthreshold surface current or subsurface lateral punchthrough current and the reverse-

biased drain-substrate junction leakage current By proper circuit and device design these

leakage components can be kept adequately small under normal operating conditions

In addition leakage between the drain of one device and the source of neighboring

devices within the same well or substrate constitutes another possible component of

DD see Fig 6-44b Such leakage can be suppressed by the techniques used to isolate

two n-channel orp-channel devices from one another as described earlier in the chapter

In most cases leakage current due to inadequate isolation among intra-well devices is due

to surface inversion effects which permit excessive subthreshold drain current to flow in

the intra-well parasitic field transistors as described in section 6.1

6.6.1.2 Leakage Currents in CMOS Gates Due to Loss of Isolation

Among Opposite-Type FETs Basic isolation among opposite-type FETs in

CMOS involves several considerations The first and most obvious involves the

suppression of leakage across the pn junction which isolates the well from the substrate

To keep the component of DD due to this effect negligible the well-substrate junction

must always be kept under reverse bias To ensure that this requirement is met under

normal operating conditions the n-well or n-substrate is connected to the most

positive circuit voltage i.e VDD and the p-well or substrate to the most negative

circuit voltage i.e Vss as shown in Fig 6-44c for p-well CMOS
Other components of DD in CMOS however can also arise from the loss of

isolation involving leakage in the parasitic FETs created by the proximity of the active

device source/drain regions and the well edges There are two of these parasitic FETs

formed at the edge of the n-well one being parasitic NMOSFET and the other

parasitic PMOSFET as shown in Fig 6-45 Notice that the and n-well and the

and p-substrate form the source and drain for such parasitic NMOSFETs and

PMOSFETs respectively The p-substrate and n-well are the channels of these para

sitic NMOS and PMOS FETs respectively and the field oxide and poly or Al runners

over the field oxide form the gate oxide and gates of these parasitic structures However

it is important to note that unlike in active MOSFETs the source and drain in these

parasitic FETs are not symmetrical That is the substrate and well are deep junctions
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Fig 6-44 Circuit schematic of two CMOS inverters connected in series Layout of

two p-well CMOS inverters connected in series Cross-section of CMOS inverter

showing also the well and substrate contacts
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Fig 6-45 Parasitic MOS transistors formed at the well edge in n-well CMOS.91 IEEE

1987

and the and regions are shallow junctions Because deeper drain junction and

highly conductive source always produce more subthreshold current thereby representing

worst case condition for isolation the n-well and p-substrate are designated as the

drains when characterizing the behavior in these parasitic asymmetric FET structures

Here we identify the phenomena in these parasitic FETs that can give rise to leakage

current components in CMOS again using n-well CMOS as the example CMOS

architecture Later we will describe techniques for mitigating these leakage currents

First we point out that while the n-well or n-substrate is connected to VDD the

source or drain regions can be biased at As an example the source of the

NMOS device in the CMOS inverter is connected to Vss Thus if leakage path

exists between the n-well and the source the potential difference between the

n-substrate and the regions can cause component of to flow between VDD and

Vss The same problem arises between the source regions in the well and the

p-substrate It is also important to note that each of the parasitic FETs in which such

leakage paths can arise act independently Thus when CMOS technology is being

developed all of the parasitic FETs must be must be designed correctly to prevent any

one of them from drawing significant

The leakage paths which can be established in the parasitic FETs of an n-well

CMOS structure are the following

Inversion of the channel region of the ntonwe1l parasitic FET

Inversion of the channel region of the p4op substrate parasitic FET

Lateral subsurface punchthrough of the n4onwell parasitic FET

Lateral subsurface punchthrough of the ptopsubstrate parasitic FET

Vertical punchthrough of the ptopsubstrate parasitic FET

Let us consider the n-well CMOS structure shown in Fig 6-46 If the polysilicon gate

is biased at VDD 5V the channel region of the active NMOS device under the
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Fig 6-46 Layout of an n-well CMOS inverter Cross-section of this inverter taken

through section A-A showing various possible leakage paths including lateral surface

leakage path from nt-to-n-well lateral subsurface punchthrough leakage path from

n-to-n-well and
rfl

vertical punchthrough path from source-to-p-substrate
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polysilicon gate is inverted to n-type However as long as the field region under

the polysilicon in the p-substrate is not inverted the active NMOS device remains

isolated from the n-well by the p-substrate However if VTFjSO of the parasitic

NMOSFET is not high enough the surface of the p-substrate can invert under the field

oxide creating path for current flow from the source to the n-well causing the iso

lation provided by the well to be lost path above and shown as in Fig 6-46b

The subsurface lateral punchthrough path in this device is also shown in Fig 6-46b as

This path can arise if the isolation spacing is decreased to point where the

punchthrough voltage of this parasitic FET becomes smaller than VDD path above

Vertical punchthrough from the source through the n-well to the p-substrate could

also cause leakage in the parasitic PMOSFET see also 6-46b Finally in n-well

CMOS leakage can also be due to surface-inversion and lateral-subsurface punch-

through phenomena in the p-to-p-substrate parasitic FET paths and above

6.6.1.3 Why n-to-p Isolation Spacing is Greater than n-to-n

Spacing in NMOS or p-to-p Spacing in PMOS Having identified the

possible leakage mechanisms arising from the two parasitic FETs formed at the edge of

the well we can go on to explain why larger n..to.p spacing must be used to provide

adequate isolation in CMOS There are several reasons which underlie the need for larger

n..to.p spacing

The technology of conventional well formation leads to lower concentrations of

well doping at the Si surface near the well borders i.e due to lateral redistribution

and interdiffusion of well dopants during the drive-in step that forms the well

Thus if the pto..p..well spacing gets too small the maximum n-substrate

concentration in the channel of the parasitic FET will eventually become too low

to sustain an adequately large value of VTFjso Hence leakage will occur at the

surface of the channel of the parasitic FET

Even if the doping concentration at the surface of the channels of the parasitic

FETs is large enough to sustain an adequately large long-channel VTFjS0

subthreshold-leakage-cuiTents between opposite type FETs in submicron CMOS

may still become excessive as the isolation spacing is reduced below some

minimum dimension Three additional effects that can give rise to such increased

subthreshold leakage components of DD in submicron CMOS are the following

Short-channel VT rolloff and DIBL in the parasitic FETs

Short-channel and channel doping-profile effects that can increase the

susceptibility to lateral subsurface punchthrough in the parasitic FETs

Decreased lateral n-to-p spacing which leads to shallower well depths

can give rise to vertical punchthrough between the source/drain junction in

the well and the substrate CMOS structures fabricated on silicon substrates

with thin epitaxial layers are also more prone to vertical punchthrough
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Here we discuss dopant redistribution at the well borders and short-channel and lateral

subsurface punchthrough effects in the parasitic FETs Vertical punchthrough is

discussedin section 6.6.5

6.6.1.4 Effects on n-to-p Spacing of Dopant Redistribution at

the Well Borders The need for large isolation-spacing dimensions in CMOS is

due in part to the processes used to fabricate CMOS devices Wells are typically driven

in quite deeply to ensure that enough charge exists below the transistor to prevent

vertical punchthrough to the substrate and to reduce the gain of the vertical parasitic

bipolar transistor decreasing the gain of parasitic bipolars reduces latchup

susceptibility The deep well drive-in however also results in both substantial lateral

diffusion of the well dopants which increases the minimum distance from the pregion

and the well border and reduction in the surface concentration near the border of the

n-well The interdiffusion i.e compensation of the tub and substrate impurities in

single-well CMOS or the two tub impurities in twin-well CMOS further reduces the

net surface concentration near the border making the threshold voltage of the parasitic

MOS field transistors even smaller

The effects of dopant redistribution and interdiffusion at the well border in single

p-well and twin-well CMOS processes are illustrated in Fig 6-47 2-D simulation of

1.0 .. MASK EDGE

ALONE

NET\ \\ NET
BORON PHOSPHORUS

TUB TUB

0.11
J___1_654321012345678

LATERAL DISTANCE j.m

Fig 6.47 lmpurity surface concentration near the border of the two tubs in twin-tub

CMOS.77 1980 IEEE
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Fig 6-48 Threshold voltage of n- and p-channel parasitic device as function of the

separation between the transistor edge and the tub border.77 The upper curve in the left-hand

graph shows the parasitic n-channel threshold-voltage reduction near the tub border when no

adjacent n-tub is present When an n-well is present the threshold voltage is reduced lower

curve since the interdiffusion of the two types of impurities reduces the net surface

concentration of each dopant near the well border.77 1980 IEEE

the surface doping concentration near the well border as result of the well drive in is

shown Note that this calculation assumes no extra channel-stop implants are used

We see that near the border the net impurity concentrations at the surface are

significantly decreased The dashed line in Fig 6-47 shows the reduction in net

impurity concentration at the well boundary for the case in which only boron well

implant is used single p-well The solid curves represent the case when both boron and

phosphorus well implants are used twin well We see that the slope of the curves in

twin-well CMOS Fig 6-47 is greater than in conventional single-well CMOS But

since the doping change occurs on both sides of the junction compared to single side

for the single-well case these two effects offset each other As result both

technologies require comparable minimum n4o..p spacings across the well However

an advantage of the twin-well is that the well border is located close to its drawn

position while in the single-well case the well border is displaced by lateral diffusion of

the well dopants Thus in single-well CMOS technologies the circuit layout must be

compensated for this displacement either by design rules or by mask biasing In twin

well CMOS processes like those of Fig 6-47 this problem does not occur

Figure 6-48 illustrates the effect on VTpjso of the parasitic field transistors when the

surface doping concentration near the well borders is reduced Here the experimental

VTFi5O values of such structures fabricated with the well processes that yield the well

border surface doping profiles of Fig 6-47 are plotted as function of the separation
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between the transistor edge and the well border.77 The upper curve in the left-hand graph

shows the parasitic n-channel threshold-voltage reduction near the tub border when no

adjacent n-tub is present Note that when an n-well is also present twin-well CMOS
the threshold voltage is reduced even more than in the single-well case lower curve
since the interdiffusion of the two types of impurities decreases the net surface

concentration of each dopant near the well border Unless the net dopant-reduction

effects are somehow counteracted the spacing between adjacent and devices must

be kept quite large e.g.1O jim to prevent inversion beneath the field oxide

If smaller spacings between n- and p-channel devices are to be possible the channel-

stop doping concentration must somehow be increased particularly in the p-substrate

regions of n-well CMOS During field oxidation boron segregates into the oxide while

phosphorus piles up at the silicon surface As result in an n-well process separate

p-type channel-stop implant must be added to increase the surface concentration of the

lightly doped p-substrate Without such an implant inversion between the n-channel

devices in the substrate is likely to occur In p-well technologies the well itself is an

adequate n-type channel stop because heavier boron doping exists in the p-well In the

n-substrate of p-well CMOS the concentration of phosphorus is increased at the surface

of the n-substrate during field oxide growth so that separate substrate channel-stop

implant may not be necessary

Because of increased interdiffusion two channel stops are needed in twin-tub

processes to reduce the isolation distance as much as possible In one recently described

approach an increase in the abruptness of the doping transition between the two wells is

realized with two channel stops as follows double implant is used to simultaneously

introduce the n-well dopant and n-well channel stop dopants That is shallow arsenic

implant is performed together with phosphorus implant into the n-well regions This

increases the net doping near the well edge because the smaller diffusivity of arsenic

keeps it close to its original location during the drive in that diffuses the phosphorus

deeply to form the n-well In addition second shallow boron implant is done into the

p-well following the well drive in This increases the boron surface concentration near

the well edge and thus compensates for the loss of boron due to lateral diffusion and for

the diffusion of phosphorus into the p-well near the well border This process is

described in more detail in section 6.6.6

6.6.1.5 Threshold Voltage Rolloff DIBL and Lateral Punch-

through in Submicron CMOS Parasitic Field FETs As nt-to-n-well or

p-to-p-substrate spacing is reduced the magnitude of VTFiSO for either NMOS or

PMOS parasitic PETs decreases for the same reasons that VT decreases in active short-

channel MOSFETs or that VTFiSO decreases in parasitic field MOSFETs between like

devices as the effective channel length is reduced see chap and section 6.1 VTFiSO

also decreases as the drain bias is increased DIBL just as is observed in short-channel

active MOSFETs Lateral punchthrough from drain n-well to source region is

more likely to occur in the inter-well parasitic FETs than in the intra-well parasitic

FETs because of the deep drain in the former devices Moreover the two failure modes

field inversion and punchthrough are coupled through 2-D effects.74 For worst-case
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Fig 6-49 Inter-well isolation voltage as function of to spacing demonstrating that

proper implant selection can improve n- to n-well leakage without significantly degrading

to p-well isolation Interwell isolation voltage is defined as the voltage required for

pA/pm of interwell leakage The to n-well isolation is preserved on the left and to

p-well on the right The test setup is depicted in the insets at the bottom of the figure.84

1991 IEEE

considerations field inversion must be experimentally determined with the drain bias set

at its maximum value e.g VDD 10% Punchthrough must be experimentally

determined with the gate voltage set at its maximum operating value Fig 6-49 shows

the results using these test structures to monitor the plug-implant CMOS isolation

structure discussed in section 6.6.7.84 Here the interwell isolation voltage VTFiSO is

defined as the gate voltage at pA/jim of interwell leakage

6.6.2 Quantitative Modeling of CMOS Isolation

qualitative description of the issues pertinent to CMOS isolation as given in section

6.6.1 is useful for gaining an intuitive understanding of the overall problem However
in the process of developing new CMOS generation or modifying an older one
quantitative characterization of the isolation behavior of the parasitic FETs near the well

borders is needed As will be described in section 6.6.3 such characterization can be

experimentally obtained from appropriate test structures and test procedures That is if

set of test structures that represent the parasitic well-edge FETs in particular CMOS
technology is available their experimental VTFiSO and punchthrough voltage values can
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be obtained for each channel length dimension of interest From plots of such exper

imental values it is easy to derive the minimum distance for safe operation at the supply

voltage usually VDD plus 10% safety margin

On the other hand when new CMOS process is being developed minimum

n_top spacing may be chosen as one of the design rules by the circuit designers In

this case one would like to be certain early in the design cycle namely even before any

circuits or device structures have actually been fabricated that the parasitic well-edge

FET structures of the new process will provide adequate isolation thus allowing this

isolation spacing design rule to be adopted for circuit design layout purposes The

experimental test data in this case would not yet be available In fact if the parasitic

FETs could be properly designed prior to fabrication the data from the test structures

would merely serve to confirm the adequacy of the isolation characteristics as predicted

from the simulation

However the isolation behavior of well-edge parasitic FET with given channel

length can vary depending on the device structure and fabrication techniques In fact the

interdependence of doping profiles thermal cycles and device dimensions makes

optimization of these parameters during process design challenging task To avoid

many experimental runs for finding the optimal well-edge FET device configuration

quantitatively modeling of the isolation behavior of these structures is necessary Such

modeling early in the design cycle can also be used to determine whether or not adequate

isolation is possible at the chosen minimum ntop spacing and if not what the

minimum achievable isolation spacing with the available process capabilities would be

Such modeling of isolation behavior involves simulation of the subthreshold device

characteristics of the parasitic FETs of interest However since the device structures of

these parasitic FETs are quite different from those of conventional active MOSFETs the

simple analytical models of subthreshold behavior derived in chaps and for such

simulations are inadequate That is in submicron CMOS the parasitic devices are

asymmetric FETs with deep drains thick gate oxides and short channel lengths

Furthermore the doping in the channel regions is non-uniform in both the lateral and

vertical dimensions Hence to quantitatively simulate the electrostatic potential and

carrier concentrations as function of position in the channel regions when the device is

operated under subthreshold dc bias conditions the Poisson equation and the current

equations must be solved in two-dimensions This can only be accomplished with two-

dimensional process and device simulators as described in chaps and Specific

examples of simulating the parasitic well-edge FETs in CMOS are described in refs 74

and 91 Here we summarize their results

Basically the first step in such quantitative modeling of CMOS isolation is to use

two-dimensional process simulator such as SUPREM IV to calculate the isoconcen

tration impurity contours of both well-edge FET isolation structures Figure 6-50a

shows the configuration of the test structure used to simulate ntonwell well-edge

FET of an n-well CMOS technology in which the doping concentration as function of

position has been plotted using 2-D process simulator By using the doping

concentration results from this simulation procedure as an input to two-dimensional

device analyzer such as GEMINI MINIMOS PISCES or MEDICI together with the
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appropriate bias conditions the potential contours in the device can be obtained An ex

ample of this type of simulation for the same device structure is shown in Fig 6-50b.9

We noted earlier that the two mechanisms of isolation loss leakage in the parasitic

well-edge PETs are inversion of the channel in the field region and punchthrough of the

source and drain of the parasitic device For analyzing the onset of inversion in the

parasitic FETs it is useful to plot the surface potential versus lateral distance under the

isolation field-oxide at various VGS values for given n4op spacing An example of

this type of plot is shown in Fig 6-52c We show how this plot is derived with the aid

of Fig 6-5 That is in Fig 6-51a1 we show the structure of the n-to-n-well parasitic

FET Beneath it a2 to a5 the surface potential surfY is plotted for various VGS

values e.g 15 20 and 25V respectively We see that the minimum surface poten
tial exceeds 0.51 mV when VGS is between 20 and 25V 21.4V In Fig 6-51b we

show the same PsurfY plots for the pt-to-p-well FET bi Here the maximum surface

potential drops below -51 mV when VGS is between -5 b4 and -1OV b5 i.e at -7V

In Fig 6-52a we show the layout and in Fig 6-52b the cross-section and 2-D net

doping contours of these two parasitic FETs together This particular structure represents

configuration that would be found in quadruple-well CMOS technology see chap

In Fig 6-52c the variation of the surface potential versus lateral distance is plotted for

various YGS values for the structure of Fig 6-52b Note that this structure has JIm

n-to-p spacing and that the field oxide overlaps the p-well on the left-hand side and

the n-well on the right-hand side The minimum surface potential Psurf in the p-well

becomes OV when VGS 20V and reaches 0.22V at VGS 25V indicating that the

surface is .becoming inverted as VGS exceeds about 20V The minimum value of Psurf

becomes OV in the n-well when GS reaches about -7V

The following procedure can be used to specify the value of Vis0 more precisely

1ask dg locations

V5 V0 5y V0 5v

__
3616

-6-
______

1615 615 Ov lv 2v

p.substrati .d_iedgi

VSUSUV
Oc.tince pin

Fig 6-50 2-D simulated doping contours and potential contours in the n-to-n-well

parasitic MOSFET.9 1987 IEEE
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First specific carrier density is selected as an indicator of the onset of field

inversion e.g ixlO cm-3 Then the value of q5rf needed to establish this carrier

concentration is found Next the value of VGS necessary to produce this value of Psurf is

calculated and this VGS value represents the VTFjso for the parasitic FET The value of

Psui can also be used to calculate the carrier density in the surface channel and thus also

at the VGS necessary to establish this Psurf value

As an example in Fig 6-53 the minimum minority carrier concentration values in

the parasitic channel versus Vs are plotted for the structure depicted in Fig 6-52b If

field inversion is defined as occurring when the minority carrier density exceeds lxi
cm-3 corresponding to surface potential of 51 mV at 25C then the simulated value

of VTFiS0 of jim nt-to-n-well structure as shown on the left hand side of Fig 6-52b

is 21.4V Likewise 1-jim pt-to-p-well parasitic FET will have corresponding

VTFjSO -7.OV Thus safe GS operational range for this CMOS technology with

jim nt-to-n-well spacing and jim pt-to-p-well spacing i.e 2-jim n-to-p
spacing is -7.OVVGS2l.4V

The VTFiSO calculated for say the n.4o.nwell FET in the manner described above

can be found for various channel lengths i.e n..to.n..well spacings and these

simulated VTFiSO values can then be plotted versus this distance as is done in Fig

6-57a The same can be done for the p-to-p-well FETs as shown in Fig 6-59

From these plots one can find the minimum ntop spacing that can be used and still

have adequate protection against loss of isolation due to field inversion in the parasitic

FETs

For simulating lateral punchthrough the voltage applied to the well junction and to

the neighboring source/drain regions must be considered in the simulations

Furthermore the effect of the gate voltage applied to the field parasitic MOSFETs must

also be included since it can indirectly affect punchthrough by controlling the

underlying surface potential and carrier density An example of these simulations is

given in Fig 6-54 which illustrates 2-D equipotential contours for jim isolation with

1.5 jim p-to-p-well spacing and 0.5 jim n-to-n-well spacing.74 The n-well is tied to

the supply voltage 5V while the p-well and the substrate are tied to ground The graph

at the top shows good electrical isolation with gate voltage of 1OY due to the

undepleted portion of the p-well surface which is characterized by zero surface potential

However if the gate voltage is raised to 20Y then punchthrough occurs from to

well because the p-well surface becomes fully depleted or inverted as demonstrated by

the fact that it is at positive potential By analyzing matrix of bias conditions and

spacings the design of the parasitic well-edge FETs can be optimized even before

single silicon wafer lot is processed providing great savings of development costs and

time

6.6.3 Experimental Characterization of Isolation in CMOS

The cross-sections of two test structures for measuring the degree of leakage in the

diffusion-region-to-well-edge parasitic field MOSFETs in CMOS are shown in Fig

6-55 Note that an n-well CMOS technology is again used here but the same kind of
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Fig 6-51 Cross-section of an n-to-n-well parasitic FET with JIm a2 a5 Plots

of surf in this structure for VGS values of 15 20 and 25V bi Cross-section of an p-to

p-well parasitic FET b2 b5 Plots of surf in this structure for GS values of 15 -5
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Fig 6-55 Asymmetric parasitic FETs formed at n-well edge Aluminum gate structure

Polysilicon gate structure.91 1987 IEEE

test structures can be designed for p-well or twin-well CMOS These cross-sections

indicate that both aluminum Fig 6-55a and polysilicon Fig 6-55b gate parasitic

transistors exist in CMOS and hence it is important to characterize each of these types

to determine if one or the other might limit the minimum isolation spacing

As noted earlier in these test structures the regions and n-well form the source

and drain for the parasitic NMOSFETs while the and p-substrate serve as source and

drain for the parasitic PMOSFETs As in the NMOS isolation test structures described

in section 6.1 two important differences exist between the two structures shown here

the field oxide is thicker in the structures with aluminum rather than polysilicon

gates due to the addition of dielectric layer to isolate aluminum from polysilicon

where they overlap and the and regions in the polysilicon gate structures are

self-aligned to the polysilicon gate edge instead abutting the LOCOS edges see Fig

6-55b as occurs in the aluminum gate structures Thus thin gate oxide region exists

under the polysilicon between the and diffusion and the LOCOS edge This

region inverts at very much lower voltage than the field and the resultant inversion

layers act as very shallow source and drain regions Nevertheless the true source and

drain regions are kept further apart than in the aluminum gate case and this tends to

inhibit lateral punchthrough

Note this implies that the polysilicon-gate parasitic-FET test structure is good

vehicle for characterizing VTFiso under the polysilicon lines but is not as good for

characterizing the punchthrough voltage of actual parasitic CMOS FETs That is

because lateral punchthrough is inhibited in the polysilicon gate test structure this test
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structure does not test for the worst case conditions under which lateral punchthrough

will occur in such parasitic FETs

The isolation characteristics of these parasitic transistor structures are typically

determined separately as was done in the section on modeling where one well-edge FET
was modeled at time see Fig 6-50b Usually both VTFiSO and the lateral

punchthrough voltages are also determined using separate test procedures gate voltage

needed to establish predefined maximum drain/source leakage current in these

transistors e.g pA/urn width in each case is measured as function of the nton
well or ptopwell distance As noted earlier for worst case considerations VTFiSO

must be measured at maximum drain bias while punchthrough must be measured at

highest gate voltage The minimum n-to-p spacing needed to maintain adequately

small leakage currents between opposite device types in CMOS technology for the

specified power supply voltage plus usually safety margin of 10% can be derived

from the data obtained from such measurements

Specifically minimum VTFiSO is selected for the CMOS technology being

developed The minimum distance for the ntonwell and ptopwell needed to

establish this value for both the aluminum and polysilicon gate structures is determined

from the experimental data The larger of the sum of the two minimum spacings for

each parasitic device is the minimum acceptable ntop spacing to maintain adequate

field inversion The same procedure is used to choose the minimum ntop spacing to

maintain sufficiently high punchthrough value The larger of these two spacings i.e
the minimum ntop spacing to maintain an adequate V0 value in each device and

the minimum ntop spacing to allow an adequate punchthrough voltage in each

device is the minimum overall ntop spacing value needed to provide adequate

CMOS isolation Note that since this distance also affects latchup the final design rule

must exceed both the value found from this experimental data and the one necessary for

avoiding latchup

It should also be noted that if both the leakage due to field inversion and
punchthrough are measured simultaneously the same values of VGS and VDS are applied

simultaneously as their values are ramped up as shown in Fig 656.78 The voltage at

which some predetermined drain current is observed is then plotted and these quantities

are referred to as and din Fig 6-56

6.6.3.1 Experimental Characterization of Isolation in n-to-n-well
Parasitic FETs Fig 6-56a shows the measured values of field inversion voltages

TFiSO for ntonwell parasitic MOS structures as function of ntonwell
separation VTFjso is defined at parasitic PET drain current values of 10 pA nA and

0.1 uA and it assumes that the drain voltage is set at 5V as the gate voltage is ramped
for both the aluminum and polysilicon gate test structures.91 Results from simulation

data are also plotted and good agreement with the measured data is found Below about

It should be pointed out that the authors indicated that the fixed charge in the threshold

equation used to calculate was treated as fitting parameter to match the experimental and
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jim nominal ntonwell separations TFiso is seen to decrease due to short-channel

rolloff effects That is at n-to-n-well spacings smaller than about jim the

depletion region of the n-well extends far enough toward the source that the short-

channel VT lowering and DIBL effects observed in active MOSFETs at smaller values

now also begin to occur in the parasitic field device

The values of VTFjSO of the polysilicon-gate parasitic MOS transistors are lower than

those of the aluminum gate devices because the field gate oxide is thinner in the

former But the curves corresponding to the different subthreshold drain currents are

closer together in the poly-gate devices due to the smaller subthreshold swing St As

discussed in chap St decreases as the thickness of the gate oxide is reduced

Furthermore the threshold lowering is smaller for polysilicon-gate FETs again due to

the thinner parasitic gate oxide At the smallest nt-to-n-well separations 1-1.5 jimthe

faster VT rolloff in the aluminum-gate FETs causes their VTFjsos to become smaller

than those of polysilicon-gate devices As result it is the aluminum gate structures

which ultimately limit the minimum nt-to-n-well separation Furthermore the oxide

quality and thickness control of the oxide between the poiy and the aluminum is worse

than that between the poly and substrate Hence the VTFjsos of the aluminum gate

ISOLATION PROPERTIES OF
SYMMETRIC CMOS PROCESS

12
opCHANNEL

pTUB nTUB

10

CHANNEL

gm

Fig 6-56 Isolaüon characteristics of well-edge parasitic as function of the distance from

well edge to active area edge.78 1986 IEEE

cont simulated long-channel VT values at values of Q02xlO2q cm2 Thus the

significance of these simulations lies primarily in their predictions of the short-channel roll-

off rather than their absolute values
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Conventional n-well architecture
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Fig 6-57 Threshold voltages VTFlSO breakdown voltages for the asymmetric nto
n-well parasitic FETs.91 1986 IEEE

structures are less reproducible from run to run Thus greater margin of safety must be

allowed i.e larger nominal values of V-1-1so for the aluminum devices are required

Figure 6-57b shows the breakdown voltages i.e either due to punchthrough or

avalanche breakdown whichever occurs first of the ntonwell parasitic test structures

as function of ntonwell spacing They are measured by ramping the drain voltage

until voltage is reached which produces drain currents of 10 pA nA and 0.1 jiA
with VGS 5V Also shown are the simulated values and very good agreement between

the two is again found The breakdown voltages of nt-to-n-well parasitic FETs indicate

once again that the aluminum gate FETs ultimately determine minimum separation

Fig 6-57b shows that at 1.2 /im nt-to-n-well spacing the polysilicon gate

punchthrough voltages are all about twice the corresponding values for aluminum gate

devices At larger separations breakdown in the polysilicon gate devices is limited by

the dielectric strength of the thin gate oxide in the region where the polysilicon overlaps
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Fig 6-58 Avalanche and punchthrough voltages for the symmetric nton and

symmetric n-to-n-we1l parasitic NMOSFETs.92 1987 IEEE

the active area in the n-well indicated as p-CH in Fig 6-51a Thus punchthrough or

avalanche breakdown cannot be measured in these structures

As compared with the symmetric parasitic FETs previously described in section 6.1

punchthrough in asymmetric parasitic short-channel FETs is much more severe because

of the deeper drains in these devices In Fig 6-58 the breakdown voltages of n-to-n

parasitic FETs and ntonwell devices are compared.92 We observe that when the

nominal channel length is reduced below jim i.e ntonwell spacing this parasitic

device exhibits much smaller punchthrough voltages than does the nton parasitic

FET

6.6.3.2 Experimental Characterization of Isolation in p-to
p-substrate Parasitic FETs Measured and simulated field inversion voltages

TFiso for p-to-p-substrate parasitic FETs are shown in Fig 6-59 for both aluminum

and poly silicon gate devices.9 Again agreement between the two is good We
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observe however that the structure of this parasitic FET differs considerably from that

of conventional FET and even that of the n-to-n-well FET That is the p-substrate

which acts as the drain is not only deep but wraps around under the source Thus

there is the possibility of lateral and vertical leakage paths between the and

substrate But the vertical leakage path is not affected by the parasitic gate voltage and

hence may be neglected in the present discussion We discuss vertical punchthrough in

such devices in section 6.6.5

We see in Fig 6-59 that the VTFiSO values are much higher than those of ni-to-n

well FETs especially for the case of the aluminum gate devices This is due to several

effects including the fact that higher doping is needed in the n-well to ensure adequate

compensation of the boron and that any fixed charge at the Si-Si02 interface is likely to

be positive and therefore increase the magnitude of Short-channel effects are also

Conventional n-well architecture
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Fig 6-59 Threshold voltages for the symmetric pt-to-p-substrate parasitic
FETs.91

1987 IEEE
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less severe partly due to the larger doping in the n-channel and partly because the drain

substrate doping is lower than that of the channel Thus the drain-channel substrate

well depletion region width extends into the true substrate rather than encroaching

through the well toward the source

Since nominal p4opsubstrate separation represents the separation of the nitride

LOCOS mask and n-well resist mask and the actual in the polysilicon device

isabutted to the polysilicon edge rather than the nitride edge the actual to p-substrate

separation is larger than its nominal value by the length of the poly-overlapping thin

oxide The values of can only be found at 0.6 jim or less because of the dielectric

breakdown in the thin oxide region At nominal zero separation in the polysilicon

devices the actual ptopsubstrate separation is about the same as the length of the

poly-overlapping thin oxide that is 1.2 jim In the case of an aluminum gate in

which the is abutted to the LOCOS edge the devices fail to operate

Lateral punchthrough between the ptop.substrate is not seen until the nominal

separation becomes smaller than 0.6 jim As described earlier this minimum

punchthrough occurs mostly because the majority of the drain depletion region is

extended into the lightly doped p-substrate which serves as the drain in this structure

Vertical punchthrough between to p-substrate can be more worrisome problem

particularly when the n-well depth is scaled down in submicron CMOS This issue as

noted earlier is discussed in section 6.6.5 which deals with vertical punchthrough

6.6.4 Establishing the Minimum n-to-p Isolation

Spacing in CMOS from Modeling and Experimental Data

The data presented in Fig 6-60a indicate that using conventional wells permits adequate

isolation to be established between diffusions and n-wells in n-well CMOS at about

1.5 jim nominal separation i.e for this structure VTFjso is 1OV at 1.5 jim and VPT is

20V Figure 6-60b also shows that this separation can be reduced to about 1.0 jim

with retrograde wells Likewise it has been shown that ptopsubstrate separations

down to 0.6 pm can be achieved in n-well CMOS with either conventional or retrograde

wells Thus it should be possible to realize full CMOS structures with about jim

ntop separation using conventional n-wells and about 1.6 jim separation with

retrograde-well technology However these results are obtained with isolated

ntonwell and ptopsubstrate parasitic transistors To establish isolation design

rules it is necessary to show that adequate isolation exists at such small separations in

full CMOS devices

Figure 6-61 shows supply currents drawn by full CMOS structures with 1.8 jim

ntop separations 1.2 jim ntonwell edge and 0.6 jim ptonwell edge.9

Fig 6-61 shows the test structures used for this arrangement The output node

connecting ij and diffusions closest to the well edge is either shorted to ground

Vout or to the supply line Vout VDD These cases simulate an inverter with its

output in either Low or High state The leakage current drawn by an ideal CMOS
device between VDD and Vss should be zero in both cases but any leakage due to
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Fig 6-60 Comparison of retrograde and conventional well structures for to n-well

parasitic FETs field threshold voltage and nt-to-n-well breakdown voltage Solid

lines experimental data dashed lines modeled results breakdown voltage is modeled by

punchthrough only.91 1987 IEEE

insufficient isolation between the n- and p-channel devices will show up as component

of the supply current

Fig 6-61b shows results for conventional-well devices When V0 VDD no

potential
difference exists between the diffusion and the n-well and no leakage current

should flow between them The limiting phenomenon here is thus pt-to-p-substrate

breakdown and consequently no breakdown should be observed below 20V This

indicates that the worst case for leakage is when the output node is shorted to ground In

such cases the full supply voltage appears between the diffusion and the n-well and

the mechanism limiting the maximum operating voltage is instead ntonwell

punchthrough leakage The results shown in Fig 6-6 lb for V0t are consistent
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Fig 6-61 Test structures and I-V curves for full CMOS isolation structure test structure

and measurement arrangement leakage current for conventional-well CMOS leakage

current for retrograde well devices.91 1986 IEEE
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with the punchthrough breakdown voltages exhibited in Fig 6-57b where at nominal

nt-to-n-well separation the breakdown punchthrough voltage is .-IOV Figure 6-61b

shows that at VDD 5V the leakage current is very close to the maximum acceptable

value of 10 pA and increases steeply as VDD is increased above 5V This demonstrates

that the CMOS device under test provides barely adequate isolation at VDD 5V but

also that this does not provide adequate safety margin for 5V operation However by

increasing the ntonwell spacing to 1.8 jim ntop separation 2.4 tim the

-- maximum operating voltage becomes limited instead by junction breakdown which in

this case is just over 20V Thus the minimum ntop separation acceptable for 5-V

operation with conventional wells lies between 1.8 and 2.4 jim

Figure 6-61c shows results for retrograde well devices with 1.8 jim ntop
separation In these instances the leakage current remains below 10 pA for supply

voltages as high as 1OV providing good safety margin for 5V operation Again the

condition with Vout sets the lowest breakdown voltage although nt-to-n-well

junction avalanche breakdown occurs at only few volts higher than the onset of nto
n-well punchthrough leakage

In conventional LOCOS-isolated CMOS ICs isolation among similar type

transistors can be achieved with 1.0 jim isolation spacing Isolation among opposite-

type transistors is more involved however and modeling and measurement results show

that it is possible to achieve isolation between an n- and p-channel transistor with

approximately 2.4 jim isolation spacing The use of retrograde wells can further reduce

this isolation dimension to below jim At such small isolation dimensions latchup

becomes major problem and ultimately may instead become the factor limiting the

isolation spacing between NMOS and PMOS transistors

The results presented above were obtained from n-well technologies and thus one

might ask how well such might apply to p-well and twin-well processes Although

p-well structure could be made by merely exchanging the n- and p-type dopants

implying that the isolation characteristics would be comparable data indicates that in

one major respect the isolation behavior is somewhat different than for n-well CMOS

That is the most important isolation leakage mechanism in submicron CMOS appears

to be due to lateral punchthrough when the lateral spacing between the well border and

source/drain regions outside the well is small In the case of n-well CMOS the boron

channel-stop implant in the substrate must be fairly heavy due to boron segregation into

the field oxide during field oxide growth As result the boron profile in the substrate

penetrates relatively deeply This is exactly the type of substrate doping profile needed

to prevent subsurface lateral punchthrough In p-well CMOS on the other hand the

phosphorus channel-stop dopant tends to pile up at the surface yielding shallower

final phosphorus channel-stop doping profile in the substrate This type of profile is

less effective in suppressing lateral subsurface punchthrough Thus it may be more

difficult to suppress pt-to-p-well punchthrough in p-well CMOS
In twin-well CMOS both n-type and p-type devices lie inside well Thus it

might appear that the superior pt-to-p-well isolation performance observed in the n-well

CMOS results would be duplicated between the nt-to-n-well in twin-well CMOS

However the well profiles produced in fabricating the n-well CMOS for the above-cited
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study appear quite like twin wells with the boron field implant extending as deep or

deeper than the shallow n-well Consequently it is not expected that significantly better

isolation is achievable using twin-well technology

6.6.4.1 Isolation-Spacing Design Rules for 0.35 and 0.25 urn

CMOS Recent reports summarizing the work required to establish the minimum

isolation spacings in submicron CMOS as described above indicate the following

design rules will be needed in 0.35 jim and 0.25 jim CMOS technologies84133

For 0.35 jim CMOS the minimum active pitch at which adequate intrawell

isolation nton or p4op can be maintained appears to be about jim

i.e .-0.5 jim active region width plus 0.5 jim isolation spacing width For

LOCOS-based approaches the minimum dimension for interwell isolation i.e

n-to-p spacing is about three times that required for intrawell isolation Thus
the minimum n-to-p spacing for 0.35 jim CMOS is about 1.5 jim

For 0.25 jim CMOS the above design rules can be scaled by about 30-40%

Using this criterion the active pitch for 0.25 jim CMOS would be 0.6-0.7 jim
This means the minimum intrawell isolation spacing would be 0.3-0.35 jim and

that for interwell isolation spacing would be 0.9-1.05 jim

These design rules represent the nominal requirements Obviously manufacturable

isolation process will need to specify allowable tolerances to these dimensions to

accommodate the inevitable variations in patterning technology

6.6.5 Vertical Isolation in CMOS

By reducing the depth of the wells in CMOS smaller n-to-p spacing can be used

However when shallow wells are implemented the problem of maintaining adequate

vertical isolation must be addressed That is shallow wells are more prone to vertical

punchthrough between the source/drain diffusions in the well and the underlying

substrate Retrograde wells described in chap with their high doping levels at the

well bottom provide excellent vertical isolation even at well depths of the order of

jim115 116 but adequate vertical isolation at such shallow well depths is much harder

to achieve with conventional-well structures Shallow wells fabricated with

significantly reduced thermal budget also allows the use of thinner epitaxial substrate

material and hence better latchup protection At the same time however the shallow

wells introduce new constraint on the epitaxial layer thickness due to the degradation in

vertical isolation caused by the underlying heavily doped substrate As we will see this

is especially true in the case of n-well CMOS where out-diffusion of boron from the

heavily doped substrate imposes major limitation on the minimum epitaxial layer

starting thickness

Example 6-1 An n-well CMOS process is to be developed for operation

with power-supply voltage of VDD The substrate doping of the p-type

wafers is lxlO5/cm3 Assume the n-well has uniform doping profile with an

average dopant concentration of 1x1016/cm3 The p-channel MOSFET sources
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and drains are to have junction depths of 0.4 jim and an average dopant density of

l08/cm3 What is the minimum n-well depth needed to avoid vertical

punchthrough to the substrate

Solution Vertical punchthrough will occur if the depletion region of the

source/drain-to-well junction were to merge with the depletion region of the

well-substrate junction when VDD see section 5.5.2 The source-to-well

junction is essentially one-sided pn junction with built-in voltage of Vbj

0.82 In this case the depletion-region width is calculated to penetrate into

the n-well to distance of 0.35 jim if the voltage applied across the junction is

zero i.e both the source and the well are connected to VDD The np-junction

to the substrate has built-in voltage of 0.63 and the total depletion width of

this junction at bias is 1.9 jim We calculate that about 0.19 jim of this

depletion region is in the n-well The n-well must therefore be deep enough to

accommodate the depth of the source junction 0.4 jim as well as the sum of the

depletion region widths in the well in order for vertical punchthrough to be

avoided While the total of these dimensions is 0.94 jim it is good engineering

practice to increase the depth of the well by about 50% to account for process

variations reasonable well depth might therefore be 1.5 jim

It is more feasible to fabricate CMOS having adequate vertical isolation with shallow

conventional p-wells than with conventional n-wells It has been demonstrated that

successful p-well CMOS circuit operation can be achieved at VDD 5V with conven

tional well depths of approximately Jim.7 Consider first the case when the

j.j source/drain diffusion in such shallow p-wells is biased more positively than the

n-substrate In this instance the vertical punchthrough voltage is only 3-4 However

since the n-substrate is tied to VDD and the region is biased between VDD and Vss

this bias arrangement does not occur in normal circuit operation except during transient

overshoot of the voltage at the circuit node Thus punchthrough voltage value of

3-4V is adequate in this case

Let us also consider the case of vertical punchthrough current flowing in the opposite

direction in p-well CMOS structure That is when the substrate is biased at higher

potential than the region In this case in p-well circuit under normal operating

conditions the n-substrate must always be at the most positive potential In such

circumstances i.e with the n-substrate at the higher potential and the region at

Vss the nsubstrateton punchthrough voltage is measured to be well above 1OV

Since the substrate is usually tied to VDD 5V under normal operation this

punchthrough voltage value is also adequate for p-well CMOS operation

Under some biasing conditions however shallow wells in n-well CMOS are much

more prone to vertical punchthrough and the problem becomes worse if the n-well

CMOS is fabricated in p-epi layer on substrate Note first that in n-well CMOS

vertical punchthrough current flows between the region and the p-substrate through

an n-well In normal CMOS operation the n-well is at VDD the p-substrate is at Vs5

and the is biased between VDD and V55 However during transient overshoot the
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or p-substrate can become negatively biased Since this condition represents the worst

case for vertical punchthrough it is useful to analyze it in more detail

The problem can be illustrated by considering an example of conventional but

shallow n-well with its doping profile obtained using the process simulator SUPREM
III given as in Fig 6-62a.93 The well depth is 1.1 jim and the junction depth is

about 0.3 jim The simulated potential distribution for this case is depicted in Fig
6-62b In this figure the is biased between 5V and -5V while the n-well and
substrate are biased at normal operating voltages i.e the n-well is biased at VDD 5V

and the p-substrate at OV.93 As the is varied from 5V to OV the potential

energy barrier between the and p-substrate regions is always present even when the

p4o..n..well and n-well-to-p-substrate depletion regions meet Consequently under

normal operating conditions vertical punchthrough current is not expected to flow

When the potential reaches -5V however the barrier disappears permitting

punchthrough current to flow from the substrate up to the p-channel devices formed
in such an n-well would thus be limited to operation at drain biases smaller than -by

Punchthrough current can also flow from the down to the substrate if the substrate

is negatively biased condition also examined in Fig 6-62b However because most
of the well-to-substrate depletion region is in the lightly doped substrate rather than into

the well the pt-to-substrate potential barrier cannot be lowered significantly until the

substrate is at large negative bias -70V
20

18p
17

p-substrate

well

10 Depth lm
Vw 5v

VSUBOV

\\ 20V
-10

\567ov -.__
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Fig 6-62 Vertical doping and potential profiles for 1.2 jim CMOS structure Net

doping and potential profiles solid lines voltage varies with p-substrate grounded
dashed lines substrate bias changes with fixed at The n-well is always at

Potential profile showing vertical punchthrough with more positive than substrate.93

1987 IEEE
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The situation is altered however if the p-substrate is replaced by p-epi layer on

substrate Epitaxial substrates are often required for latchup protection especially as

dimensions are reduced see Vol chap As the minimum ntop spacing is

shrunk the epitaxial layer thickness must also be reducedj8 In the case of n-well

technology this means that the heavily doped substrate starts to approach the base of

the n-well Because the heavily doped substrate prevents the extension of the well-

substrate depletion region down to the substrate the depletion region is forced up into

the well see Figs 6-63a and As result the V5UB needed to lower the potential

energy barrier is reduced thus making it easier to cause vertical punchthrough Figure

6-63c shows vertical punchthrough voltages measured in 1.2 jIm deep wells as

function of nominal p-on-pt epitaxial thickness.93 It indicates that the magnitude of

SUB at the breakdown of vertical isolation decreases as the epi layer is thinned At

jim nominal as-grown epi thickness isolation breaks down at V5UB of about -5V

i.e if the diffusion is biased at 5V the breakdown voltage is 1OV Therefore

vertical isolation may limit the use of the thinnest epi layer Where thin epi layers are

required for high-packing-density CMOS circuits in latch-up sensitive applications the

as-grown epitaxial layer thickness will need to be tightly controlled to avoid

unacceptable degradation of vertical isolation
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6.6.6 LOCOS-Based Isolation in CMOS

The ATT Twin-Tub technology is an example of an advanced CMOS process that

uses LOCOS-based approach to isolate like devices.79 The starting material is p-epi

layer on substrate The technology is implemented with single-mask self-aligned

twin-well process that uses two channel-stop implants as well as two separate well

implants

First phosphorus and arsenic are sequentially implanted into the n-well areas

forming high/low doping profile channel-stop and well Fig 6-64 Since arsenic

diffuses much more slowly than phosphorus it will remain near the surface of the well

during the drive-in step This high arsenic concentration provides an effective channel

stop for p-channel devices and also protects against punchthrough

Next relatively thick masking oxide is selectively grown over the n-well region

and the p-well implant boron is then performed Because the implant is blocked by the

oxide that covers the n-wells it enters the silicon only in the p-well regions self-

aligned implant step Both well regions are then driven in with the thick oxide over

the n-wells being retained and second boron implant which will serve as the p-well

channel stop is carried out This implant is kept shallow because high pressure

LOCOS process is subsequently used to grow the field oxide minimizing the lateral and

vertical impurity-profilespreading Once again the implant is self-aligned to the p-well

regions by the presence of the oxide on the n-wells The masking oxide is then removed

and nitride masking layer is deposited and patterned to cover the active areas Finally

the field oxide is formed

This process makes it possible to achieve adequate isolation and reduced tendency

toward latchup with smaller device separations than are possible with an atmospheric-

pressure oxide-growth process Nevertheless 7-jim spacing must be used between the

and regions in the Twin-Tub structure to provide adequate isolation Since this

spacing still represents significant layout-density limitation alternatives to the

LOCOS-only process are being vigorously pursued

In another study using n-well technology high dose p-type channel-stop implant

for the substrate yielding peak concentration of 5x106 boron atoms/cm3

allowed to spacings of 2.4 jim with conventional wells and 1.8 jim spacings

with retrograde wells.82

novel LOCOS-based submicron-CMOS isolation approach employs FMPBL
isolation structure and high energy boron plug implant.84 The FMPBL with

conventional channel-stop implant provides nominal VTFisos in excess of 1OV between

NMOS transistors intra-well isolation The plug implant allows inter-well to

spacings of less than 2.0 jim without the use of epi layers trench structures or

retrograde wells Instead low-dose of high-energy boron atoms are implanted through

the field oxide 5500A-thick to form plug just under the oxide in the p-well

adjacent to the boundary of the n-well Fig 6-65 The lateral extent of the implant is

controlled by implanting through narrow slit in the implant mask This plug

effectively controls NMOS field leakage without degrading PMOS isolation With the

plug lower implant channel-stop doses can be used which helps curtail the narrow-
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width effect due to boron redistribution Although the implant could be done before

field oxidation by doing it afterwards the problem of boron diffusion during the oxide

growth step is circumvented

6.6.7 Trench Isolation for CMOS

Trench isolation has also been explored for twin-tub CMOS as means of

implementing nto_p isolation structures primarily as means for achieving smaller

interwell ntop isolation spacing Other advantages of trench isolation over

LOCOS are described in section 6.5 trench at the n-well to p-well interface prevents

dopant interdiffusion where the two wells join Thus dopant compensation which

lowers the surface dopant concentration at the well borders is eliminated This permits

larger parasitic VTFjso values to be maintained at smaller isolation spacings Shallow

and deep trenches of micron and submicron widths have been used to reduce to

spacings to 2-2.5 Jim.85

When trenches deeper than the well depth are used they replace the reverse-biased pn

junction as the isolation structure at the well sidewalls Fig 6-66 However since

fabrication of deep-trench isolation for CMOS is substantially more complex than

shallow-trench isolation and latch-up measurements have not fulfilled expectations this

approach has not yet been widely used for such applications Nevertheless some recent

reports
have described deep trench isolation structures as potential candidates for 0.5 Jim

and smaller CMOS technologies.19120 In this section we limit our discussion to

shallow-trench isolation structures for CMOS Readers interested in more details on

deep-trench isolation are referred to chap Vol and the references

While their use appears to permit smaller ntop spacing the presence of trench

structures also gives rise to additional leakage paths not present in conventional CMOS

isolation structures These new paths can degrade the isolation between the active

devices and the well In some cases these paths can also increase the subthreshold

leakage current within active devices Generally these new leakage phenomena involve

the formation of an inversion channel along the vertical trench sidewall see Fig 6-67a
FIELD OXIDE

SI3

p-TUB
Si02

TIIIIITIIIIItii

Ic 1PGLASS

Fig 6-64 Twin-well dual field-implant process.80
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Fig 6-65 Process flow for the plug implantation process The figure shows that the im

plant can be performed either before left or after right field oxide growth.84 1991 IEEE
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Fig 6-66 Schematic of an n-well CMOS with deep trench isolation.83 1986 IEEE
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Bfl-TUB

TRENCH

Poty gate

_______________ Oxide

p-Substrate

urn

Fig 6-67 parasitic sidewall MOSFET with the n-well as the gate and the trench

serving as the gate oxide.75 From SM Sze Ed High-Speed Semiconductor Devices

Copyright 1990 by John Wiley Sons Reprinted with permission Cross-sectional view

of simulation of the 2-D equipotential contours in an n-well CMOS with trench isolation

The simulation is done at Qfc 5x1010cm2 NA 6x1014 cm3 Vwell 3V VGS OV Vsub

-iv.37 1983 IEEE

The sidewall inversion is caused by the horizontal parasitic MOS device in which the

positively biased n-well acts as the gate electrode and the trench dielectric serves as the

MOS gate oxide with thickness equal to the trench width If the n-well is biased at

5V and the trench is narrow e.g jim inversion along the sidewall of the trench

between the source and drain of the MOSFET can easily occur As shown in Fig

4-67a this is the trench sidewall that is outside of but facing the n-well In Fig

6-67b the simulated 2-D potential contours in trench isolated CMOS structure are

shown Note that the potential on the sidewall of the trench on the p-substrate side is

0.5V indicating that it is inverted

It would appear that to take maximum advantage of such trench structures for

reducing isolation spacing the active devices should be placed right at the tub edge as

shown in Fig 6-67a However if an active NMOS device abuts an inverted trench

sidewall conducting path will exist between the source and drain of the active NMOS
device This path will exist regardless of the bias on the real gate of the active
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NMOS device giving rise to an increase in the subthreshold leakage current of the active

device In practice to avoid this problem active devices are usually moved back

somewhat from the tub edge

Even if the NMOS device is moved back from the trench edge the trench sidewall

can still become inverted by positively-biased n-well If this happens and the poly over

the field region also inverts the top surface of the p-well it is possible for leakage path

from the NMOS source to the n-well to be established as shown in Fig 6-68

Assuming that the leakage path of Fig 6-68 is somehow suppressed e.g by

implanting channel-stop dopants into the bottom of the trench the inverted trench

sidewall can still produce other unexpected leakage paths One such dc leakage path

between VDD e.g 5V and e.g OV is illustrated in Fig 6-69 for the case of two

series-connected CMOS inverters which suffer from inadequate CMOS isolation.87 This

path arises from leakage along both the inverted surface of the field regions and the

trench sidewall which in this example is offset from the active device edge Here

in1 to the first inverter is at logic i.e in1 VDD causing the NMOS transistor

of the first inverter to be turned ON The output of the first inverter V01 and thus the

input to the second inverter Vjn2 is at logic This causes the output of the second

inverter Vout2 to be at logic and causes the PMOS device of the second inverter to be

turned ON The black highly conductive paths in Fig 6-69 from VDD to the edge of the

region in the second inverter and from to the region in the first inverter are

connected by less-well-conducting parasitic conductive path This path consists of an

inverted region that runs under the poly of gate in the p-tub then along the inverted

trench sidewall then under the poly of gate note that for clarity in Fig 6-69 the path

under the poly of gates and is drawn as running adjacent to the poly whereas the

path actually exists beneath the poly

More severe trench-sidewall inversion problems are exhibited in p-wells than in

n-wells This is due to two interrelated phenomena The first involves the dielectric

insulator material used to fill the trench typically SiO2 and the resultant Si-SiO2

VINVDD

p-TUB n-TUB

VDD

/PLETON
LAYER EDGE

Fig 6-68 trench isolated p-well and n-well with parasitic vertical sidewall MOSFET

with n-well as the gate and parasitic horizontal MOSFET with the Vin poly line as the

gate.75 From S.M Sze Ed High-Speed Semiconductor Devices Copyright 1990 by John

Wiley Sons Reprinted with permission
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TRENCH

p-TUB n-TUB

______________
I-

nUB

TRENCH

Fig 6-69 dc leakage path through two inverter stages in series The solid black path is

good conducting route and the shaded path is parasitic route The parasitic consists of field

oxide corner under gate cf Fig 6-68 sidewall path along the trench cf Fig 6-67a and

corner path under the out strap.87 From SM Sze Ed High-Speed Semiconductor Devices

Copyright 1990 by John Wiley Sons Reprinted with permission

interface at the trench sidewall The interface fixed or trapped charge that exists at an Si

SiO2 interface is positive which tends to lower the inversion threshold of p-channel

regions in this case the p-tub To minimize this interface charge thin good-quality

thermal-oxide layer must be grown inside the trench The oxide growth process

however gives rise to the second problem That is during thermal oxidation some of

the boron doping in the p-well segregates into the oxide Thus the boron surface

concentration at the interface is reduced further decreasing the inversion threshold As

result inversion of p-well trench sidewalls occur at lower threshold voltages than do

those of an n-well for comparable well-doping concentrations Finally note that trench

etch processes often damage the Si surface in manner that leads to increased interface

trapped charge This tends to worsen the problem of trench sidewall inversion in

wells even more

To counteract intra-well and inter-well leakage in trench-isolated CMOS several steps

are necessary First the surface isolation path must be suppressed by use of sufficient
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channel stop-doping between the active device and tub edge as is also done in LOCOS
isolated CMOS Second to avoid subthreshold leakage in single active devices the

devices are moved back somewhat from trench edge Third inversion of the trench

sidewall should be prevented One way to do this is to increase the trench width

However this will increase the isolation spacing as will moving the active devices

away from the active device to the trench edge Because of these limitations the
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Fig 6-70 Schematic of oblique ion implantation and SEM cross section result of this

procedure.89 1987 IEEE Shallow trench isolation process flow using doped oxide as

diffusion source of trench sidewall doping.90 1988 IEEE
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minimum to isolation distance in trench isolation in 1992 was still

approximately 2-2.5 /.tm

Another way to prevent inversion of the trench sidewalls is to increase the doping at

the sidewall surface Use of direct low-tilt-angle implant e.g boron at an angle of

off the perpendicular to the top wafer surface or at an angle of 82 off the

perpendicular to the trench walls is one reported way to do this Fig 6-70a.89

However since only one of the walls is doped by one implantation the implant must be

done four times with the wafer rotated 90 after each step to ensure that all four walls of

the trench are doped In addition this procedure is only effective for intra-well isolation

i.e to isolate like-types of devices

An alternative method for doping the sidewall of the p-well without doping the n-well

with Si thus making it suitable for CMOS inter-well isolation was proposed by

Davari et al.90 In this approach the p-well sidewall dopant is provided by boron

diffusion from poly or borosilicate glass The n-well does not require additional

sidewall dopant as phosphorus piles up during the brief thermal oxidation of the trench

prior to CVD oxide refill

First nitride/pad oxide mask stack is formed and patterned Next after shallow

trenches are etched by RIE to depth of 0.3-0.5 jim boron diffusion source in situ

doped poly or borosilicate glass BSG is deposited lithography step is then used

to etch the poly of BSG away from the n-well sidewall and trench bottom see Fig

6-70b thermal cycle is then carried out to drive the boron into the sidewall and

bottom of the p-well trench No boron is diffused into the active device areas since they

are covered with nitride The boron source is then etched away and the remainder of the

trench refill process is conducted The boron concentration at the sidewall surface is

controlled by the segregation during the brief thermal 50-nm-thick oxide growth step

This approach has been used for trench widths as small as 0.8 jim For 0.5 jim widths

control of sidewall doping and geometry is difficult and hence for such dimensions

control of sidewall parasitic MOSFETs represents major obstacle to miniaturizing

isolation

These doping techniques have been used for 0.8 jim wide trenches For 0.5 jim

widths control of the sidewall doping and geometry effects is difficult.73 No matter

what technique is used however sidewall doping impacts the active devices through

increased junction capacitance and source-substrate bias dependence Control of sidewall

parasitic MOSFETs thus represents significant challenge for scaling CMOS isolation

Trench-isolated 0.5-jim CMOS using shallow trenches filled with void- and seam

free TEOS/Ozone films has been implemented.126 The 0.5 n- and p-channel MOSFETs

showed no subthreshold degradation compared to the same device fabricated with LOCOS

isolation Field punchthrough voltages on intra-well and inter-well isolation structures

were significantly higher than the control devices which used PBL isolation see Fig

6-71 That is punchthrough voltages were well above 1OV and independent of trench

isolation width
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Fig 6-71 Field punch-through voltages for trench isolation and PBL isolation

Consistently higher punchthrough voltage is observed for trench isolation with no

degradation of subthreshold 0.5 jam MOSFET characteristics.126 Reprinted with permission

of Solid State Technology
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PROBLEMS

Two diffused lines are running parallel in substrate doped with 1015 boron atoms/cm3

The substrate is biased to -5V and both lines are connected to 5V Using one-dimensional

junction theory calculate the minimum spacing needed between the lines to prevent their

depletion regions from merging

Explain why birds beak and boron encroachment limit the maximum dimension in which

conventional LOCOS isolation can be used

Discuss each of the following drawbacks of LOCOS isolation technology

birds beak encroachment

boron encroachment

oxide thinning in narrow field oxide spacings

non-planarity

process complexity

sensitivity of birds beak encroachment on pattern geometry

Explain how the frame-masked PBL FMPBL and the polysilicon-encapsulated LOCOS

PELOX processes achieve smaller birds beak penetration length the conventional PBL

Assume the field oxide beneath an polysilicon line is 600 nm thick and the p-type

channel stop beneath this oxide is doped to 1x1017/cm3 Calculate TF and St if Qtot

1x10 cm2

If the nominal i.e measured when Dst pA of an aluminum gate field oxide test

device is 8V what is the leakage current of this test structure when the aluminum line at 5V

assuming that 0.5 V/dec at 300K If VTF decreases to 6.5V when is increased to

125C what is the leakage current in this case when the aluminum line is biased to 5V

Based on Figs 6-4 and 6-5 obtain the subthreshold swing St for the parasitic n- and

-channel FETs both Al- and polysilicon gate deviceswith pm separation between two

and two diffusion regions
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If the circuit application requires that no more than 10 pA leakage flows between the

and n-well in CMOS technology and we have obtained the process and device data from Fig

6-57a What design rule should be specified to provide for the minimum n-to-n-well

separation
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CHAPTER

THIN GATE OXIDES

GROWTH and RELIABILITY

Gate oxide thickness has grown smaller with each generation of MOS ICs Table 7-1

shows the evolution of MOSFET scaling from 1977 to 1991 As the gate length
shrank from 3.0 1um in 1977 to 0.6 jim in 1991 the gate oxide thickness went from 70
nm to 13.5-12.5 nm During the shrinkage from 3.0 jim to 0.6 jim technologies the

power-supply voltage remained at 5V At gate lengths below 0.5 jim however it is

projected that the power supply voltage will have to be reduced In fact reduction to

3.3V in some 0.5 jim CMOS technologies has already been implemented The decrease
in power-supply voltage is needed because the gate oxide thickness in such deep
submicron MOSFETs is 10 nm or less As will be discussed the oxide electric fields

produced by 5V cause severe reliability problems in oxide films thinner than 10 nm
The thickness of gate oxides is made as small as possible because the drive current in

MOSFETs increases with decreasing gate oxide thickness Since this trend extends to

gate oxide thicknesses below nm it seems apparent that even thinner oxides will be

specified as MOSFETs are scaled below 0.5 jim see Table 5-3 in Section 5.6.1

Table 7-1 Evolution of MOSFET Technology Since 19771

Yearoflntroductjon 1977 1979 1982 1985 1988 1991

Gate Length pm 1.5 1.1 0.9 0.6

Minimum Feature Size pm .5 0.7 0.5

VccV

MOSFET Gate Oxide nm 70 40 25 25 20 13.5

Junction Depth pm 0.6 0.4 0.3 0.25 0.2 15

NMOS Dsat VGS5V mA/pm 0.1 0.14 0.23 0.27 0.36 0.64

PMOS Dsat VGSSV mA/pm 0.06 0.11 0.14 0.19 0.31

GateDelay@FO1ps 800 350 250 200 160 90

421
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Furthermore thin oxides and shallow junction depths are needed to control short-chan

-nel effects i.e thin gate oxides permit the gate to retain strong control of the channel

charge and shallow junctions keep the drain field from extending far into the channel

Table 5-4 in chap gives an estimate of MOSFET technology scaling made by Hu

in 1993.1 As the gate length is decreased and approaches 0.1 jim it is predicted that gate

oxides of only nm thickness will be used albeit at power supply voltage of 2.2V
An example of deep submicron CMOS technology 0.25 jim is given by Chang et

al of IBM in which t0 nm and VDD 2.5V.2 Other studies predict that even thin

ner oxides will be needed in memory technology than in logic CMOS technologies For

example in 64 MB DRAMs the capacitor oxide thickness is estimated to be below 10

nm and in EEPROMs tunneling oxides are even thinner than those used in DRAMs
While the benefits of using thin oxides are apparent there are two key issues which

must be satisfied to permit them to be utilized it must be possible to grow such

thin oxide layers precisely and uniformly across wafer and MOSFETs with such

thin oxides must exhibit adequate reliability characteristics under normal circuit

operating conditions These two issues are the subject of this chapter

7.1 GATE OXIDE CHARACTERISTICS NEEDED
FOR SUBMICRON MOSFETS

The desired characteristics of MOSFET gate oxides are the following

The grown gate oxide thickness must closely match the thickness

specification of the MOSFET device design

The specified oxide thickness must also be sufficiently uniform across the

entire wafer and from wafer to wafer and from run-to-run

The gate oxide film and the Si/Si02 interface must exhibit adequately

small values of charge in the oxide and at the Si-Si02 interface i.e low Qj

Dt Qot and values see chap

The dielectric breakdown strength of the oxide must be sufficiently high

e.g MV/cm implying that the film is pinhole free and contains

negligible number of defects that would lead to oxide breakdown at lower

electric fields

The oxide film must exhibit sufficiently long lifetime under normal

operating conditions i.e tBD is adequate This characteristic is related to

The oxide should exhibit high resistance to hot-carrier damage i.e device

degradation should be low in the face of CHE or DAHC stressing

If the oxide is to be used in symmetric CMOS technology i.e in which

both and poly are used the oxide film needs to be resistant to the

penetration of boron at the process temperatures used after gate doping Note
that this topic will be discussed in chap
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From the list of desired gate oxide characteristics given above we see that thin oxide

reliability issues fall into two categories

Dielectric breakdown which causes catastrophic failure of device

Hot-carrier-injection degradation as result of which device characteristics

are degraded

In this chapter we cover gate oxide breakdown and in chapter we describe device

degradation due to hot-carrier injection However here we will also cover all the

mechanisms by which charge is injected into the gate oxide section 7.3 including

injection by hot as well as by cold carriers

7.2 PHYSICAL PICTURE of Si02
and the Si/5i02 INTERFACE

Before setting out to describe the technology of growing thin gate oxides and their

reliability it is useful to discuss the physical and chemical properties of thermally

grown Si02 and the physical picture of the Si/Si02 interface We cover these topics in

this section

7.2.1 Physical and Chemical Properties of Si02

SiO2 silica can be found in crystalline vitreous or amorphous forms When the

atomic structure of silica exhibits long-range order it is said to be in crystalline form

Many varieties of crystalline silica exist including quartz crystobalite coesite etc

However the type encountered in silicon ICs i.e thermal silicon dioxide films grown
under normal conditions is silica in its vitreous or glassy form Vitreous solids do

not exhibit long range order Instead their structure is highly ordered only over short

ranges This glassy state of Si02 is also often referred to as fused silica If no short-

range order is exhibited by the silica its structure is termed amorphous Amorphous
Si02 films may be encountered in oxides deposited under poorly controlled conditions

Since we are interested in thermally grown 5i02 most of our discussion will focus on

the glassy state of Si02 fused silica

The basic structural unit of silica is centered around the structural formula Si04
The spatial arrangement of Si and atoms is due to their respective valence and

-2 their relative sizes and their electrostatic interactions These factors give rise to

elementary Si02 cells of tetrahedric configurations That is silicon atom with

valence of is located at the center of the tetrahedron with oxygen atoms 02- at

each of the corners Fig 7-la.3 In crystalline 5i02 quartz each oxygen atom belongs

to two tetrahedra and is thus bonded to silicon atoms Such oxygen atoms are then

known as bridging oxygen atoms Fig 7-lb.3 In vitreous or amorphous 5i02 some

of the vertices of the tetrahedra have nonbridging oxygen atoms meaning they are not

shared between two tetrahedra Fig 7-id The greater the ratio of bridging to non

bridging oxygens the greater the cohesiveness of the Si02 structure
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Fig 7-1 The basic structure of 5i02.18 Three-dimensional representation of two

neighboring SiO4 cells bridged by an oxygen atom Two-dimensional lattice

representing vitreous Si02.18 The structure of thermally grown SiO2 showing bridging

and non-bridging oxygen atoms and dopant i.e network modifier atoms32 IEEE

1965

The interatomic distances from the center of one atom to the center of its nearest

neighbor have been measured and found to have the following mean values .62A for

the Si-O bond 2.27A for the 0-0 distance and 3.12A for the Si-Si distance Note this

implies that 10 nm gate oxide is only 40-50 atomic layers thick

The structure of fused silica is continuous random network of tetrahedra where the

Si-O-Si bond angle varies from 1100 to 180 with the most probable value being

144 two-dimensional representation of the vitreous SiO2 lattice is shown in Fig

7-ic.3

The density of thermal Si02 fused silica is 2.20 g/cm3 which is smaller than that

of quartz 2.65 g/cm3 In fused silica only 43% of the lattice space is occupied making

its structure much more open than that of quartz Consequently large variety of

impurity atoms can easily enter this oxide network and diffuse through it Since it is
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difficult to directly assess the density of thin films the refractive index of Si02 is

usually measured instead and the density is then inferred from it refractive index of

1.460 corresponds to density of 2.20 g/cm3 Generally CVD oxides exhibit smaller

densities than thermally grown Si02 and worse electrical and material properties

correspond to less dense films Hence measurements of the index of refraction also

provide method for rapidly comparing the characteristics of deposited oxides

7.2.2 The Si/Si02 Interface

The characteristics of the SifSiO2 interface as well as the Si02 bulk characteristics

play an important role in the functioning of the gate dielectric Hence discussion of

the structure of this interface is also useful In chap we introduced the concept of

surface states and interface trapped charge and their impact on the threshold voltage of

MOSFETs Here we consider these topics in further detail We recall that surface

states are extra allowed energy states for electrons that are present at the semiconductor

surface but not within the bulk

The term surface states was coined by Tamm in 1932 Using quantum mechanical

calculations he showed that new electronic energy states arise in crystal if the lattice is

terminated at surface Such new states are confined to the region very close to the

surface He also calculated that these states will arise at interfaces such as the Si/SiO2

interface as well as at free surfaces Each of the states is associated with single atom

at the surface Hence an electron occupying one of these states is localized i.e forced

to remain in restricted region of space centered on that atom Since such states thus

effectively trap free carriers at the surface they are also referred to as interface traps The

charge per unit area stored in the traps is symbolized by Qt
Although the theoretical basis of interface traps is well accepted and models exist that

accurately detail the electrical behavior of the traps the physical origin of these surface

states has not been totally worked out The weight of experimental evidence supports

the view that surface states arise primarily from unsatisfied or dangling bonds at the

silicon surface note also that such silicon atom can be viewed as trivalent Si atom
From qualitative perspective the dangling bond model can be visualized by with the

aid of Fig 7-2a Here it can be seen that if Si lattice is abruptly terminated along

given plane to form surface one of the four bonds of each Si atom at the surface is

left dangling There will thus be extra states on this surface because the energy field of

the crystal is one-sided i.e the electrons in the surface region are bonded only from the

side directed toward the bulk It is plausible that the thermal formation of SiO2 can tie

up these surface Si bonds and that along perfect Si/Si02 interface Fig 7-2b all such

bonds could be tied up In this case surface states at the interface would be

suppressed.5 However it is also plausible that such oxidation might not tie up all the

bonds Fig 7-2c If even very small fraction of the number of dangling bonds was

left unsatisfied significant number of surface states could exist For example on

100 Si surface there are 6.8x104 Si atoms per cm2 If oxidation left 1/1000 of these

bonds dangling and each of them gave rise to surface state the density of interface

trapped charges would be 6.8x10 cm2 assuming one electronic charge is associated

with each energy state If gate oxide thickness of 20 nm was being used this would
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cause threshold voltage shift of O.63V This indicates that if the dangling bond model

correctly describes the origin of interface states then only relatively small number of

residual dangling bonds can significantly perturb the device characteristics Crystal

defects near the surface or foreign atoms bonded at the surface are other interface

perturbations that have been identified as possible sources of surface states

As proposed by Deal6 surface states have the following properties

surface state can trap or emit carrier

The energy levels of these states are located within the forbidden gap

The surface state can be of either type donor or acceptor The class

ification is made in manner analogous to bulk dopant atoms That is

monovalent donor trap possesses two charge states and

Its charge is positive when the trap is empty i.e its

energy level ET is above EF but is neutral when full when

ET is below EF
monovalent acceptor trap possesses two charge states

and -1 When the trap is empty its charge is neutral i.e its

Dangling bond
Si02

Intertacial

trap

rrrr iii
____

Fig 7-2 Physical model for the interfacial traps Dangling bonds which occur when the

Si lattice is abruptly terminated along given plane to form surface Post oxidation

perfect interface Post oxidation dangling bonds that become interfacial traps.18

Reprinted with permission of the publisher the Electrochemical Society
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al a2 -j a3 a4

----.-4-----f-

ii--1r-

silicon oxygen impurity atom

Fig 7-3 Strained and broken bonds al normal Si-O bonds a2 strained bond in

vitreous silica a3 broken bond represented with traped electron a4 broken bond

represented with trapped hole Possible interface defects Si dangling bonds Si-Si

stretched bond or oxygen vacancy Si-O stretched bond impurity at interface

Possible oxide bulk defects Si dangling bond Si-Si stretched bond or oxygen

vacancy impurity in Si02.5 IEEE 1988

energy level ET is above EF but when the trap is full its charge is

negative -1 i.e when ET is below EF

Because they are mostly due to disruption of the periodicity of the

crystal lattice and only less frequently caused by the presence of foreign

impurities interface states are not associated with well-defined energy

levels Instead interface states are distributed throughout the entire band

gap at closely spaced levels

Figure 7-3 represents the bond stretching and broken bond model of the Si/Si02 bulk of

Verwey8 and of the Si/Si02 interface of Sakurai and Sugano.5 That is Fig 7-3a de

picts the stretched and broken Si-O bonds in the bulk and Figs 7-3b-d at the interface

and Figs 7-3e-h the possible defects in the oxide bulk In Fig 7-3b the dangling Si

bond at the surface is depicted as an interfacial trivalent Si atom while in Fig 7-3f

dangling Si bond in the bulk is portrayed as trivalent Si atom Trivalent

Si atoms introduce deep trap level near the Si midgap when located at the

interface see Fig 7-4 and deep trap level in the SiO2 bandgap when located in the
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oxide bulk in Fig 7-4 The weak SiSi and Si-O stretched bonds Figs 7-3c and

7-3d at the interface introduce continuum of deep trap levels or if such stretched

bonds exist in the bulk Fig 7-3g they produce shallow trap levels If dangling Si

bond is tied up with an impurity most commonly or OH this is thought to produce

an electron trap while the oxygen vacancy or weak Si-Si stretched bond is considered

to be the precursor of the hole trap Thus as we shall see processes that decrease the

electron trap densities tend to increase the hole trap
densities

An anneal in hydrogen ambient 100% H2 or 4%-H2 forming gas at approx

imately 450C is normally the final step prior to assembly and packaging of the ICs

This step is thought to allow hydrogen to penetrate the gate oxide and tie up the

remaining dangling bonds at the Si/5i02 interface not tied up by thermal oxidation as

suggested in Fig 7-5 However the Si-H or Si-OH bond can be easily broken by

injected hot electrons giving rise to interface traps Thus hydrogen introduced in the

post-metal anneal or other process steps i.e during the steam reflow of an interlevel

BPSG layer or during the deposition of silicon nitride can increase hot-electron

degradation in MOSFET Consequently it has been suggested that the ideal gate

dielectric and all subsequent dielectric layers should contain as little hydrogen as

possible to make them hot-electron resistant

The defects in the oxide bulk and at the interface are believed to be responsible for

Oxide integrity degradation which may cause catastrophic failure

VACUUM LEVEL
Si
Si -0

.2
-Ii- V0 Si Si

SiH0Si0H

-0- DONOR TYPE

-0- ACCEPTOR TYPE
Si 5102

VALENCE BAND

i% CONDUCTiON
BAND

Fig 7-4 Energy band diagram showing the energy levels of the various defects in the

oxide-silicon interface and in the gate oxide

The weak Si-Si bond is more frequently referred to as an oxygen vacancy
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SiOSiOSiOSi
Oxide

SiO

Si Si Si 5i--Si Si Si
Silicon

Fig 7-5 How hydrogen can passivate the dangling bonds at the silicon surface shown in

Fig 7-2c and reduce the interface trap density From D.L Puifrey and Tarr Introduction

to Microelectronic Devices 222 Copyright 1989 Prentice-Hall Reprinted with

permission

Hot-carrier induced degradation which causes some of the device operating

characteristics to be degraded e.g VT and gm but the device may still work

7.3 CARRIER INJECTION IN THE Si/Si02 SYSTEM

Failures in MOSFETs associated with the gate oxide both catastrophic failures and

device-characteristic-degradation failures usually involve carriers injected into the gate

oxide variety of carrier-injection mechanisms have been proposed for the Si/Si02

system Here we review the basic physics of the carrier injection phenomena in

MOSFETs as useful background material for the discussion of gate oxide breakdown

this chapter and hot-carrier degradation chap
Carriers can be injected either over an energy barrier hot-carrier injection or through

barrier tunneling by cold carriers The most important injection phenomena are

Channel hot electron CHE injection Hot carrier injection phenomena

Drain avalanche hot carriers DAHC injection

and

Injection by Fowler-Nordheim tunneling Cold carrier injection phenomena

Injection by direct tunneling

Hot carrier injection implies that the injected carriers are no longer in equilibrium with

the lattice at the point of injection i.e they possess far more kinetic energy than they

would normally acquire from the ambient lattice temperature They gain such energy
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upon being accelerated by the high channel fields in the device This is in contrast to

tunneling injection phenomena in which the carriers being injected are in equilibrium

with the Si lattice i.e they are cold and do not become hot until after they are

injected into the oxide and are accelerated by the oxide field to the gate electrode

The energy-band diagram of the MOS structure including the barrier heights for

electrons and holes is shown in Fig 7-6 The oxide band gap is -9 eV The barrier

that suppresses electron injection into the oxide or modified electron affinity is 3.1

eV and the barrier for holes modified hole affinity is 4.9 eV Thus the barrier to

hole injection into the oxide is higher than that for electron injection

7.3.1 Channel Hot Electrons CHE
Injection of channel hot electrons CHE occurs in MOSFETs biased to strong

inversion The electric field responsible for accelerating the carriers in this case is the

lateral electric field Ideally carriers flow only in the channel of the MOSFET since an

energy barrier exists between the channel and the gate oxide 3.1 eV for electrons and

4.9 eV for holes This barrier is important since the electric field along the channel

also has vertical component The vertical component pulls the carriers toward the

gate but the presence of the barrier suppresses the injection of the carriers into the

oxide Thus the vertical field component merely acts to constrain the electrons to the

silicon surface However if the carriers acquire sufficient energy from the lateral electric

field and become hot they can surmount this barrier and jump into the oxide

conduction band Since the barrier for electron injection is smaller the probability of

hot-electron injection is far greater than for hot-hole injection Hence the problem of

hot-carrier injection is much worse in n-channel MOSFETs in which electrons are the

channel current charge carriers than in PMOSFETs Consequently only channel hot

electron CHE injection is generally considered to be important and channel hot hole

injection which would be associated with PMOSFETs is generally ignored

3.1 eV

49eV

GATE OXIDE SILICON

Fig 7-6 Energy band diagram of MOS device in the direction perpendicular to the surface

The barriers at the Si-Si02 interface are -3 eV for electrons and -4.9 eV for holes
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The energy-band diagram at the drain end of MOSFET for the condition when hot

electron injection can occur is shown in Fig 7-7 Since the mean electron energy is

reasonably strong function of the electric field and the fraction of hot electrons with an

energy greater than the oxide barrier height is an exponential function of this mean

energy one expects most of the hot electron emission into the dielectric to occur where

the channel field is the greatest Figure 7-8a illustrates the field distribution along the

channel for the saturation regime which indicates that the channel electric field is very

large near the drain in the pinchoff region Thus hot electrons are most likely to be

generated in the pinchoff region of MOSFETs The source of the electrons is the drain

current which is controlled both by the gate and drain voltages More details on the

channel electric field in short-channel MOSFETs and its effects on hot-carrier

degradation are given in chap Nevertheless once the channel hot electrons are

injected into the oxide conduction band they can be transported to the gate electrode in

which case they represent gate current or they can be returned to the substrate

depending on the oxide field direction

Figure 7-9 illustrates plot of the gate current due to CHE versus gate voltage VGS

with the drain voltage as the parameter The CHE gate current initially increases as

gate

source
drain

Si 02

sou/I.rCtI

ng

drain

Fig 7-7 The energy band diagram at the drain end of MOSFET for the condition when hot

electron injection can occur
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Fig 7- Cross section of MOS transistor operating in saturation The oxide and chan

nel fields in the y-direction of the channel when the MOSFET is in saturation i.e VGSVDS
here VGS 6V and VDS 8V Cross section of MOS transistor operating in linear regime

The oxide and channel fields in the y-direction of the channel when the MOSFET is in the

linear regime i.e VGSVDS here VGS 15 and VDS 8V.119 IEEE 1991

VGS is increased due to the increase in the number of carriers in the channel The gate

current peaks at the point when V05 VDS because when V05 is increased beyond VDS

the MOSFET is driven toward the linear region of operation and the channel electric

field is rapidly reduced As the channel electric field decreases below its maximum

value fewer energetic electrons are produced Thus hot electron emission also declines

Fig 7-8b shows the electric field along the channel in the linear regime It is seen that

the maximum channel field strength is smaller than in the saturation regime case

Note however that as drain bias increases hot-electron injection into the oxide

increases because of increased channel field

It should also be pointed out that when V0 is smaller than VDS the field in the

oxide near the drain end of the channel is directed so that electrons in the oxide

conduction band at that location are drifted back toward the substrate In this case many

electrons that jump over the energy barrier into the oxide simply return to the

MOSFET channel Since only the electrons that reach the gate are detected as gate

current the gate current due to CHE will decrease as gate bias decreases even when

electron emission at the Si/Si02 interface is increasing because of higher electric field

The two common models for gate current due to CHE are the lucky electron model

and the electron-temperature model In the lucky-electron model7 the probability of an

electron suffering collision within certain distance is determined as the electron is

being accelerated along the channel by the drain bias In MOSFETs with small

channel lengths it is calculated that few lucky electrons may simply escape such

energy loss collisions and only gain energy from being accelerated These lucky

electrons become hot and acquire sufficient energy to be able to jump into the

conduction band Collisions resulting in carrier gaining energy from collision are
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ignored Using this model the experimentally measured ratio of gate current to drain

current has been successfully fitted at large drain voltages The main discrepancy

between-the lucky-electron model and experimental data is that the model fails to

describe the gate current observed under small drain bias

The electron-temperature model assumes that the electron temperature Te is higher

than that of the lattice and hence the electrons are not in equilibrium with the lattice.8

The higher temperature of the channel electrons near the drain increases the number of

electrons in the high-energy tail of the distribution Some of these higher-energy

electrons may be injected into the oxide However like the lucky-electron model this

model predicts much smaller gate current at low values of drain bias than is found

experimentally

Frey has presented an explanation of why gate current can occur at such low

voltages He noted that electrons can acquire as well as lose energy by collisions with

the lattice.9 The highest-energy electrons are also the ones most likely to undergo
such energy-gaining collisions i.e with optical high-energy phonons Calculations

show that enough energy-gaining collisions are possible even at drain voltages as small

as .5V to produce significant number of high-energy electrons

However as channel lengths shrink below about 0.15 /im Frey postulates that

electrons in the channel may not be able to undergo enough energy-gaining collisions

1Oo

V014V

10W
V012V

1o-

vD1ov
10

12 16 20 24

VGV

Fig 7-9 Gate current due to channel hot electrons versus gate voltage with VDS as the

parameter.120 IEEE 1981
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electron
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Fig 7-10 At very low GS 1G changes sign indicating that hot holes are emitted into the

gate oxide Their presence at low VGS is shown in this figure.8 IEEE 1982

before being collected at the drain Consequently there will be fewer high-energy

electrons available to cause hot-electron degradation reliability problems in such ultra-

short-channel devices

7.3.2 Injection of Drain Avalanche Hot Carriers DAHC
Energetic channel electrons accelerated by the lateral electric field can produce additional

channel carriers i.e electron-hole pairs by impact ionization in the channel region

The electrons created by impact ionization are either collected by the drain or injected

into the oxide The holes formed by this process give rise to substrate current

providing measurable quantity for assessing the degree of impact ionization Under

conditions of gate bias much smaller than drain bias some of these holes can also cause

hot-hole gate current

If the level of impact ionization is quite high substantial substrate current can

flow Excessive hole flow into the substrate can lead to such undesirable behavior as

snap-back or latchup Hence it is essential to monitor substrate current in production

environment and ensure that it does not become excessive in normal device operation

As mentioned above when VGS is much smaller than VD5 but GS is still greater

than VT gate current can flow due to injection of impact-ionization-generated hot

holes see Fig 7-10 Since the magnitude of such hot-hole currents is very small

typically 1012 they are difficult to measure directly especially in oxides thicker

than 10 nm However indirect measurements using EPROM structures permit currents

as small as 1ft19 to be detected With these techniques hole gate currents in oxides as
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thick as 25 nm have been observed.01 Figure 7-10 shows that hole gate currents

arise when the gate voltage is much smaller than the drain voltage e.g VGS .2V

and VDS 6V.As VGS is increased above 2V while VDS is kept fixed at 6V the hot-

hole gate current decreases to vanishingly small values

As the gate voltage is increased beyond the hot-hole regime however the bias

regime associated with drain-avalanche hot electrons DAHE is encountered Fig 7-10
Such DAHE gate current arises because as the voltage between drain and gate decreases

but the drain voltage remains at constant high value the probability increases that

hot electrons injected into the oxide conduction band can make it to the anode before

being forced back into the substrate by the oxide field This results in larger gate

currents due to DAHE as the gate voltage initially rises Further increases in gate

voltage however lower the lateral electric field to such an extent that hot electrons

generated by impact ionization events will not contribute significantly to the gate

current Thus for sufficiently high gate voltages is dominated by CHE
While the shoulder region of gate current attributed to DAHE is not observed for

thick oxides it is detected in thinner oxides Some workers have argued that this

shoulder region current is not due to DAHE but instead is due to the increased

collection efficiency of the emitted electrons for thinner oxides More work is required

to resolve this issue

Some models of hot-electron degradation in MOSFETs also attribute this degradation

to avalanche-generated hot carriers Others however dispute this view arguing that

there exists no physical basis for the expectation that secondary impact-ionization or

avalanche generated carriers could cause more degradation than the primary hot carriers

i.e CHE They note that CHE are on average more energetic and numerous by at

least an order of magnitude than those secondary carriers generated by impact

ionization

7.3.3 Fowler-Nordheim FN Tunneling

The phenomenon of carrier injection into the oxide by tunneling is due to the quantum-
mechanical nature of the electron In the classical sense the oxide represents an

impenetrable barrier to injection of electrons into the conduction-band of the silicon if

they possess kinetic energies smaller than 3.1 eV However the wave nature of the

electron or hole allows finite probability of crossing the barrier even if the electron

does not possess sufficient kinetic energy This probability increases with larger gate

electric fields and/or thinner barriers As mentioned in the introduction electrons

injected by tunneling are generally considered to be in equilibrium with the lattice and

thus are characterized as being cold i.e not hot
The first type of tunneling is called Fowler-Nordheim tunneling Here electrons are

injected by tunneling into the conduction band of the oxide through the triangular

energy barrier Once injected into the oxide conduction band electrons are accelerated

by the oxide field toward the anode gate causing gate current Figure 7-1 Ia sketches

the energy band diagram for this case assuming positive bias is applied to the gate

To determine the probability of an electron exhibiting FN tunneling through

barrier Schroedingers equation is solved for triangular barrier The WKB approx
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Fig 7-11 Energy-band diagram for the phenomenon of Fowler-Nordheim tunneling in

the MOSFET gate oxide Also shown are some possible interface-trap assisted leakage paths

with trap levels indicated by short solid bars From JR Brews The Submicron MOSFET

Chap in High-Speed Semiconductor Devices Ed Sze 153 Copyright 1990 John

Wiley Sons Reprinted with permission Theoretical and experimental tunneling I-V

curves of Al-gate n-channel MOS structures under negative gate bias illustrating the I-V

characteristics of Fowler-Nordheim tunneling in and 8.3 nm thick oxides and the calculated

direct tunneling currents in 3.9 and 3.4 nm thick oxides.t5 IEEE 1983

imation discussed in most quantum mechanical textbooks is invoked and the

following expression for the tunneling current expression is derived

AF E02 exp -B/Eox

where AF 1.25x106 A/V2 240 MV/cm is the current density in A/cm2 and

E0 is the oxide field in V/cm.3 According to this equation the oxide current is

exponentially dependent on the electric field and experimental studies have found that

the equation accurately describes the oxide current This can be seen in Fig 7-lib

which shows the measured gate current and the gate current calculated using Eq 7-1 in

oxides nm and 8.3 nm thick The tunneling probability rapidly rises as E0 increases
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because the tunneling distance i.e the distance from the Si surface through the

triangular barrier to the oxide conduction band becomes smaller as increases

It should also be noted that it may be possible for electrons to be hot but not

possess sufficient energy to surmount the barrier In this case carrier injection may
occur by allowing these hot carriers to tunnel through smaller triangular barrier

distance Thus synergistic combination of processes which individually would not

have caused injection may yet enable carriers to be injected This effect was modelled by

Ning and Yu.4

7.3.4 Direct Tunneling

For gate oxides thinner than nm the tunneling current is observed to exhibit weaker

dependence on oxide fields than that described by Eq 7-1 This has been explained by

attributing the gate current in such oxides to direct tunneling through the forbidden gap
of the 5i02 to the gate electrode Such direct tunneling is known to occur in thin oxides

at low voltages In direct tunneling electrons tunnel through trapezoid-shaped barrier

as shown in Fig 7-12 An expression for the tunneling probability can be derived but

-n GATE h__p_SILICON

THIN OXIDE

Fig 7-12 Energy-band diagram for the phenomenon of direct tunneling through the gate

oxide for thin oxides Also shown are both unassisted tunneling and some possible interface-

trap assisted leakage paths with trap levels indicated by short solid bars From JR Brews

The Submicron MOSFET Chap in High-Speed Semiconductor Devices Ed Sze 160

Copyright 1990 John Wiley Sons Reprinted with permission

Because the distance of tunneling between Si surface and the oxide conduction band

decreases with increasing electric field
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no analytical expression is available as in the case of FN tunneling Figure 7-1 la also

shows the direct tunneling current calculated from numerical analysis.15

For oxide thicknesses smaller than nm the direct tunneling current becomes large

enough that it removes carriers faster than they can be supplied by thermal generation

In such cases an inversion layer is kept from forming in an MOS capacitor This

appears to set lower limit of nm on gate oxide thickness

7.4 TESTS FOR GATE OXIDE RELIABILITY

-- Various types of tests are used to characterize the breakdown characteristics of gate

oxides Depending on the type of test employed the breakdown phenomenon may bear

different name

7.4.1 Measuring Dielectric Strength

The di.1ectric strength of an oxide i.e the maximum electric-field strength that can be

applied before it breaks down typically expressed in units of V/cm is measured with

METER

Fig 7.13 Breakdown voltage value of the gate oxide can be obtained by ramping or

stepping the applied voltage and detecting sudden voltage drops at the electrode using

sensing resistor Diagram of the ramp-voltage oxide breakdown test setup.6 Reprinted

with the permission of the publisher the Electrochemical Society
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Fig 7-14 Ramp voltage oxide breakdown data of Yamabe and Taniguchi.17 IEEE 1985

ramped-voltage test That is as shown in Fig 7-13a voltage that increases linearly

with time ramp voltage is applied between the gate and substrate of the MOS-C test

structure until the oxide breaks down Breakdown is defined at the voltage value BD at

which sudden voltage drop across the oxide is observed When measuring the dielectric

strength of set of oxide samples with the same thickness the ramp rate is AV/tt is

held constant e.g at value of 0.1 or 1V/sec Figure 7-13b depicts the test setup for

the ramped-voltage breakdown test6

histogram is usually used to plot the results of the ramped-voltage tests for

group of oxide samples with the number or fraction of the group that failed within

each voltage interval e.g within each MV/cm see Fig 714.17 The ramp

breakdown tests are attractive because they require very little time However the VBD

data that is obtained is not directly relevant to practical concerns since what is really

needed is how long given capacitor will survive at lower field strengths procedure

for correlating VBD to the time-to-breakdown at lower bias will be presented later

On the other hand JEDEC-recommended current-ramp test applies gate current

that is ramped at constant logarithmic rate until the oxide is broken down In this test

the charge-to-breakdown QBD see section 7.4.2.3 occurs in very short time i.e

approximately two to three seconds per capacitor making it one of the most frequently

used methodologies Since it offers very poor reliability resolution however it can only

be used to flag major oxide problems during the process

variation of the ramped-voltage test is the stepped-voltage test in which the voltage is

stepped to various values and held at those values for constant time period
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7.4.2 Measuring Time-Dependent Breakdown Behavior

7.4.2.1 Time-to-Breakdown under Constant-Voltage Stressing If

the electric field in the oxide Eo is kept constant during the stress test implying also

that the applied voltage is held constant the biasing time instead of the oxide voltage

becomes the variable The length of time tHD elapsed until breakdown occurs is then

measured The time-to-breakdown behavior of group of oxide samples under such test

conditions is referred to as time-dependent dielectric breakdown TDDB Breakdown is

said to occur when the voltage across the oxide suddenly drops Fig 715.18 This test is

frequently referred to as the constant-voltage time-to-breakdown test

7.4.2.2 Time-to-Breakdown under Constant-Current Stressing
An alternative to the constant-voltage test is the constant-current time-to-breakdown

test Here preset current is injected into the insulator by Fowler-Nordheim injection

and this value
inj

is held constant as the test proceeds Voltage and time are recorded

until the voltage suddenly drops.8 Results from such tests indicate that the time-to

tbd

crit

Fig 7-15 One technique for obtaining the time to breakdown tBD is by applying

constant voltage and detecting sudden voltage drop
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breakdown is dependent on the value of the current density I/A the larger the

current density the shorter the time tBD until breakdown occurs

7.4.2.3 Charge to Breakdown QBD If the constant-current test is used to

determine tBD the product of the current density and tilD provides another measure of the

oxide breakdown behavior This quantity is referred to as the charge-to-breakdown Qno
When comparing oxide breakdown behavior those oxides exhibiting larger QBD are

deemed superior In constant-current test the value of QBD is simply calculated from

QBD Jjj tJ3

If constant-voltage test is used QBD can still be determined but in this case the more

general definition of QBD must be used i.e QBD is the time integral of from the

time the bias is applied to the time of breakdown

tI3I

dt 7-3

It has been found that for small values of J-1 the value of QBD for defect-free gate oxide

films i.e intrinsic oxides is constant as function of the magnitude of
Jinj with

value of 10 C/cm2 For larger values of the value of QBD tends to decrease We
discuss this dependence of QBD on Jmj in section 7.5.1

7.4.3 Mathematics of Reliability Characteristics

The dielectric strength at breakdown observed in the ramp-voltage test the time-

to-breakdown tBD or charge-to-breakdown QBD are all important parameters that describe

the breakdown of single oxide sample However in group of oxide samples of the

same area and thickness the above values will vary from sample to sample Likewise

when large number of MOS ICs each containing an oxide of the same thickness and

total gate oxide area are operated under the same conditions they will exhibit the same

sort of variation in their breakdown parameters

The reliability of an oxide is defined as

the probability that it will not suffer breakdown under the stated operating

conditions for the defined lifetime of the system

To predict the reliability of circuits and systems in which such MOS ICs are used the

oxide reliability must be expressed in quantitative form Here we present the terms and

the mathematical functions with which oxide reliability is quantitatively characterized

In later sections these terms and functions will be applied to specific examples more

rigorous treatment of this subject is given in reference 19

7.4.3.1 The Failure Unit FIT If system contains large number of electronic

parts e.g MOS ICs operated under the same conditions unit of failure rate can be
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used to characterize the reliability of the system This unit of failure rate is the Failure

Unit or FIT One FIT is defined as failure per iO hours of device operation Note
that other failure rate units e.g failure per 1000 hours have also been defined but

for electronic systems containing large number of parts the FIT is most useful
For example 10 years of operation equals 88000 operating hours If system

contains 1000 MOS ICs this corresponds to 8.8x 10 device hours of operation in 10

years Assume the failures are known to be caused by oxide breakdown and the system is

designed to exhibit failure rate of 1000 FIT At this failure rate 1000 FIT 1000

failures are expected to occur in iO hours so 88 failures should occur in 8.8x 10 hours

Hence 88 of the 1000 parts -.10% are expected to fail during 10 years of operation

Likewise it can be shown that if system is designed for 100 FIT the percentage of

parts that are expected to fail in 10 years of operation is 1% and at 10 FIT only 0.1%
Note that 100 FIT also corresponds to 0.01% failure per 1000 device hours of operation

It should also be noted however that FIT represents approximately 125000 years

of failure-free operation for one device Thus it is impossible to wait that long to deter

mine whether all of large number of similardevices have failed by then and to record

the time of individual failure As consequence some sort of accelerated lfe testing is

needed to determine reliability This type of approach is described in section 7.5.3

7.4.3.2 The Cumulative Distribution Function Let there be devices

in population whose reliability one wishes to determine and let these devices be

placed under test at time Assume that at time it is observed Nft of the devices

have failed and that N5 Nft devices have survived The ratio of surviving

devices to the number of original devices placed under test N5/N is defined as the

reliability Similarly the ratio of Nft/N is measure of the unreliability of the

devices and is usually termed the cumulative distribution or failure function

describes the probability that device will fail at time before time In general

has the following properties

4a

0FtFt 0t 7- 4b

-- -- oo 4c

The cumulative failure percentage i.e the fraction of parts from group of samples

that will fail prior to specific time can be obtained from Ft The time-to-failure

data from the constant-voltage or constant-current tests are frequently plotted on

cumulative percentage failure graph with the time axis scale plotted in terms of ln

7.4.3.3 Probability Density Function The probability that device will

fail in the interval from to dt is determined by function referred to as the

probability density function It can be shown that is the derivative of with

respect to time or

ft dFt/dt
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Furthermore because all devices fail eventually

ftdt 7-6
Jo

7.4.3.4 The Instantaneous Failure Rate In many applications the two
most important reliability quantities are the cumulative percentage offailure

using and the instantaneous failure rate The instantaneous failure rate is the

failure rate during an interval of time divided by the population remaining at that time
In fact may be the more critical of these two reliability functions It can shown
that can be calculated from according to

/11 Ft 1/ Ft dFtIdt

The distinctive shape of the curve makes it the more useful measure of the

reliability of part This bathtub-shaped curve can be divided into three regions as

shown in Fig 7-16 high infant mortality rate is initially observed followed by
constant random and generally low failure rate midlife and ultimately wearout

region The infant failures are most often due to manufacturing process defect that was
not evident at wafer-level or package-level testing

7.4.3.5 The Mean Time to Failure Another commonly used measure of

reliability is the mean time to failure MTTF of the device or system which can be

expressed as

MTTF tftdt 7-8
Jo

MTTF is the devices average age at failure for population whose reliability is

represented by the function with probability density function of ft

EARLY FAILURE STEADY STATE WEAROUT
OR

INFANT MORTALITY

Fig 7.16 Failure rate versus time for typical ICs
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7.4.3.6 The Weibull Cumulative Distribution Function If the failure

rate of group of parts varies as the power of the age of the device as is observed to be

the case of oxide breakdown failures the time-to-failure versus cumulative percentage

failure is likely to be well fitted with Weibull or extreme cumulative distribution

function The early failure of gate oxides can be represented by Weibull distribution

and Weibull plotting paper is often used in presenting oxide TDDB data The failure rate

of parts whose failure statistics can be represented with the Weibull function is

expressed as

where and are constants From Eq 7-9 we can calculate that

Ft exp -t 7- 10

and

ft -t exp -t 7- 11

When experimental data is fitted to an assumed cumulative failure function to

determine the function parameters as well as the goodness of fit appropriate plotting

paper must be used That is the scales of the paper must be such that the experimental

data will lie on straight line if the data is well represented by the assumed distribution

Such plotting paper is available for use with the Weibull distribution function For the

Weibull distribution function

exp 12

ln ln 13 ln ln 13
Ft

which is linear in the form mx Figure 7-17 shows an example of Weibull

plotting paper the ordinate is marked in cumulative percent failed devices and the

abscissa is ln If the experimental data are represented by Weibull distribution

straight line is obtained when the data are plotted as shown in Fig 7-17 The slope of

the line is the parameter 13 Note that if log is the horizontal axis the vertical axis can

be scaled either as In ln or as see Fig 7-17

7.4.3.7 The Log-Normal Cumulative Distribution Function The log-

normal distribution function is another form of that been empirically shown to

successfully describe the failure statistics of oxide breakdown Many reports which

describe oxide TDDB experiments report their data using log-normal plotting paper The

function of the log-normal distribution is given by

ft exp lnt_- J.t2 14
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Fig 7-17 An example of Weibull plotting paper showing the failure distribution for

typical device From W.J Bertram Yield and Reliability Chap 14 632 in VLSI

Technology 2nd Ed S.M Sze Ed Copyright 1988 Bell Telephone Laboratories Reprinted

with permission

exptiI t2

where is the mean and is the dispersion of the distribution The median time to

failure the time when 50% of the devices have failed is given by

t50 e12 7-l5a
or

lnt50 7- 15b

and the dispersion or scale parameter is approximately

ln t50 It16 16

where t16 is the time when 16% of the devices have failed more precisely 15.866%

The form of is given by

Ft JfTd 1Jex 717
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Experimental data can be fitted to the log-normal distribution function by plotting

the data on standard log-normal plotting paper on which the ordinates have normal

probability scale and the abscissae have logarithmic time scale or vice-versa

straight line representing the distribution is obtained if the probability distribution is

log-normal The value of the of the distribution can be estimated from the plot by the

intersection of line parallel to the experimental data and passing through the index

point with the sigma scale on the right hand side of the plot see Fig 7-1 The

MTTF is the time shown on the log-normal plot of the TDDB data when the

cumulative percent failure is 50 percent

7.4.3.8 Characterizing the Reliability of Oxides in Terms of the

Mathematical Reliability Functions As noted earlier the quantities of most

interest with respect to the reliability of an electronic system containing large number

of parts are the cumulative failure percentage of these parts during the expected

lifetime of the system under the specified normal operating conditions and the

instantaneous failure rate as function of time over the system lifetime Note that

will generally vary during this time but typically maximum value is specified

However it may be possible to use screening technique to prevent defective parts from

being used in the system by burn-in as described in section 7-6 This can not only

reduce the value of but can also make become essentially constant over the

10

-6

102

.5 10 30 50 70 90 98 99.5

CUMULATIVE PERCENT FAILURES

Fig 7-18 An example of log-normal plotting paper showing device failure distribution at

three temperatures From W.J Bertram Yield and Reliability Chap 14 636 in VLSI

Technology 2nd Ed S.M Sze Ed Copyright 1988 Bell Telephone Laboratories

Reprinted with permission
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expected lifetime i.e the surviving parts behave like those in the constant or random

-failure portion of the instantaneous failure rate curve shown in Fig 7-16 In such

cases single value can be used to characterize the failure rate of the system
The cumulative percentage of failure is usually determined from experimental values

of TDDB data under normal or accelerated stress conditions but by using relationship

that correlates VBD to tBD the cumulative percentage failure can also be determined as

function of experimental VBD values as will be discussed in section 7.5.3

To determine values of however we must calculate them from Eq 7-7 This

implies that an analytical expression for must be available The following two

approaches are used to establish the analytical form of from the empirical

cumulative failure data

In the first approach is assumed to exhibit either Weibull or log-

normal form In this case the data of cumulative percentage failure versus tBD is

plotted on the graph paper appropriate for the assumed form of i.e if we

assume Ft has log-normal form the data is graphed on log-normal plotting

paper If straight-line dependence is exhibited by this graphed data the

parameters needed to obtain the analytical form of can be extracted from the

plot and for the log-normal form of the function or and for

the Weibull form of the function Once these parameters are extracted the

analytical form of Ft can be determined and this function can then be used in

Eq 7-7 to determine

In the second approach as is used in the oxide breakdown reliability model

discussed in section 7.5.4 is derived indirectly Here oxide breakdown is

assumed to be hastened by defects present in the oxide film.20 For instance when

such defect exists the oxide breaks down at smaller voltage than expected for

film of that nominal oxide thickness Since the distribution of such defects is

also used in estimating the yield of ICs is likewise assumed to have form

where is the function that estimates the yield ratio of good chips to

the number of chip sites per wafer The experimental cumulative failure

percentage data is then used to calculate which in turn is used to establish the

analytical form of

Specifically if the defects are assumed to be uniformly distributed is

assumed to follow the Poisson distribution

exp 18a

If they are assumed to be nonuniformly distributed has Gamma function

form

7-18b
ADAtS
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The data of cumulative percent failure versus tBD is then used to establish set of

empirical data points representing the cumulative oxide defect density

versus effective oxide thinning The procedure for doing this is described in

detail in section 7.5.4 Finally an analytical function of DAt0 is fitted to

this set of points see for example Eq 7-40 The analytical form of this

function is used to calculate the defect density value required in the function used

to calculate That is once and DAtox are known can found and this

allows an analytical form of to be established see Eq 7-4 From this

expression can be found using Eq 7-7

7.5 THE PHENOMENON OF OXIDE BREAKDOWN

Thin oxide films undergo catastrophic breakdown when stressed by high electric fields

The maximum electric field that SiO2 films fabricated in normal IC processes can

withstand without instantaneously breaking down is approximately 12 MV/cm
However not all oxide films of the same thickness undergo breakdown at the same
electric field strength Results of experiments on MOS-C structures in which an

increasing electric field is applied until breakdown occurs indicate that such oxide

failures fall into three groups as shown in Fig 7-14
Some fraction of the sample population can withstand the highest electric fields

8-12 MV/cm These constitute the C-mode group shown in Fig 7-14 The high-field

failure mechanism exhibited by this group is referred to as intrinsic failure It is

generally assumed that such oxides are defect free Intrinsic oxide films are observed to

fail at about the same time if they are stressed for long periods at lower electric fields

Another fraction of the stressed oxides fail instantly upon the application of

relatively small gate bias e.g MV/cm the A-mode group in Fig 7-14 It is

believed that such MOS-Cs may already be shorted before the application of the low-

strength field Oxides that cannot withstand even such relatively low electric fields are

thought to possess gross defects such as pinholes
The remaining fraction of oxide films the B-mode group in Fig 7-14 suffers failure

at electric fields of intermediate strength 2-6 MV/cm The oxides of the B-mode group

are thought to contain weak spots that do not produce instant shorting but may give rise

to early failures of ICs under normal operating conditions infant-mortality failures

Thus B-mode failures are believed to be responsible for the early breakdown of oxides

Since such premature failures occur at various times they are also referred to as time-

dependent dielectric breakdown failures Note that if 5V is applied across 15 nm gate

oxide the oxide field falls in the range of the B-mode failures MV/cm Hence
B-mode failures represent serious problem for MOSFETs with such thin oxides In

this section we discuss the physical models of intrinsic failure C-mode and early

failure B-mode

technique for gate oxide pinhole detection prior to metalizing the oxide has recently been

described.21 It works by carbonization of the Si surface by propane infiltration After surface

carbonization at the pinhole sites the oxide is stripped leaving behind SiC spots that are

easily visible with an optical microscope
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Before beginning the discussion of breakdown models one other general observation

regarding breakdown should be mentioned It appears that oxide degradation occurs in

two stages At first the oxide is gradually weakened by the passage of gate current At

some point this weakening permits continuous conductive path to be locally

established in the oxide The energy stored in the MOS-C is then abruptly discharged

by the current flowing along this path As result the oxide film and also possibly

the gate material above the oxide at that location is vaporized at that spot

Examination confirms that the breakdown is highly localized That is conductive

short of very small area is found at specific location within the MOS-C Fig 719.8

However if the gate material over this spot is also completely vaporized the capacitor

itself may not be shorted Such blowing of the gate material over the breakdown spot

acts self-healing mechanism During oxide stress testing many such self-healing

breakdown events may be observed on one capacitor.22

7.5.1 Qualitative Physical Models of Intrinsic Oxide

Breakdown

The physical origin of intrinsic oxide breakdown is still not entirely understood

Fig 7-19 SEM photograph of two breakdown spots Thc polysilicon electrode has

melted away over 20 /tm2 The polysilicon is spread over large area in the form of dust and

little globules The size of dash is jim From D.R Wolters and iF Verwey Breakdown

and Wear-Out Phenomena in SiO2 Films Chap 329 in Instabilities in Silicon Devices

G.M Barbottin and Vapaille Eds Copyright 1986 Elsevier Science Publishers Reprinted

with permission
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number of models have been proposed to explain the phenomenon but experimental

evidence does not convincingly support one over the others Here we describe the two

leading models the hole-generation and trapping model and the lattice damage model

Several other models have also been proposed including the electron-trapping model
the resonant tunneling model and the electron trap-generation model References are

listed that give the details of the latter three.232425

7.5.1.1 Hole Generation and Trapping Model The most widely accepted

theory of oxide breakdown is the hole generation and trapping model.262728 This

model proposes that at sufficiently large fields electrons are injected into the conduction

band of the oxide by Fowler-Nordheim tunneling In the oxide conduction band these

injected electrons are accelerated by the oxide field toward the anode thereby gaining

kinetic energy Some of these high-energy electrons generate electron-hole pairs

within the oxide fraction of these generated holes are trapped at localized areas of the

oxide which for some reason have greater probability to trap positive oxide charge

than the robust oxide areas Some sort of super-fine defects such as trivalent Si

atoms in the bulk in dangling bondi impurities or very small micropores

at such locations are believed to act as seed for the generation of larger defects during

high current injection Locations with such propensity to trap positive charge are

postulated to make up only 1O6 of the total oxide area.28 The locally trapped holes

increase the positive charge and thus the cathode field at such points in the oxide

causing the tunneling current density to increase there positive feedback effect
When the density of trapped-oxide hole charge Qot at one of such locations reaches

some critical value the local tunneling current is increased to the point that breakdown

occurs

Several mechanisms for hole generation within the oxide by the energetic electrons

have been suggested including band-to-band impact ionization trap-assisted impact

ionization and transitions between the conduction-band and valence-band tails of the

Si02 Fig 7-20 The latter two effects could permit significant hole generation at even

relatively low voltages albeit at reduced generation rates
The argument that trapped holes are the responsible species for oxide damage gains

more plausibility once it is recognized that hole trapping in oxides is far more likely to

Note that the anode and cathode are the terminals at which the polarity of the applied bias

is respectively positive and negative Thus either the gate or the substrate in MOS-C can

be the cathode depending on the polarity of the applied bias In most cases the gate of

MOS-C with p-type substrate is biased positively in oxide stress tests making the

substrate the cathode Occasionally however results are reported for the case of negative

gate bias in which case the gate becomes the cathode

It has been speculated by Sah that if the oxide film was microscopically uniform and free

of such superfine defects that the intrinsic breakdown fields observed in normally fabricated

thin oxide films 10-15 MV/cm would be much higher possibly by as much as by factor of

529 Under such conditions if current runaway was not initiated by very-high Fowler
Nordheim injected gate currents the field-strength might eventually become so strong that

the electrons would be directly ripped from their silicon-oxide bonds and the lattice would

disintegrate or explode
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Psub
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Fig 7-20 Several possible mechanisms of the substrate hole current.31 IEEE 1986

occur than electron trapping That is electrons in the oxide conduction band are quite

mobile 20-40 cm2/Vs and hence most are apparently swept rapidly from the oxide

However the relatively low mobility of holes in the oxide .-2x105 cm2/Vs makes it

far more probable that they will be trapped The greater likelihood of hole trapping has

been demonstrated by independent experiments in which MOSFETs were exposed to

ionizing radiation capable of generating electron/hole pairs and lattice damage Such

irradiated MOSFETs exhibited negative threshold voltage shifts implying that positive

charge accumulated in the oxide after being irradiated From this it is inferred that if the

lattice is damaged and both electrons and holes are available to be trapped on the

damaged sites positive charge hole trapping appears to be more probable than negative

charge electron trapping

It should be noted however that some electron trapping is also possible and in fact

it evidently occurs simultaneously with hole trapping as result of the electron

transport in oxides This is evident from Fig 7-21 which shows the measured and
calculated gate current using the quantitative model described in section 7.5.3 through

13 nm-thick gate oxide as function of VGB The saturation of the gate current as

VGB increases implies that negative charge is being trapped throughout the oxide as

depicted in Fig 7-22 Note however that typical oxide films have been shown to trap

only about one percent of the total injected electrons.30

Nevertheless while trapped electrons may be accumulating throughout most of the

oxide volume as gate current flows the hole-trapping model assumes that such electron

trapping does not contribute to the damage that leads to breakdown Instead only at

Note that in this case GB is negative implying that the gate is the cathode and electrons

are injected into the oxide from the gate
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Fig 7-21 I-V curve of ramp-voltage test measured and simulated by the model The

dotted curve is the current carried by the weak area which is responsible for breakdown.121

IEEE 1985

those local spots where hole trapping is dominant does such damage occur The current

density carried in these mini-defective regions increases as the positive charge builds

up While this current component initially makes up only 1O6 of the total tunneling

current since the defective areas consist of only 1ft6 of the total oxide area the

_4
gale

._._.___l
of

xn
1x

P- sub

Fig 7-22 Si02 energy diagram showing trapped holes Qot and trapped electrons Q021
IEEE 1985
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positive feedback effect causes such defect-region current to increase until it dominates

the gate current flow and produces breakdown Figure 7-21 also shows the calculated

current flowing in the mini-defective region as the dashed curve Notice that it rises

until it eventually dominates the gate current finally leading to breakdown
The presence of hole flow in the gate oxide during oxide stressing resulting from the

generation of holes in the oxide as discussed above has also been directly observed

using two different approaches In the first the gate of an n-channel MOSFET is

positively biased to cause Fowler-Nordheim tunneling of electrons into the oxide This

gives rise to gate current 1g consisting of electron flow shown in Fig 7-23 At the

same time however small hole current is measured flowing from the substrate

originating from holes generated in the oxide as discussed above which are then drifted

to the substrate by the oxide field The charge to breakdown due to Tg QBD iS

monitored versus Fowler-Nordheim electron injection fluence as is the hole-charge-to-

breakdown versus hole fluence For low densities of gate current the value of QBD

in intrinsic oxides is found to be relatively constant at -.10 C/cm2 The value of is

also constant but is much smaller at value of -.0.1 C/cm2 Fig 7-24a

In the second approach of directly examining the effect of hole flow on the

breakdown characteristics of oxide hot holes originating in the channel are injected into

the oxide That is hot electrons are produced in the channel of an NMOSFET by the

application of high drain electric field e.g VDS by.32 These hot electrons

generate additional channel electron/hole pairs by impact ionization as described in

section 7.3.2 By keeping the gate voltage much lower than the drain voltage e.g DS
102

____________
.1

.1

11 13 15

E4

Fig 7-23 Gate and hole current density versus oxide field for different oxide thicknesses

The gate currents follow the same Fowler-Nordheim characteristics as expected The

dependence of hole current on oxide thickness eliminates cold carrier tunneling as the origin

of holes The dotted curve labeled Pn 4.3 eV represents the theoretical J-C for valence band

electron tunneling.31 IEEE 1986
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bY and VGS 1.5V any channel hot holes injected into the oxide conduction band

will be drifted by the oxide field toward the gate While hot electrons can also be

injected and transported through the oxide by making the gate voltage larger than the

drain voltage it was found that MOSFETs stressed with enough hot electrons to

produce threshold voltage and transconductance degradation did not exhibit reduced QBD

values if subjected to Fowler-Nordheim stressing after such hot electron stressing On

the other hand stressing by hot hole injection prior to QBD testing degraded the QBD of

the oxides That is for every 0.01 C/cm2 of hole fluence QBD was reduced by -1

C/cm2 This also appears to support the model assumption that hole transport through

the oxide is somehow related to oxide breakdown

One inconsistency between this model and experimental data is that QBD appears to

decrease with increasing temperature Since impact ionization is predicted to decrease

with increasing temperature the model would imply that QBD should also increase with

temperature Another question concerns the fact that oxide breakdown occurs at electric

fields smaller than those that could cause band-to-band impact ionization in the oxides

This concern was addressed by postulating that trap-assisted ionization or transitions

between the conduction-band and valence-band tails of the Si02 could be responsible for

producing holes in the oxide as mentioned above

Nevertheless if the mechanism of hole trapping is indeed chiefly responsible for

oxide breakdown it would be useful to characterize the origin growth and shrinkage of

hole trap-center densities As noted earlier hole traps are thought to be caused by

oxygen vacancies in bulk and/or dangling bond at the surface

recent study by Satake and Toriumi sheds some light on why is independent

of Fowler-Nordheim induced gate current density but that and QBD decreases with

increasing temperature.102 Their model postulates that hot holes in thin oxides are

generated in the gate electrode and that these holes are captured at traps usually weak

Si-O bonds randomly distributed throughout the oxide having small but finite

repulsive barrier as shown in Fig 7-24b The hole trapping induces local structural

changes in the Si02 network weak Si-O bond becomes dangling bond and the oxide

band gap at these sites becomes smaller than that of SiO2 Eventually breakdown

path whose conductivity is much larger than that in Si02 is created leading to oxide

breakdown At room temperature holes can easily be trapped at these sites by sur

mounting the repulsive barrier merely with the aid of thermal energy Thus oxide

breakdown brought about by such trapping can occur without the help of the oxide field

At low temperatures holes do not have enough thermal energy to overcome the barrier

and the traps remain unfilled unless the oxide field is increased such that the barrier is

lowered Fig 7-24c Thus increases for smaller gate current densities at lower

temperatures Fig 7-24d This data supports the model that holes captured in the oxide

causes local structural changes in the oxide lattice that eventually leads to oxide

breakdown

It has also been shown that the number of electron trap sites is related to the water

diffused into the SiO2 film.33 Furthermore the negative charge build up in ultra-dry

Si02 is 1/10 that in wet oxides These results suggest that the hydrogen contained in

the oxide strongly affects the generation of electron traps in Si02 However some of
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Fig 7-24 The charge-to-breakdown QBD and the hole-fluence-to-breakdown for

107A oxide under constant current stress QBD increases with decreasing current density

while Qp remains constant as predicted by the hole-trapping oxide breakdown model.3t

IEEE 1986 Schematic picture of structural change in Si-O bonds caused by trapped

hole Oxide vacancy acts as hole trap The hole trapping locally induces structural change

in the Si02 network The conductivity in the changed structure becomes quite large compared

to that of the initial Si02 due to its small band-gap Schematic picture for the repulsive

hole trap with finite energy barrier Figures and ii correspond to the trap without

and with oxide field Eox respectively At room temperatures holes are easily trapped with

only the help of thermal energy At low temperatures barrier lowering by the electric field is

needed for holes to be captured Hole-fluence-to-breakdown as function of current

density At 300K the oxide-field dependence of agrees with previous work However

note that has strong oxide field dependence at lower temperatures.2 IEEE 1993
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the hydrogen contained in the oxide is eliminated by high temperature annealing in dry

N2 Since the Si-OH structure is thought to be an electron trap and oxygen vacancies

in the bulk and dangling bonds at the surface are thought to be hole trap precursors

such N2 anneals are expected to reduce electron traps but also to increase hole traps

Since it does not appear to be possible to simultaneously achieve reduction in electron

and hole trap densities by annealing alone other kinds of oxide quality improvement by

adding small amounts of impurities to the oxide have been investigated including

fluorine and nitrogen These approaches are described in chap

7.5.1.2 Wolters Electron Lattice-Damage Model In the lattice-damage

model of Wolters it is agreed that electrons are injected into the conduction band of the

oxide by Fowler-Nordheim tunneling where they undergo acceleration by the oxide field

Upon reaching the anode they have the highest energy This energy is dissipated by

creating atomic defects at the anode interface e.g breaking Si-O bonds These defects

are charged positively and thus they attract newly injected electrons This mechanism

directs the growth of tracks of defects into the dielectric Such bond breaking proceeds

from anode to cathode forming conductive path Figure 7-25 depicts the simulation of

these tracks which evolve during random charge injection Initially large number of

small tracks grow The largest track will grow faster than the others Tracks also tend

to branch and closely resemble trees in the pre-breakdown stage Eventually

conductive path that has grown from the anode to cathode is produced.34 Once the

conductive path is established across the entire film thickness the capacitor can be

discharged through this path Since this discharge occurs very rapidly the energy stored

in the capacitor must be quickly dissipated by the small volume of oxide material that

Fig 7-25 Modeling of growing trees at the draining electrode of capacitor under stress

Under charge injection the trees grow until they reach the opposite electrode and make

short.34 This paper was originally presented at the Spring 1990 Meeting of the

Electrochemical Society Inc held in San Francisco CA
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Fig 7-26 The dependence of the breakdown charge on the F-N injection current density

QBD is constant below certain current density and decreases gradually beyond it.23 IEEE

1991 Temperature effect on QBD values Devices have often higher operation

temperatures and hence the lowering of QBD with is an important aspect of end-of-life

prediction.34 This paper was originally presented at the Spring 1990 Meeting of the

Electrochemical Society Inc held in San Francisco CA

constitutes the current path This vaporizes the oxide along the path of current flow and

the capacitor is broken down The area of melted polysilicon above the breakdown spot

as shown in Fig 7-19 is 20 /.tm2 For breakdown spot of few square microns in

even very small-area MOS-C 0.02 mm2 the energy density arising from the

dissipation of the charge stored on the capacitor can exceed iO J/cm3 Such energy

densities can indeed melt and evaporate polysilicon spots of 20 urn2

Wolters has also observed that the average value of QBD is essentially constant as

function of Fowler-Nordheim injection current density i.e electron fluence for low

current densities According to him this precludes avalanche multiplication as

stepping stone in the oxide breakdown mechanism because the multiplication is

strongly field dependent This constancy of QBD has also been observed by Uraoka et

al35
123 and Takeda et al Fig 7-26a.22 Wolters model also correctly predicts that QBD

significantly decreases with increasing temperature Fig 7-26b

In addition Wolters argues that the critical parameter determining intrinsic oxide

breakdown is QBD He notes that while QBD is constant versus injected current density

Jinj at low values of J-j its value decreases somewhat as inj rises as shown by the

curve fitted to the squares in Fig 7-27a.34 Thus failure data from the four tests used

to characterize oxide breakdown ramp-voltage and ramp-current breakdown tests and

constant-voltage and constant-current TDDB tests can only be meaningfully compared

if the above facts are taken into account That is when any one of the four tests is

UMC 1229
UMC v. AICP



458 SILICON PROCESSING FOR THE VLSI ERA VOLUME III

performed the total charge transported through the oxide is related to J11-1
in

different manner as is indicated by the lines given in Fig 7-27a From Fig 7-27a we

see that in general the versus curve for each test can intersect the QBD curve at

different point i.e when QBD breakdown occurs Thus it is not surprising that

the tests may appear to give conflicting results with respect to oxide failure However

if all four tests are designed so that the charge transported through the oxide intersects

the QBD versus inj curve at the same point all of the tests should yield identical failure

data Figure 7-27b shows that this indeed the case That is apart from the early

B-mode failures the predicted failure rates of the intrinsic oxide are identical regardless

of the type test used to produce such data

7.5.2 Qualitative Models for the Physical Origin of

B-Mode Failures in Oxides

While intrinsic failures are easier to study the B-mode failures shown in Fig 7-14 are

more important This is because oxide electric fields in submicron CMOS fall in the

range at which B-mode failures occur e.g when t0 12.5 nm and GS 5.0 Lox is

4.0 MV/cm The B-mode failures of oxide films shown in Fig 7-14 are believed to

be due to defects in the oxide film that reduce its ability to withstand electrical stress

Such walking wounded oxide films will cause parts to fail prior to their designed

lifetimes during normal operation To build reliable systems parts with such

weaknesses must be screened out and excluded from use Various types of defects have

been proposed as being responsible for B-mode failures including

_____________ ______________________________
const current

102 const voltage

____
pOlySi

00 1111 -4 110 Ang oxroe

psubstrai Si

10 10 100 101
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Fig 7-27 An example of the variation of QBD with injection current density Lines in

the figures depict the applied stress for different measuring techniques In order to get

comparable results the lines should intersect the QBD curves at the same point

Cumulative failure percentage versus QBD for the various measuring techniques showing

their correspondence The differences in the tails are not only due to stochastical variations

on the wafer but are caused by the different types of stress as well.34 This paper was

originally presented at the Spring 1990 Meeting of the Electrochemical Society Inc held in

San Francisco CA
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Sodium contamination in the oxide film When field is applied to the

oxide any positive ionic charges present in the oxide e.g Na eventually drift

toward the cathode The proximity of these charges to the cathode increases the

cathode field and enhances electron injection This field increase continues as

more charge builds up until the oxide ruptures

It is thought that the origin of such Na is the W-furnace filament The

sodium evaporates from the filament and then diffuses through the quartz fur

nace tube into the oxidation ambient Periodic cleaning of the oxidation furnace

tube by flowing mixture of 02 and chlorine-containing gas e.g Cl HC1
or TCA through it for several hours followed by an 02 purge is standard

technique used to reduce Na contamination from this source in the thermal

oxide Use of double-walled tubes in which gas flowing in the outer tube

carries away metal ions which have diffused through the outer wall has also

been reported to reduce Na and other metallic contamination.36

Substrate metal contamination The presence of metals especially Al Fe

and Ca on the Si surface prior or during oxide growth can significantly degrade

the gate oxide properties Metal contamination may exist in the starting

material in the form of heavy metal precipitates in the wafer3738 or it may be

introduced during processing Examples of the latter include sputtering of

stainless-steel fixtures and wafer holders by the beamline of ion implanters

diffusion of heavy metals from the heater coils through the quartz walls of

diffusion and oxidation tubes see above and Vol chap and metal-

contaminated chemicals or DI water used in the cleaning process.39 The latter

reference also suggests adding complexing agents for Ca or Al to the cleaning

solutions An example is EDTA ethylene diamine tetra acetic acid which is

an agent that binds metal ions e.g Ca and Al in basic solutions through the

unshared pair of electrons on the nitrogen atoms

Surface roughness With gate oxide films approaching 10 nm in thickness

uncontrolled surface roughness can significantly reduce the effective oxide

thickness total Si-surface roughness of less than 5A is now being specified

as requirement before gate oxide growth This can be monitored using atomic-

force microscopy which enables 3-D subnanometer roughness measurements

In the conventional RCA cleaning process used prior to gate oxidation

silicon surface roughening has been found to occur as result of using

NH4OHH202H20 in the ratio of 115 If the process is modified using

instead solution with less NH4OH e.g ratios of NH4OHH202H20
0.0515 or 0.2515 the roughening is reported to become negligible

Increased silicon surface roughness near the gate edge has also reportedly

been measured with atomic force microscopy.7 108 This roughness is attrib

uted to the high compressive stress caused by the field oxidation The roughness

degrades the oxide breakdown voltage An annealing step after the field

oxidation growth at 1000-1050C prior to the sacrificial gate oxide growth

step reportedly improves the breakdown voltage strength of the oxide films
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Localized regions where the oxide is thinner Such thinning may be due to

such causes as particulates embedded in the oxide during growth the Kooi

effect or stress effects that locally reduce the oxide growth rate The gate

thinning problem is especially severe near the field edge due to the latter two

effects see Fig 7-28a.2 130

Note that stripping the sacrificial gate oxide in HF can result in impurities

being left behind on the Si surface after the strip These impurities cause

rough Si/Si02 interface that may thus result in thinner Si02 film in some

locations than others and hence degrade the gate oxide reliability Using ultra

high purity HF for this procedure appears to significantly improve the electrical

breakdown yield.42 The use of stacked gate oxide i.e two layer oxide one

layer thermally grown and the deposited by CVD see section 7.9.4.1 has also

been reported to reduce this problem since only the part of the gate oxide that

is thermally grown is subjected to the thinning effects see Fig 7-28c

Crystalline defects in the substrate An example is the presence of Si02

precipitates near the surface of the Si.43129 These occur in Czochralski-grown

silicon wafers containing oxygen dissolved in the lattice as result of the crystal

growth process see Vol chaps and Unless the surface is made free of

oxygen by denuding step that out-diffuses the oxygen from the near surface

regions such precipitates can form near the surface during wafer processing

steps Knock-on oxygen from the implantation of heavy atoms such as As
through screen oxides can also be responsible for the formation of such SiO2

precipitates Stacking faults are also possible crystalline-defect culprits It has

Minimal Field Oxide Edge Thinning Problem

Field

Severe Field Oxide Edge Thinning Problem
20

QBD C/cm2
Gate Oxide

F
ie

ld
e

Fig 7-28 Reduction of gate oxide thinning problem at field edge using stacked gate oxide

Nitride mask for PBL isolation is 2000A thick.2 IEEE 1993
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been reported that the presence of bulk defects which degrade gate oxide

integrity can depend on the specific conditions of the ingot growth process

e.g pull rate and thermal history of the ingot during the pulling process

One measure that is reportedly effective in minimizing many of the defects listed above

is the use of epitaxial- rather than bulk-Czochralski CZ wafers.9798 That is epitaxial

wafers show superior gate oxide integrity Recently new high grade silicon bulk CZ
wafer which is termed Hi Wafer has been announced by Toshiba Semiconductor and

Toshiba Ceramic.99100124 In Hi-wafers preprocessing high temperature anneal in

high-purity hydrogen is used to form zone denuded of oxygen near the wafer surface

Annealing in an inert ambient appears to result in lower surface oxygen levels than

other ambients Hi Wafers are reported to give gate oxide integrity results that are

superior to conventional bulk CZ wafers and equal to those of epitaxial wafers but at

half the price of the latter

7.5.2.1 Test Structure for Intrinsic Oxide Breakdown
Measurements It should be mentioned that to measure the true intrinsic

properties of an oxide an appropriate test structure is needed i.e one that does not

degrade the measured intrinsic properties Most conventional MOS-C test structures

used for characterizing oxide breakdown follow the design rule of not connecting metal

line to the poly gate inside the active MOS area Instead the metal/poly contact is made

as shown in Fig 7-29a In this case however the poly gate overlaps the field oxide

around the periphery of the MOS-C field-oxide surrounded MOS-C It has been shown

that when an advanced isolation technology such as poly-buffered-LOCOS see Chap

or SWAMI44 see Vol chap slight amount of gate oxide thinning may

occur at the gate edge i.e up to 30% of the nominal gate oxide thickness due to

stresses involved with 2-D oxidation growth effects4546 see also chap section

6.3.2 Since the poly passes over rather long section of such thinner oxide the

measured breakdown characteristics of the oxide film will appear degraded compared to

those in which no such thinner regions occurs To circumvent this problem the test

structure can be modified so that the poly gate is not allowed to overlap the field oxide

and the contact between the metal and poly is as shown in Fig 7-29b.125 In addition

following the poly gate definition short reoxidation step is carried out to produce

gate birds beak or graded-gate oxide see chap This smoothly increases the gate

oxide thickness at the edge preventing the gate edge from becoming weak spot in

terms of dielectric strength Thus with this improved test structure the intrinsic oxide

breakdown characteristics can be measured independent of edge effects

7.5.2.2 Damage at the Gate Periphery Resulting from the

Polysilicon Etch Process When the polysilicon gate is patterned by dry

etching it is possible that during the overetch time the gate oxide may be removed from

small area adjacent to the gate periphery even when the selectivity of the poly-to

SiO2 of the etch process appears to be sufficiently high that the SiO2 should not be

completely removed In such cases the etch nevertheless punches through to the

substrate and microtrenches are etched into the substrate near the gate periphery Fig
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7-29c This effect has been analyzed and modeled.5 The cause of this microtrenching

has been identified as ion scattering from the feature sidewalls with flux that is

sufficient to sputter away the thin 5i02 near the base of the sidewall and expose the

substrate to the silicon etchant species

The process engineer must minimize this damage to ensure adequate device

reliability Although the damage can be visually monitored with SEM/TEM this is

cumbersome special test structure has been suggested for electrical monitoring of

such damage It consists of an MOS-C with an additional polysilicon layer deposited

and etched after the gate has been patterned see Fig 7-29d This creates conductive

spacer over the region at the gate periphery and permits stress testing of the gate oxide

at the periphery If damage has occurred during the gate etch such test-MOS-Cs will

breakdown or exhibit worse cumulative failure behavior than MOS-Cs without such

conductive spacers over the damaged areas.116 With the aid of such measurements the

gate etch process can be adjusted to minimize such damage

7.5.3 Empirical Quantitative Model of

Intrinsic Oxide Breakdown

The exact physical origin of intrinsic oxide breakdown is still being debated

Nevertheless the experimental evidence surrounding the breakdown event has led to the

development of statistical empirical model for oxide breakdown that allows the relia

bility of gate oxide films to be quite well estimated The model can be applied to both

intrinsic breakdown events mode-C failures and wearout events mode-B failures

The theoretical basis of the statistical reliability model for intrinsic failures is the

following20 QBD of intrinsic oxides i.e those containing no defects is approx

imately constant at 10 C/cm2 for relatively small Fowler-Nordheim tunneling current

densities i.e less than 0.1 A/cm2 and is also constant at 0.1 C/cm2 Since

Qp JgatBD constant 0.1 C/cm2 where Jg is the Fowler-Nordheim gate current

density and is the hole-generation coefficient this implies that the breakdown time

tBD can be modeled as

Qp JgUtBD 7-19

where the gate current density due to Fowler-Nordheim tunneling is given by Eq 7-1

Thus

Jg cc exp -B/E0 with 240 MV/cm 20

and the hole-generation coefficient is given by

cc exp -H/E0 with 110 MV/cm 21

where the oxide electric field in terms of the voltage across the oxide V0 and its

thickness t0 is expressed as

Eox V0/t0 -22
Therefore
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Fig 7-29 Layout of the conventional field-oxide-surrounded test structure with the gate

poiy expanded to the field-oxide area Layout of the gate-surrounded MOS capacitor.25

IEEE 1992 ci Cross section of the film structure at polysilicon etching end point

showing typical values of polysilicon and photoresist sidewall angles c2 Surface

topography after etching Note microtrench locations correspond to the maxima in the flux

profile.15 Reprinted with the permission of the publisher the Electrochemical Society

Special test structure for electrical monitoring of such damage consisting of an MOS-C with

an additional polysilicon layer deposited and etched after the gate has been patterned.6

This paper was originally presented at the Spring 1993 Meeting the Electrochemical Society
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exp -G/E0 tBD 7- 23
where

BH 350MV/cm 7-24

Thus the time required to accumulate certain amount of to cause breakdown tBD is

proportional to

tBD oc exp G/Eo 25

The relation given by 7-25 can be made into an equation by finding the appropriate pre

exponential factor which we will call t0T Then in general we can write

tBD t0T exp 26

The parameter and the pre-exponential factor t0T have been shown to depend on

temperature over limited range of temperatures 25C-150C in the following way47

GT GEl /k 1/300111 27
and

t0 t0 exp l/T 1/300j 28

where r0 10.11 sec 350 MV/cm Eb 0.28 eV and 0.0167 eV

Equation 7-26 is the model for the time-to-breakdown in intrinsic oxide films At

300K the equation is simply

tBD 300K 1011 sec exp 350 MV/cm t0 cm/ VoV 29

Equation 7-29 can be used to predict the time to breakdown of defect-free oxide film of

given thickness at 300K for various electric field strengths On the other hand if the

voltage across the oxide is known it can also be used to select the minimum oxide

thickness for specified oxide lifetime e.g 10 years To predict tHD at other operating

temperatures Eq 7-26 must be used

The theoretically derived Eq 7-29 has since been experimentally verified as shown

in Fig 7-30 Here the value of log tBD for several thin oxides ranging from 52 to 103

is plotted versus l/E0 In addition Eq 7-29 using value of 350 MV/cm and

10 sec is also plotted It can be seen that the agreement between the

experimental data and Eq 7-29 is very good The value of is obtained by

extrapolating the curve of the experimental points until they intercept the tBD axis see

Fig 7-31

Equation 7-26 is also the basis for extrapolating the lifetime under normal operating

conditions from the lifetime measured at higher-than-normal stress voltages accelerated

testing That is

tBD2 tj t0/ tBD1 Voi/V0 7- 30
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Fig 7-30 Log tOD versus I/Lox for different gate oxide thicknesses Log tBD follows

linear relationship with i/Lox not ox Small-area oxide samples 80 pm2 were used such

that intrinsic breakdown dominates and little statistical variation of tBD at any one applied

electric field was observed.20 IEEE 1988

Example 7-1 Use Eq 7-29 to calculate the time to breakdown of nm thick

defect-free oxide film if Vox is 5V at 300K

Solution We use Eq 7-29 to calculate tBD with tox i0 cm

tBD 300K 10sec e35 MV/cm cm/VV 31

tBD 5.18 1010 sec i.e in excess of 1000 years 32

Example 7-2 Calculate the minimum thickness of defect-free oxide that

could be used in MOSFET that is to operate at 5.5V for 10 years at 150C

425K without suffering oxide breakdown

Solution Using Eqs 7-27 and 7-28 the value of G425K 283 MV/cm and

c0425K 0.75 10 sec With these values we solve for tox assuming t13

10 years 108 sec to get

tox mm 5.5V/283 MV/cm In 3x108 sec/.75xi0 sec 88A

Example 7-3 What is the maximum electric field that can be applied across

gate oxide so that is will operate for 10 years without suffering breakdown at

125C

Solution At 125C 400K and tBD 10 years 3.1 108 sec

G400K 297 MV/cm and r0425K 0.75 xi0 sec
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Thus using Eq 7-26 and solving for we get

Lox V0/t0 6.7 or MV/cm

It should also be noted that V0 is the voltage across the oxide which is generally

different than the applied gate voltage VGB The difference is due to band bending and

the work-function difference The worst case occurs for MOS-C with an

--polysilicon gate and p-substrate which also corresponds to the structure of the

NMOSFET when the MOS-C is biased into inversion Here V0 VGB O.2V
For MOS-C with an polysilicon gate and an n-substrate or for MOS-C with

p-substrate biased into accumulation the oxide field for the same VGB is smaller V0
VGB 1.2V This explains why n-channel devices exhibit higher oxide failure rates

than p-channel devices in CMOS ICs.48

Another point that should be emphasized concerns the upper limit of oxide field

strength for accelerated tests Since the log tBD versus l/E0 plot is linear one might

be tempted to use very high fields to obtain tBD data in very short time and then use

Eq 7-26 to extrapolate the tBD value at smaller fields However if becomes too

large the Fowler-Nordheim current density begins to deviate from the theoretical J-E
curve see Fig 7-32 inset The upshot is that testing at such excessive fields will lead

to overly optimistic extrapolated lifetimes To avoid this undesirable outcome

maximum oxide field Emax as function of oxide thickness for accelerated tests of

intrinsic oxide breakdown is suggested in Fig 7-32 By keeping Lox below Emax

higher confidence in the accuracy of the extrapolated lifetime is ensured Note that the

1010

0.9

10-

i2 ..-

.05 .1 .15 .2 .25 .3 .35 .4 .45 .5

1/L0tMV/cmY

Fig 7-31 An illustration of the dependence tD on the severity of defects as function

of the oxide field E0 using Eq 7-26 The value of is obtained by extrapolating the curve

of the experimental points of Fig 7-30 until they intercept the tBD axis.2 IEEE 1988
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Fig 7-32 Maximum recommended oxide field for extrapolating lifetime from log tBD
versus lIEox plots as function of oxide thickness At fields higher than Emax the J-E curve

deviates from the theoretical Fowler-Nordheim values as shown in the inset Fields should be

kept to 20 percent below the Eymax shown for testing of early failures.49 IEEE 1987

value of Emax given in this figure should be reduced by 20% when accelerated field

tests are used to study B-mode failures This is necessary because the local oxide field at

weak spots is higher than the nominal Ew
On the other hand QBD is independent of and is therefore not affected by the

distortion of the -8ox curve at high field Thus one can perform QBD measurements at

high fields and extrapolate high-field QBD against l/Eox to low field This low-field

QBD can then be divided by the low-field current density to find the low-field lifetime

tBD QBDJ Using this approach it appears that highly accelerated testing i.e test

times of only few seconds appears to be feasible especially for very thin oxides

7.5.4 Quantitative Models for B-Mode Failures

7.5.4.1 Reduced Barrier Height Model In an early quantitative model of

B-mode failures Shatzkes et al proposed that oxide defects may effectively lower the

barrier for Fowler-Nordheim tunnel injection of electrons into the oxide conduction

band The breakdown mechanism is then identical to intrinsic oxide breakdown at high

fields The breakdown distribution is merely shifted to lower fields because of the defect

barrier lowering Figure 7-33 shows curve of oxide current versus electric field in

such defective oxide.50 At low fields more leakage current flows than would be

expected in defect-free oxide film J0 At low fields the leakage current characteristic

is the same as if it were caused by Fowler-Nordheim tunneling if the oxide barrier was

2.4 eV instead of the normal 3.1 eV Shatzkes found that capacitors with this excessive
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leakage also suffered the intermediate field breakdown with far greater frequency than the

less leaky MOS capacitors

7.5.4.2 Oxide Thinning Model The effect on the lifetime of oxides

containing the B-mode failure defects listed in section 7.5.2 can be modeled by

assuming that each such defect as well as any others not listed has the same effect on

an intrinsic oxide film of given thickness That is the presence of any one of these

defects will cause an otherwise defect-free oxide to fail at shorter time corresponding

to the time-to-failure of thinner intrinsic oxide Hence any B-mode defect weak

spot causes the oxide to behaves as film having an effective thickness toxeff that is

thinner than the nominal thickness t0 by an amount i.e toxeff ty tox see

Fig 7-34a
Quantitatively an oxide film of nominal thickness tox having no B-mode defects

would fail at time tBD given by Eq 7-26 However one containing B-mode defect

that makes it appear to be thinner by would fail at time tBD given by2

tBD t0T exp t0 At0N01 t0T exp toxeff/VoxI 33

The statistical variation of breakdown in the B-mode group is thus incorporated into the

statistical distribution of L\t0 That is if we can determine the statistical variation of

102

10_2

f/I

10_
I/I

00

400 600 800 1000

EoxMV/m

Fig 7-33 J-V characteristics of defective oxide Jc compared to the theoretical J-V

characteristics of an ideal oxide.50 Reprinted with permission of IBM Research and Devel
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Fig 7-34 Oxide defects are modeled as effective oxide thinning by tox Cumulative

percentage failures versus time for group of 0.25 mm2 MOS-Cs with t0 10.7 nm under

stress voltage of 13.2 V.20 IEEE 1988

B-mode defects in an oxide film we can estimate the failure rate and cumulative

percentage of failures of such films under normal operating conditions Note that the

larger At0 becomes the sooner the oxide film will fail

The statistical variation of Atox in oxide films produced by particular process in

specific fab environment can be inferred from time-dependent dielectric breakdown

TDDB data of cumulative percentage failure versus time obtained from performing

constant-voltage stress test For example Fig 7-34b shows the cumulative percentage

failures versus time for group of 0.25 mm2 MOS-Cs with an n-type substrate with

tox 10.7 nm under stress voltage of 13.2V Using Eq 7-34 we can find Atox for

each tBD value Hence from experimental data we can obtain relation between

cumulative percentage failure and Atox This relationship is also shown in Fig 7-34

The data supports the notion that the short time to breakdown of the early failure

samples corresponds to oxide samples containing spots with large At0
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7.5.4.3 The Cumulative Defect Density Function DMox To be

able to project the lifetime of an oxide for arbitrary oxide areas we need to obtain the

cumulative defect density as function of At0 DAt0 i.e for specific it0

Dt0 is the density of all the B-mode defects/cm2 greater than zt01j Figure 7-35 is

an example of plot of DiM0 versus

Basically DEt0 is derived from the TDDB data of Fig 7-34 but since obtaining

DAt0 is the key to being able to predict the oxide reliability from experimental data

we will first outline the conceptual basis for how it is derived and then give an example

of how to actually calculate the values of DAt0 from plot of cumulative percentage

failure versus time

Let us assume that oxide defects with varying degrees of severity are distributed over

the wafer Hence the tBD value for particular oxide sample having nominal

thickness t0 and area is determined by the spot on that sample that has the largest

zt0 value For group of samples each with the same oxide area the percentage of

samples that will fail below specific tBD PtBDtBD is equal to the probability of

finding defect with an effective oxide thinning larger than i\t0 in such an area

Pit0t\t0 or

tBDtBD it0ztox 34

where tox and tBD are related through Eq 7-33 The complement of this is the

probability of not finding defect with an effective thinning greater than At0 i.e

tt0i\t0 no defect with effective thinning At0 35

If the defects across wafer are randomly distributed implying Poisson distribution

can be used to estimate the probability then

no defect with effective thinningAto exp 36

where is the oxide area and D.t0 is the cumulative defect density function

Combining Eqs 7-34 7-35 and 7-36 we get

PtBltBD Pno defect with effective thinningAt0 exp 37

On the other hand if the defects are nonuniformly distributed across wafer Gamma
distribution function can be used and Eq 7-37 becomes

38
i\t SbS

where is measure of the degree of clustering In the limiting case of --

Eq 7-37 reduces to Eq 7-36

The example of Fig 7-35 shows that the defect density with increasing L\t0 gets

smaller This trend explains why MOS-Cs of larger area are more likely to incorporate
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101

.11.2V.4 mm2
oll.2V..25mm2

10 20 30 40 50 60 70

it0

Fig 7-35 DEdo i.e Defect density as function of Ato using Gamma distribution

for the data in Fig 7-34 Once Dto is derived for given process many reliability

parameters such as yield failure time and optimum screen conditions can be determined.20

IEEE 1988

defects of larger it0s and exhibit shorter tBDs This distribution of defect sizes is

similar to the distribution of airborne particulates as function of particle diameter

Example 7-4 Calculate the value of Ditt0 if At0 30A and L\to
20A for the oxide technology that yields the TDDB data of Fig 7-34 assuming the

defects are nonuniformly distributed and 0.6 The area of the oxide samples is

25 mm2

Solution Since the defects are assumed to be distributed nonunifonnly we use
the Gamma distribution and Eq 7-38 to extract D/.\t0 That is we solve Eq
7-38 for DAt0 using 0.6 and 0.0025 cm2 25x1ft4 cm2 or

1S 39AS PtBDtBD

Then using Fig 7-34 we see that

tBDtBD 0.5 for it 30A
and

tBDLBD 0.9 for 20A
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i.e from Fig 7-34 tBD 5x103 sec for \t0 30A The probability that

failure will occur sooner is found from the cumulative failure percentage at tBD

5x10-3 see which in Fig 7-34 is 50% Thus tBD 5x10-3 see O.5

Using these values in Eq 7-38 we find that

DAt0 330/cm2 for At0 30A

D\t0 2000/cm2 for At0 20A

Note that these values correspond to the values shown in Fig 7-35 on which the calcu

lated Dt0 values for many more At0 points are also plotted for this oxide process

7.5.4.4 Using DM0 to Predict Oxide Breakdown Reliability

Once the calculated Dt0 points are plotted as shown in Fig 7-35 closed-form

equation describing Dit0 as function of it0 can also be obtained from this

experimental data by curve fitting mathematical function to the set of the plotted

points This fitted curve can be used to predict the cumulative percentage of failure

curves and the failure rates for any oxide area and stress voltage

For example the data in Fig 7-35 can be curve fitted by the following equation

DAt0 a1 exp b1 zt0 a2 exp b2 At 40

where a1 13.1 a2 6.3 b1 -0.26 b2 -0.11 are fitting parameters This equation

is shown plotted in Fig 7-35 as the solid line Assuming nonuniform distribution of

defects Eq 7-38 can be used to formulate the cumulative distribution function

expressed in terms of the percentage of failure as function of the oxide area the oxide

field and time

t0 41
AaieblAtox a2eb2tox sills

where t0 is related to V0 and tBD through Eq 7-33 In other words it is possible to

derive for specific oxide thickness from set of measurements at single oxide

stress voltage V0 and oxide area This function can then be used to estimate the

cumulative percentage failure versus time for any area or stress voltage for specific

oxide thickness and set of process conditions In Fig 7-36a the theoretical for

various areas is plotted as the solid lines and the experimental data as the points with

t0 107A In Fig 7-36b the theoretical is plotted for various stress voltages for

this same oxide thickness Agreement between the estimated and the experimental

values of is reasonably good

The instantaneous failure rate can also be predicted with the aid of Eq 7-41

For example common specification of reliability of an electronic system is to have

failure rate of less than 0.01 percent per 1000 device hours i.e 100 FITs before

shipping the product to customers From Eqs 7-7 7-26 and 7-4 one obtains
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Fig 7-36 Cumulative percentage failure versus time for different areas and

different stress voltages of 10.7 nm oxide Solid curves are derived from the defect

density and ttox models Reasonable agreement between the data and model prediction is

obtained.20 IEEE 1988

aibi ebiAtox a2b2eb2tox 421ADS tG

for the Gamma distribution and with for the Poisson distribution Figs 7-37a

and 7-37b show the experimental and calculated failure rates Reasonable agreement is

again observed

Equations 7-26 7-41 and 7-42 constitute quantitative model for the breakdown

failure of oxides That is they allow the following failure parameters of an oxide in

particular IC to be calculated Eq 7-26 is used to find the oxide lifetime tBD of

film with an effective oxide thickness toxeff for specific set of operating conditions

Vox and the cumulative failure of this oxide ox toxeff as function of
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time for given oxide area and stress voltage is estimated from Eq 7-41 and the

failure rate is calculated using Eq 7-42

It should also be noted that the Ditox curves can be used to monitor the quality of

the oxide growth process As discussed earlier it is expected that the quality of the

oxide should depend on such factors the wafer quality i.e defect and metal precipitate

densities the gettering conditions the cleanliness of the process and the oxide growth

and annealing conditions By comparing the DAt0 curves of two different processes

or wafer lots one can obtain quantitative measure of the oxide breakdown

characteristics Examples of applying the reliability model of oxide breakdown to such

cases are given in section 7.5.5

io

iiitiii

____________________________________
t0 I0 iO 10 10 100 10 102

Time eec

107A

_______________________
I0 IO 1O 10 10 100 10 102

Time eec

Fig 7-37 Failure rate vs time for different areas and different stress voltages of 10.7

nm oxide Solid curves are derived from the defect density and At0 models.20 IEEE 1988
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7.5.4.5 Ramp-Voltage Breakdown Test for Obtaining Dt0
Data Data for extracting Dzt0 curves can be obtained using the ramp-voltage

breakdown test instead of the constant-voltage TDDB test Since the ramp-voltage test

is much shorter than the constant-voltage test this approach is very attractive Note that

slow-ramped voltage -2V/sec is used rather than the fast-ramped technique 100-200

V/sec used to obtain dielectric strength as described in section 7.4.1 slow ramp
allows TDDB failures to occur due to traps in the gate oxide and yet each MOS-C can

be tested in matter of seconds

The following equation gives the breakdown criteria in terms of the ramp-voltage

test parameters.5

VBD2/RG t0 At0 exp Mox/VBD to 43

where is the ramp rate in volts per second and BD is the ramp-breakdown voltage

and to is the pre-exponential term in Eq 7-26 i.e the value of to is lO sec
In general Eq 7-43 has to be solved iteratively to find the value of

corresponding to measured VBD However since the At0I dependence of the

exponential term in Eq 7-43 dominates over the At0 dependence of the pre

exponential coefficient it is possible to obtain reasonably accurate closed-form

solution for At01 by setting At0 in the pre-exponential term to 80A
Then Eq 7-43 can be solved approximately for /.\t0 in the following form

t80 Cyrs at t00 at

_____________________________________
5.5V and 25C 7.8V and 25C

VLV
V80 IV at 25C

Fig 7-38 t.x versus ramp breakdown voltage as function of ramp rate

Using this figure the DAtox curve can be derived from ramp-voltage test.20 IEEE

1988 Correlation between tBD and VBD as predicted by Eq 7-46 The experimental data

were taken at 7.8V for constant voltage stress and 1.0 V/s for the ramp voltage stress for

125A oxide poly on 100 substrate biased in accumulation Each data point

represents the breakdown voltage and time-to-breakdown for specific cumulative failure

percentage.47 IEEE 1990
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At Vm
In 44

TVbd TVbd TVbd 80A

Figure 7-38a plots Eq 7-44 i.e it0j versus VBD with ramp rate as the

parameter From such plot one can then relate VBD to Then using

cumulative failure versus VBD plot one can extract DAt0 Once Dit0 is obtained

all the reliability predictions discussed earlier can be performed

7.5.4.6 Correlating Ramp-Voltage Test Data and Constant-

Voltage TDDB Data It has been proposed that the correlation between VBD of the

ramp breakdown test and the tBD of constant voltage test can be established.47 That is

by substituting Eq 7-44 into Eq 7-33 an approximate relationship between VBD of the

ramp voltage test at temperature Tvbd and the tBD of the constant voltage test

performed at temperature Ttbd is found

GT dVPD/ GTvb ci V0

tBD toTtbcl
Vm 745

GTvb to Tvi ci 80A

For the typical case where the ramp voltage test is performed at room temperature TVbd

25C and Ttbd Eq 7-45 reduces to

/350 Vm /Vc
tBD t0T 3.6x lO8__1__V 7-46

Vsec

where GT in units of MV/cm and t0T are given by Eqs 7-27 and 7-28 This

equation predicts that oxides with lifetime of 10 years at 5.5V and 125C will exhibit

failure in ramp-voltage test at VBD 11.5 at V/sec and lifetime of 100 years at

125C corresponds to VBD 12 at V/sec

The theoretical correlation between VBD and tBD using Eq 7-46 at Tvbd 25C and

Ttbd of 125C and Vox 5.5V is plotted in Fig 7-38b for various ramp rates the left-

hand axis represents these theoretical tBD values The experimental data for 25A oxides

correlating VBD to the tBD when the oxides are stressed at 7.8 is also plotted using

the right-hand axis for representing the experimental tBD values with each point

representing VBD and tBD for specific cumulative percentage failure For example the

lowest experimental point corresponds to the VBD and tBD values at 10 percent

cumulative failure in Figs 7-39a and Very good agreement between the theoretical

and experimental data is seen This implies that one can theoretically predict the lifetime

of an oxide operating at different voltages and temperatures just by performing simple

ramp test at room temperature and carrying out the calculations needed to produce the

curves as shown in Fig 7-38b For example the curves in Fig 7-38b predict that an

oxide sample with any thickness and area having any combination of VBDS and ramp

rates above the dashed line will have lifetime of more than 10 years at 5.5V
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Fig 7-39 TDDB and ramp breakdown data for 10 mm2 125A samples

polysilicon gate on 100 substrate biased in accumulationl.47 IEEE 1990

7.5.4.7 Interface Trap Generation as Measure of Oxide Damage
Due to Charge Injected into the Oxide It has been observed that the

passage of tunneling current through thin gate oxide also introduces interface traps at

the Si/Si02 interface Furthermore while breakdown may not occur until about 10

C/cm2 of charge has passed through the oxide interface
traps are detectable even after

0.001 C/cm2 of charge passage Thus measuring interface
traps has been proposed as

more sensitive means of quantitatively measuring oxide damage prior to breakdown due

to Fowler-Nordheim stressing of oxides.5253 Good agreement between TDDB values

predicted from trap densities in the oxide caused by voltage stressing and measured

TDDB values was found.103 physical model that describes how the traps are

generated inside the oxide by high voltage stressing and how their presence in the oxide

leads to wearout and breakdown in thin silicon oxides has also been developed.104 The

physical trap generation model was quantified to describe the measured breakdown

distributions using statistical model the mathematical details of which are described in

ref 105

Quasi-static CV curves of oxides before and after passage of charge through the

oxide show that the CV curves after such stressing are degraded compared to the CV
curves prior to stressing Fig 7-40 and the degree of degradation is correlated to the

increase in trap density in the oxide The more charge passed through the oxide the

more severe is the degradation In section 7.10.4 we will describe how this method has

been applied to measure oxide damage due to plasma etching

7.5.5 Applications of the Oxide Breakdown Reliability
Model

7.5.5.1 Projecting the Reliability of Gate Oxides with Various
Thicknesses The oxide breakdown reliability model described in this chapter can
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ic
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Wet etched and current stressed
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3.0 2.0 1.0 0.0 1.0

Gate voltage

Fig 7-40 Quasi-static CV curves of MOS-C structures prior to charge passage Curve

nA and after charge passage Curves The creation of interface traps by current

passage through the gate oxide degrades the CV curves

be used to estimate and compare the reliability of different oxide technologies or

thicknesses Here we give an example of this procedure

Example 7-5 Establish set of curves which will allow the lifetime of

various thin gate oxides of different thicknesses e.g 50-200A thick and arbitrary

areas to be projected from accelerated stress data assuming all are produced in the

same process environment

Solution group of MOS-Cs is fabricated for each oxide thickness of interest

with the gate oxide areas in all groups being equal Then the following procedure

is used to estimate for arbitrary area the projected lifetimes of each of the oxide

thicknesses

Each group of MOS-Cs with specific oxide thickness is subjected to ramp-
voltage breakdown tests The results i.e the cumulative percentage of failure

versus VBD for each oxide thickness are plotted Fig 7-4

The experimental data from the previous step is used to calculate DAtox
versus toxeff

for each oxide thickness The procedure for obtaining Dttox is

For each value of V0 for given oxide thickness we solve either Eq
7-43 or Eq 7-44 the approximate form of Eq 7-43 to get toxeff

Using the calculations from part 2a we plot the cumulative percentage
of failures versus toxeff

UMC 1229
UMC v. AICP



THIN GATE OXIDES GROWTH AND RELIABILITY 479

62A 84.A

M5Zk.J2004

0.5 Area 10 mm2
0.1

001
10 15 20 25

BD at 25t and 0.5 V/sec

Fig 7-41 Cumulative failure ramp breakdown data for 10 mm2 oxide samples poly

silicon gate 100 substrate biased in accumulation.47 IEEE 1990

We then find DAt0 versus toxeff for each oxide thickness This is

done by first finding the percentage of failures for given toxeff from the

plots generated in part 2b and then using Eqs 7-37 or 7-38 to calculate

DAt0 for that value of toxeff using the area of the test MOS-Cs

The values of DAt0 are then plotted versus toxeff for each oxide

thickness see Fig 7-42 The experimental plot of Dztox has now been

obtained 02

T6t1 fi ooA 55J
200A

10

10

rl
25 50 75 100 125 150

toxeff

Fig 7-42 Defect distribution for the oxide samples of Fig 7-41 IEEE 1990
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Now that DAt0 is available for each toxeff

For given operating temperature we can calculate tBD for each toxeff

from Eq 7-33

From part for given toxeff we know DAt0 So from Eq 7-37 or

7-38 we can determine the cumulative percentage of failures for any other

specific oxide area

Following the procedure of part 3b the cumulative percentage of fail-
--

ures vs tBD is now plotted i.e point can be calculated for each toxeff

From these curves we can find the cumulative percentage of failure for the

various oxide thicknesses at that area for various times Fig 7-43 As an

example note that the cumulative failure for the 155A oxide after 10 years is

projected to be approximately 5%

7.5.5.2 If MOS IC is to have Specific Lifetime e.g.1O-Years
what is the Minimum Oxide Thickness that can be Used
Assume the Maximum Cumulative Failure Percentage Operating
Temperature and Oxide Area are Specified

Here we outline the procedure for selecting the minimum oxide thickness that will

ensure specific maximum cumulative failure rate over 10-year lifetime at specific

operating temperature in part that has known gate oxide area

Assume the DLt0x versus toxeff for each oxide thickness of interest has

been established as described in the previous section

The maximum electric-field strength that allows defect-free intrinsic oxides

to operate for 10-years at 125C is MV/cm see section 7.5.3 If an oxide

has defect such that its effective oxide thickness toxeff i\t0 is reduced

from the nominal thickness of t0 we must derate the maximum allowed electric

99.99

Area mm2

98

90

70 84A bOA

55A_
i0 10_i 101

Time at 5.5V 125C

Fig 7-43 Projected reliability during 5.5V operation is calculated from the defect density

curves shown in Fig 7-42 IEEE 1990
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field and oxide voltage to obtain 0-year lifetime at 125C operation for this

weakened oxide That is the maximum electric-field strength as measured by

Vox/tox must be derated to Emax MV/cm toxeff/tox and the maximum

voltage that can be applied to such defective film having nominal oxide

thickness tox must be reduced to Vmax MV/cm toxeff cm
For specified cumulative failure percentage over 10 years e.g 3%

cumulative failure at some operating temperature e.g 125C and specific

oxide area e.g mm2 Eq 7-37 is used to calculate the value of Ditox
needed to ensure this cumulative failure percentage for that specific oxide area

Eq 7-37 is used because we also assume the defects are distributed uniformly

As an example solving Eq 7-37 for D\tox indicates that 3% cumulative

percent failure in 10 years for mm2 oxide corresponds to DL\tox of

defects/cm2 on the wafer

Next we use the plot of Dzt0 versus toxeff to determine the value of

toxeff corresponding to this value of DLtox In this case from Fig 7-35 we

see that value of Dztox defects/cm2 corresponds to toxeff of 55A and

since the oxide under study was 125A thick tox is found to be 70A

Once the value of toxeff is known we can calculate the Emax or max that

can be applied to oxide films of this area at various thicknesses using the

relations given in step On the other hand if it is known that specific voltage

will be applied to the oxide e.g 5.5V we can use the value of t0 to

calculate toxeff and then derate intrinsic or Vox intrinsic to Emax or

Vmax accordingly For example if we know that at 125C 10-year life can be

had for an 8ox intrinsic of MV/cm then the thinnest intrinsic oxide that can

live for 10 years at 125C under 5.5V stress is tox
.- 80A Since Atox 70A

the thinnest oxides we can use with an area of mm2 that will give 10 year

lifetime at 125C with maximum 3% cumulative failure are 150A thick

The calculation performed in part can be repeated for other voltages to yield

other minimum oxide thicknesses In addition other defect density values can be

used when performing this calculation set of points can be plotted using this

procedure as is done in Figs 7-44 to yield the minimum oxide thickness for

given oxide voltage with the defect density cm2 as parameter Note that if

higher defect density corresponding to higher cumulative failure rate can be

tolerated these figures imply that higher operating voltage could be used

final remark about oxide integrity models should be interjected The structures for

studying gate oxide integrity are MOS-Cs in which the electric field is uniform across

the entire device area In MOSFETs however the oxide field can varies spatially along

the channel due to the increase in the channel voltage from source to drain Thus one

can speculate whether nonuniform injection would lead to spatially non-uniform QBD
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Fig 7-44 Given desired average failure rate and the oxide area the largest acceptable

defect density is calculated from Eq 7-37 Using this defect density it is possible to

determine the maximum allowable oxide field and voltage for different oxide

thicknesses or technologies.47 IEEE 1990

in MOSFETs This might also yield different gate oxide integrity results in MOSFETs

as compared to those obtained from tests using MOS-Cs

7.6 SCREENING TESTS FOR OXIDE BREAKDOWN
BURN-IN

As noted above oxides in the B-mode group will fail at times sooner than those in the

C-mode group intrinsic oxides Burn-in is common technique used to screen out

B-mode group parts In this procedure the intent is to operate the devices for some

period of time during which most of those parts that would undergo early failure

actually do fail Failing while undergoing burn-in is preferable to having the devices

fail after they are installed in system and delivered to the customer By excluding such

weak parts the reliability of the installed system can be significantly improved
In general burn-in conditions are selected so that the failure mechanisms that

contribute to the early failures are presumably accelerated In the case of oxide break

down this is achieved by burning-in under higher than normal voltages and temper
atures That is application of high field and elevated temperature yields much more
efficient burn-in procedure than straightforward stress under normal operating conditions

For example Fig 7-45 shows the theoretical failure rate curves at 5V predicted from

the model for the parts that exhibit the cumulative defect density function of Fig 7-35

These curves indicate that the failure rate of such products would stay higher than the

specification of 0.01% per 1000 device hours 100 FIT for more than 100 years That

is only after 100 years of operation would sufficient number of the weaker devices

have expired so that the failure rate after that time would be less than 100 FIT
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To decrease the failure rate to an acceptably low rate more quickly the failure of

these weakest devices must be hastened by applying above-normal stress i.e screening

The instantaneous failure rate of parts that fail by mechanism that exhibits log-

normal distribution decreases monotonically in time Early failure B-mode oxides have

been shown to exhibit such log-normal behavior Thus the device failure rate measured

in this case as the fraction of the instantaneous population of oxides breaking down per

unit time decreases as the stress time increases Figures 7-45 and 7-46 both depict

typical experimental data expressing the instantaneous failure rate of group of oxide

capacitors as function of time that have not been subject to burn-in screen.54 The

fact that the instantaneous failure rate decreases with time is the logical basis of the

burn-in screen tests That is if reliability engineer specifies maximum allowable

rate of failure of constituent MOS capacitors of say 100 failure units 100 FIT the

population may be burned-in until the instantaneous failure rate drops below this level

Figure 7-47 presents an example of how such burn-in procedure reduces the failure

rate of parts under normal operating conditions.55 The instantaneous failure rate of two

groups of oxides is shown In one group black dots continuous stress of MV/cm

which we assume to be the normal operating electric-field stress is applied while in

the other group white circles 2.5 MV/cm stress is applied for the first second of the

test Then the stress is reduced to MV/cm During this first second the failure rate in

the second group is increased Upon dropping the stress to its normal operating value

MV/cm however the failure rate drops to value well below that of the first group
That is it falls to value that is not attained by the first group until much later time

Unfortunately while longer burn-in time lowers the failure rate it also increases the

yield loss i.e the fraction of the parts that fail during burn-in Thus it is necessary

to determine the optimal set of burn-in conditions that minimizes the burn-in time yet
Strms Time eec Ri IIV

l0_2 i0 00

Stres Time minI Ri By

99 .9 i0 1O io 02

l6l 100 101 102 100 i04 10 106 i02 Time years @5V
Fig 7-45 Theoretical curves of failure rate and cumulative percent failures for different

areas at 5-V operation These curves are used for screening and screen yield optimization.20
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Fig 7-47 Instantaneous failure rate data showing the effect of aging stress at elevated

field.5 IEEE 1979
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adequately lowers the failure rate with minimal yield loss However burn-in duration

has often been set arbitrarily or determined by experimental results which are applicable

to only certain lots of devices It would be better to use model that simulates the

burn-in effects of various sets of burn-in conditions Here we describe such an approach

In order to determine the appropriate stress time stress field and stress temperature

for optimally screening oxides of given area operating voltage and operating

temperature an accurate quantitative model of predicting the failure rate and TDDB
behavior is required In fact the model for tflD due to B-mode failure described above

has been applied to burn-in condition selection Using this model the reliability of

oxides by cumulative defect distribution DAt0I following given

burn-in condition can be projected for any oxide area operating voltage and

temperature.47

7.6.1 Modeling the Effect of the Burn-In Stress on the

Post-Burn-In Reliability of the Oxides

With the addition of burn-in step oxide breakdown during post-burn-in operation

occurs as result of damage incurred during both the burn-in and the normal operation

of the device The subsequent lifetime of device after specific burn-in has been carried

out
top

is calculated from

top ToTop eGTop toxefflVop tBI e- GCFui teffNBJ 47

where tBJ is the burn-in time BI is the burn-in voltage V0 is the operating voltage

and TBJ and T0 are the burn-in and operating temperatures respectively Comparing

Eq 7-47 with Eq 7-33 we see that the first two product terms of Eq 7-47 give the

original oxide lifetime i.e the lifetime without burn-in tBD Thus the quantity in

square brackets represents the fraction of the original oxide lifetime remaining after

burn-in LBI

LBJ tBI e- GTBI
tcieff/VBI 48

This quantity fraction of the lifetime remaining after burn-in LBI is plotted in Fig

7-48 as function of the ramp breakdown voltage using Eq 7-43 to find the value of

VBD corresponding to the value of toxeff in Eq 7-48 for the case of burn-in test

performed for 10 hours at 150C at various burn-in temperatures The expected lifetime

at 5.5V and 125C before burn-in is found using Eq 7-33

Plots such as those in Fig 7-48 are used to determine the fraction of oxides that will

be damaged by the burn-in to degree that they will exhibit significantly shorter

lifetime after the burn-in e.g oxides whose life after burn-in is less than 90% of their

original life As an example Fig 7-48 indicates that after burn-in of 7V for 10

hours at 150C only those oxides which originally would have exhibited VBD

between 11.5 and 12V are predicted to have had their lifetimes reduced to less than 90%

of their pre-burn-in value note that those oxides which would have had VBDl .5V

would not have survived this burn-in The same conclusion is drawn when comparing

the projected lifetime after burn-in versus the original lifetime before burn-in as

UMC 1229
UMC v. AICP



486 SILICON PROCESSING FOR THE VLSI ERA VOLUME III

Burn-In Conditions 10 hours 150C

100

.5 75

VBD at V/sec and 25C

Fig 7-48 The effect of given burn-in condition on an oxide technology can be estimated

based on simple ramp voltage test For example following 10-h burn-in at 7V and

150C all oxides with breakdown voltages below 11 .5V are expected to fail Of the oxides

surviving burn-in only those with ll.5VVBD12V are expected to exhibit reduction of

more than 10% from their original lifetime the lifetime without burn-in.47 IEEE 1990

shown in Fig 7-49 Of the oxides that survive the burn-in only the ones having

lifetimes within one half of one decade have significantly reduced lifetimes i.e
reduction of more than 10% from the original lifetime after burn-in With the aid of

Eq 7-48 the optimal burn-in conditions can now be determined

7.6.2 Procedure for Selecting an Optimal Set of Burn-
In Conditions for Oxide Breakdown Screening

Here we outline the general procedure for selecting optimal burn-in conditions Then we

give an example which illustrates how the steps of this procedure are carried out

iü
BurnIn Temperature 50C

102

BurnIn Time 10 hours

75V
BurnIn

T1t0

70V

10 10 101 102

-J

Original Lifetime at 5.5V 125C

Fig 7-49 Replot of Fig 7-48 in terms of lifetime under operating conditions.47 IEEE

1990
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We recall that the goal of burn-in is to lower the failure rate so that it becomes

constant over the subsequent nonnal operating lifetime and its value becomes small

enough lo meet the reliability specification of the system In addition the yield loss due

to burn-in should be minimized The general procedure for establishing the design

curves from which optimal burn-in conditions can be selected is the following

When an optimal set of burn-in conditions is to be selected it is assumed that

the following parameters are given the nominal oxide thickness t0 the oxide area

in the circuit being fabricated the operating voltage V0 the operating

temperature T0 the expected lifetime after burn-in and the allowable cumulative

percent failure after burn-in over the expected lifetime of the oxides

plot of cumulative percent failure versus VBD for oxide structures with the

given t0 and area is first established from ramp-voltage breakdown test

The lifetimes tBD at the specified T0 and V0 versus VBD from Eq 7-46

using ramp rates of 0.1V/sec 1V/sec and 10V/sec as the parameter are then

calculated and plotted as shown in Fig 7-3 Sb

burn-in temperature TBI is now selected e.g 150C

Equation 7-46 is then used to calculate the VBDS that correspond to oxide burn-

in lifetimes tBI for various burn-in voltages VBI and the selected TBI That is VBD

values for oxide lifetimes ranging from tBI sec to 106 sec in decade intervals

and VBI values ranging from 5-by might be calculated If this group of

calculated VBD values is plotted versus VBI with tBI as the parameter set of

design curves is produced An example of such set of curves is shown in Fig 7-

50 for the case of TBJ 150C T0 125C V0 5.5V and 1V/sec Note

that at this point readers might not yet be able to interpret this figure as it also

contains other relevant information that still needs to be described

set of plots of LBI versus VBD as shown for example in Fig 7-48 for the

case of TBJ 150C Tvbd 25C 1V/sec and various burn-in voltages are

next computed The values for such plots are calculated using Eq 7-48 with

separate set of curves calculated for each tBI used in step set of operating-

lifetime-after-burn-in versus original-lifetime plots for each tBI with VBI as

parameter should also be developed see Fig 7-49

Next on the same set of design curves developed in step we also plot the

value of VBD that pre-burn-in oxides would have to exhibit in order to be able to

survive both the burn-in and the expected lifetime after burn-in This is done as

follows

One might also wish to compute the VBDS for tBI 3.6xl04 sec and plot these points on

the design curve as this corresponds to burn-in time of 10 hours the curve for this time is

not plotted in Fig 7-50
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First we calculate the value of VBD that an oxide would have to exhibit if

it only had to survive the stress of normal operation i.e no burn-in This

is done using the curves generated in step As an example if an oxide was

operated at 125C and 5.5V Fig 7-38b indicates it would need to exhibit

VBD 11.3V to ensure an operating lifetime of 10 years with no burn-in

Second from the plots developed in step see for example Fig 7-49
we note that for low values of V81 e.g 6V or less in Fig 7-49 the

lifetime after the burn-in remains essentially the same as for the case of no

burn-in Thus for the case of an oxide operated at 125C and at voltage of

5.5V any oxide exhibiting VBDl 1.3V will not have its original lifetime

altered by burn-ins at 150C for 10 hours and burn-in voltages smaller than

approximately 6V

We next superimpose another set of curves on the design curves of step

These are the curves that indicate the minimum original VBD value that an

oxide would have to exhibit if it was to survive both the burn-in and the

expected operating lifetime i.e oxides exhibiting original VBD values above

this curve would be such survivors The value of BD at the intercept of the

vertical axis is the BD value needed by an oxide to survive merely the nor

mal operating stress in Fig 7-38b equal to 11 .3V However as Vni is in

creased the burn-in eventually starts to damage some oxides to the degree that

their post-burn-in lifetime is significantly reduced The value at which this

begins to occur is determined from the curves of step as follows We see in

Fig 7-49 that at V1 6.5V for 10 hour burn-in at 150C the original

lifetime of 11 .3V oxide is reduced by 10% and at V81 7V it is reduced

by 100% i.e all the oxides exhibiting original VBD values smaller than

11.4V would be eliminated by the burn-in Thus in this case the mini

mum original VBD an oxide would have to exhibit in order to survive both

the burn-in and 10-year lifetime is greater than 11.4V To find this value

which would become one of the points on these curves we use Figs 7-38b

and 7-49 That is from Fig 7-49 we see that for an oxide to have 10-year

life after 7V 10-hour 150C burn-in its original i.e pre-burn-in

projected lifetime would have to be 30-years From Fig 7-38b we see that

this corresponds to an original VBD of 11 .6V This value would become one

of the points we would plot on the set of design curves of Fig 7-50

From the now-completed set of design curves we can determine number of

things about burn-in test First from the design curves such as those shown in

Fig 7-50 we can see that samples with original breakdown voltages between the

dashed and solid lines in this figure are projected to fail during normal operating

conditions after burn-in Those with breakdown voltages above the solid lines are

projected to satisfy the specified operating lifetime after burn-in Thus it is

apparent that in order to achieve low post-burn-in failure rate set of burn-in

conditions voltage time and should be chosen such that there is small

difference between the BD corresponding to the burn-in and the BD
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T0 125C

iiVOp55V

BurnIn Voltage IV

Fig 7-50 Burn-in conditions can be optimized using the design curves shown here The

optimal burn-in condition at TBI 150C can be chosen using these curves and breakdown

voltage distribution characterizing the oxide technology.47 IEEE 1990

corresponding to the normal operating condition plus burn-in Second there are

many combinations of voltage and time that can produce an equivalent difference

between these values In addition the values of VBI and tBI to achieve such goals

can be selected from the burn-in design curves described above

After set of burn-in conditions is chosen we now have sufficient information

to characterize the selection That is from the set of selected burn-in conditions

and the design curves generated for the particular oxide technology and reliability

specifications we can determine the range of original BD values that will be

screened out by the burn-in test the range of VBD values that will correspond

to early failures among the survivors of the burn-in

10 Using the values from step 10 and the cumulative percent failure versus VBD

plot one can determine the yield loss due to burn-in and the fraction of

oxides that having survived the burn-in would still fail prior to the expected

lifetime cumulative percent failure during post-burn-in lifetime

7.6.3 Example of Applying the Procedure for

Determining an Optimal Set of Burn-In Conditions

Assume we are asked to choose set of conditions for burning-in set of ICs having

nominal gate oxide thickness of 125A and gate oxide area 10 mm2 The expected

operating lifetime is 10 years at an operating temperature of 125C The specified

cumulative percentage failure after burn-in during the operating lifetime is 2% How do

we select set of burn-in conditions to meet this goal

First we carry out ramp-voltage breakdown test with 1V/sec on set of

MOS-Cs having the specified t0 and oxide area at 25C The resulting cumulative

percentage failure versus VBD data is plotted as shown in Fig 7-38a The tBD versus

VBD for the normal operating conditions and TvBD 25C is computed and plotted as
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shown in Fig 7-38b If we choose T1 of 150C and tBI of 10 hours 3.6x104 sec
the VBD as function of VBI TB and tBI can computed using Eq 7-46 The computed

points of VBD for these chosen burn-in parameters are plotted as the dashed line in Fig

7-51

Next the LBI versus VBD curve and the curve of lifetime after burn-in versus lifetime

prior to burn-in for several burn-in voltages and tBI 10 hours are plotted from

Eq 7-48 as shown in Figs 7-48 and 7-49 From Fig 7-48 we see that Eq 7-48

predicts that if oxides are subjected to 10-hour burn-in at 150C at 7V all those with

VBDl .4V will fail during burn-in and hence will be screened out

The values of VBD as function of VBI that would have to be exhibited by the pre

burn-in oxides to be able to survive the burn-in and 10-year lifetime at 5.5V at 125C

are then computed with the aid of Figs 7-48 and 7-49 These points are then plotted

on Fig 7-51 as shown by the solid line Note that for an oxide to have projected 10-

year lifetime at 5.5V and 125C it must exhibit an original VBD 11.3V We see

that at VBI 7V the VBD that would have to be exhibited by the oxides is 11 .6V

Based on the selected values of the burn-in and the information graphed in Fig 7-51

we can draw the following conclusions about the burn-in procedure First since yield

loss from burn-in is determined by the fraction of the total oxide population with

breakdown voltage of 11.4V we estimate from Fig 7-38a that the burn-in yield loss

will be 75% Second after this particular burn-in Fig 7-51 indicates that only oxides

with ll.4VVBDll.6V are projected to fail during the subsequent 10-years of

operation at 5.5V at 125C From Fig 7-38a we see that the percentage of oxides

that exhibit VBD between 11.0 and 12.V is very small implying that the burn-in will

probably achieve the goal of cumulative percent failure of 2% after burn-in

The corresponding average failure rate is determined by the fraction of the surviving

population with ll.4VVnn.czll.6V Therefore it is clear that the burn-in condition

13

12 10 yrs at5.5V 125C

Field Failures

Screened out

after burnin at --10 150C for 10 hours

BurnIn Voltage tV

Fig 7-51 Samples with breakdown voltages below the dashed line are screened out after

burn-in samples with breakdown voltages between the dashed line and the solid line are pro

jected to fail during operation at 5.5V and 125C and those with breakdown voltages above

the solid line are projected to satisfy 10-year lifetime specification.47 IEEE 1990
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BurnIn Voltage BurnIn Voltage

Fig 7-52 Once an optimal burn-in condition is chosen using Fig 7-50 equivalent burn-in

conditions can be determined using the curves shown here For example burn-in conditions

which screen out all oxides with breakdown voltages below by i.e toxeff70A see the

l0V/70A curve for 150C burn-in or the 0.1-year lifetime/l0.IV curve in will have

the same burn-in yield and projected reliability.47 IEEE 1990

has to be chosen such that the cumulative percentage that will fail during the operating
lifetime in this case that fraction of the population that exhibits failures with

ll.4VVBDl1.6V is within the failure specification while keeping the yield loss

from the burn-in as low as possible If for given technology large fraction of the
oxides have 11 .4VVDDl .6V 8O.SAtoxeff8 .5A as determined by taking the dif
ference between the values of VBD 11 .4V and VBD 11 .6V on the cumulative

percent failure versus VBD plot further screening is necessary to reduce the failure rate

Conversely an oxide technology may have such low fraction of oxides with

VBDll.6V i.e the defect density may be very low that no screening is necessary
Also note that since three variables must be selected burn-in time temperature and

voltage it is possible to obtain the same burn-in yield and projected failure rate for

many combinations of burn-in time temperature and voltage As an example if the

optimal burn-in condition is determined from Fig 7-50 to be 7V 150C and 3x104 sec

corresponding to breakdown voltage of 11 .4V all equivalent burn-in conditions are

given by the 11.4V180A line in Fig 7-52a or the l.3V/10-year line in Fig 7-52b
In other words any burn-in voltage and time combination on the l1.4V/80A line in

Fig 7-52a or the 11.3V/lO-year line in Fig 7-52b can be used to screen out those

oxides characterized by VBDl .4V or toxeff 80A i.e to screen out those oxides that

are projected to fail within 10 years at 5.5V at 125C Since it is desirable to select

burn-in conditions which minimize testing costs the shortest burn-in time i.e the

maximum burn-in voltage is usually picked This maximum allowable voltage is

usually set by such circuit or technology constraints as the junction breakdown voltage
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7.7 OXIDE BREAKDOWN MODULE IN BERKELEY
RELIABILITY TOOL BERT
The oxide reliability model described above has been implemented in the Circuit Oxide

Reliability Simulator CORS program56 which is part of larger reliability simulator

software package BERT.57 CORS helps determine if the oxide quality for particular

process is high enough to meet the specified circuit lifetime under expected operating

conditions with sufficiently low failure rate Thus it should help circuit designers

determine if particular design is feasible for given oxide process The user is required

to provide ramp-voltage breakdown statistics or time-to-breakdown statistics of test

MOS-Cs The simulator uses this data to derive DAt0 for the particular technology

The CORS program generates statistics about circuit failures due to MOS oxide

breakdown It predicts the probability of circuit failure as function of operation time

temperature power-supply voltage and input waveforms In addition to supplying

TDDB data the user creates an input deck similar to an ordinary SPICE input deck

CORS then determines E0 for each oxide element in the circuit from the SPICE node

voltages and consideration of the work function difference between the electrodes

Figure 7-53 shows block diagram of this oxide reliability simulator Circuit failure

statistics are calculated using the rule that if any MOSFET experiences breakdown then

the entire circuit fails CORS is also tool for optimizing burn-in in that it can

simulate the effect of burn-in in circuit reliability The results of such simulations are

useful for balancing conflicting goals such as cost avoidance of hot electron

degradaticn and reduction of field failures due to oxide breakdown in choosing the burn-

in condition for product HSPICE-compatible versions of the BERT simulator with

software support are also commercially available e.g from BTA Santa Clara CA27

7.8 MODELS OF THIN OXIDE GROWTH

The Deal-Grove model described in Vol for the growth of SiO2 provides excellent

agreement with experimental observations for thick oxides.58 That is the rate constants

INPUT

__\VcEsson -NPUTDECK-I SPICE__1PROCESSOR

uElu
FLES

Fig 7-53 Block diagram of oxide reliability simulator.56 IEEE 1989
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derived in the Deal-Grove model allow the thickness of oxide films 350A to be well

predicted as function of temperature furnace ambient silicon doping concentration

and silicOn crystal orientation However the model does not give detailed

understanding of the mechanisms that produce these dependencies nor is it relevant when

the oxide is thinner than 350A This is particularly troublesome because gate oxide

thicknesses of 100A are needed for submicron MOSFETs
Several physical mechanisms have been proposed as models for such enhanced

oxidation including59

Models based on space-charge effects where the oxidation enhancement in the

thin regime is due to field-assisted oxidant diffusion

Models based on the existence of structural defects in the oxide such as

micropores -bA in diameter These allow the oxygen molecules to diffuse

more rapidly

Models based on stress effects that can lead to larger value of the diffusivity

of the oxidizing species

Models which postulate that the increased solubility of the oxidant in the thin

oxide could affect the growth rate by its influence on the oxidant concentration at

the silicon surface

model by Massoud et based on the presence of thin surface layer in

the silicon where additional reaction sites are available The concentration of

these sites decays exponentially with characteristic length L2 in Eq 7-50

Despite the large number of models proposed to explain oxide growth in this very thin

regime none has yet been convincingly accepted as more valid than the others

Nevertheless several empirical models have been developed that yield reasonable

agreement with measured values of oxide thickness in the thin regime

Massoud et demonstrated that much better fit can be accomplished that with the

Deal-Grove model alone by adding an additional term to the oxidation rate that decays

exponentially with thickness The expression for the growth rate in the classical Deal-

Grove model see Vol chap

749
dt 2t

then becomes

C2 -tI L2 50
dt 2t

where C2 is pre-exponential constant with value of 3.2 eV and L2 is the

characteristic decay length described in paragraph above For dry-oxidation of lightly

doped substrates in the 800-1000C range L2 was found to be 70A independent of

surface orientation Heavy doping was found to only slightly affect the oxidation rate

enhancement in the thin regime Equation 7-50 has been implemented in SUPREM III

as the model for thin oxide growth in dry-oxygen
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Fig 7-54 Fits to oxide thickness versus oxidation time using the Deal-Grove model and

the power-law model expression.28

Another empirical model for thin oxide growth has been developed by Reisman and

Nicollian By analyzing vast amount of data they were able to derive an empirical

model that calculates the oxide thickness versus time using general power law of the

form

toxatgtb 751

where and are constants and
tg

is the growth time measured in given experiment

and is the time to grow an oxide of thickness toxi already present on the surface

comparison between the power law description of oxide thickness and the Deal-

Grove model is shown in Fig 7-54 Data from Deal and Grove at 700C are plotted on

linear scales and Eq 7-49 is plotted with measured values of and Shown for

comparison is Eq 7-51 with the appropriate constants obtained by fractional weighted

least squares fit to the data.60 Kouvatsos has extracted the and parameters of Eq
7-51 at 950C and 1100C for oxide growth in 02 diluted in He and found very good

fit to the Reisman-Nicollian power-law model.6 This model has been implemented in

the process simulator PREDICT-i see chap
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7.9 TECHNOLOGY OF THIN OXIDE GROWTH

In this section we will describe the process technology of growing 10-20 nm thick gate
oxides As mentioned earlier the goal is to grow uniform reliable oxides of precisely

the specified thickness across each wafer from wafer-to-wafer and from run-to-run

7.9.1 Oxidation Furnaces

Gate oxide growth is still carried out in production as batch process The typical load

size is 150 wafers for 150 mm wafers and 100 wafers for 200 mm wafers at 0.125
wafer-to-wafer spacing Vertical furnaces are used almost exclusively for growing such

gate oxides on 150-200 mm wafers see Fig 7.55.62 In such furnaces neither the

wafers nor the wafer holders make contact with the tube during loading or during the

growth process Thus far fewer particles are generated than when loading was carried

out by sliding quartz boat into the horizontal furnace tube This approach was

improved by cantilevering the load during insertion into the tube then lowering the

boat onto the tube and withdrawing the cantilever see Vol chap However to

achieve this same level of particle reduction in horizontal furnace cantilever must be

used to suspend the wafer load during the growth process This necessitates use of

cantilever sufficiently rigid to hold the wafer load at high temperatures without sagging

As the wafers get larger the load becomes heavier making this approach too

cumbersome Variable deflections of the cantilever rod may also cause problems in

centering the load in the process tube and the massive construction of cantilevers

increases the amount of thermal energy transported from the wafers leading to

temperature nonuniformities in the wafers during oxide growth
In the vertical furnace lighter boat materials can be used permitting the return to

all-quartz boat construction The lighter more open boat design also enables virtually

360 degrees of line-of-sight radiant heat transfer between the wafers and furnace walls

thus improving the thermal uniformity characteristics Additionally gas-phase mass

transport of the process gases is distributed uniformly along virtually the entire wafer

circumference Other advantages are precise control of wafer-to-wafer spacing in

vertical furnace boats which promotes better thickness uniformity ease of

implementing automated wafer loading and unloading onto the boat as well as boat

loading into the furnace in fact loading wafers from plastic cassettes to the quartz boat

is performed by Class-i robots and contamination of the furnace by ambient

atmosphere during load cycles is reduced Thus vertical furnaces have virtually replaced

horizontal furnaces for 150 mm or larger wafers

7.9.2 Control of Gate Oxide Growth Rates

Relatively slow growth rates must be used to reproducibly grow thin oxide films of

precise thickness number of approaches to achieving such slower growth rates have

been reported including growth in dry 02 at atmospheric pressure at lower temper

atures 800-900C growth at reduced total pressures i.e lower than atmospheric

pressure growth reduced partial pressures of 02 i.e use of diluent inert gas
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such as N264 Ar65 or He66 together with the gas containing the oxidizing species

and use of composite oxide films i.e using gate-oxide films consisting of layer of

thermally grown SiO2 and an overlying layer of CVD Si02 By and large however the

mainstream approach for 10-15 nm thick gate oxides is apparently to grow the oxide

film at atmospheric pressure and lower temperatures 800-900C With this approach

processes using modern vertical oxide furnaces can grow 10 nm oxides to within 0.1

nm bOA 1-2A across the wafer from wafer-to-wafer and from run to run

Note that particle densities resulting from gate oxide growth processes are very low

in modern vertical furnaces for number of reasons Besides avoiding contact between

the boat and the furnace walls particle generation by vibration of wafers standing

vertically in the boat as can occur in horizontal furnaces is suppressed In addition

particles present in the vertical furnace are likely to fall in the annular space between the

wafers and furnace walls Each wafer is protected from these particles by the wafer just

above it Particle densities of less than 0.05/cm2 at sizes 0.2 /tm are now being

specified for oxide furnaces

The oxidation process is also inherently particle reducer as opposed to supplier

That is many particles are carbonaceous and are thus consumed by the oxidation

process itself being turned into gaseous CO2 or CO However other types of

particles such as silicon particles from scribe marks laser marking tools or

scratches or metallic precipitates etc are of course not removed and can represent

problems Particulates are more likely to be introduced from other fabrication processes

than from the oxide furnace In fact the cleanest wafers e.g 10 particles per 200

mm wafer and the most reproducible gate oxide films are routinely achieved on wafers

as received from the silicon wafer suppliers

7.9.3 Factors Impacting Gate-Oxide Thickness Uniformity

Some of the factors that can adversely impact the control of oxide thickness uniformity

include the presence of native oxide films on the Si surface prior to gate oxide

growth growth of the oxide during ramp up and ramp down pre-oxidation

cleaning effects and the residual water content of the 02 gas in dry-oxidation

processes Although the doping concentration in the Si substrate can also impact the

oxide growth rate this factor is not significant in gate oxidation processes since the

substrate doping is relatively light Let us discuss the important factors in more detail

thin native oxide grows on bare silicon at room temperature and usually

achieves maximum thickness of about nm bA.67 Although there is some

controversy concerning the exact nature of this oxide i.e organic contamination

adsorbed H20 or true oxide its presence undoubtedly affects subsequent oxidation

Nevertheless the native oxide growth is self-limiting and seems to attain most of its

final thickness bA within 24 hours after bare Si surface has exposed to atmosphere

Thus by either rigidly controlling the time between cleaning HF dip and oxide growth

to within an hour or by allowing at least 24 hours as the minimum time between

cleaning and oxide growth the native oxide layer thickness from run-to-mn can be kept

sufficiently constant so that the final oxide layer thickness will not be impacted by this
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Fig 7-55 Vertical furnace for growing thin gate oxides Furnace tube and boat

Courtesy of Semitherm
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factor The time wafers are permitted to remain in the DI rinse water after the HF dip
may also need to be specified and controlled

Ohthi has also reported that native oxide can be prevented from forming by storing
the wafers after cleaning in gas ambient containing very little residual oxygen and
moisture.68 He also reported that native oxide growth can occur as result of rinsing
wafers with exposed Si in DI water containing high concentrations of dissolved oxygen
600 ppm To suppress such growth he suggests rinsing such wafers in DI water

containing very little i.e 20 ppm dissolved oxygen and then drying the wafers by
blowing with N2 gas.69

The furnace temperature during insertion is typically 700C The temperature is then

ramped up to the growth temperature 15C/mm To prevent uncontrolled oxide

growth during the temperature ramp up and ramp down of the furnace the procedure is

normally carried out in an ambient of N2 and 2-4%02 i.e the oxygen is present to

prevent either nitridation or micropitting of the Si surface exposed to pure N2 at

elevated temperatures In another approach to control oxide growth and control surface

microroughness during ramp up Morita describes technique of growing pre-oxide
of 4A thickness in ultraclean 02 at 300C and then ramping the wafers up to

temperature in ultraclean Ar.70 Yet another technique was reported by Wu et al in

which wafers were loaded at lower temperature 600C into an N2 ambient to reduce

thermal stress and minimize native oxide growth This is followed by ramp-up to

900C The method includes 60 minute pre-annealing step at 900C prior to the
oxide growth process and 15 minute N2 anneal after the oxide is grown.114

Pre-oxidation cleaning procedures can have significant impact on the growth rate

With respect to cleaning common procedures involve the use of acidic or basic

hydrogen peroxide solution sputter cleaning in situ gas cleans using HC1 or flash

heating to high temperatures All of these cleans leave the surface in different states

with varying surface films For example cleans composed of as base-acid-HF sequence
produce silicon surface that can oxidize up to 20% faster than base-only clean

Apparently the different cleans on fundamentally different surface structures can

produce change in the interfacial reaction rate which affects the linear oxidation rate

constant.71

For dry 02 oxidations there is also the requirement that trace amounts of water be

controlled relatively small amount of water 125 ppm in 02 is sufficient to

increase the oxidation rate at 980C enough to throw the oxidation process out of spec
for sub-0.5 jim technology In situ gas analysis with an RGA can monitor trace

moisture in dry-oxidzing ambients to improve gate oxide thickness uniformity.33

7.9.4 Gate Oxide Growth Processes for 10-20 nm thick
Gate Oxides on 150-200 mm Wafers

Gate oxide processes for submicron MOSFETs down to 0.5 jim generally vary from

company-to-company and the exact details are usually proprietary Despite this fact

some general statements can be made about thin gate oxide growth in this regime As
noted earlier the processing is carried out in vertical furnaces with wafer loads of 100-
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150 wafers Dummy wafers e.g at the top and bottom of the wafer holder are used

to prevent thickness nonuniformity on wafers at the ends of the boat

Prior to the gate oxide growth step various procedures as described in section 7.5.2

are carried out to optimize the gate oxide breakdown characteristics after it is grown

These include the growth and stripping of sacrificial gate oxide to counteract the Kooi

effect and careful cleaning procedures see section 7.9.4 The wafers are then loaded

onto quartz carriers by robotic wafer handling and the carrier is moved into the hot zone

of the furnace at insertion rates of -15 cm/mm for 150 mm wafers and -.10 cmlmin for

200 mm wafers with the furnace temperature during such insertion at -.650-700C

After being loaded the furnace temperature is ramped to the oxide growth

temperature During this time the wafers are held in an N2 ambient or maybe an Ar

ambient to prevent uncontrolled oxide growth during ramp up As noted earlier small

percentage of 02 is also included in the inert ambient to slightly oxidize the wafer

This prevents thermal nitride from forming which could inhibit subsequent oxidation

In addition extended exposure of bare Si wafers to inert high temperature gases can

result in the formation of micropits.72 When the furnace reaches the growth temperature

short time for temperature stabilization of the wafers is allowed e.g mm before

the oxidizing gases are introduced In some furnaces the furnace is pumped out prior to

introducing pre-heated process gases
The growth process is usually carried out at atmospheric pressure either in dry 02 or

in some cases in 3-step process i.e the growth time is divided into parts 1/3 dry

02/1/3 wet 02/1/3 dry 02 Typical process temperatures range from 800-900C with

the total growth time in the range of 15-30 minutes Many processes use chlorine-

containing gas as well as 02 HC1 or trichloroethane TCA C2H2C13 have been

widely used for this purpose 2-4% concentration in the 02 is typical.73 Some of these

may also be 3-step processes e.g 1/3 dry 02/1/3 dry 02 TCA/ 1/3 dry 02.b09

The drawbacks of using HC1 stem from its highly corrosive nature That is small

leaks can cause damage to the gas cabinet electronic circuitry Also to prevent corrosion

of the gas lines careful measures must be employed to exclude any moisture TCA is

much less corrosive It is also the safest organic chloride available with relatively

high toxic limit value of 350 ppm and generally only catastrophic container

failure may result in harmful release However TCA has been identified as an ozone

depleter and thus its use is also being phased out New gases including 12-trans

dichloroethylene t-DCE have been introduced as substitutes for TCA and are

commercially available from Schumacher Olin Hunt and others

In few processes purely wet oxidation may be carried out usually where it is desired to

keep as low thermal budget as possible i.e where very shallow junctions are needed and

have been formed prior to the oxide growth step

Note that both the Montreal Protocol and the U.S Clean Air Act will not regulate TCA

that is used as feedstock material So TCA is not restricted for use in applications like

silicon oxidation where it is feedstock for chlorine atoms Despite this fact many U.S

semiconductor manufacturers are replacing TCA with t-DCE which has been dubbed the

more responsible ecological choice Its environmental half-life is four days compared to

six years for TCA.74

UMC 1229
UMC v. AICP



THIN GATE OXIDES GROWTH AND RELIABILITY 501

Average

27 Upper lirrilt

Lower limit

26-

Center Thickness 24.0 nm 25

nm Contours

o1 Thickness 258 nm

24

2040
Radial Position from Center mm

Fig 7-56 Radial oxide thickness variations in oxides grown in 02 HC1 thickness

contour map for single wafer oxide thickness as averages over an entire boat of wafers

as function of radial position These graphs illustrate the oxide thinning towards the center

of the wafer.73 Reprinted with the permission of the publisher the Electrochemical Society

However it has been reported that use of Cl-containing gases in th oxide growth

process can cause oxide thickness non-uniformity see Fig 7-56
Some gate oxide growth processes however reportedly do not use chlorine-

containing gases The philosophy behind such approaches is that the Cl is primarily

used to enhance local uniformity of the thin oxide film This same goal is believed to

be achievable by using meticulous and frequent cleaning of the furnace quartzware

which also prevents inadvertent Na contamination In such cases the use of chlorine

is considered to be unnecessary

Upon concluding the oxide growth process the wafers are usually subjected to

post-oxidation anneal POA most commonly in N2 at either the oxide growth

temperature or somewhat higher temperature 50-100C higher report comparing
900C/60 mm POA in N2 5%02 with 1000C/20 mm POA in N2 5%07 for 20

minutes claims that the higher temperature POA improves the oxide QBD and tBD

values.75 The small percentage of oxygen in the N2 annealing ambient is thought to

bridge non-bridging positively-charged oxygen atoms and to increase the probability of

oxidizing free Si trivalent atoms at the Si-Si02 interface Thus surface states and

fixed oxide charge are reduced Some reports also indicate that POA in Ar may result in

incrementally lower oxide defect densities and reduced electron traps Argon however is

to times as expensive as N2 so the increased performance may not justify the added

production cost.76 Note that another approach involving two-step oxidation has also
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been reported to improve the quality of the oxide Here an initial 30-40A oxide is

grown followed by an anneal at 1050C for 60 mm in Ar Then the second oxidation

step is performed to obtain the desired oxide thickness The anneal in argon is

postulated to cause viscous flow of the oxide allowing relaxation and release of built-up

strains.77

Following the POA the furnace temperature is ramped back down and the wafers are

unloaded The thickness of the grown oxide is measured with either reflection

spectrophotometer or an ellipsometer.78 UV-reflection spectrophotometers can

measure thinner films than visible-light spectrophotometers i.e repeatable to on

50A oxides

7.9.5 Alternative Gate Oxide Growth Processes

7.9.5.1 Stacked Gate Oxide Films Thermally Grown Si02 Layer

and CVD Si02 Layer An alternative technique for forming the gate dielectric

film by using stack of thermal and CVD oxide layers has been investigated This

approach attempts to decrease the density of low-voltage defects the A-mode defects

shown in Fig 7-14 in thin 15 nm gate oxide films In one report three-step

process sequence was used to fabricate gate oxide film that had low defect density and

interface state density.79 5-nm-thick thermal oxide was first grown at 850-900C in

mixture of 02TCA Next 5-nm-thick LPCVD 0.2-0.3 torr 5i02 layer was

deposited by TEOS pyrolysis at 625-650C Finally third layer of oxide was

thermally grown underneath the first grown layer by performing an oxidation during the

densifying anneal at 850-900C During this third step three events occur the CVD

oxide is densified the traps get annealed out and planar stress-free Si/Si02 interface is

formed by the newly grown Si02 layer The decrease in low-voltage defects is attributed

to mismatch of the micropores 10-25A in diameter thaL occur in both the thermal

oxide and CVD layer That is there is high probability that these weak spots will not

occur in both layers at the same location at the thermaIfLPCVD oxide interface Fig

7-57a In addition since less silicon is consumed than in conventional thermal oxide

fewer weak spots originating from substrate defects such as metal-contamination-related

defects in the bulk are incorporated into the bottom thermal oxide

In second report 11-nm-thick LPCVD TEOS layer was deposited at 650C on

4-nm-thick thermal oxide layer grown at 900C in 02 and HCI followed by

densification step to form 14-nm-thick gate oxide The densification was performed at

950C in 1% oxygen ambient diluted with argon so that the shrinkage of the CVD

layer during the anneal was offset by simultaneous thermal 5i02 growth resulting in

negligible effect on the final thickness of the stacked oxide The temperature of the

anneal is also important as lower one i.e 900C resulted in less densified CVD

layer which allowed enhanced diffusion of oxidizing species during the later poly reox

step resulting in larger gate birds beak see section 5.2.3.1 This can impact the

electrical channel length in small MOSFETs That is whereas the 950C anneal

produced devices with electrical channel lengths comparable to those with thermal gate

oxides those with 900C anneals had significantly longer electrical channel lengths
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Like the oxide in the report above significantly smaller number of low-voltage defects

are also observed.808 In later work the results of hot-carrier and Fowler-Nordheim

stressing on these films was reported That is the stacked films exhibited less

degradation due to such stressing i.e less VT-shift and degradation of the subthreshold

slope S1 were observed in MOSFETs with these stacked gate oxides than with those

made with thermal gate oxides.3
Moazzami and Hu investigated the impact of the dielectric deposition and growth

sequence and the ratio of thermal to LPCVD oxide thickness on gate dielectric

integrity.82 They suggest that the decrease in low-voltage defects in such stacked gate
dielectrics is not due to mismatch of the micropores but to the filling of the micropores

by the LPCVD oxide film see Fig 7-57b If this assertion is correct implying that

only very thin LPCVD oxide layer is necessary to fill micropores in the thermal oxide

layer it is projected that the stacked oxide technology can be scaled further by reducing

the thickness of the thermal oxide layer For example with 5-nm-thick thermal oxide

layer total stacked oxide thickness as thin as nm suitable for 0.25-pm CMOS
technology appears feasible They also note that for oxide technologies that are not

Pinhole Thermal Oxide
OXIDIZING SPECIES

MICROPORES Ox1f
ilT77J Silicon

THERMAL 5102

SlISIO2 LPCVD Oxide
Pore

iooi //
Thermal Oxide

OXIDIZING SPECIES

SION

ki Fj
Silicon

SlO2S102153114
EBD

OXIDIZING SPECIES 11

INTERFACE XII S102 MOVEMENT DURING
OXIDIZING DENSIFICATION ANNEAL xi

Fig 7-57 Effects of oxidizing densification anneal SiO2 films ii SiO2 -Si3N4 dual

dielectric iii Thermal Si02 -CVD Dep Si02 multilayered stacked film.79 IEEE 1988
Thermal reoxidation does not eliminate pinhole in the LPCVD oxide layer By
introducing thermal oxidation step prior to the LPCVD oxide deposition the defect density

is improved appreciably.82 IEEE 1993
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believed to contain micropores such as wet thermal oxide stacked oxide technology

may not lower A-mode defect density significantly In addition CVD 5i02 processes

are more subject to particulate fonnation than are thermal 5i02 processes Thus gate

oxide processes involving CVD step will need to demonstrate that this problem can be

overcome in order to be considered for mainstream production processes

In another recent report the advantages of the stacked gate dielectric was demonstrated

for overcoming the following problems gate thinning at the field edges decreased oxide

reliability following removal of the poly-buffer LOCOS nitride/poly mask by dry

etching and damage of the gate oxide by MERlE plasma etch processes The merits of

using an NO oxynitride layer together with CVD TEOS layer to form the stacked

gate dielectric were also
12

7.10 GATE OXIDE DAMAGE FROM PLASMA PROCESSING

Plasma processes use glow discharges to lower the process temperature and obtain

directional ion bombardment see vol chaps and 16 By their nature glow

discharges result in some wafer-surface charging which is normally not significant

However if this charging occurs on conductor films formed on the wafer surface under

some circumstances thin i.e gate oxide under these conductors can be severely

degraded by such charging That is the oxides can be either completely shorted or

weakened to the degree that they will fail early during normal device operation Since

such oxide damage may represent even further IC yield loss by enhancing the oxides

vulnerability to hot-carrier-induced degradation the issue of plasma-induced degradation

is critical one for VLSI processing

Evidence indicates that non-uniformities in the plasma across the wafer surface can

give rise to significant local charge build-up Here we describe models of how such

charge build-up occurs and how it may damage the gate oxide as well as suggested

methods to avoid or mitigate the problem second plasma damage mechanism

radiation induced damage is also briefly discussed at the conclusion of section 7.10

7.10.1 How Isolated Conductor Regions on Wafer
Surface Can be Charged Up by an RF Plasma

When plasma is generated with an rf power supply the reactor electrodes are subjected

to an alternating polarity voltage i.e at 13.56 MHz frequency in many RIE etchers

During the first half of the rf cycle i.e when positive bias is applied the electrode

surface attracts electrons from the plasma When the bias is negative in the second half

of the rf cycle of the voltage waveform the electrode surface attracts positive ions from

the plasma Thus the electrode is impinged upon by both positive and negative charges

These charged particles will therefore also bombard the surface of wafers mounted on

such electrodes see also Vol chap

In uniform plasma condition of balance is reached in which the flux of electrons

during the positive part of the rf signal is equal to the flux of ions during the negative

part of the signal Charging is not problem because precise recombination of

opposing charges occurs and the surface potential stays close to that of the substrate
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However if the plasma is non-uniform ion and electron currents do not have to balance

locally over the rf cycle although there must be net balance over the electrode as

whole
If the effective electrode surface is conductor surface currents flow to balance the

local nonuniformity in conduction currents from the plasma If the surface is an

insulator this imbalance can cause the surface to charge locally Specifically if an

island of conductor material is sitting on an oxide and this island is elsewhere not

connected to the substrate e.g poly line that serves as gate electrode the locally

unbalanced ion and electron currents can charge the conductor The surface area of such

conductor exposed to impingement by the charged plasma species is referred to as the

antenna surface see Fig 7-59 Since the antenna can sit on both thick oxide field

regions and thin oxide gate regions the antenna/thin oxide area-ratio can exceed unity

The charging will result in an increased voltage across the gate oxide and decreased

voltage across the plasma sheath This charge buildup will continue until the currents

balance or the oxide begins to conduct The positive feedback mechanism that drives the

charge buildup is caused by the exponential dependence of electron current on sheath

voltage If the oxide begins to conduct i.e by Fowler-Nordheim tunneling charge

passage through the oxide may cause damage that can eventually lead to oxide

breakdown In particular if the time integrated oxide current approaches QBD for the

oxide significant damage is incurred

Let us consider the degree of charging from quantitative perspective.83 If the

plasma is uniform and positive and negative charges balance over single rf cycle the

amount of charging of gate during the cycle is very small For instance if we have

gate oxide thickness tox of 10 nm an impinging ion current density J1 of 10 pA/um2

during the second half of the cycle 13.56 MHz excitation frequency and an

antenna/thin oxide area-ratio antenna ratio of 1000 the maximum gate voltage excur
sion in rf cycle AVg will be less than

J1x 1000 lOpA4tm2xl000
0.11V 7-52

fx C0 13.56 MHz 345 nF/cm2

where Cox is the oxide capacitance per unit area

However when the ion and electron currents are not in local balance net charging

over each rf cycle occurs It continues until steady-state oxide voltage is reached At

this point the Fowler-Nordheim tunneling current through the oxide balances the net

current collected by the antenna To get some idea of how long it takes for such

steady-condition is reached let us assume that the ion current density J1 is larger than

the electron current density Je e.g J1 10 pA/jim2 and the time-average electron

current density Je pA/jim2 the time needed to reach steady-state gate voltage

of iov tcharging is approximately

tcharging
Cox Vg 345 nF cm2 10

17.3 J.tsec 53Je 1000 pA ..im2 1000
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Thus after this short charging time steady-state bias of 1OV exists across the oxide in

this example At this steady-state condition the voltage on the gate remains nearly

constant with small-amplitude superimposed 13.56 MHz ripple similar to the effect

calculated in Eq 7-52 Plasma charging can therefore be approximated as dc stress to

the oxide Note that both positive and negative charging can occur with voltages over

50V possible for thick dielectrics in very nonuniform plasmas The actual voltage seen

by gate is reduced because the tunneling currents flowing the rough the gate oxide

limit the peak charging voltage

7.10.2 Causes of Non-Uniformities in Plasmas

The non-uniformities in plasma which can give rise to local imbalances in collected

charge can result from variety of factors including the following poor electrode

design non-uniform and/or time-varying magnetic fields gas composition

e.g use of highly electronegative gases such as SF6 and gas flow conditions

inside the plasma reactor that cause unstable plasmas Besides plasma nonuniformity

there is concern that the drive toward higher plasma densities will increase charge

damage since the charged particle currents are higher

An example of how non-uniform magnetic field causes plasma non-uniformities is

shown in Fig 7-58 Here magnetic field in MERlE magnetically enhanced RIE

trorig

plasma

Plasma

Plasma

e- Wafer

Fig 7-58 strong plasma is present in region during static MERlE etching

possible plasma-charging current path.83 Reprinted with permission of Solid State

Technology
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Plasma
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Fig 7-59 Device cross-section of antenna structure.83 Reprinted with permission of

Solid State Technology

reactor with static magnetic field is depicted Note that this is not necessarily the

exact magnetic-field configuration of any particular MERlE reactor The effect of this

magnetic field non-uniformity is to cause the electron flux to be larger than the ion flux

near the wafer periphery and the positively charged ion flux to be greater near the

wafer center Such magnetic field non-uniformities can also arise in ECR as well as

MERlE plasma etchers

7.10.3 Test Structures Used to Characterize Plasma
Induced Oxide Damage

Special test structures can be used to maximize the charging sensitivity of oxides to

plasma damage Measurements on these test structures can then be compared to results

on product wafers The two types of test structures most widely used to enhance the

effects of plasma damage on thin oxides are large area capacitors and so-called

antenna structures structures with large conductor area on thick oxide connected to

relatively small-area gate electrode on thin oxide see Fig 7-59 Note that both types of

test structures should also be layed out in area-intensive and edge-intensive

configurations Fig 7-60 This is because damage may be proportional to gate

periphery or area as will be discussed in section 7.10.5

Oxide degeneration tends to increase with capacitor size because defects in the grown
oxide tend to exhibit the same density distribution as particulates that cause chip defects

see section 7.5.4.3 That is there is greater likelihood of defect being present in

capacitor as its area is increased

Antenna structures increase the density of Fowler-Nordheim tunneling current in

thin oxides during plasma exposure by increasing the collected dc or rf currents which
drive the Fowler-Nordheim tunneling current That is collected charge is proportional to

the antenna electrode area or edge length depending on whether the entire surface or just
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oxide
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Fig 7-60 Top view comparison of large area capacitor and antenna damage test structures

with area-intensive and edge-intensive configurations Field oxide is grown wherever gate

oxide is not.86 Reprinted with permission of Solid State Technology

the edges are exposed to the plasma.86 After the small area of thin oxide of the antenna

structure is stressed by the collected charge it is subjected to one of the electrical tests

which measures oxide integrity e.g ramped-voltage VBD or charge-to-breakdown QBDI

testing Note that the antenna structure is less sensitive to damage but is probably

more representative of real device structures than the large area capacitor The

antennagate-area ratio is usually varied e.g from 161 to 10001 for gate oxide areas

of 20 im 20 /Lm 400 jtm2

Large capacitors with area- and edge-intensive configurations are recommended for

studying oxide damage during gate etching and ashing Such structures are useful as

monitors of both gate-oxide quality and overall damage because they are very sensitive

to oxide defects Antenna structures are effective for measuring damage from charge

buildup after gate formation i.e interconnect etching as well as damage that occurs

during gate formation and ashing

The threshold voltage of MOSFET structure subjected to charging current damage

will change due to the generation of interface states as described in the next section

Although the shift in VT may be small technique for monitoring such small VT shifts

has been suggested It involves the use of differential pair amplifier containing two

MOSFETs One MOSFET of the pair has gate connected to an antenna with small
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area and the other to an antenna of larger area The input offset voltage of the pair will

vary if change in the VT of the two MOSFETs is not equal The MOSFET whose

gate is Lonnected to the larger antenna will suffer more VT shift than the other in the

differential pair Thus the input-offset voltage of the circuit will increase proportionally

to the increase in antenna area after plasma processing step that causes oxide

damage.1

7.10.4 Electrical Tests for Measuring Oxide Damage

The damage to gate oxides by oxide charging during plasma etching is measured after

the oxide has been exposed to the plasma-etching process suspected of causing the

damage The same test techniques as those used to characterize the reliability of gate

oxides as described in section 7.5 can be used to monitor the damage from the plasma

charging That is the oxide can be tested for increased Fowler-Nordheim leakage

as described in section 7.5.4.1 the time-to-failure tBD or charge-to-breakdown

QBD using either constant-voltage or constant current oxide breakdown test as

described in section 7.4.2.2 VBD using slow-ramp voltage breakdown test as

described in section 7.5.4.5 degradation of the CV characteristics which is

correlated to the degree of interface state generation by the injected charge as described

in sect 7.5.4.7

From the latter test the stress charge that is passed through the oxide as result of

the plasma charge buildup can also be extracted from the CV measurements That is

group of MOS-Cs are fabricated with gates defined by wet etching i.e they are not

exposed to any plasma charging process These control samples are then subjected to

known values of injected charge using constant-current test setup The injected charge

causes these control MOS-Cs to exhibit degraded CV curves Such degraded CV curves

become the reference curves for extracting the charge injected during plasma etching As

an example the CV curve of plasma etched large-area MOS-C 16000 /.1m2 is

superimposed on set of CV reference curves of the same size control MOS-Cs that

were respectively subjected to various known values of injected stress charge as shown

in Fig 7-40 The plasma-etched CV curve matches the 10 nA reference curve quite

well indicating that the plasma-etched sample collected an average of 10 nA of charging

current during the time of etch

non-plasma bias-temperature stress has also been reported to be predictor of how

susceptible an oxide will be to plasma charging In the study 12 nm-thick oxides were

subjected to -7V stress at 200C for 15 mm The threshold-voltage shift after such

bias-temperature stressing was correlated to the percentage failure in slow-ramped

voltage breakdown test after plasma-charging stress Good correlation was found

suggesting that this bias-temperature stressing may be used to predict oxide

susceptibility to plasma charging.87

Annealing in forming gas e.g at 400C for 30 mm has been suggested as

technique to reverse plasma etch damage Such an anneal is effective in passivating the

interface traps caused by plasma etching i.e by the formation of Si-H bonds This is

evidenced by the disappearance after annealing of the CV shifts caused by the plasma

process Thus it may appear that the annealing step heals the plasma damage
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However the bonds formed between hydrogen and silicon during annealing are very

weak 0.3 eV and thus are more likely to be easily broken when the oxide is

electrically stressed This indeed occurs if the gate oxide is subjected to Fowler

Nordheim stressing after the annealing step i.e about 60% of the traps reappear

subsequent to such electrical stressing The oxides also continue to exhibit premature

failure in time-dependent breakdown tests The conclusion is that the damage caused by

oxide charging is latent and remains even after annealing

7.1O.4.1 Wafer Mapping to Determine Positional Dependence of

Damage on the Wafer Surface Wafer mapping is also commonly used to

locate the positions on the wafer where damage is most severe From this information

clues are obtained as to the possible cause of the damage Figure 7-61 shows wafer

map of failed test MOS-Cs after being exposed to an Ar magnetron plasma with

nonuniform magnetic field The position of the failures was correlated to this non

uniformity and the magnet was redesigned reducing the damage problem.88

As another example Fig 7-62 shows wafer map of the oxide-charging current

across wafer extracted from CV measurements as described in the previous section

This demonstrates the value of the CV measurement technique for monitoring plasma-

oxide damage That is such spatial patterns would be very difficult to extract from

oxide breakdown data because the latter become confounded with the random distribution

of oxide defects

Shorted capacitor

Fig 7-61 Gate oxide breakdown mapping in wafer exposed to an Ar magnetron plasma

with nonuniform magnetic field as shown in Magnetic field distributions as

function of distance from wafer center and magnet.88 This paper was originally presented at

the Spring 1992 Meeting of the Electrochemical Society Inc held in San Francisco CA
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5nA

Fig 7-62 Wafer map of the oxide-charging current across wafer in RIE etcher as

extracted from CV measurements.83 Reprinted with permission of Solid State Technology

7.10.5 Oxide Damage Models in Various Plasma
Etching Processes

7.10.5.1 Oxide Damage During Polysilicon or Metal Etch

Processes The first report of oxide damage during plasma etching was made by

Watanabe and Yoshida in 1984.89 They observed that the gate oxide could be destroyed

by dielectric breakdown during reactive ion etching RIE of the polysilicon gate layer

under some etching conditions The mechanism of breakdown is not obvious since the

conductor is protected by resist mask after the gates become isolated model has

been proposed by Fang and McVittie to explain the mechanism of this damage.9

That is as the doped polysilicon gate film is being plasma etched non-uniformities

in the plasma cause local unbalanced ion and electron currents During most of the

actual etching process the polysilicon film completely covers the wafer Thus the

exposed poly-Si provides low resistance path across the wafer so that surface currents

can flow and balance the local nonuniformity in conduction currents from the plasma

No charge builds up during this phase and no oxide damage occurs

As the etching of polysilicon film is nearly completed the long surface conduction

paths across the wafer become too resistive or eventually discontinuous and thus

surface current paths are broken Islands of gate electrode start to appear and local

charge buildup may begin This results in brief period estimated to be few seconds

during which the gate can be sufficiently charged to cause significant Fowler

Nordheim tunneling current
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As noted earlier the charging rate is determined by the net local current imbalance

and the amount of exposed gate area in the islands In the model by Fang and McVittie

the charge collector area during the transitory charging period is represented as halo of

residual poly film around the resist edge Fig 7-63 That is the charging current is

collected by such halo regions around the mask This model implies that the gate

periphery may be important in determining the charging current That is the stress-

producing current may depend on the perimeter of the polysilicon This hypothesis must

be tested for each plasma etch process using area-intensive and edge intensive test

structures.86

During the overetch period this halo eventually disappears and only the gate

electrode edges are exposed to the plasma Thus current collection decreases

significantly because it is limited by the small sidewall area Further damage to the gate

oxide from current tunneling is unlikely after the etch reaches endpoint This model is

supported by plasma measurements SPICE simulations and etching damage results

initial current imbalance source of nonuniformity

field lines

water r0
___

Early stage Near endpoint During overetch

___ ___
_itkist

SPICE trajectory

simulation FN simulation Fti

Fig 7-63 The sequence leading to charge damage during poly-Si etching Initially surface

currents prevent charging Near endpoint the long surface conduction paths across the wafer

become too resistive and excess current charges the gate and flows through the substrate

During overetch current collection is limited by the small sidewall area.86 IEEE 1992
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report from the Microelectronics Center of North Carolina MCNC in 1992
studied cumulative breakdown failure of 11 nm-thick gate oxides in MOS-C in which
the polysilicon gate was dry etched They found that oxide breakdown failures after

dryetch increase as the polysilicon gate perimeter-to-area ratio is made larger Since the

trend is to use ever larger polysilicon perimeter-to-area ratios there is concern that the

polysilicon gate etching process may become serious yield limiter in submicron

CMOS processes
The type of oxide damage that occurs during polysilicon etching described by the

above model is also likely to occur during the etching of other conductors including

aluminum thin films and during the oxide-spacer etch used to form the spacers in LDD
MOSFETs if the etching is continued past end point.110

7.10.5.2 Oxide Damage During Resist Stripping In contrast to

conductor pattern etching when plasma photoresist stripping process is carried out
the entire wafer surface is exposed to the reactive environment during the overetching

step In this case any charging current that is present is thus proportional to both the

pad area and the overetch time Consequently in-plasma ashing is potentially more

damaging process However since there is no need for resist stripping to be anisotropic

the process can be carried out in charge-free afterglow

Solvent and low molecular weight residues from the resist can also contribute to

plasma nonuniformity In high rate strippers the wafer is typically heated to 200C at

the start of the cycle At this temperature light materials volatilize rapidly and the

transient gas load can change the plasmas composition and electrical properties

Remote strippers generally avoid this difficulty because the flow and pressure of the feed

gas are usually enough to prevent downstream products from reaching the plasma
source

It should be noted that other process steps besides plasma etching may also cause

oxide damage by charging including ion implantation3 and pre-metal sputter-etch

cleaning.9 Generally speaking however charge build-up in these processes does not

seem to represent as severe problem as charging due to plasma etching

7.10.5.3 Radiation Induced Oxide Damage Another mechanism besides

that due to plasma non-uniformities has been identified as cause of gate oxide damage

by the plasma namely IJV induced generation of traps and trapped charge at the exposed

gate/thin oxide edge That is 02 plasmas are known to emit light from the visible

range down to 130 nm i.e down to the UV range Although such UV radiation is

unable to penetrate through the poly-Si gate layer to damage the oxide below it can

strike the exposed edge of the oxide If the oxide is charged so that the field in the oxide

is not sufficient to cause damage on its own e.g MV/cm the presence of this field

may enhance UV degradation Thus edge-intensive structures can suffer this type of

damage during the overetch of the poly-Si gate
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7.10.6 Procedures for Reducing Plasma-Induced
Oxide Damage

Various measures can be taken to reduce oxide damage during plasma processing These

include reducing the excitation frequency modifying the electrode design of the

plasma etcher e.g by altering the magnet design in MERlE etcher
eliminating highly electronegative gases such as SF6 from the etch process or as

another example add 02 to HBr during the polysilicon etch modifying the pre

--oxide cleaning process selecting an oxide growth process that yields an oxide less

susceptible to charging damage and utilizing device design techniques such

as limiting conductor area or edge length on field oxide attached to gate electrode to

reduce charge collection

Since it seems that resist ashing in any process that subjects the wafer to charged

particle bombardment can potentially become source of oxide charge damage resist

should be stripped with processes that do not cause such damage such as wet stripping

ozone ashing or ashing in the charge-free afterglow of plasma etchingi

It has also been reported that it may be possible to anneal out oxide damage incurred

during plasma etching with an anneal at 650C prior to metallization This step is

believed to detrap the holes thought to be responsible for the oxide damage.96

However another report indicates that while it appears that post-plasma-etch heat

treatment does seem to completely passivate the interface traps formed by plasma

charging these traps reappear after subsequent stressing The anneal is thought to form

Si-H bonds that tie up the traps but such bonds are weak and can be easily broken when

electrically stressed Thus this report concludes that the damage caused by oxide

charging is latent and remains even after annealing

Another approach minimizing damage gate oxide during the LDD spacer etch involves

depositing protective dielectric layer over the gate electrode e.g 500A of thermal

TEOS deposited prior to gate electrode etching After the gate is patterned the spacer

oxide layer is deposited by CVD and then the spacers are created with an anisotropic dry

etch step The thicker oxide atop the gate remains intact during spacer oxide

overetching This prevents charge buildup across the gate oxide because the conductive

surface of the gate is not exposed to charging currents even during overetch time.110

As final comment it has been observed that those oxides which survive plasma

processes that cause charge-up damage show longer lifetimes than those oxides not

subjected to such processes This is not surprising since the effect of plasma stressing

is in sense similar to oxide burn-in However the yield from such quasi-burn-in

stressing may be intolerably low since the conditions of stress are inadvertent and

certainly not optimized as is possible in genuine burn-in test Hence plasma oxide

charge-up is still considered to be detrimental and is not substitute for burn-in

Interestingly some evidence indicates that use of TCA during the dry-oxide growth process

makes the oxide more susceptible to plasma charging damage than an oxide grown in dry-O2

without chlorine-containing gas.94
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PROBLEMS

Describe the difference between hot and cold carrier injection in MOSFETs

Explain why the peak value of substrate current sub and gate current occur at different

values of GS for fixed value of VDS

Explain why it appears that the minimum gate oxide thickness in MOSFETs may be 30A

Using the data plotted in Fig 7-18 determine the value of the dispersion of the log-

normal cumulative distribution function plotted therein as well as the mean time to failure at

200C and 250C

Calculate the value of Dtox if t0 40A and Ato iSA for the oxide

technology that yields the TDDB data of Fig 7-34 assuming the defects are nonuniformly

distributed and 0.8 The area of the oxide samples is 75 mm2

Assume that chip having total gate oxide area per chip of 75 mm2 is to be

manufactured and the defect density due to weaknesses in the gate oxide of the specific chosen
thickness is found to be Dtox 40/cm2 Calculate the manufacturing yield of this chip if

the defects are assumed to be uniformly distributed and the defects are assumed to be

nonuniformly distributed and 0.5

Use Eq 7-29 to calculate the time to breakdown of 10 nm thick defect-free oxide film if

Vox is 5V at 300K If defect in the film reduces the thickness to nni calculate the new
time to breakdown at the same gate voltage and operating temperature

Calculate the minimum thickness of defect-free oxide that could be used in MOSFET
that is to operate at 3.5 for 10 years at 150C 425K without suffering oxide breakdown

What is the maximum electric field that can be applied across gate oxide so that is will

operate for years without suffering breakdown at 125C
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Using Eq 7-51 calculate the time to grow 10 nm oxide film at 700C on bare 111

silicon assuming that the constants and at 700C equal 3.35 and 0.57

10 List some of the advantages of vertical furnaces that have caused them to replace

horizontal furnaces fro the growth of thermal oxides in submicron technologies
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CHAPTER

WELL FORMATION IN CMOS
Both n- and p-channel transistors must be fabricated on the same wafer in CMOS
technologies Obviously only one type of device can be fabricated on given starting

substrate To accommodate the device type that cannot be built on this substrate

regions of doping type opposite to that present in the starting material must be

formed These regions are called wells or sometimes tubs and are usually but not

always the first features to be defined on starting wafer The well-formation process

starts with uniform lightly doped p- or n-type substrate Excess dopants of the

opposite type are then selectively implanted or diffused to attain the proper well depth

and doping profile in the well regions The doping type in the wells becomes the

identifying characteristic of the CMOS technology e.g p-well or n-well CMOS
Conventional well-implant doses range from 2x102-8x102/cm2 at energies from
100-200 keY The term conventional in this sense refers to wells formed by low-

energy 200 keV ion implantation and thermal drive-in Alternative well-formation

techniques that do not require drive-in will also be discussed separately Epitaxial

nonn or ponp starting substrates have also come into widespread use since they

help reduce the susceptibility of CMOS circuits to latchup

As well as being of the correct doping type the well and substrate must be

electrically isolated from each other under every operating condition As noted in chap
to ensure that pn junctions are not forward-biased during circuit operation if p-type

substrate is used as the starting material of an IC the substrate must be connected to the

most negative circuit voltage If an n-type substrate is used it must be connected to the

most positive circuit voltage When wells are present however the well regions must
also be connected to the appropriate circuit voltages to prevent forward-biasing of the

junctions within the well and between the well and substrate Because the wells are

totally junction-isolated from the rest of the wafer it is especially important that

provisions for well connections be made at the top surface of the wafer That is in non-

well technologies it may still be possible to contact the substrate from the backside of

the wafer even if no provision is made for substrate contact from the top surface

Obviously such backside connections cannot be established to the well regions

The dopant concentration near the surface of the well is one of the factors that impact

VT carrier mobility source/drain capacitance and field isolation The well concentration

deeper beneath the surface affects other characteristics of MOSFET behavior such as

latch-up and vertical punchthrough i.e between drain and wellsubstratejunctions

To ensure that vertical punchthrough will not occur the depletion regions of the drain/well

and well/substrate junctions must be prevented from merging That is the depth of the

well/substrate junction must be deep enough typically 1.5 so that it is greater than the

sum of the widths of the two depletion regions in the well even when reverse bias of VDD is

523
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8.1 p-WELL n-WELL and TWIN-WELL TECHNOLOGIES

There are many trade-offs involved in the optimization of CMOS process The

choices revolve around the highly interrelated parameters of circuit performance layout

density fabrication cost and susceptibility to latchup As described in previous

chapters obtaining the best circuit performance from an MOS device involves

maximizing the drive current and minimizing junction capacitances and body effect all

characteristics which favor lower doping concentrations in the device body Optimizing

--

density however requires raising these same doping concentrations to avoid

punchthrough and to achieve high values of threshold voltage in the parasitic field-

transistors Higher density is thus achieved by allowing closer packing of adjacent

and p-channel transistors Conversely latchup tolerance can also be improved by

keeping n- and p-channel transistors farther apart see chap Vol but this in turn

lowers circuit density

These complex interacting tradeoffs converge on several processing configurations

that are determined at the outset of the processing sequence through the selection of the

type of well doping.2 It is therefore useful to consider the ramifications of the well-

type choice with respect to its impact on circuit applications Because at least one of the

device types must be located in the well the selection of well architecture influences

device and circuit behavior In particular the performance of devices in the well for the

most part suffer as consequence of the higher well doping That is they exhibit higher

junction capacitance increased sensitivity to body effect and decreased transconductance

due to reduced carrier mobility Furthermore substrate current e.g due to hot-carrier

effects is harder to collect from the well regions The issue thus becomes one of

deciding which device type if any should be subjected to such performance degradation

Figure 8-1 shows the five basic well structures employed in CMOS technologies

Figure 8-la illustrates the single p-well structure in which p-wells are fabricated in an

n-type starting substrate NMOS devices are made in the well and PMOS transistors

in the substrate If the dopant types of the p-well technology are reversed single

n-well structure is obtained Fig 8-lb The structures in Figs 8-ic to 8-le involve

approaches in which both p- and n-wells are formed CMOS technologies employing

such structures are called twin-well dual-well or twin-tub CMOS The first two of

these Figs 8-ic and 8-id are designed to be fabricated on particular substrate type

like the single p- and n-well structures The third of these twin-well technologies Fig

8-le however is independent of starting material type

In the next sections we will outline the pros and cons of both the single p-well and

n-well configurations as well as those of the more complex well configurations that

have been developed e.g twin-well and retrograde-well CMOS

cont applied to the drain see example 8-1 in this chapter. In conventional-well CMOS
structures this depth is achieved by long high-temperature drive-in up to 1200C
following the well implants For example in one twin-well process the well-implants are

followed by drive-in at 1100C for 500 minutes 1/3 hours.3
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n-or p-substrate

Fig 8-1 Well structures available for CMOS circuit fabrication p-well CMOS
n-well CMOS p-well with secondary n-well twin-well constrained to n-substrate
n-well with secondary p-well twin-well constrained to p-substrate twin-well CMOS on
or p-substrate AG Lewis and J.Y Chen Current Trends in MOS Process Integration in

N.G Einspruch and Gildenblatt Eds Advanced MOS Device Physics Academic Press San
Diego CA 1989 Reprinted with Permission

8.1.1 p-Well CMOS

The p-well process illustrated in Fig 8-la involves the creation of p-regions in an
n-type substrate to permit the fabrication of NMOS devices The p-wells are formed by
implanting p-type dopant into an n-substrate at high enough concentration to

overcompensate for the substrate doping and to give adequate control over the p-type
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doping in the well The starting n-type substrate however must also have sufficient

doping to ensure that the characteristics of devices fabricated in the substrate regions are

adequate minimum doping concentration of 3x1014-lxlO5/cm3 is required If the

well is doped too highly however the performance of the n-channel devices will be

degraded through lower carrier mobility increased source/drain to p-well capacitance and

increased sensitivity to body-biasing effects The p-well doping is therefore usually

selected to be about five to ten times higher than the doping in the n-substrate

p-well CMOS was the first type of CMOS that could be practically manufactured
--

and such circuits were introduced in the late 1960s The first companies to commercially

offer CMOS components produced many designs in p-well technology As this exper
ience was spread throughout the industry p-well CMOS became widely established

There were several reasons for choosing p-well CMOS at that time First the

earliest MOS ICs were based on metal-gate PMOS process which utilizes an

n-substrate The work-function of aluminum is such that enhancement-mode PMOS
devices can be made in lightly doped n-type substrate without the need for additional

channel doping Thus when CMOS circuits were invented to take advantage of the

reduced power consumption possible with CMOS it was simplest to manufacture

them merely by adding p-well to the basic PMOS process Second higher channel

doping levels were needed to permit sufficiently large VT values to be established in the

enhancement-mode NMOS transistors Such higher doping was also needed in the field

regions of the NMOS sections of the circuit to ensure adequate isolation see chap

These requirements are compatible with the need to have well surface concentrations five

to ten times larger than the substrate doping level Finally it was relatively simple to

manufacture p-wells with the existing process fabrication technology That is in the

late 1960s ion implantation was not yet available and it was necessary to introduce the

well dopants by chemical diffusion At the doping levels required in the wells it was

much easier to achieve adequate doping profile control using boron rather than

phosphorus diffusion processes

There are also several circuit and system advantages of p-well over n-well CMOS
First p-well technology may be the better choice for pure-static logic in which good

balance between the performance of both MOS device types is beneficial The
performance of the PMOS and NMOS devices are more balanced because the carrier

mobility reduction associated with higher well doping is compensated by forming the

NMOS devices in the p-well i.e the electrons have higher mobility Second it is

attractive for applications that require an isolated p-region such as those using an npn

bipolar transistor as an on-chip driver or an n-channel PETs for an analog input Third

p-well CMOS is less susceptible to field-inversion problems than n-well CMOS which

uses lightly doped p-substrate and can thus be slightly easier to fabricate We will

describe later how p-well CMOS can use the inherent substrate and well doping as the

channel stops whereas n-well CMOS must use separate substrate channel-stop

process Fourth if the so-called retrograde-well process rather than diffusion of

shallow implant is used to form the wells p-well technology is more feasible It is

easier to form p-retrograde well than an n-retrograde well since boron ions penetrate

deeper than arsenic or phosphorus ions at the same implant energy Finally p-well
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CMOS may be better for fabricating SRAMs Since the alpha-particle-induced soft-error

rate SER becomes significant even in SRAMs if feature sizes are scaled to submicron

dimensions the cells should be made inside well The sensing of the state of an
SRAM cell depends on the current provided by the cell As result high-gain NMOS
devices are more desirable for the pass gates and drivers in the cell and must be built in

p-well Furthermore it facilitates the use of polysilicon load resistors in 4-transistor

memory cells and buried contacts

Some of the disadvantages of p-well CMOS are the following Since NMOS
transistors are fabricated in the p-well their characteristics will be degraded compared to

those made in lightly doped substrate In CMOS circuits that rely heavily on
optimum NMOSFET behavior this can lead to reduced circuit performance
Substrate currents the result of impact-ionization generated carriers in short-channel

devices see chaps and are much larger in NMOS than PMOS devices It is more
difficult to collect these carriers from well than from the substrate Since the

NMOSFETs in p-well CMOS are in the well this represents disadvantage of

submicron CMOS p-well technology

8.1.2 n-Well CMOS

By the late 1970s the technological barriers that prevented enhancement-mode NMOS
transistors from being manufactured were overcome Primarily the introduction of ion

implantation made VT control in NMOSFETs simple straightforward procedure As

result NMOS technologies ousted PMOS in high-speed high-packing-density ICs By
the mid-1980s however the power dissipation in VLSI NMOS ICs became intolerably

high see chap Vol and CMOS development was pursued as mainstream

replacement technology for NMOS For those companies that had been producing

NMOS as their main IC product n-well CMOS appeared to be an attractive approach
for making the switch to CMOS

In the n-well process shown in Fig 8-ib the p-channel devices are formed in the

more heavily doped n-well while the NMOS devices are made in the substrate Since it

was now feasible to build NMOS devices in lightly doped substrates this made it

possible to make n-channel devices in an n-well CMOS process that were identical to

those made by NMOS technology Thus virtually all of the experience that had been

amassed in fabricating high-performance NMOS could be transferred to an n-well

CMOS process Furthermore CMOS circuits could be made that exploited existing
NMOS device design The availability of ion implantation for introducing well dopants
into the substrate instead of having to rely on diffusion now made dopant control of

n-wells much more feasible This lead to the successful development of n-well CMOS
technology

As result virtually all EPROMs microprocessors and dynamic RAM designs in

the generations of technology built with 1.25-2.0 jim dimensions were implemented
with n-well CMOS Mixed CMOS-NMOS designs were also made in which the high

noise immunity and negligible stand-by-power dissipation of CMOS was exploited in

the input/output sections and faster NMOS devices were used internally
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However it should be noted that n-well technology also has some disadvantages

First as mentioned earlier it is more sensitive to field-inversion problems than p-well

CMOS Second it may be more difficult to build pure-static high-performance logic

circuits with n-well CMOS

8.1.3 CMOS on Epitaxial Substrates

As described in vol chap heavily doped substrates with more lightly doped

-- surface epitaxial layer have been utilized to suppress latchup in CMOS.4 When such

starting material is used with single-well CMOS the epitaxial layer is doped to

concentration equal to that of the substrate in nonepitaxial wafer used for that process

If twin-well CMOS process is used the epitaxial layer is doped to level significantly

lower than that required for building either the p- or n-channel MOSFETs see section

8.1.4
The epitaxial layer is made thicker than the well depth since the dopants in the

heavily doped substrate under the epi layer diffuse toward the surface as the well dopants

are diffused toward the bulk Fig 8-2 Thus some of the epitaxial layer becomes more

heavily doped during the CMOS process flow The process is designed so that the

bottom of the well is eventually adjacent to the heavily doped substrate region

Either n-epi on substrates or p-epi on substrates can be used with each

method having advantages and drawbacks Because the problems with n-epi on are

more serious p-epi on is more widely used The major limitation of the latter

blrate

1x1o

region

1x1o5
n-we4

1x105

p-epaaI
ye

Xl
11111 II ii ________

15 25 35 45

death Cr

Fig 8-2 p-on-p-epi doping profile and diffused n-well profile measured after the entire

CMOS process has been completed The as grown epi thickness is /im and the final lightly

doped epi thickness is about urn.3 1987 IEEE

UMC 1229
UMC v. AICP



WELL FORMATION IN CMOS 529

approach is that the outdiffusion of boron from the is much more severe than is the

outdiffusion of As or Sb in n-epi on The reason for this is that boron diffuses

much more rapidly than antimony which is the most widely-used dopant material
Thus thicker p- epitaxial layer must be used

In addition the transition region between the substrate and the p-epi layer is

thicker producing larger series resistance Rsub which in turn reduces latchup

immunity On the other hand the ponp material is less sensitive to process-induced

defects and the p-type substrate provides higher conductivity under NMOS devices

Such additional conductivity is desirable since it reduces the voltage drops caused by the

substrate currents generated as result of the hot-carrier effects in short-channel

devices It is especially important in the regions containing NMOS devices since the

hot-electron substrate current is much higher in such devices than in PMOS devices

The nonn epitaxial substrates also offer some advantages First SRAMs are

often built on n-type substrates because the p-well-to-n-substrate junction provides

protection from radiation-induced discharging of the memorys n-type storage nodes in

the p-well.5 Second retrograde p-wells are easier to implement because their

implantation energy requirements are much lower Third the nton transition region

is smaller than that in pon.p substrates and the smaller value of Rsub provides

improved latchup protection

The limitations of n-epi on involve the process by which the heavily doped
substrate is grown Antimony Sb is the n-type dopant used both because its diffusion

coefficient is so low and because it exhibits much less lateral autodoping than arsenic

the other slow-diffusing n-type dopant The problem with Sb is that its segregation

coefficient k0 is very small i.e kosb 0.023 see Vol chap and large

quantity of Sb must therefore be put into the Si melt to ensure that sufficiently

heavily doped ingot will be produced Furthermore in even the most highly refined Sb

there are high concentrations of unwanted heavy metals which become incorporated into

the growing silicon crystal Finally the oxygen content of the Sb-doped crystal is

relatively small due in part to the special growing conditions used when the Sb-doped

ingot is pulled.67 As result intrinsic gettering techniques that would immobilize the

metals in the substrate are not as effective as they are in ponp epi For these reasons

nonn substrates are less frequently chosen when epi-CMOS is implemented.4

problem that exists with both types of epitaxial substrates for CMOS is that the

wells cannot be made too deep since the lateral diffusion would then take up too much

area On the other hand if the wells are too shallow vertical punchthrough between
the substrate and the source/drain regions of devices in the well will ensue.8 In this

case appreciable leakage current can flow along this vertical path As noted

punchthrough can occur if the depletion regions of the p/n-well junction and the

nwell/psubstrate junction merge The problem is even more severe in the case of the

heavily doped substrate due to the high degree of boron outdiffusion major
limitation is thus imposed on the minimum epitaxial-layer thickness

Another problem of epi-CMOS is back-surface autodoping For example p-type 20

L2-cm 7x1014 boron/cm3 epi on 0.005 a-cm 2x109 boron/cm3 substrate is

representative of epi for CMOS devices If the back surface of the substrate is not
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Fig 8-3 Cross section of twin-well 1.2-jim CMOS structure.5 Reprinted with

permission of Semiconductor International

sealed e.g by using sealing layer such as undoped silicon dioxide or silicon nitride

boron evaporation from the substrate can contribute to autodoping on the front surface

during the entire epi deposition cycle This widens the epi/substrate interface and may

even prevent the epi from reaching the 20 Q-cm specified resistivity Note that if

silicon nitride is used as sealing layer it should only be used in thin layers e.g less

than 100 nm thick since its high intrinsic stress causes it to bow the silicon.9

8.1.4 Twin-Well CMOS

With the twin-tub approach two separate wells are formed for n- and p-channel

transistors on lightly doped substrate Figs 8-ic and 8-3 The substrate may be

either lightly doped wafer of or material or thin lightly doped epitaxial layer on

heavily doped substrate In either case the level of the well surface doping is

significantly lower than that required for building either the p- or n-channel MOSFETs
Each of the well dopants is implanted separately into the lightly doped surface region

and is then driven in to the desired depth

In twin-well CMOS the doping profiles of each of the device types can be set

independently since the constraint of single-well CMOS does not exist i.e that the

well doping must always be higher than the doping of the substrate in which one type

of device is made This was originally cited as an advantage of twin-well CMOS over

single-well CMOS with the argument made that both device types could thus be

optimized.2 This benefit for 1-2 jim CMOS has been questioned by Chen2 who points

out that in modern single-well CMOS processes an additional implant is used to

prevent punchthrough without the need to raise the entire substrate-doping

concentration By incorporating this additional implant it is possible to build higher

performance devices than can be achieved with the twin-well approach in terms of

junction capacitance and sensitivity to body effect

Twin-well CMOS does offer some significant benefits for devices with submicron

channel lengths although these advantages are gained at the cost of greater process
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complexity The first and most important advantage arises when devices with
submicron channel lengths are fabricated Since it is recognized that the two device

types perform similarly as channel lengths approach 0.5 pm it is useful to provide
symmetrical n- and p-channel devices Furthermore at submicron dimensions the body
doping of both transistor types must be raised significantly to prevent punchthrough and
to maintain adequate threshold-voltage levels Thus the advantage of having one type
of MOS transistor in lightly doped region to optimize its performance at the expense
of the other disappears It is instead more beneficial to produce two types of active
device wells each with its own optimized doping profile i.e formed by separate
implants into lightly doped substrate

The second advantage of the twin-well process is that it is compatible with the

technologies of either isolation by selective epitaxial growth SEG or trench isolation
Both approaches restrict the lateral diffusion of the dopants in each of the wells In

addition sidewall inversion along the trench is less likely when both device sidewalls
are butted against trench that has been formed in more highly doped well0 Finally
when deep trenches are used with thin epitaxial layer on heavily doped substrate
latchup can be eliminated The combined use of the twin-well process and advanced
isolation techniques allows to spacing to be dramatically reduced in comparison
to single-well technologies

third benefit is that the combination of epitaxial substrates and the twin-well

process allows either substrate type to be chosen with no effects on transistor

performance and essentially no change in process flow Such flexibility is useful since
some applications are best met with substrates and others with substrates This

advantage may be important if single process is needed for implementing designs with
different applications

Finally self-aligned channel stops can be easily implemented in the twin-well

approach allowing the spacing between n- and p-channel devices to be reduced
Although this spacing reduction is not as great as it would be if trenches or SEG were
used the process is much less complex with the twin-well method

twin-retrograde-well 0.7-pm-CMOS process for fabricating 1-Mbit SRAMs has

been reported.11 The high energy implants also allow restricted thermal budget to be

used thus reducing the up-diffusion from the substrate This permits the use of

thinner epi layer which also helps prevent latch-up and allows implantation of the

channel-stop dopants after the field oxide has been grown and planarized consequently
minimizing lateral diffusion of the boron channel-stop dopants We discuss retrograde-
well CMOS in more detail in section 8.3

It is not useful to start with substrate doped to the optimum level needed for just one of
the submicron devices If this were done single well of much higher doping would have to
be established for the other type of submicron device which would unnecessarily degrade the

device performance It is possible with the twin-well approach to have both types placed in
well of optimum doping profile
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8.1.5 Summary of CMOS Well-Technology Issues

The selection of particular CMOS process depends largely upon circuit applications

and to lesser degree on technology evolution For VLSI circuits with 1-2 jLm design

rules n-well CMOS has been the more widely used single-well technology both

because n-channel devices can be optimized in the p-substrate and because most circuits

use more NMOS than PMOS devices In circuits that use transistor channel lengths

smaller than jim twin-well and retrograde-well technology are more attractive As

-- noted the price paid for their benefits is increased process complexity

The optimum process-integration design strategy is to first select the well

technology and to decide whether or not to use epitaxial substrates and then to select

the isolation method Once these decisions have been made the well depth and doping

profile can be determined The well depth impacts the lateral-diffusion distance of the

well and the vertical-punchthrough voltage The doping profile affects transconductance

threshold voltage source/drain punchthrough junction capacitance carrier mobility

source/drain-to-substrate breakdown sensitivity to body effect and hot-electron effects

As previously discussed early CMOS used lightly doped n-type wafers and diffused

p-wells in which the NMOSFETs were fabricated The p-well approach was initially

adopted because NMOSFETs could only be reliably produced in more heavily doped

regions until ion implantation was developed in the mid 1970s see chaps and Vol

Eventually however n-well as well as p-well single-well CMOS processes were

implemented Later twin-well processes were introduced and these now dominate the

newest CMOS fabrication lines although older n- and p-well single-well technologies

are still used to fabricate variety of CMOS products

The well-formation process was also one that quickly exploited the technology of

ion implantation The doping precision required in the well gave implantation

significant edge over diffusion as method for introducing the dopants into the substrate

Advances in implantation technology are allowing development of processes involving

multiple implants and higher energies to avoid the long high-temperature drive-in and to

form retrograde well profiles as will be discussed in sections 8.3 and 8.4

8.2 CONVENTIONAL FORMATION OF WELLS AND
CHANNEL STOPS

There are several issues associated with conventional-well and channel-stop formation

that are covered in this section including alignment of subsequent patterns to the

well locations process sequences for forming twin-well and channel-stop regions

and novel well-formation schemes that reduce mask count and process complexity

8.2.1 Aligning Subsequent Patterns to the Wells

The wells are often the first features to be formed in the CMOS process flow However

the implant process that introduces the well dopants does not produce visible features on

the wafer surface Thus it is necessary to provide some indirect indication of the well

locations so that subsequent layers can be aligned to them Here we illustrate some
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p.5ubte

Boron mplant

_______
Si3N Si02

Fig 8-4 Conventional n-well architecture with n-well as first mask Pad oxide/nitride
well mask and well implant Well oxidation and drive-in Nitride/oxide strip
LOCOS pad oxide/nitride mask and active area definition NMOS field implant LOCOS
field oxidation A.G Lewis and J.Y Chen Current Trends in MOS Process Integration in
N.G Einspruch and Gildenblatt Eds Advanced MOS Device Physics Academic Press San
Diego CA 1989 Reprinted with Permission

methods that have been developed to provide such alignment marks For simplicity we
utilize an n-well CMOS structure in depicting the process flows but later we show how
these methods can be incorporated into twin-well CMOS processes
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In the first approach the wells are the initial features created on the wafer Here

nitride mask is employed to both define the well locations and to serve as an oxidation

mask see Fig 8-4a and 8-4b That is the patterned nitride/resist layer blocks the

phosphorus n-well-implant from penetrating to the p-substrate or p-well regions Part

of the drive-in step after the implant is carried out in an oxidizing ambient with the

nitride mask layer left in place This causes thermal oxide layer to be grown

selectively over the n-well regions At the conclusion of the drive-in process this oxide

--

is stripped Since the oxide growth consumes some silicon in the n-regions and since

no such silicon loss occurs in the regions covered by the nitride mask step is produced

on wafer surface when the oxide is stripped Fig 8-4c This step is also is self-aligned

to the well edge therefore providing visible indication of the well boundaries that

allows the active area features to be aligned to them Subsequent layers however are

usually aligned to the active area The disadvantage of this approach is the step that is

created on the wafer surface In submicron processing such nonplanar topography is

undesirable

The second approach is simpler process and it also avoids the creation of the step

produced in the previous method see Fig 8-5 Here however the first features to be

defined are the active areas Mask That is nitride mask stack layer is patterned

first and all subsequent layers are aligned to the active area pattern Then the well mask

Mask is aligned to the active area pattern and the well implant is performed Note

that the implanted dopants must penetrate the nitride mask stack This does not present

serious difficulty but it does mean that the n-well tends to be shallower and slightly

less-heavily doped beneath active regions than under the field areas Both the first and

second approaches require three masking steps including the boron channel-stop implant

that is performed after the well implant but prior to the LOCOS field oxidation

process However the second approach offers the benefit of needing fewer oxidations

and depositions

The first method can be applied to twin-well process by growing an oxide after the

n-well implant Mask but not doing much of the drive-in step during this

oxidation Then the nitride mask is stripped and second p-well mask is aligned to the

n-well oxide Mask After doing the p-well implant the well drive-in process is

performed An even easier i.e one mask procedure would be to use the n-well oxide

to mask the p-well implant instead of using the second mask The second method can

also be applied to twin-well process but two masks must be used to create the twin

wells However if shallow p-well is acceptable the same resist mask that is used to

form the channel-stop region in Fig 8-4e Mask can be used to form the shallow

p-well In this case the p-well implant must be performed at higher energy than the

field implant in order to penetrate the thin nitride mask layer

The third method utilizes an initial alignment mark etched into the silicon surface

prior to forming any device features This mark is also used as an automatic alignment

target by the wafer stepper Figure 8-6 shows an example of such an alignment

pattern.6 The use of such initial alignment marks is likely to increase with the

proliferation of automatic stepper alignment
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Fig 8-5 Conventional n-well architecture with active area as first mask Active area

definition using LOCOS nitride mask n-well mask and implant n-well drive-in

boron field implant and LOCOS field oxidation AG Lewis and J.Y Chen Current

Trends in MOS Process Integration in N.G Einspruch and Gildenblatt Eds Advanced
MOS Device Physics Academic Press San Diego CA 1989 Reprinted with Permission

8.2.2 Twin-Well and Channel-Stop Formation

The most obvious method of forming twin wells is to use two masking steps each of

which blocks one of the well implants procedure for forming twin-wells with

single masking step however has also been suggested see Fig 87.I2 In this method
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single mask is used to pattern nitride/oxide film formed on the bare silicon surface

Mask The openings in the film become the n-well regions and phosphorus is

implanted into them e.g at 80 keV Next thermal oxide is selectively grown on the

n-well regions to thickness that is sufficient to block the boron implant used to form

the p-wells The nitride mask layer is used to prevent the oxide from growing in the

well regions The pad-oxide/nitride mask layer is then stripped exposing the silicon in

the p-well regions The n-well regions are however still covered with the oxide grown

earlier Thus during the p-well implant e.g at 50 keV this oxide masks the n-well

regions permitting the boron to enter the silicon only in the p-well areas

Next the wells are driven in e.g at 1100C for 500 mm At the conclusion of this

drive-in step the concentrations in the wells for an 0.8-lAm-CMOS process are

-1x106/cm3 for the p-well and 3x106/cm3 for the n-well The n-well is selected to

have higher doping concentration i.e to improve the punchthrough performance of

the PMOS devices and to eliminate the need for separate channel-stop implant for the

n-well higher concentration in both wells would still produce devices with relatively

low capacitances at the bottoms of the source/drain-to-well junctions

The channel-stop implant procedure is also usually included in the part of the

processing sequence in which the wells are formed In one reported twin-well process3

only p-well channel-stop implant boron is used because the doping in the n-well is

high enough 3x106 cm3 that separate channel stop implant is not required In this

case an unmasked boron implant is performed following both well implants but prior

to field-oxide growth

In second approach4 an additional mask can be used to provide both n-well and

p-well channel stops Fig 8-8a Note that in this procedure mask is saved by
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Fig 8-6 Twin-well CMOS showing initial alignment mark.6 1991 IEEE
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Fig 8-7 Twin-well CMOS process using single mask to form both wells implant
for the n-well B- implant to form the p-well blocked by the n-well oxide well drive-
in for both wells.12 1982 IEEE

performing blanket boron implant As result the boron channel stop dopant ends up
in the n-well as well as in the p-well Hence the phosphorus channel stop dose must be
increased to compensate for the borons presence in the n-well field regions The
disadvantages of this method include the additional alignment step between the channel

stops and the well masks the interdiffusion that occurs during the oxidation step and
the asymmetry of the doping profiles The latter is due to the increased phosphorus
concentration that must overcompensate the nonselective boron channel stop

variation of this method that requires no masks at all to create the channel stops
has been developed to overcome the above drawbacks Fig 8-8b45 In this sequence
both arsenic and phosphorus are co-implanted into the n-well regions This places both
the dopants that form the well and the channel stop into the n-well regions prior to

implanting of the p-wells An oxide is then selectively grown on the n-well regions and
the boron dopant for the p-wells is implanted After the wells have been driven in the

oxide over the n-wells is retained and second boron implant is carried out This
implant serves as both channel stop in the p-well field regions and punchthrough
prevention implant in the active regions of the p-well
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Fig 8-8 Twin-well CMOS with single-mask dual channel stop process ATT twin-

well CMOS process which requires no masks to form the dual channel stops self-aligned

process.5 IEEE 1981

It should also be noted that the minimum separation between two wells of the

doping type at two different potentials is limited by electrical isolation In single-well

processes to prevent punchthrough in the lightly-doped substrate between two such

wells adequate spacing between them must be allowed

8.2.3 Split Well-Drive-In Process

In another report the long high-temperature drive-in step is performed in novel

manner allowing the p-well transistors to be fabricated without use of channel-stop
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implant.7 After the p-well implant is carried out the field oxide is first grown without

driving the implanted well dopants During this step some of the implanted boron

impurities segregate into the field oxide leaving surface concentration as low as would

exist after any field oxide step Next the remainder of the well drive-in step is performed

in non-oxidizing ambient The well dopant deep in the bulk now back-diffuses toward

the surface raising the Si-Si02 interface concentration by factor of 2-3 to 2-3x 1016

cm3 in this case see Fig 8-9 The well concentration at surface of the field regions is

only about 1.5x lower than at the surface in the active regions VTFi50S greater than 10

at at 0.5 pA/jim at VDS 8V can be produced for isolation lengths of 1.2 jim It

has been observed that for very narrow NMOSFETs e.g 0.35 jim fabricated with the

split-well drive-in scheme is decreased by 100 mV compared to wider channel

devices e.g jim This occurs because boron also diffuses from the channel regions

to the field regions during the post-oxidation drive-in step Such diffusion occurs

because as described earlier the boron concentration at the silicon surface in the field

regions has been reduced during the field oxide step by boron segregation effects

8.3 RETROGRADE-WELL CMOS

As previously discussed conventional wells are formed in single- and twin-well CMOS

technology by implanting the well dopants and then diffusing them to the desired depth

However lateral as well as vertical diffusion occurs which has the effect of reducing

packing density For example since the lateral diffusion is 0.7 times the junction

1017

Active region

IsolationNN
1016

Conventional drive-in

Split drive-in

Depth

Fig 8-9 SIMS profiles of boron well underneath field oxide and in the active area for split

and non-split drive-in Implanted boron dose 8x1012 cm2 The active area profile is the

same for both drive-in cases.17 1990 IEEE
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Fig 8-10 Formation of conventional and retrograde p-well CMOS structures.19

1981 IEEE

depth typical diffused well of to jim results in lateral spread of well dopant of

to urn If higher energy implant is used to place the dopants at the desired depth

without significant additional diffusion i.e the high-energy implant is performed after

the active area isolation structures oxide is already in place and only short

anneal at relatively low temperature is used to activate the implant much less lateral

dopant spread occurs This is because ion implantation is more anisotropic dopant

distribution process than diffusion That is the lateral implant straggle is 0.7 jim and

barely exceeds one micron after all thermal processing.8 In addition since the high-

energy implanted wells are formed after the LOCOS isolation step lateral spread of the

well dopants is further reduced Hence the 7-9 jim n.to..p spacing required for twin-

well 1.2 jim CMOS process which uses conventional wells can be reduced to jim if

retrograde wells are used instead

Figure 8-10 depicts the cross-section of high-energy implanted p-well in

comparison with conventional diffused well In this example the implanted p-well is

formed by boron implantation at 400-600 keV followed by brief 30 mm anneal at

1000C instead of the 6-20 hour drive-ins at 1100-1150C used for conventional-well

formation Notice the lateral spread associated with the p-well is greatly reduced

Such high-energy implants also cause the peak of the implant to be buried at

certain depth within the silicon substrate depending on the implantation energy but at

roughly jim for the energies most frequently used and the impurity concentration

decreases as the doping profile approaches the wafer surface see Fig 8-11 Since the

well profile in this case is different from that of conventionally formed wells in which

the doping concentration after drive-in is highest at the surface and decreases

monotonically with depth such deeply implanted wells are known as retrograde wells

It is estimated that in order to avoid excessive spread of the active device electrical
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parameters the surface concentration after the retrograde implant should be at least five

times smaller than its final value which is set by shallower low-dose implants

specifically designed for threshold and punchthrough control Comparison of the doping

profiles in conventional and implanted p-well profiles obtained by simulation is shown

in Fig 81l.19 The retrograde-doping profile is retained by minimizing the temperature

cycles of later process steps e.g by using RTP Retrograde wells can be implemented
on both bulk and epitaxial wafers.20

Besides the potential benefit of increased packing density retrograde wells offer the

following advantages

retarded electric field is created in the parasitic vertical bipolar transistor

thereby reducing its current gain This affords some protection against latchup

Susceptibility to vertical punchthrough is reduced without having to

significantly raise the surface doping concentration

The conductivity in the bottom of the well is increased which also provides

additional latchup protection

higher threshold voltage can be achieved in the field regions of the p-wells

if the boron implant is done following field oxidation i.e the boron does not

segregate out into the oxide during the field oxide growth step.9

Lateral diffusion of the channel-stop boron is also eliminated thereby

reducing encroachment of the boron into the active regions This lessens narrow

width effects in the active devices

LogN

Conventional p-Well DIFFUSION

DEPTH

in SI

400 Key 1.6km
600 Key 9m

Fig 8-11 Comparison of conventional and retrograde well p-well profiles.9 1981 IEEE
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Greater flexibility exists in retrograde structures to optimize channel doping

profiles for active device perfonnance That is in conventional wells especially

shallow ones the surface doping is primarily determined by the need to

maintain sufficient vertical isolation In retrograde structures however vertical

isolation is secured by the high doping level towards the well bottom Thus it

is possible to adjust the surface doping profile to larger extent This helps to

achieve adequate short-channel device characteristics with retrograde wells

The shallower well depth should also make the drain of the parasitic ni-to-n

well or pt-to-p-well parasitic FETs shallower This should improve both the

short-channel threshold roll-off and the punchthrough characteristics of these

parasitic structures as is discussed further in chap

However several concerns associated with the retrograde process should also be

mentioned First the process requires thick photoresist as masking material for the

high-energy implant Typical resist thicknesses are about tim and special exposure

and development techniques are required for this process Second there is concern about

the annealability of the damage caused by the high-energy implant Third the retrograde

implant may cause both the junction capacitance and the body factor to be significantly

increased The p..to..n..well junction capacitances measured in retrograde-well structures

formed with 700 keV implant have been shown to be about twice the values obtained

in conventional wells While this can adversely impact the propagation delay circuit

performance is also impacted by number of other parasitic capacitances and the net

result on typical CMOS circuit speed and power dissipation is often relatively small

For example in simulation of 32-bit CMOS arithmetic logic unit ALU it was

found that the circuit delay increases by about 7% as the p-channel junction capacitance

increases by 30 percent.1

When the retrograde well is formed by means of very high-energy implants

however the doping concentration under the bottom of the source and drain regions is

decreased which reduces the junction capacitance This implies that if such high-energy

ion implanters MeV become available for production some of the disadvantages of

retrograde wells can be overcome.18 In addition the higher doping that will be required

in the wells for fabrication of submicron CMOS devices may mean less severe

junction capacitance penalty

Although both p-type2 and n-type22 retrograde wells have been demonstrated see

Figs 8-12a and 8-12b2 and Fig 8-12c23 respectively the p-type technology has

been more widely implemented This is because at least 600-keY beam energies are

required for the formation of n-type phosphorus retrograde wells suitable for 0.5-0.8

im CMOS As of 1994 such machines were commercially available but had only

begun to be introduced into mainstream production environments Retrograde p-type

wells adequate for 0.5 jim devices require implants with energies of .-300 keV at dose

of lx 10s cm-2 Such p-well implants can be achieved by implanting singly ionized

boron at 300 keV or doubly ionized boron at 150 keY The required p-well energy is

smaller because boron has larger projected range than either As or see Vol chap

Although the doubly ionized boron approach is achievable with conventional
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Fig 8-12 Twin-tub device cross section in which retrograde p-well is used General

Electric AVLSI Process Retrograded p-well implanted impurity concentration profile

General Electric AVLSI process Also shown is conventionally thermally diffused well.20

1986 IEEE Simulated doping profiles in PMOS channel rgions dashed lines lightly

doped substrate solid lines retrograde n-well.23 1982 IEEE

production implanters it is not routine process to implement Subject to the

precautions mentioned in the footnote retrograde well CMOS processes have been

One problem is that large fraction of double-ionized ions as high as 20% can interact

with gas molecules at the entrance of the acceleration column and become single-charged
ions because of partial neutralization These ions would only penetrate into silicon about

half the desired range distorting the profile and causing abnormalities of the threshold
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the successfully implemented in production environment with good results

However these have primarily been limited to custom and advanced system

applications where higher costs of retrograde well processing are justified by the higher

density and performance benefits offered by the retrograde-well device structures

Two examples in which 300 keY boron implant is used to form retrograde

p-well CMOS structure have recently been published In the first this p-well structure

together with 1.2 tim epi layer allowed an NMOS device-to-device spacing of less

than iim to be used when an optimized field implant was employed.25 In the second

the p-well was fabricated with 320 keV implant using in fact doubly-charged boron

accelerated at 160 keV and mm iiooc RTP anneal Together with the use of

2-2.5 jim epi layer sub-half micron CMOS structure was fabricated which permitted

an top spacing of less than 2.5 jim.6 Nitride

Oxide

P-type P-type

resist

Ib

s.I_
PC N-we

CS Channel Stop

Fig 8-13 simplified retrograde n-well process Nitride mask for acttve area and

implant for p-type channel stop photoresist mask for n-well and high energy

implant and any additional shallow implants in the n-well.18 1986 IEEE

cont voltage and other electrical parameters Thus if high-current implanter is not

available medium-current implanter of the post-analysis type should be used to eliminate

single-charge ions before they reach the wafers.24
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However an n-well retrograde CMOS process using 700-keV phosphorus implant

has also been demonstrated8 The process sequence used to form this retrograde n-well

CMOS sTructure with the well implant performed after field oxidation is shown in

Fig 8-13 The active areas are first defined using nitride masking Next blanket low-

energy boron channel-stop implant is performed The field oxidation is then carried out

and the retrograde n-well implant step is performed 30 minute 1000C anneal

follows the implant Note that the blanket boron channel-stop dopant is

overcompensated in the n-well regions by the phosphorus implant This retrograde-well

process permits very small IJm ntop spacings

Some advanced twin-well CMOS processes with both retrograde n- and p-wells

using short mini RTP well-drive-in steps have also been reported for submicron

applications.26 Scaling CMOS to 0.5 jim and below reduces the well depths required

to prevent vertical punchthrough and latchup In addition the well depth and well-dopant

concentration can be reduced if additional lower energy implants are precisely located

with respect to the transistor structure to suppress punchthrough of the MOSFET
channels and to enhance the field isolation characteristics

One novel method of achieving such short well-drive-in times is to enhance the

effective diffusion rate It has been demonstrated that the diffusion of boron and

phosphorus is substantially enhanced by oxynitridation in an NH3 ambient with thin

oxide layer over the diffusion region.27 These factors combine to produce trend of

lower implant energy in retrograde wells for scaled devices at and below 0.5 jim

twin-retrograde-well 0.7-jim-CMOS process for fabricating l-Mbit SRAMs on

ponp epi substrates has been reported.1 The high energy implants also allow

restricted thermal budget to be used thus reducing the up-diffusion from the

substrate This permits the use of thinner epi layer which also helps prevent latch-

up and also allows implantation of the channel-stop dopants after the field oxide has

been grown and planarized thus minimizing lateral diffusion of the boron channel-stop

dopants

The use of retrograde wells for both the n- and p-wells of twin-tub CMOS process

has also been reported.29 The approach was called quadruple-well CMOS to emphasize

the fact that for each type n- or p-well two wells were needed one in the active area

and another shallower one in the field region The deep and shallow wells however are

created simultaneously using the same higher energy implant steps That is since the

implant is carried out after the field oxidation and after the LOCOS nitride mask has

been stripped in regions of the wafer where no field oxide exists the implant penetrates

deeply but in regions where the implant must penetrate the field oxide it enters the Si

substrate less deeply creating shallower well there

Another approach for fabricating retrograde wells without the need for very high ion

implantation is to use epitaxy Such method for forming an n-well CMOS structure

is shown in Fig 8-14 Shallow heavily doped wells are formed in the p-substrate by

ion implantation of slow diffusing dopant typically arsenic in order to prevent

significant redistribution during subsequent processing p-type epitaxial layer is then

grown to thickness of few microns creating an buried layer low-energy

phosphorus implant is then used to complete the n-wells No drive-in is needed if it is
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Fig 8-14 Retrograde n-well architecture based on epitaxy Oxide/nitride well mask and

buried layer implant Well oxidation Nitride/oxide strip Epitaxial growth

Surface n-well implant Boron field implant and standard LOCOS field oxidation From

A.G Lewis and J.Y Chen Current Trends in MOS Process Integration in N.G Einspruch

and Gildenblatt Eds Advanced MOS Device Physics Academic Press San Diego CA
1989 Reprinted with Permission

arranged that the surface phosphorus implant merges with the buried layer to complete

the n-well The formation of buried layers in this way is especially well-suited to

BiCMOS technologies

8.3.1 Retrograde Well Technologies to Improve Isolation

Since retrograde wells are formed by high-energy implantation step following the

LOCOS oxidation growth process lateral diffusion of the well dopants is greatly

reduced compared to conventional well process This results in significant saving of

layout space Isolation among opposite type devices is also expected to be improved
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Here we present data that supports this latter claim as supplement to the material on

isolation presented in chap
The comparison of isolation performance between conventional-well and retrograde-

well CMOS structures was performed using an n-well process and aluminum-gate
MOSFETs.8 To establish fair comparison equal well depths were used in the active

area of both the conventional-well and retrograde-well structures

The process sequences used to form both the conventional-wells and retrograde-wells

in an n-well CMOS process are shown in Figs 8-15a and 8-15b respectively.30 The

active areas are first defined in both structures using nitride masking In the retrograde

structures blanket low-energy boron channel-stop implant is performed next In the

case of the conventional well the n-well resist mask is aligned to the patterned nitride

and the n-well implant phosphorus is carried out followed by blanket low-energy

boron channel-stop implant The field-oxide is now grown on both structures In the

retrograde-well structure the n-well implant step is carried out after the field oxidation

followed by short 30 mm anneal at 1000C In both structures the boron channel

stop dopant is overcompensated in the n-well regions by the phosphorus implant

Because the retrograde well is formed by high-energy ions penetrating the field oxide

in the field regions the well depth there is only half of the well depth in the active

regions The shallower well depth in the field- regions of the retrograde-well structure

compared to the well field-region depth in the conventional-well structure is

advantageous That is it creates shallower drain for the n..tonwell parasitic FET

RETROGRADE N-WELL CONVENTIONAL N-WELL ARCHITECTURE

ARCHITECTURE
N-well implant 06-1 MeV

Blanket field implant

Si3N4 ______ ______lS1021
nwell

psub psub

Field oxidation
Blanket field implant

JThf1 _________________-___

N-well implant

Field oxidation

pSub

nwell

Fig 8-15 Process architectures for retrograde and conventional n-well CMOS structures.30
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Fig 8-16 Comparison of retrograde and conventional well structures for to n-well

parasitic FETs field threshold voltage and n-to-n-well breakdown voltage Solid

lines experimental data dashed lines modeled results breakdown voltage is modeled by

punchthrough only37 1987 IEEE

thereby improving isolation At the same time the depth of the well in the active

region is greater so that the performance of the devices in the well are not significantly

degraded because the n-well doping concentration near the surface remains sufficiently

low In addition in the active regions the peak of implanted profile is near the bottom

of the well which is beneficial for vertical isolation Meanwhile the implant profile

peaks near the Si surface in the field areas which is again better for producing channel

stop and for preventing pt-to-p-substrate lateral punchthrough
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Fig 8-17 Comparison of retrograde and conventional well structures for to p-well

parasitic FETs field threshold voltage and p-to-p substrate breakdown voltage Solid

lines experimental data dashed lines modeled results breakdown voltage is modeled by

punchthrough only.37 1987 IEEE

The measured and simulated VTFi50S and breakdown voltages all defined at drain

current in the parasitic FET test structure of 10 pA for nto..nwell parasitic transistors

in both the conventional and retrograde aluminum-gate CMOS test structures are shown

in Figs 8-16a and 8-16b At large nt-to-n-well separations avalanche breakdown at the

well-substrate junction occurs before lateral punchthrough occurs The lower value of

avalanche breakdown in the retrograde structures is attributed to higher well doping As

described earlier shallower retrograde wells should exhibit less propensity to degradation
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caused by short-channel effects e.g to threshold lowering and DIBL These

predictions are confirmed from the experimental V-j50 and punchthrough data

Figure 8-17a gives the VTFISO values for lateral ptopsubstrate parasitic devices

The absolute values are much larger than those for the ntonwell devices These

higher values are due in part to the greater field doping required in the n-well to guaranty

sufficient compensation of the boron The larger values are also partly caused by the

fixed charge at the Si-SiO2 interface which is generally positive and thus increases the

magnitude of the threshold voltage of the p-channel transistors It is also evident that

short-channel effects are much less severe in these p-channel parasitic devices especially

for the retrograde structures the thresholds do not decrease until the channel length

approaches 0.5 /im This effect is caused by the higher channel n-well doping in these

parasitic transistors and to the drain substrate doping being lower than the channel

well doping

Figure 8-1 7b depicts the breakdown voltages exhibited by the same p-to-p-substrate

devices and comparison with Figs 8-17a and again shows the superior performance

of these structures In these types of parasitic FETs the p-substrate which is

considered to be the drain is not only deep but wraps around under the source see Fig

6-45 Thus both lateral and vertical leakage paths may possibly exist between the

source and the p-substrate The limiting values of breakdown voltage for retrograde

n-well structures is set by well to substrate avalanche breakdown as is the case of the

ntonwell transistors In conventional wells however the limit is set by p-to-p
substrate vertical punchthrough breakdown Thus the maximum breakdown voltage

shown on Fig 8-17b for these devices is not the same as that shown in Fig 8-16b

even though the drain-channel junction is in fact the same in both cases

The application of retrograde wells for both the n- and p-wells to twin-tub CMOS

process has also been reported The approach as described in the previous section was

called quadruple-well CMOS to indicate that for each well type i.e n- orp- two wells

were needed one in the active area and another shallower one in the field region see

Fig 8-18 The two shallow wells actually function as self-aligned channel stops in

which the surface concentration of the well dopants is tightly restricted on each side of

the well boundary That is as shown in Fig 8-19 the reduction of the net impurity

concentration is restricted to small distance from the boundary of the well edge

Specifically the surface doping concentration near the well boundary is decreased

significantly only within few tenths of micron from the boundary instead of few

microns as occurs in conventional twin-well structure see Fig 6-47 Experimental

data shows that at im n-to-p separation subthreshold leakage in the isolation

region is pA for gate voltages between -15V and 20V Fig 8-20 Simulation data

indicate that it is possible to obtain adequate isolation with jim n-to-p separation

CMOS process based on high energy implantations without epi-layers or trenches

that allows ntop spacings as small as 1.5 jim has been reported To realize such

small isolation spacing the n-well was formed with 700 keV lxlO3 cm2 phosphorus

and 1.5 MeV 3x1013 cm-2 boron implantations unique feature of the well structure

in this report is that these same two implantations simultaneously form not only the

two retrograde wells and the n-well and p-well channel stops but the boron implant also
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Fig 8-18 Cross section of quadruple-well CMOS device.36 Reprinted with permission of

VLSI Design

formed deep buried layer under the phosphorus n-well profile The layer
eliminates the need for substrates with an epi layer since the low resistivity substrate

required to suppress latchup is created by the high energy implantation It was also

reported that the high energy implantation did not induce any excess leakage or

measurably degrade MOS transistor characteristics
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Fig 8-19 Surface impurity concentration at the boundary of the

p- and n-retrograde wells

in quadruple-well CMOS.29 1986 IEEE
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Fig 8-20 Subthreshold characteristics of symmetric parasitic FETs in quadruple-well

CMOS.29 1986 IEEE

8.4 FUTURE TRENDS IN WELL FORMATION

It seems that high-energy ion implantation will find more application for generating

profiled wells Profiled wells are achieved by multiple implants at varying energies

They offer the ability to independently control several MOSFET characteristics

including threshold voltage hot-carrier generation punchthrough voltage junction

capacitance latchup susceptibility soft-error immunity and the body-effect coefficient

The optimization of well profiles for improving device performance has been termed

well engineering.3

Unlike conventional well which has an almost flat impurity distribution

profiled well can have an impurity profile tailored to independently optimize variety of

device characteristics Figure 8-21 shows the impurity profile of multiply-implanted

well and the relation of the device characteristics to the profile.32

In profile-implanted wells formed with high-energy implants the wells are implanted

after LOCOS isolation In the n-well multiple high-energy ithplants of phosphorus

ions form profiled well for active as well as isolation regions with thick photoresist

serving as the p-well mask Subsequently low-energy implants are performed to adjust

the PMOS VT profiled p-well is next produced in the same way
The deepest implant of the well in this example is fabricated with MeV implant

These implanted dopants form heavily doped buried layer lO181O19 cm-3 at depth

of 2-4 jim that serves to reduce latchup susceptibility Such buried layer is more

effective than an epitaxial layer in reducing substrate resistance and suppressing latchup

thus eliminating the need for an epi layer The ability to use non-epi substrates when

wafer sizes reach 150 mm and 200 mm represents major cost savings as the cost of

200 mm epitaxial wafers are $100 US higher than bulk-CZ wafers The replacement of

epitaxial wafers with MeV implantation processing also alleviates problems with

autodoping control and backside sealing.35

The use of MeV implantation avoids the long 3-2 hour high-temperature 1150-

1200C well-formation drive-in step of the conventional process This minimizes
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Fig 8-21 The relation between device characteristics and the impurity concentration at

various depths in multiple implanted well.32 Reprinted with permission of Solid State

Technology

thermally induced stress in large wafers that can cause wafer warpage bow and flatness

degradation as well as offering simplified processing with shorter fabrication times
Process simplification also results from the fact that the retrograde-well and field-

isolation regions are formed by the same implant after field oxidation As noted in

section 8.3.1 implantation through field oxide can also improve active device isolation

characteristics Employing MeV implantation to dope the bottom of the well more

heavily leaves more room to tailor the doping profile at the top of the well in the

channel area with lower energy implants

Concern has existed that the high-energy implants may cause damage that will

degrade device and circuit performance Increased junction leakage is observed if the dose

or energy are too low i.e 3xlO4 cm2 and 1-1.5 MeV respectively Recent
studies however indicate that if the dose and energy exceed 3x104 cm2 and 1.5 MeV
respectively leakage due to implant damage is dramatically reduced with both boron and

phosphorus implantation In fact when an optimum combination of dose energy and

annealing process is used less leakage is observed than in control devices having no

buried layer This behavior is believed to be caused by gettering of electrically active

damage or impurity defects away from the depletion regions of active transistors by

secondary defects near the concentration peak of the buried layer The effect is called

seif-gettering For all of the above reasons it appears that high-energy implantation

will become more widely used to form wells in device generations at and below 0.5 jim
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8.5 AFTER-GATE IMPLANTATION AGI
An alternative technique which exploits high-energy implantation to reduce the

complexity of CMOS process called after-gate implantation AGI has been suggested

That is by performing all implantations after the gate electrodes are patterned wells

channel-stop doping and source/drain the number of mask steps can be reduced

Figure 8-22 illustrates this approach in which only seven masks are required to

form single p-well CMOS structure.33 The LOCOS-isolation field-oxide regions are

formed first then the polysilicon gates are deposited and patterned Using mask that

obscures the PMOS regions the NMOS p-well implant multiple-channel implants

and the source/drain implants are carried out Then mask is used to cover the

NMOS areas and the PMOS-channel and source/drain implants are performed Since

the well and channel implantations must penetrate the field oxide and the polysilicon

gate they must be carried out at higher energies The p-well implant energy is 600 keV

at dose of lx 1013 cm2 and the NMOS devices receive low-dose channel implants of

135 keV 175 keV and 215 keV The channel of the PMOS devices receives two low-

dose higher-energy phosphorus implants at 220 keV and 440 keY Such multiple-

channel implants are used in both NMOS and PMOS devices to avoid unacceptable VT

variations caused by polysilicon gate thickness variations encountered in processing and

to improve the punchthrough resistance of the device structures Studies also indicate

NMOS PMOS

ISOLA1ON
OXIDE

_/ FORM GATE

FIELD OXIDE OXIDE

____________________ NMOS IMPLANTS

nSOURCE/DRAIN RESIST MASK MASK PMOS

______ ______ p-WELL IMPLANT

boron 600keV lxlO13crn2

___________ CONTROL IMPLANTS

oron135175.215keV

CONTROL SOURCE/DRAIN IMPLANTS

As 7OkeV 2x1Ocm2

SOURCE/DRAIN PMOS IMPLANTS
RESIST MASK

_____ MASK NMOS

N\ CONTROL IMPLANTS

tZ4N 3iOc2
CONTROL SOURCE/DRAIN IMPLANT

_____________________________________________________
BF2 3OkeV 2x1 Ocm21

Fig 8-22 After-Gate Implant AGI process sequence.33 1986 IEEE
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that the high energy AGI does not degrade the gate oxide integrity32 nor the MOS
transistor characteristics

The AGI process thus offers the benefits of implantation processing freedom and

flexibility as well as reduced CMOS process complexity The low doses required for

the well and channel implantations can be performed with medium-current implanter

which may also have higher energy implantation capability
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PROBLEMS

An n-well polysilicon-gate CMOS process starts with substrate doping of

3x1015/cm3 The well doping near the surface of is approximately constant to level of

3xl016/cm3 The gate oxide thicknesses are both 40 nm and Qtot 3x1010/cm2

Calculate the threshold voltages of the n- and p-channel transistors

Calculate the boron doses needed to shift the NMOS threshold to IV and the PMOS
threshold to lv Assume that the threshold shifts are achieved through shallow ion

mplantations

In p-well CMOS technology the n-substrate has doping concentration of 1x1015/cm3

and p-well concentration neat the surface of 5x1016/cm3 Calculate the source/drain junction

capacitances cm2 and body effect coefficients for both n- and p-channel MOSFETs assuming

the gate oxide is 20 nm thick in both devices
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Describe the split well-drive process and the advantages it offers compared to the

conventional well-drive process

Comparing retrograde well to conventional well what is the most important difference in

process technology and finished device structure How does it affect device isolation

In substratestructure the n-well is uniformly doped at

lx 1016 cm3 and is /tm deep the p-epi thickness is jim and is uniformly doped at

1x10151cm3 and the diffusion is 0.4 urn deep If substrate bias generator is needed and
the diffusion and n-well are both biased at 5V what is the maximum in absolute value
substrate voltage that can be applied before punchthrough occurs
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CHAPTER

HOT-CARRIER RESISTANT PROCESSING

AND DEVICE STRUCTURES

One of the more serious problems posed by the continued shrinking of MOSFETs into

the submicron regime is the hot-carrier effect If device dimensions are reduced and the

supply voltage remains constant or is not reduced as rapidly as the structures are

scaled the lateral electric field in the channel increases This causes the inversion-layer

charges to be accelerated heated to an extent that they can cause number of harmful

device phenomena hot-carrier effects Figure 9-1 depicts hot-carrier generation and the

current components which result from such generation The most important hot-carrier

effect is the damage inflicted to the gate oxide and/or the Si-SiO2 interface This leads to

time-dependent degradation of various MOSFET characteristics including threshold

voltage VT linear region transconductance gm subthreshold slope St and

Vos

S102

Depletion-layer edge

S
u

b
s
a
te

Fig 9-1 Hot-carrier generation and current components Holes reaching the source Elec
tron injection from the source Substrate hole current Electron injection into the oxide
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UMC 1229
UMC v. AICP



560 SILICON PROCESSING FOR THE VLSI ERA VOLUME III

saturation current Dsat The lifetimes of conventional MOSFET structures when

subject to such degradation may be reduced below acceptable limits i.e to less that 10

years of operation in NMOS devices with channel lengths smaller than 1.5 1um and in

PMOS devices with submicron channel lengths As result it has been necessary to

develop techniques to combat this problem The purpose of this chapter is to discuss

hot-carrier effects in MOSFETs and the approaches developed to overcome them

Techniques for Reducing Hot-Carrier Degradation The degradation of

device performance arising from hot-carrier effects can be suppressed by various

methods Most involve modifying the conventional MOSFET structure or

strengthening the gate oxide and the Si-SiO2 interface against hot-carrier damage As an

introduction to the material of this chapter list of the general categories of approaches

to suppress hot-carrier degradation is presented here

The common driving force of all hot-carrier phenomena is the channel electric

field Specifically the greatest control over hot-electron effects is exerted by

the maximum channel electric field Eymax which occurs at the drain end of the

channel Thus key underlying goal in reducing hot-carrier degradation is to

reduce the magnitude of Eymax Toward this end the factors that impact Eymax

in MOSFET must be understood and useful tools for gaining such

understanding are models for Eymax We thus begin the chapter by reviewing

simple model for Lymax in non-graded-drain MOSFETs and later we extend it to

include graded-drain i.e LDD MOSFETs

One obvious way to decrease Lymax is to reduce the voltages applied to the

device e.g by lowering the power-supply voltage from 5V to 3.3V The

decision to implement such power supply reductions however is not in the

hands of the device designer or process engineer

The structure of the conventional MOSFET can be modified such that it is

less sensitive to hot-carrier degradation Such modifications attempt to reduce

Eymax as well as to separate the maximum current path in the channel from the

maximum electric field location This is accomplished by developing special

drain field-reducing structures designed to accomplish these objectives

discussion of the evolution of such structures constitutes the bulk of this chapter

The resistance of the gate oxide and the Si-SiO2 interface to hot-carrier

degradation can be increased thereby allowing larger Eymax to be applied As

an example the density of trapping sites in the gate oxide can be reduced through

the use of special processing techniques which are described in section 9.14
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9.1 MODEL FOR THE MAXIMUM LATERAL ELECTRIC
FIELD Eymax IN NON-GRADED-DRAIN MOSFETS

The maximum lateral electric field in MOSFET Symax occurs near the drain It has

been determined that no significant hot-carrier effects occur at values of Lymax smaller

than 4x104 V/cm i.e the field value at which electrons are velocity saturated Hence
when hot-carrier effects are being considered it is only necessary to be concerned with

the MOSFET being operated in saturation and then only with the lateral electric fields

in the velocity-saturated region VSR of the MOSFET Note that the VSR was
introduced in section 5.4.3 of chap

rigorous calculation of the field near the drain is complex procedure requiring

numerical analysis of the two-dimensional Poisson equation An example of the results

of one such analysis which shows within an NMOSFET as function of channel

length is shown in Fig 9-2 Nevertheless in chap we showed how reasonably

accurate analytical model of Eymax in the VSR of non-LDD MOSFETs could be derived

using the pseudo-2D approach to solving the Poisson equation in the MOSFET
channel This model gives good agreement with the values of Eymax obtained from

numerical analysis According to this model the value of Cymax is given by Eq 5-70
which for the case when VDS VDSsat/l Esat becomes 128

Lymax VDS VDSSat

600.000

4t0.000 OXIDE THICKNESS 20

ACC CONG

ICC

15

POSITION IN CHANNEL j.im

Fig 9-2 Ey within an NMOSFET as function of channel length for two devices with

channel lengths of 1.0 /tm and 0.5 tIm and the same value of t0 20 nm.146
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Fig 9-3 Sy within an NMOSFET as function of channel length and gate oxide thickness

for two devices with channel length 1.0 /lm and two values of t0 10 and 20 nm46

where9

0.22 t03 r3 for t0 15 nm 2a

and

1.7x102 t08 rj.3L15 for t0 15 nm and 0.5 jim 2b

and t0 is the gate oxide thickness and
rj approximately corresponds to the source/drain

junction depth As we calculated in section 5.4.3 when tox is -.15 nm and
rj

0.35

jim 0.15 jim Equations 9-2a and 9-2b imply that is independent of until

becomes small enough that it approaches That is for larger values of than this the

channel length still has an influence Ofl Eymax but only through the VDSSat term of

Eq 9-1 and this dependence is weaker than linear one model for calculating VDSsat

was presented in chap Eq 5-37 which we also repeat here for convenience3

Esat1 VTI
VDat

VGS VT EsatL

An example of the dependence of on tox as calculated using numerical analysis for

an NMOSFET with jim is shown in Fig 9-3 Here we see that the device with

thicker t0 has smaller Eymax as is also predicted by the model of Eqs 9-1 and 9-2
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9.2 SUBSTRATE CURRENTS DUE TO HOT CARRIERS
While the time-dependent degradation of MOSFET device parameters is the hot-carrier

effect that receives the most attention another important one involves the substrate

current sub generated by such hot carriers Since sub can be correlated to long-term

device degradation it can be used to predict the device lifetime However sub can also

adversely impact MOSFET operation in other ways as well Hence it is useful to

examine the phenomenon of sub prior to the discussion on how to characterize hot-

carrier degradation

If electrons in the channel of MOSFET acquire more than about 1.5 eV of energy
impact ionization can result upon their collision with the lattice Electron-hole pairs are

generated from such collisions with the total number being exponentially dependent on

the reciprocal of the electric field l/Eymax The electrons produced in this manner are

either attracted to the drain adding to the drain current or if possessing sufficient

energy they may be injected into the oxide The generated holes on the other hand
enter the substrate and constitute parasitic substrate current sub Process in Fig

9-1 Such substrate current differs from the current which arises in pn-junction
avalanche breakdown in that its magnitude is much smaller than the drain current sub
is thus classified as low-level-avalanche multiplication effect Nevertheless sub can

itself produce several problems and thus must be kept below some maximum tolerable

value The problems which can be directly caused by sub include the following

If some of the holes that should constitute sub are instead collected by the

source i.e instead of by the body contact and this collected hole current causes

voltage drop in the substrate material on the order of O.6V the substrate-source

pn junction will begin to conduct significantly Electrons will then be injected

from the source to the substrate just like electrons injected from emitter to base

of an npn transistor the forward injection shown in Fig 9-1 These extra

injected electrons can in turn gain sufficient energy as they travel toward the

drain to cause additional impact ionization and create new electron-hole pairs

positive-feedback mechanism thus exists one that can sustain itself if the drain

voltage exceeds certain value This is observed externally as form of

breakdown referred to as snapback breakdown particularly clear explanation

of this effect including the reason for the negative-resistance or snapback

portion of the curves is given in reference

Excessive sub may induce latchup in CMOS circuits

As some of the holes are accelerated during their passage out of the drain

substrate depletion region they may acquire enough energy to cause secondary

impact ionization far from the drain region Some the electrons generated in this

manner may escape the drain field and instead of being collected by the drain

may then travel to other nodes on the chip to be collected This may lead to

reduction of the storage time of dynamic circuit nodes in DRAMs i.e
manifested as degradation of the refresh time.5 This excess electron current is
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reported to be around iO- times smaller than the substrate ionization impact

current itself

If substrate bias-generator circuit is included on-chip its output becomes less

negative as sub is increased

As noted earlier sub can also be used as monitor to correlate device degradation with

predicted device lifetime The reason that sub is chosen for this purpose is that both

device degradation and sub are driven by common driving force namely the lateral

electric field in the channel of the MOSFET The magnitude of sub depends

exponentially on the maximum value of this field Eymax

An example of how sub is experimentally observed to depend on decreasing channel

length is seen in Fig 946 This figure shows the maximum sub generated at

voltage of 5V versus the effective channel length for MOS transistors processed with the

same technology i.e tox and
rj

have identical values in all of the devices Since sub

also increases with Eymax according to the model of Eqs 9-1 and 9-2 the magnitude of

sub would grow even more rapidly with shrinking Leff if the oxide thickness and

junction depth were scaled together with the channel length

Two common methods are used to display the empirical data when sub in

MOSFET is being characterized through measurement methods In the first shown in

Fig 9-5 Ii is plotted against the gate voltage GS with VD5 as the parameter The

initial increase in sub with increasing VGS observed in such plots is due to the rise in

the population of electrons in the channel as VGS is first increased We also recall that

increases as VGS is made larger Since this raises the number of hot electrons that

can be heated it implies that there are larger number of electrons capable of

participating in impact ionization Eventually however when VG5 approaches VDS the

lateral electric field begins to decrease From that point on decreases even as VGS

1000-

V05.0V

ilil
0.4 0.8 1.2 1.6 2.0 2.40

Leff pm

Fig 9-4 The maximum substrate current due to impact ionization produced at drain

voltage of 5V Vs Leff for MOSFETs with tox 250A.6
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Fig 9-5 Substrate current characterized as function of V0 with VDS as parameter.7

IEEE 1984

continues to rise In the second approach used to display sub data we plot in sub
versus l/V0s with the gate voltage as the parameter as shown in Fig 9-6 In this

type of plot sub values are typically observed to follow series of straight lines
While both types of plots are useful for depicting the empirical behavior of sub the

resulting experimentally generated curves fail to reveal simple relationship between
sub and GS VDS and device parameters such as t0 rj

and However rudimentary
analytical model that allows sub to be calculated based on the these terminal voltages
and device parameters was derived by Chan et al as follows7

sub 1.2 VDS VDssat exp 1.7x106/Eymax 94
1.2 VDS VDSsat exp -3.7xl05 t03 rj113/ VDS VDSSat

By plotting Eq 9-5 in terms of log sub versus VGS with VDS as the parameter
set of curves shown as the dashed lines in Fig 9-7 is obtained If the measured values
of log sub are also plotted on the same figure as is done in Fig 9-7 using solid

lines good agreement between the model and the experimental data is observed We
also note that the IsubVGs curves exhibit hell-shape with their maximum values

occurring at low gate voltages This shape results because as noted earlier Eymax
decreases as increases but increases monotonically Thus sub peaks where
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Fig 9-6 Substrate current characterized as function of 11DS with GS as parameter.7

IEEE 1984

significant number of carriers are available but Lymax has not yet been significantly

reduced These circumstances exist when VGS O.4VDS The whole sub curves shift

upward or downward depending on the drain bias

9.3 MODELS OF HOT-CARRIER DEGRADATION
PHENOMENA

Generally speaking negative charge builds up in the gate oxide and/or at the Si-Si02

interface of MOSFETs as result of hot-carrier injection from the silicon into the oxide

This charge contributes to the total oxide charge term Qtot in the expression for the

device threshold voltage see chap Eq 3-72 Furthermore in NMOSFETs this

charge continues to accumulate with time under conditions of operation that produce

Note that Eq 9-5 has been verified for MOSFETs with uniform channel doping In order to

be able to treat the complex channel and drain doping profiles found in short-channel

MOSFETs e.g the doping profile of an LDD some extracted parameters need to be added

Specifically the bias and size dependencies of Esat of Eq 9-3 need to be taken into account
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hot-carrier stress Due to the polarity of the trapped charge the resulting VT shift in

n-channel devices is positive which in turn causes both the drain current and the

transconductance to be reduced Reduced current of course will lead to reduction of

circuit speed Threshold voltage drift will cause the inverter transfer characteristics and

linear circuit offset to drift The concern is that such hot-carrier stressing may eventually

cause circuit to fail the speed specification or to experience racing conditions or to

otherwise become unacceptable

Figure 9-8 shows typical IDVDS characteristics of an NMOSFET before and after

stressing Notice that the decrease in is larger if the source and drain are reversed after

stressing As we will describe in further detail in the next section this indicates that the

hot-carrier-induced negative charges are located near the drain see Fig 9-9a
It is not clear exactly what sort of mechanism is responsible for such charge buildup

but most agree that it is caused either by interface trap generation or by oxide trapped

charge.1 However mounting evidence points to interface trap generation as the main

degradation mechanism of NMOSFETs having normal quality oxides operated at room

temperature and stressed under the VGS condition that causes the largest sub17

Some hypotheses blame hot electrons others hot holes and still others the combined

effect of hot electrons and hot holes for the generation of such interface traps However
hot holes alone have been effectively discounted as the culprits because it is observed

that if sub is kept fixed which implies that the hot-hole generation rate is not

changing and the degradation is monitored as function of VGD degradation increases

102

5.C 6.8 P.00 8.03

Fig 9-7 Example of the calculated values of sub dashed lines using Eq 9-5 compared

to the measured values of sub depicted by the solid lines.147
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Fig 9-8 Typical ID-VDS characteristics of an NMOSFET before and after hot-carrier

stressing48 IEEE 1984

GPITE SPACER

GATE OXIDE TRAPPING DRAIN

INVERSION LAY_ INJECTION\

GENERATION
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PT

DRPIN
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Fig 9-9 Illustration of hot-carrier effects including hot-carrier generation injection and

trapping.92 1988 IEEE Physical model for interface trap generation.17 IEEE 1985
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monotonically with increasing VGD Increasing VOD tends to attract electrons to the

gate and to repel holes This implies that hot-election injection is at least partially

responsible for the degradation

9.3.1 Si-H Bond Breaking Model

One of the simplest microscopic degradation models is based on the assumption that

damage arises from the creation of interface states They are proposed to be generated as

follows8 If VGSVDS in NMOSFETs hot-electrons bombard the Si-Si02 interface

against field that tries to repel them However if the electrons possess sufficient

energy to overcome the barrier of the Si-Si02 interface and the repelling field they can

break chemical bonds at the interface Fig 9-9b Most likely the bonds that are broken

are Si-H bonds The breaking of Si-H bonds by energetic electrons is mechanism that

has been confirmed by experiment.2 Such Si-H bonds at the interface can be formed

during procss steps such as BPSG reflow in steam CVD of Si3N4 or the final post-

metal anneal in H2 or forming gas The strength of Si-H bonds is about 0.3 eV Hence

the barrier energy that would have to be overcome to break the bond would be the sum
of the Si-Si02 energy barrier 3.2 eV plus this bond strength 0.3 eV and the

retarding potential difference between the current path and the interface assuming
VGSVDS Thus hot electron would have to possess 4.0 eV of kinetic energy to

cause such bond breaking and to create an interface trap The resultant trivalent Si atom
at the Si-SiO2 interface becomes an electron trap That is if the bond created by

separating the atom from the Si atom is filled by trapping an electron as opposed to

when it was filled by the atom the site has net negative charge Such broken bonds

accumulate with time and their filling with electrons would account for the buildup of

negative charge at the Si-Si02 interface under hot-carrier stressing It should be noted

that while this microscopic model is intuitively satisfying its authors admit that there

is no direct proof of its correctness

9.3.2 Hot-Hole and Hot-Electron Trapping Model

Another microscopic model of interface trap generation proposes that both hot holes and

hot electrons play role in causing the device degradation.3 That is neutral trapping

centers at density Nt are postulated to exist in the fresh Si02 film i.e not yet

having been subjected to hot-carrier injection These sites are thought to exist within

distance of about 10 nm from the interface Such neutral centers are initially able to trap

only holes i.e but not any electrons that are injected into the oxide Such hole

trapping converts them from neutral to positively charged sites The density of positive

charge centers initially grows during hot-carrier stressing with their density at any time

given by Nt Due to their positive charge these sites are attractive to electrons and

are also capable to trapping one of them The latter electron trapping events give rise to

two further effects First the charge of the trapping site is returned to neutral with the

symbol of the density of such centers being written as Nthe Second an interface state

is produced by mechanism that is still not understood that becomes charged to neg
ative state during the transconductance measurement Their density is denoted by Nit

UMC 1229
UMC v. AICP



570 SILICON PROCESSING FOR THE VLSI ERA VOLUME III
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Fig 9-10 The evolution as function of hot-carrier stressing time of the densities of the

different trapping states Nt Nt Nthe and IEEE 198413

Such negatively charged interface states are deemed to be responsible for the negative

effective charge that builds up at the Si-Si02 interface as result of the hot-carrier

stressing Eventually all of the original neutral sites Nt become converted to neutral

sites Nthe and corresponding interface states Nt- The evolution of the densities of

these respective charge centers as function of hot-carrier stressing time is shown in

Fig 9-10

Despite the fact that the degradation mechanisms in either model cannot be directly

observed the amount of degradation both of VT and gm is observed to follow the bias

dependence of substrate current see Fig 9-1 Hence it has been postulated that by

monitoring sub we are in effect also monitoring the degradation in an actual device

This becomes the rationale for using sub as universal monitor of hot-carrier

stressing in NMOSFETs as will be described in the next section However others

point out that attempting to infer the degree of degradation of two different devices by

measuring the bias voltages at which the same sub values are produced may not be

valid This is because knowing the magnitude of sub does not provide any information

as to how far beneath the Si-SiO2 interface are the impact-ionization-generated carriers

created That is if the carriers which constitute sub are being created deep within the

substrate not much damage should occur in the device because the current path

which is populated by the hot carriers that cause impact ionization is too far from the

surface to permit many of these hot carriers to be injected into the oxide Conversely

for the same value of sub arising from impact-ionization near the interface much more

degradation would be expected Furthermore it is observed that different bias conditions

can cause different degrees of degradation even at the same value of sub Perhaps this is

due to the fact that the measured value of sub incorporates hot carriers of all energies

but only small fraction of these may have sufficient energy to be injected into the

oxide and cause degradation Furthermore the degradation is known to be localized along
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small region of the device channel as will be discussed in the upcoming section
Hence this damage must be caused by injection only in that region This local

component of injected current is not necessarily related to the average value of sub in

simple manner

One final aspect of using sub to compare degradation in different MOSFETs should

also be mentioned That is hot-carrier degradation is smaller in MOSFETs with thinner

oxides when compared to devices having the same channel length but thicker oxide if

both are stressed to exhibit the same value of sub14 It is speculated that this happens

because the gate electric field is stronger in the devices with the thinner oxides which

causes the electrons injected against this field to be repelled more strongly Thus fewer

hot electrons with sufficient energy arrive to cause degradation On the other hand the

devices with thinner t0 exhibit larger sub for the same stressing conditions As

result the maximum power-supply voltage that can be applied to avoid hot-carrier

degradation is essentially independent of t0 as is decreased see Fig 9-12
Nevertheless this is another example that using sub as comparator of damage in

devices with differing structures may not be valid

9.3.3 Location of the Hot-Carrier Damaged Region

The location of the damaged region due to hot-carrier stress is found to be above or

adjacent to the drain of the device The lifetime of devices is impacted by the spatial

non-uniformity of this damage in that device which focuses the hot carriers in small

area behaves differently than one that spreads them over wide area The extent of the

damaged region is function of device geometry of the duration and conditions of

stress and of spatial distribution of oxide and interfacial defects

_________________________-
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Fig 9-11 The dependence of Tsub and on Vç for given value of VDS Note that both

exhibit the same dependence on VGS.349 IEEE 1984
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Fig 9-12 Voltage required to insure 10 years of device lifetime for t0 56A 86A and

156A.5 IEEE 1988

Several reports indicate that damage occurs initially at the lateral position of Eymax

The damaged region grows toward the drain and also at slower rate toward the source

In very short channel devices the damaged region can grow to significant fraction of

the channel length6 However it has also been reported that the length of the damaged

region is independent of channel length i.e it appears to have the same length in

devices with Leff from 0.95 jim down to 0.15 jim Thus the damaged region becomes

larger fraction of the channel length as the devices shrink This causes the percent

degradation in to increase more rapidly as Leff is made smaller for the same stressing

time and the same value of sub Fig 9l3.42

9.4 CHARACTERIZING MOSFET DEGRADATION DUE
TO HOT-CARRIER EFFECTS

As we have been discussing channel hot carriers in MOSFET can cause device

degradation Earlier we described models for the driving force that produces such hot

carriers Eymax as well as microscopic models for the mechanisms believed to be

responsible for the damage that they cause In this section we discuss how to

characterize hot-carrier device degradation in quantitative manner That is we identify

the device parameters that are degraded and examine how such damage is measured

Then we indicate how to determine if device can be operated for suitably long

lifetime without exhibiting excessive hot-carrier degradation This entails designing
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stress tests to verify the device reliability as well as the issue of accelerated stress

testing In this discussion we also consider the effects of dc versus ac stressing and the

effects of device degradation on circuit behavior That is the reduction in device

parameter due to hot-carrier stressing may in fact result in smaller percentage
degradation in corresponding circuit parameter For example 10% reduction in

may cause the circuit switching speed to drop by only 1% If this is not taken into

account the device may end up being overdesigned in an attempt to mitigate what

appears to be excessive hot-carrier device degradation The price for such unnecessary

protection may entail increased process complexity and/or the sacrifice in performance of

some other device parameter for example current drive capability through the intro

duction of more complex drain structure e.g an LDD This issue has been addressed

in reliability simulators e.g CAS which we will also describe in this section

9.4.1 Device Parameters that are Impacted by Hot-
Carrier Damage
We have indicated previously that hot-carrier damage can degrade the ID-VD5
characteristics of MOSFET during long-term operation under normal operating

conditions or during stress test see Fig 9-8 At least four device parameters
contribute to such degradation namely shift in threshold voltage AVT reduction in

AJD/JD5%
5jJm

0.2jm
10

\O.3pm\\ Leff

101

1ox9.6nm
10 Z9.5pm

io_2 io
1subD

Fig 9-13 Lifetime plot rI0 versus subto is defined as the time when MD/Jo reaches

5% at VGS VT l.5V.42 IEEE 1990
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Fig 9-14 VGS characteristics before and after hot-carrier stressing.19 IEEE 1985

drain current AID reduction in the linear transconductance gm and shift in subthreshold

swing ASt Figure 9-14 shows an example of the changes in VT and after severe

stressing.9 The device under test in this example is 100 jim wide with jim-wide

gate length Note that VT here is defined as the gate voltage at which an of

0.1 /iA//lm occurs with VDS 50 mV Thus VT in this figure is the gate voltage at

10 jiA The value of is the linear slope of the curves in this figure Note that the

linear transconductance or drain current is usually measured since hot-carrier damage will

lead to larger change in in the linear- rather than the saturation-region of operation

9.4.2 How to Determine if MOSFET Can be Operated
Under Normal Operating Conditions without Exhibiting

Failure due to Hot-Carrier Degradation

We now consider the problem of how to determine if MOSFET can be operated under

normal conditions without exhibiting failure due to hot-carrier damage To do this we

must first decide what actually constitutes device failure and then choose an appropriate

device failure criterion Second we must identify monitor e.g sub that is correlated

to the stress mechanisms responsible for causing the failure-inducing damage By

tracking the monitor level during the test the degree of stress applied to the device at

any time can be determined Third the bias conditions of the stress test at the power-

UMC 1229
UMC v. AICP



HOT-CARRIER-RESISTANT PROCESSING AND DEVICE STRUCTURES 575

supply voltage of normal operation e.g 5.5V which is 5.0V nominal plus 10%
margin must be chosen Most commonly the combination of Vs and VDS that yields

the maximum value of the monitor signal e.g maximum sub value corresponding to

VGS O.4SVDS is used as this represents the worst-case stress conditions that the

device will experience under normal operating conditions The device can then be

operated under such bias conditions with sub being continuously monitored

Periodically the test can be interrupted to measure the device parameter selected as the

indicator of failure e.g LVT or gm The stressing continues until the failure

criterion is reached with the time to reach such failure being the hot-carrier device

lifetime That is is defined as the stress time at which the change in the device

parameter value being monitored reaches the chosen failure criterion

9.4.2.1 Selecting Criterion that Identifies Device Failure Due to

Hot-Carrier Damage The first step in determining the hot-carrier reliability of

MOSFET is to select an appropriate criterion indicating that device has failed Most

such criteria are based on specific degree of change in one of the four device parameters

listed above Quite number of such criteria have been used apparently somewhat

arbitrarily The ranges of change that have been picked to signal device failure are
shifts in VT of 10 to 100 mV and percent changes in 1D or linear of between 3% and

l0%.20 In Fig 9-15 we note that in non-LDD MOSFETs the shift in VT is linearly

related to the percentage change in with for example 10 mV shift in

corresponding to 3% change in with the degradations being caused by conditions

of maximum sub for several V0s values.7

While the value of the change in device parameter selected to indicate failure has

often been selected somewhat arbitrarily Ning et al.2 who performed some of the

earliest work on the lifetime of MOSFETs under hot-carrier stressing selected the value

in more logical manner They described process with minimum gate length of

1.3 jim 0.3 jim They reasoned that the shortest allowable gate length of 1.0 jim

would exhibit the worst case hot-carrier degradation but would also have the highest

fresh pre-stressed value of gm They argued that such short devices could afford to

relinquish some of their initial advantage to hot-carrier degradation and still perform

as well as the nominal length 1.3 jim devices Thus the device failure criterion was

Note that not everyone agrees that selecting bias conditions which correspond to the

worst-case value of the stress-signal monitor is an appropriate way to design hot-carrier

stress test for device That is if device operation under normal conditions does not expose
the device to such high levels of stress monitor signal the test overstresses the device and

pessimistic value of its lifetime compared to normal operating conditions will be obtained

This may again make it appear that hot-carrier protection structures need to be incorporated

in device design when this may not be the case On the other hand if the stress time is

derated to time which more realistically mirrors the actual stress that device will

experience during normal operation the test will reveal more accurate estimate of the hot
carrier reliability of the device As we will see such considerations exist in the hot-carrier

reliability simulators that are currently available
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Fig 9-15 The linear relationship between AVT and in non-LDD MOSFETs.17

IEEE 1985

chosen by Ning as follows The 1.0 jim devices would be stressed until they lost 30%

of their initial transconductance at which point it would be deemed that they had failed

The time to failure would be the device hot-carrier degradation lifetime In addition

Ning et al recognized that the device would not face continuous dc stress during

normal operating circuit conditions Thus they estimated duty cycle of 3% the

fraction of time in which the MOSFET is ON in their particular circuit application

This would allow 10 year 10 hr circuit operation requirement to be assessed by

continuous dc stress in only 3000 hours months

9.4.3 Accelerated Testing of Hot-Carrier Device Lifetime

Devices are often designed with the goal of reliable operation under normal operating

conditions of at least ten years 10 hours 3.6x108 sec That is devices should be

able to operate for ten years without exceeding the chosen hot-carrier failure criterion

However having to wait for ten years to verify the reliability of device is obviously

notpractical Instead it is necessary to establish some ways to accelerate the stress test

to obtain accurate estimates of time-to-failure in less time One way as mentioned

above is to carry out dc stress test and then extrapolate the results to normal i.e ac

operation This can reduce the test time by an order of magnitude or more
Another means of accelerating the failure time is to increase the stress level This

can be done by increasing VDS beyond the normal power-supply voltage and adjusting

the GS value until maximum sub is produced to VGS O.4SVDS sub in this case

will be higher than that observed under the supply voltage value leading to shorter

times to device failure Since it has been observed that and sub are related by power-
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law function by measuring at several higher values of V05 one can extrapolate from

these high-stress lifetimes value of at the lower power-supply voltage value

The general relationship that has been observed to exist between and sub

ISUbm/IDm -1

Since is proportional to but does not vary much otherwise simpler

approximate form of Eq 9-6 that appears to give good agreement with experimental

results for devices smaller than -1.O im is22

IsubIZm

where is the device width As result when characterizing device lifetime using
accelerated stress testing the relationship between the measured values of and Isub/Z
is often graphed for several values of VD5 on log-log plot as shown in Fig 9-16 It

should be noted that while the value of in in Eqs 9-6 and 9-7 is roughly independent of

technology and typically is found to be around appears to vary quite widely This

variation in is due to number of factors such as hydrogen concentration mechanical

stress and drain-gate overlap Nevertheless it is generally advisable to empirically

determine the values of both and for each device structure by constructing plot

such as the one shown in Fig 9-16 and extracting the particular values from it As
illustrated in Fig 9-16 such plot yields straight lines with slope of -3 which

appears to support the validity of Eq 9723 In any case one can extrapolate the

lifetime that would be exhibited by device operated at the normal power-supply

voltage from such plot
Expressions that provide reasonable fit to experimental data and hence yield useful

first order estimates oft in non-LDD MOSFETs are given as follows7

106 /Z3 8a

sub 8b

Another method for plotting data in form that is suitable for extrapolating at normal

operating voltages from measured at higher VDS stress voltages is to plot log versus

l/Vs with VGS chosen to produce maximum sub for each particular value of VDS

It appears that the more general relationship given by Eq 9-6 must be used to accurately

extrapolate in larger devices operated at higher power-supply voltages such as MOSFETs
designed for use in analog circuits or non-volatile memory applications Since Eq 9-6

gives accurate results for the case of both large devices operated at high VDS values and short

channel devices it is used in the circuit hot-carrier device degradation simulator SCALE
instead of Eq 9-7 to calculate

Note that Eq 9-6 can also be graphed on log-log plot and this often done in the

literature by first converting Eq 9-6 to the form tIn ISUbIDm and then plotting

tID versus subD on such plot
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Fig 9-16 Device lifetime versus 1sub /Z for various technologies.23 IEEE 1987

Since according to Eq 9-5 In sub is approximately linearly dependent on lfVs this

plot should also yield straight lines As shown in Fig 9-17 this appears to be the

case.24 This approach is also somewhat more straightforward way to visualize how
depends on VDS

Despite the fact that the relationship given by Eq 9-6 appears to permit the lifetime

of particular device structure to be accurately extrapolated from accelerated stress test

data this does not mean that we can create universal curve of versus sub for all

devices Instead when comparing of two or more device structures it is customary

to graph either the change in the selected device parameter e.g percentage change in ID
versus stress time for each device on the same plot Fig 9-18 or versus 1IVDS for

each device on the same plot Fig 9-19 Such plots permit us to compare the

susceptibility of different device structures to hot-carrier degradation

Note that the hot-carrier degradation of NMOSFETs by the sub model of Eqs 9-6

and 9-7 assumes that the device is stressed at the condition of maximum sub i.e VOS

O4SVDS Since devices may not be subjected to such gate voltages during normal

operation model for degradation for all gate voltages would be useful to characterize

device degradation under conditions of other than maximum sub Such model has

been reported by Woltjer and Paulzen in 1992.25 They develop model which predicts
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Fig 9-17 Log versus l/VDS plot is an alternative way of plotting lifetime data to enable

lifetime to be extrapolated.24 IEEE 1983
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Fig 9-18 Stress time dependence of hot-carrier-induced degradation measured at

VGSIVDS 3V/3V S/D reversed after stress for the 1/4 /.tm LATID conventional and LDD

devices.17 IEEE 1989
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the generation of interface states at all VGS values for given value of VDS and they

select maximum value of the generated interface states as the failure criterion instead

of AVT AID etc

9.4.4 Hot-Carrier Lifetime Under AC Stressing

Although most hot-carrier reliability stress testing is carried out under dc stress

conditions MOSFETs in an actual circuit are generally stressed in dynamic ac
manner It is therefore important to understand device degradation under dynamic

stressing Modeling and characterization on simple circuits such as inverters source

followers and transmission gates has been performed.26 It was found that fast switching

of an inverters input voltage raises VGS above VT when the output voltage is still high

This corresponds to the condition of high substrate current generation because the driver

transistor is biased at VGSVT and VDS across the device is also high Pulsed

measurements made on an inverter chain has provided the following simple correlation

between static and dynamic lifetime
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The experimental confirmation of this relationship is shown in Fig 9-20 If Eq 9-8 is

valid this allows extrapolation of dc-stress device lifetime to the actual device lifetime

under ac stress Extrapolating Cdynamic by use of linear relationship is referred to as

the quasi-static model of device lifetime

Many initial reports claimed that enhanced degradation for ac stress was due to

transient effects during the falling gate-voltage edges.27-32 These effects have more

recently been attributed to measurement difficulties and thus it has been concluded that

the quasi-static model given by Eq 9-8 is valid for real digital circuits.3334

9.4.5 Effect of Device Degradation on Circuit Performance

There are two major components which determine the circuit level performance

degradation They are the amount of stress-induced degradation of the device and the

sensitivity of circuit performance to the degradation of the individual devices In

circuit environment knowing the former is insufficient.35 For example heavily

degraded device may not cause significant circuit degradation if the circuit is insensitive

to the effects of the degraded parameter Conversely mildly stressed device may cause

severe performance degradation due to circuit sensitivity Traditionally however

emphasis has been placed on estimating the stress and degradation sustained by

individual devices test structure that permits hot-carrier degradation in CMOS
circuits is described in ref 36 More recently several circuit level hot carrier simulators

have been introduced and these will be discussed next
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9.4.6 Hot-Carrier Reliability Simulation

9.4.6.1 SCALE SCALE Substrate Current and Lifetime Evaluator calculates

device degradation due to transient voltages ac stress which allows the degradation of

individual devices in circuit environment i.e where they are subjected to ac stress to

be simulated.37 SCALE is linked to SPICE externally in pre- and post-processor

fashion so that it functions as an independent simulator But by using SCALE and

SPICE together as simulator system the circuit designer can easily identify those

devices within the circuit most susceptible to adverse hot-electron degradation effects

Appropriate measures can then be taken to enhance the hot-carrier reliability of these

devices

SCALE carries out the simulation based on quasi-static approach in the following

way and of Eqs 9-6 and 9-7 are first supplied by the user SCALE then calculates

the lifetime under dc-stress that would cause the failure criterion to be met under

normal operating bias voltages using Eq 9-5 to model 1sub and Eq 9-6 to model

We will hereafter denote the failure criterion in symbolic form as the change in the

parameter subscripted with the letterf e.g Next the pre-processor takes

the input deck and requests SPICE to calculate the transient voltages at the drain

source gate and substrate of all user-selected devices in the circuit That is it

determines these voltages for each time interval of the period of the SPICE analysis

namely the time of one switching cycle With this information and Eq 9-5 the

value of sub during each of these time intervals can be determined Since the value of

sub is known the fraction of the total degradation of during each of these

time intervals can be calculated By summing the fractional values of 141D11D0f for each

time interval over one switching cycle the fractional degradation occurring during

single switching cycle is found Finally the lifetime due to ac stress for each device in

the circuit can be computed by finding the time needed to reach This time

corresponds to the time per cycle multiplied by the number of cycles that must elapse to

cause As an example in Fig 9-2 significant sub value is seen to occur

only during the time interval around the 21.3 ns time of the switching cycle as only

then is VGS within the range of O.2SVDS to O.SVDS when VDS is high Thus only

during that fraction of the switching cycle is the device being subjected to hot-carrier

stress sufficient to cause hot-carrier damage

The system structure of SCALE is depicted in Fig 9-22 where we see that SCALE
is connected to SPICE in pre- and post-processor configurations The pre-processor

takes the input deck and BSIM parameters and requests SPICE run to obtain the

transient voltage waveforms at the drain gate source and substrate of the user-selected

device The post-processor then calculates the transient substrate current using Eq 9-5

and the transient drain voltages computed by SPICE The value of also needed in Eq
9-5 is calculated by using the BSIIvI model for

Note that Eq 9-5 has been verified for MOSFETs with uniform channel doping In order to

be able to treat the complex channel and drain e.g LDD doping profiles found in short

channel MOSFETs some extracted parameters have been introduced
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Fig 9-21 NMOSFET aging rate during circuit transient The NMOSFET aging rate

is function of the substrate current The overlap time is quarter of the rise time

PMOSFET aging rate during circuit transient The aging rate is function of the gate current

and the effective overlap time is about tenth of the fall time.41 IEEE 1993

9.4.6.2 Simulators that Relate the Device-Level Degradation
Parameters to Circuit Performance CAS and HOTRON As we have

mentioned earlier it is not sufficient to characterize just the degree of degradation of

device parameters Instead it is necessary to relate the device-level degradation

parameters directly to circuit output behavior and performance That is it has been

demonstrated that not all devices will affect the circuit output equally Each device may
have different performance sensitivities towards the output and this relationship may
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Fig 9-22 Schematic configuration of how SCALE is incorporated as pre-and post

processor to be used with SPICE.51 IEEE 1988

also change with the power-supply voltage Several simulators have been developed to

predict the effects of hot-carrier degradation on MOS circuit behavior including the

circuit aging simulator CAS38 and HOTRON.39 These simulators can directly

simulate the entire circuit using degraded device parameters calculated from the hot-

carrier degradation models Eqs 9-6 and 9-7 The simulator CAS is thus superset of

SCALE in that transient substrate current and device lifetime can also be calculated

using CAS However CAS is also linked to SPICE so that at any time the device

parameters that are degraded by hot-carrier effects can be substituted for the fresh device

parameters and the change in circuit behavior i.e aged output compared to fresh

output can be computed using SPICE see Fig 9-23
set of design guidelines for estimating hot-carrier lifetimes of devices under

dynamic stress as well the hot-carrier lifetimes of some classes of circuits in which

such devices are being operated have been developed using CAS.4 The conversion

from the lifetime under dc stress to the lifetime under ac stress can be accomplished by

multiplying the dc stress lifetime by dc-to-ac conversion factor namely for

NMOSFETs by NTF and for PMOSFETs by PTF These conversion factors have are

termed lifetime factors and are found to be

NTF ftr PTF 10/ ftf 10

where is the operating frequency and tr and tf are the rise and fall times of the VGS

signal Figure 9-24 shows the calculated values of NTF Fig 9-24a and PTF Fig
9-24b as function of and tr and tf As an example for an operating frequency of

100 MHz and an input rise time of 0.35 ns the NTF of NMOSFETs and the PTF of

PMOSFETs are 120 and 300 respectively Thus an NMOSFET operated under such

timing-simulator-based version of CAS called IRSIM-CAS has also been developed It

is much faster than the standard CAS mentioned above allowing it to be used to simulate hot

carrier aging of circuits containing thousands of transistors in reasonable time.4
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Fig 9-23 CAS calculates the output of circuit based on the device parameters as degraded

by hot-carrier stressing

an ac stress would exhibit lifetime 120 times as long as the one predicted by dc

stress test

Such guidelines have also been formulated for converting ac-stress lifetime of

device in circuit to the circuit degradation lifetime with the aid of so-called speed

degradation factors NSF for NMOSFETs and PSF for PMOSFETs These factors take

the following forms

NSF tro tf01 la

PSF1/ 911b

NSF and PSF appear to be about 1/4 and 1/2 for inverters

Figure 9-25 shows how NTF and NSF translate dc-stress lifetime to circuit speed

degradation If 10% AID/ID of an NMOSFET is reached in 0.2 years under worst-case

dc stress condition it will take 16 years to produce 10% AIWID if NTF 120 and this

AID/ID degradation will cause slow down of 2.5% of inverter speed under ac operation

at 100 MHz if NSF 1/4

Although the circuit-level simulators discussed above can estimate hot-carrier

lifetimes under ac stressing they have generally not yet incorporated the latest

understanding of ac stress degradation report that presents some guidelines that takes

these effects into account and which have been incorporated into another hot-carrier

reliability simulator named ADHOC is given in ref 54
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Fig 9-24 NMOSFET lifetime factor NTF as function of input rise time operating

frequency and output fanout factor The frequency curve is for tr 0.5 ns and the input rise

time curve is forf 25 MHz t0 17.5 nm Leff 0.5 pm PMOSFET lifetime factor

PTF as function of input rise time operating frequency and output farout factor The

frequency curve is for tf 0.5 ns and the input fall time curve is forf 20 MHz t0 17.5

nm Leff 0.5 im.41 IEEE 1993

9.5 DECREASING HOT CARRIER DEGRADATION BY
MODIFYING THE MOSFET STRUCTURE

As was pointed out earlier device lifetime and other hot-carrier effects can be improved

in number of ways including reducing the bias voltages significantly strengthening

the gate oxide against hot-carrier damage i.e in effect increasing in Eq 9-6 or

i2
NIOSFET tD

NMOSFE11D/lD

101

10

Fiqty degradatkin

p10.1
StIVdd 8v

-21__LffO5LflTOXl7.51
10

100 01 02

Time miii

Figure 9-25 NMOSFET lifetime factor NTF and NMOSFET speed degradation factor NSF

translate dc device degradation to circuit speed degradation.41 IEEE 1993
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modifying the MOSFET structure If the power-supply voltage cannot be reduced e.g
it may need to be kept at 5V for system-compatibility reasons and if the gate oxide

cannot be sufficiently strengthened against hot-carrier degradation to provide adequate

operating lifetimes then the only remaining option is to modify the MOSFET
structure

quantitative example will concretely demonstrate why way must be found to

reduce Eymax in submicron MOSFETs Assume that NMOSFET has the

following structural and electrical device parameters t0 20 nm
rj

0.25 um VDS
5V and VDSsat IV In this case from Eq 9-2a 138 nm 1.38x105 cm and

VD5 ossat 4V Then from Eq 91 Eymax 2.9x 10 V/cm Now we can

roughly estimate the hot-carrier lifetime of the device using Eq 9-8b We first use Eq
9-5 to model sub11 in this device Then we insert this sub1TD value into Eq 9-8b to

find Equation 9-5 yields value for subIiD 0.015 and then Eq 9-8b predicts that

such device will have hot-carrier lifetime of only 1x106 sec or 0.4 year
Obviously this lifetime is too short the design goal is typically 10 years Clearly

way to increase needs to be found

Equation 9-I suggests that one way to modify the MOSFET structure to reduce

Eymax is to increase the magnitude of According to Eq 9-2 this can be accomplished

by increasing t0 or
rj or both However increasing either of these parameters will

worsen the susceptibility of the MOSFET to short-channel effects as was discussed in

chap Thus another tack must be taken to modify the device structure other than by

using this approach
An alternative approach in n-channel MOSFETs is to create lightly doped

buffer region between the heavily As-doped ni drain and the channel outside of the

channel In other words the idea is to produce MOSFET device having drain with

graded or lightly-doped extension Qualitatively Eymax is reduced by such buffer

region because the maximum electric field in reverse-biased pn junction is highest

when the junction is abrupt By replacing the abrupt drain doping profile of

conventional MOSFET with drain that has more gradually decreasing lateral doping

profile i.e graded drain the voltage drop becomes shared by the drain and the

channel contrast to an abrupt n/p drain junction in which almost the entire voltage

drop occurs across the lightly doped channel side of the junction From simple

quantitative perspective using the model for Lymax given by Eq 9I Eymax is

significantly reduced by the presence of such lightly doped region because this is

another way to increase the denominator of Eq 9-1

Graded-drain regions can be created in MOSFETs in number of ways including

using phosphorus in place of As as the dopant of the source/drain regions

adding fast diffusing phosphorus to an As-doped drain region and driving the

phosphorus laterally ahead of the arsenic with high temperature diffusion step to
create so-called double-diffused drain structure and pulling the highly doped

drain region away from the gate edge with an oxide spacer to create so-called

lightly doped drain LDD structure Here we describe these approaches in more detail

focusing on the LDD as it is the most important technique for forming graded-drain

MOSFETs Table 9-1 shows the evolution of the ATT Twin-Tub CMOS technology
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Table 9-1 Evolution of Device Structures in ATTs Twin-Tub CMOS

Technology Development43 Twin-Tub VI announced in 1989

Twin-Tub Twin-Tub II Twin-Tub Ill Twin-Tub IV Twin-Tub Twin-Tub VI

DesignRule 3.5/tm 2.5jim 1.75 jim 1.25 jim 0.9/Am 0.6/Am

Leff jim
1.5 jim

1.3 sm 1.0 jim 0.75 jim 0.4 jim

600A 350A 250A 200A 150A 125A

Device Conventional Conventional DDD LDD NP LDD N-DDD

Structure

which gives an indication of how graded-drain structures were incorporated into MOS

devices as the devices were scaled

9.5.1 Phosphorus-Drain Structure

The simplest method to incorporate graded-drain region into conventional i.e

single As drain MOSFET device is to replace the arsenic with phosphorus as the

source/drain donor impurity.45 This structure is called the single phosphorus-drain

MOSFET The faster-diffusing phosphorus provides additional lateral length to the drain

dopant profile which widens the depletion region of the drain-channel junction and thus

reduces the maximum lateral electric-field strength Lymax

To keep the sheet resistivity of the source/drain regions reasonably low the dose of

the phosphorus implantation must be greater than lx iO cm-2 The resulting device

exhibits values of sub about an order of magnitude smaller than those made with As-

doped drains The reduction in Lymax is actually due to both the graded phosphorus

diffusion profile and the much deeper source/drain junction depth However because of

this deep source/drain junction short channel effects are much more difficult to suppress

in phosphorus-drain structures Thus this method is not suitable for NMOSFETs with

gate lengths smaller than about 1.3 jsm.46

9.5.2 Double Diffused Drain DOD
While the single phosphorus-drain is not suitable for alleviating the hot-carrier

reliability problem in short-channel MOSFETs if arsenic and phosphorus are

simultaneously used as drain dopants additional improvement in hot-carrier reliability

can be obtained with less excessive lateral encroachment into the MOSFET channel

The two dopants are co-implanted into the same region using two separate implants

i.e medium phosphorus dose lxlO4 to lxlO5 cm-21 and heavy arsenic dose

5x1015 cm2 both at 00 tilt angle This initially aligns both dopants to the same

gate edge Since these two implants are followed by high temperature anneal step in

which both dopants diffuse simultaneously the structure is called double-diffused drain

DDD However the faster-diffusing phosphorus is driven farther under the gate edge

and elsewhere see Fig 9-26 than the arsenic creating less abrupt concentration

gradient for the drain Figure 9-27 shows typical impurity distribution

-j
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nJ __
p-sub

///////j

___
p-sub

Fig 9-26 An NMOSFET with conventional single drain and double-diffused drain

along the channel direction of DDD MOSFET The doping profile of conventional

single-As-drain MOSFET is also depicted for comparison.47 significant reduction in

Eymax occurs in the DDD as is shown in Fig 9-28 For devices with channel lengths

greater than about 1.25 hum sub reduction factors of to are typically obtained It

should be noted that some DDD structures are implemented using the oxide spacer

technology generally associated with the LDD In such structures the implants are

carried out after spacer formation

The DDD structure is attractive because it adds little complexity to the process

sequence That is it can be introduced into CMOS process flow without any extra

masking steps whereas an NIrvIOS LDD process may require an extra masking step to

prevent the implant from entering the PMOS source/drain regions Furthermore

since the medium-dose phosphorus implant n- and the high dose arsenic implant nt
are aligned to the same gate edge the relative position between the and edges

which is the basis of all graded-drain structures is determined only by the high

temperature anneal process Thus the DDD structure exhibits relatively consistent

device characteristics and Tsub values

On the other hand this approach permits no freedom to optimize the length of the

region and simultaneously achieve shallow junction This limits the degree to which

Eymax can be reduced That is in order to get an region of sufficient length long

thermal drive needed Unfortunately this also causes deep vertical phosphorus

junction Since shallow junctions are needed to prevent short-channel effects see chap

as the gate length approaches um in DDD structures the deep vertical junction

degrades the short-channel behavior to an unacceptable degree The long drive-in also

causes redistribution of dopants in the channel which is also undesirable

In addition it should be mentioned that selecting the correct process and device

parameters which yield an optimized DDD structure involves significant process and
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device calibration That is too much phosphorus or excessive diffusion will yield

punchthrough problems while too little phosphorus will provide inadequate protection

from hot-electron degradation Furthermore if an oxide spacer is used the gate/drain

overlap depends strongly on the width of the oxide sidewall spacer which could make

such devices very susceptible to hot-carrier degradation unless the spacer width is tightly

controlled

For 5V supply voltages the DDD structure is therefore not suitable for devices with

gate lengths smaller than 1.25 jim As shown in Table 9-lit was used in the 1.75 jim

ATT CMOS-ITT technology but not in the following 1.25 jim CMOS-IV process.43

However it is reported that the DDD stwcture has returned in the ATT 0.6-jim CMOS-
VI technology in which smaller 3.3V power-supply-voltage is used

102 .7Z_1_

implant 5OKeV

014cm2
1020

SDA
x104m

//
1019

DDPA1
x10412m

io

SDA
x10 23 Lm

1016 _____________

\I

105 SD Single Diffused

DD Double Diffused

Gate electrode

edge

1014 //t_ ________
14 15 1.6 17 18 19 20

source Location in channel urn drain

Fig 9-27 Lateral impurity profiles for two single-diffused drain structures and one double-

diffused drain structure.47 IEEE 1985
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SDAx104Lm.j

T1
DD

20

Fig 9-28 Lateral electric field distributions associated with the three structures shown in

Fig 9-27 IEEE 1985

9.6 LIGHTLY DOPED DRAIN LDD STRUCTURES

The most widely used device structure for increasing the hot-carrier reliability in 5V-

NMOSFETs with gate lengths smaller than 1.25 /tm is the lightly doped drain LDD
and in the upcoming sections we will describe it in detail First we present models that

allow the degree to which Eymax is reduced in an LDD to be estimated in terms of the

device parameters and bias voltages as well as models which predict the performance

penalty that must be paid by using an LDD in MOSFET device Next we discuss the

process sequence used to fabricate conventional LDD and then we examine the

limitations of such structures Finally we describe how modifications have been made to

the conventional LDD structure to overcome these limitations

In the LDD structure as first described in 1980 by Ogura et al.4849 the drain is

formed by two implants Fig 9-29 One of these is self-aligned to the gate electrode

and the other to the gate electrode on which two oxide sidewall spacers have been

formed The purpose of the first implant dose is to produce lightly doped section of the

drain at the gate edge near the channel

Figure 9-30 shows the electric-field profile at the drain of MOSFET both with

and without conventional LDD structure as obtained from 2-D numerical analysis of
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the MOSFET device In this case the LDD provides about 30-40% reduction in

Eymax Since we noted earlier that the average energy of the hot-electrons is

exponentially dependent on 8ymax this reduction ought to significantly
decrease the

damage caused by such carriers in the MOSFET Hence the hot-carrier reliability of the

LDD device should also be greatly increased However this benefit comes at price

namely the lowering of the drive current of the MOSFET

While 2-D numerical analysis techniques provide accurate simulations of the lateral

electric field in both non-LDD and LDD MOSFETs it would be useful if analytical

models were available to estimate Eymax and the resultant reduction in in LDD

devices Here we describe such analytical models for estimating both phenomena in

LDD MOSFETs

9.6.1 Modeling Eymax fl LDD MOSFETS

9.6.1.1 Simple Model for Estimating Cymax in LDD MOSFETs

The LDD reduces Eymax because some of the drain voltage is dropped across the

region This voltage drop does not occur in non-graded-drain devices because such an

region is absent The simplest quantitative model for estimating the reduction of

Eymax in an LDD assumes that the voltage dropped across the region is as high as

possible.18 For this to occur the lateral electric field would have to be roughly constant

across the entire length of the region La- and be equal to its maximum possible

value Lymax In this case modified form of the equation used to calculate Eymax in

non-LDD device in saturation Eq 9-1 would also be appropriate for estimating Eymax

in an LDD

SIDEWALL
SPACER

GATE

L9 GATE OXIDE

UV4UU
DRAIN

Fig 9-29 Cross section of the drain end of an LDD device showing the sidewall spacer

the gate overlap length Lg and the length of the lightly doped drain region L0
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Devce Structures and lateral fields

LOD CONVENTIONAL

GATE_________________-J

n_

\\\

CONVENTIONAL

0.2 03 04 0.7 08

POSITION ALONG SURFACE Mm

Fig 9-30 Magnitude of the electric field at the Si-Si02 interface as function of distance

1.2 Jim VDS 8.5 GS VT.48 1980 IEEE

8ymax LDD VDS DSSat EymaxLnt 0.22 toxI13rjV3 12

which after some algebraic manipulation becomes

Eymax LDD VDS VDSsat 0.22 tox3rj3 VDS VDSsat /1 13

Equation 9-13 offers an alternative perspective of the phenomenon of Lymax reduction

in an LDD device That is Eq 9-13 suggests that the potential difference VDS VDSSat

is no longer dropped across the effective length of the velocity saturation region

0.22 tOU3rjh/3 but instead is dropped across which is the sum of and La- or

0.2 tox3rj113 La- It should be noted that in practice the electric field will not

be constant across L0- and therefore the term EymaxLn in Eq 9-12 should in fact be

reduced by some factor Nevertheless Eq 9-13 suggests that the effect of an LDD
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structure is to raise the maximum acceptable value of VDS over that of conventional

MOSFET regardless of

9.6.1.2 Analytical Model for Calculating Lymax in LDD MOSFETs

Using the Pseudo-2D Approach to Solving the Poisson Equation

The above model is useful for providing some rough quantitative insight into the

behavior of LDD MOSFETs but gives no help in designing an LDD structure for

given MOSFET with respect to selecting La- the dose or the degree of overlap of

the region under the gate Furthermore while this model helps to explain why an

LDD reduces Eymax it implies that this reduction will continue to increase as

grows longer However this is not the case Instead it has been observed that there is

some length beyond which Lymax no longer significantly decreases Furthermore

the above model gives no clue as to how the implant dose is related to the reduction of

Eymax nor as to the location of Eymax with respect to the gate edge

more elaborate analytical model for Eymax in LDD MOSFETs which provides

some of this information was described by Lee et al.50 This model was based on the

same pseudo-2-D solution approach of the Poisson equation of Ko et al as was

discussed in more detail in chap section 5.4.3.3 Here the doping is assumed to be

constant throughout each device region i.e in the and regions of the drain and

the channel region The solution of the 2-D Poisson equation based on this pseudo-2D

method provides the value of versus in the device The maximum value found is

Lymax The location of Eymax can therefore also be obtained from this model The

dependence of Eymax on the doping concentration in the region can also be determined

with this model Finally field reduction factor FRF is defined which gives the ratio

of Eymax in an LDD device to Cymax of non-LDD device with the same dimensions

This permits various LDD MOSFET structures to be quickly compared with respect to

their effectiveness in decreasing Cymax
Lee et al used the model to calculate the FRF in LDD devices for three general

device structures one in which the region is completely overlapped by the gate

one in which there is zero overlap between the region and the gate and one in

which partial overlap exists between the region and the gate They drew several

conclusions about the LDD device from their analysis The device with full n-to

gate overlap can potentially provide the largest FRF of the three structures The

maximum FRF in an LDD is about 0.5 and this occurs in full-overlapped structures

having an optimum doping and maximum length of La- That is if longer

region is used the FRF no longer increases On the other hand the resistance of the

currnt path between the source and drain terminals does continue to rise as L- grows

longer which will cause to decrease In partially overlapped devices the location

of Eymax depends on the doping level in the region That is for light doses the

Lymax location is at the junction i.e it exists beyond the edge of the gate

while for higher doses the location of Lymax moves to the p/n junction i.e under

the gate As we shall see when Lymax is located under the gate devices exhibit

improved hot-carrier reliability
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While this model is useful in providing insight into the general directions that LDD
device-design should take it does not provide enough information to be able to predict
the actual hot-carrier lifetimes of LDD devices designed only from the data provided by
the model That is the assumption is still made that an LDD MOSFET with the

smallest value of Eymax will yield device structure with the highest hot-carrier

reliability Unfortunately this is not always the case Instead other factors enter into

the picture as will be discussed in the section that examines the issues of hot-carrier

reliability in LDD devices section 9.7.2 We will also describe methods that are better

able to predict hot-carrier hardness in LDD devices section 9.10 These are based on

more rigorous simulation procedures than those used in the above model

9.6.1.3 Model for the Series Resistance Introduced by the

Region of the LDD The value of the resistance R- introduced by the region

of an LDD can be simply modeled if we assume that the doping concentration in the

region is uniform with value ND along the distance L- and to the depth of the region

rj
In this case we can model R- in an NTvIOSFET according to

R- ZLfl-IqiflNDrj 9- 14

where is the width of the device and ji is the mobility of the electrons in the

region e.g 800 cm2/Vsec The impact of R- on is described in section 9.7.1.1

96.2 Overview of the Process Sequence to Form LDDs

The basic process sequence used to form early LDD MOSFETs in simple NMOS
technologies is shown in Fig 9-3 The poly gate is patterned with an RIE etch

process designed to produce poly feature with vertical sidewalls Fig 9-31 In some

processes the thermally grown gate oxide beyond the edges of the gate is kept in place
after the poly etch in an attempt to maintain high quality interface under the sidewall

oxide This requires polysilicon etch with extremely high selectivity to oxide since

the gate oxide is normally quite thin e.g 12.5-20 nm thick Next the implant
also called the graded-drain or tip implant is carried out with phosphorus to form the

lightly doped region of the drain In early LDDs the doses ranged from 5x102 to

lxlO3 cm2 at energies of 40-60 keY Fig 9-31c Note that the region at this point

is self-aligned to the gate electrode The implant is carried out using medium-current

implanter with the ion beam tilted at to minimize implant channeling effects see

vol chap

Following the implant step thin oxide is thermally grown on the patterned poly

gate using short dry-oxidation process this step is called poly re-ox conformal

CVD oxide film is then deposited popular method is to decompose TEOS at 725C
as this produces film with excellent conformality and if the poly profile is vertical

no re-entrant profile conformal deposition process produces thicker film at the edge

of the gate-to-active area step than on flat areas Thus an anisotropic dry-etch process
will clear the oxide in the flat areas while leaving spacers at the sidewalls of the poly
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p-substrate

Thermal oxide

Oxide spacer

_____

Fig 9-31 Basic process sequence to form an LDD NMOSFET After poly deposition

after poly etch LDD implant spacer deposition spacer etch implant and

passivation

gate Fig 9-31d If the spacers are etched to endpoint with minimal overetch the

spacer height will be close to the same height as the poly For poly gate thicknesses of

0.3 jim and deposited oxide film thickness of 0.3 jim spacer widths of 0.2 jim are

typically obtained discussion of spacer thickness and shape dependence with respect

to variations in the deposited film thickness conformality overetch time etc is given

in ref 51
It should also be noted that to account for variations in the spacer oxide layer

thickness some overetch is needed in the etch step that creates the spacer During the

overetch time the spacer shape is altered i.e its thickness and height from the top of

the poly gate will change In addition the field oxide and the silicon in the source/drain

regions are also etched Excessive overetching of these regions is undesirable from
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device isolation and junction leakage viewpoints respectively Figure 9-32 shows
SEM photograph of an NMOS transistor with an oxide spacer at the conclusion of the

spacer etch process where the gate and drain regions have been decorated with

selective etch the region is not visible Note that the silicon in the drain has been

slightly etched during the spacer overetch as shown by the depression in the silicon

surface to the right of the gate Leakage of the source/drain junctions localized in the

junction directly beneath the spacer edge has been reported in oxide-spacer LDDs This

problem has been attributed to the silicon loss and etch damage in the substrate arising

from the spacer etch5253 and to defects formed by the subsequent implant and
anneal The shape of the oxide spacer produced by the spacer etch process has also been

reported to impact the formation of these defects.54

After the oxide spacers are formed high dose source/drain implant is carried out

with high-current implanter Typically arsenic is implanted at dose of about 5x105

cm-2 and at energies of 40-80 keY This forms the low-resistivity drain region which is

merged with the lightly doped region Because the spacer serves as mask for the As

implant the heavily doped region is self-aligned to the sidewall spacer edges and is

thus offset from the gate edge Since the edge of the region is further away from the

channel than would be the case in conventional drain structure the depth of the

heavily-doped region of the drain can be made somewhat greater without adversely

impacting the device operation e.g 0.3 jim deep versus 0.18 jim deep The increased

junction depth lowers both the sheet resistance and the contact resistance of the drain

Deeper junctions also provide better protection against junction spiking An anneal is

then performed to cause the dopant to sufficiently diffuse laterally under the gate edge

and to activate the implanted dopants Actually the entire thermal budget after

implant determines the degree of lateral diffusion and this is often dominated by the

interlevel dielectric densification and reflow step e.g 950C for 20 mm
By introducing the sidewall spacer after the implant to latemily offset the

implant the LDD structure offers more freedom in optimizing the length than the

DDD structure That is the length is controlled by the lateral spacer dimension and

thermal drive cycle and is made independent from the junction depth If salicide

Fig 9-32 SEM photograph of an NMOS transistor with an oxide spacer at the conclusion

of the spacer etch process where the gate and drain regions have been decorated with

selective etch the region is not visible.67 Reprinted with permission of Semiconductor

International
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process is being implemented an oxide spacer is also needed to prevent shorting of the

gate and the source/drain regions and this structure is intrinsic to the LDD approach

However as we shall describe in the next section the conventional LDD has other

problems and disadvantages and improvement in hot carrier resistance in the basic LDD

structure is obtained only by trading off device performance

9.7 PERFORMANCE AND HOT-CARRIER LIMITATIONS

OF THE CONVENTIONAL LDD

As emphasized earlier the reason LDDs are incorporated into submicron MOSFETs is

to increase their hot-carrier reliability It would be ideal if this benefit could be obtained

without degrading the other performance characteristics of the device However the

introduction of an LDD generally does cause some performance degradation primarily

by causing reduction in the drive current of the MOSFET An example of this effect is

illustrated in Fig 93355 which compares the drain current in conventional and LDD

MOSFETs as their gate length and dose is varied The LDD MOSFETs exhibit

smaller values To make matters worse if LDD MOSFETs are poorly designed they

may even be more susceptible to hot-carrier degradation than comparable non-graded-

drain MOSFETs

ccliv

LDD
60 VgV5V

W100uii
2Onm
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set

15E13
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Fig 9-33 Drain current in LDD MOSFETs with various gate lengths.55 1984 IEEE
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report was published in 1985 that compared .0 jim non-graded-drain DDD and

early LDD MOSFET structures.56 The performance and hot-carrier
reliability of the

DDD at such gate lengths was somewhat better than that of the early LDD but it

appeared that the DDD would exhibit intolerable short-channel behavior if the supply
voltage remained at 5V and the device dimensions were further reduced

On the other hand this study indicated that the LDD structure could be designed into

smaller MOSFETs without excessively degrading their short-channel behavior With
this in mind it became important to understand why early LDDs caused performance
and hot-carrier reliability degradation That is if these drawbacks could be overcome
the LDD could be used to combat hot-carrier effects in MOSFETs with jim Here
we examine in detail the device structure and processing factors that are responsible for

the limitations of the early LDD structure An understanding of these issues also

provides background for the upcoming discussion of modifications to the basic LDD
structure as these were developed to overcome its limitations

9.7.1 Performance Degradation in LDD MOSFETs
We have noted that the drive capability of conventional LDD MOSFETs even when
fresh i.e prior to hot-carrier stressing is worse than that of non-graded-drain
MOSFETs That is the introduction of an LDD is typically accompanied by 10-20%
reduction in In poorly designed LDD MOSFETs this performance degradation can be

even larger The reasons for such drive current decrease are discussed in this section

Note however that the gate/drain overlap capacitance is normally lower in LDD devices

because the LDD region is partially depleted which recovers some of the reduced

circuit performance study of the impact of the LDD on the gate-to-drain capacitance
of the MOSFET is given in refs 57 and 58 The overall loss in circuit performance of

the combined effects is observed to be between 4-8%

9.7.1.1 Decrease Due to Added Resistance of Regions The
most obvious reason that the drive current is reduced in an LDD MOSFET is that the

regions of the LDD add segments of lower doping along the current path between the

source and drain Hence higher total resistance exists along the current path between
the source and drain terminals As described in chap the series resistance of the

MOSFET can be modeled using an equivalent circuit model as shown in Fig 93459
Here we see that using the regions is equivalent to adding two parasitic resistors each

with resistance R- to the total source/drain resistance simple model for computing
the value of R- was given in section 9.6.1.3 As also noted earlier this extra parasitic

resistance in practice typically causes 10-20% loss in both drain current and
transconductance compared to non-LDD devices Note that both the source and drain

parasitic resistors act to decrease in the linear region while only the source resistor

causes Dsat to decrease because the Dsat is not impacted by resistance change across

the drain-channel junction Thus the effect of R- on is most pronounced in the

linear triode region Note that an increase in the channel resistance as result of hot
carrier damage will also cause the largest decrease in in the linear region and hence

this quantity is often monitored when conducting studies of hot-carrier degradation

UMC 1229
UMC v. AICP



600 SILICON PROCESSING FOR THE VLSI ERA VOLUME Ill

Rch
n- cRn

qWQ

Fig 9-34 Schematic diagrams showing the two-section drain model and the external

channel pinch-off effect and the equivalent circuit of the graded drain device structures.59

1984 IEEE

However in device in which the source and drain parasitic resistance values are not

identical i.e in asymmetric MOSFETs which are discussed in section 9.7.1.5 the

values of Dsat will not be identical if the source and drain terminals are reversed As

this can pose problem in some circuits we will discuss this issue in more detail later

To minimize the value of R- we could adjust several parameters Primarily the

doping concentration of the region could be increased and its length L- decreased

However both of these variations impact the effectiveness of the LDD structure That

is the optimum value of L0- has been found by two different studies to be either

the same length as the effective length of the saturation region in comparable non-

graded -drain device or equal to the depletion region width WD on the

side of the p/n junction.6 In practice both of these distances are comparable This

implies that if longer value for L0- is chosen no further reduction in Eymax will be

obtained but larger R0- will result than would exist if L0- was shorter However

As L0- is increased initially the depletion layer corresponding to doping in the region

and the drain voltage spreads out in order to sustain the drain electric field This spreading

continues until L- becomes wide enough to sustain the drain field i.e which corresponds

to value of L- equal to the depletion layer width in the region Hence increasing L0-

beyond serves only to increase the parasitic series resistance with no further benefit in

lateral field reduction
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if the region intrudes into the depletion region i.e if L- is shorter than WD the

effective_depletion-layer width is determined by La- Thus L- should be neither too

short nor too long

Choosing the optimum doping concentration value is more complicated Upper and

lower bounds to the doping can be deduced from the limiting cases That is at one

extreme if the doping is too high the region merely becomes an extension of the

heavily doped region and sufficient reduction in Lymax is not achieved At the other

extreme very lightly doped region hardly changes the structure from that of

conventional MOSFET with high Eymax at the heavily doped drain Selecting the

optimum doping between these two extremes involves various tradeoffs between

performance and hot-carrier degradation The relationship between these two

characteristics is not straightforward as will be discussed in section 9.10
In practice in early LDD MOSFETs the dose was generally chosen to be in the

range of 5x102 cm-2 to 1x1013 cm-2 which is roughly equal to concentration of

2-4x 1017 cm-3 in an region of 0.25 jim in depth as these values resulted in

MOSFETs with the smallest sub values as well as values that were about 20%
below those of conventional jim MOSFETs see Fig 9-33 for the conventional

MOSFET and the LDD MOSFET at jim and dose lxlO3 cm-2 More

recently as is described in section 9.11 the dose in modified-conventional LDDs has

been increased to 4x 1013W lx 1014 cm2 However in such fully-overlapped LDD
structures as the IT-LDD proposed for 0.5 jim MOSFETs the dose has been

decreased back to the lighter range Some of the reasons for these choices will be

considered in the upcoming section that deals with designing LDD MOSFETs for high

hot-carrier reliability

9.7.1.2 Doping Compensation Effects that can Increase R- in

Deep Submicron LDD MOSFETs As device dimensions shrink the doping
concentration in the channel must be increased to achieve sufficiently high values of VT
and punchthrough voltage in submicron devices At 0.5 jim the peak channel

doping concentration is estimated to be 2x107 cm-2 Thus it is possible for this

doping to compensate the doping such that R- is significantly increased which in

turn will decrease Io.61 It may be necessary to develop process sequences that

somehow prevent the channel dopants from being introduced into the regions One

such approach is described in section 9.12.1.3

9.7.1.3 Increase of Rsh by Weak Overlap of the Gate and Drain If

the edges of the drain and gate are offset gap exists between the gate edge and the

drain segment of the channel between source and drain thus extends over this gap
This condition as well as the condition of only slight-edge-overlap between gate and

drain is referred to as weak overlap The condition of weak overlap can lead to

degradation of both the performance drive current and hot-carrier reliability of

MOSFET In this section we former issue and in section 9.7.2 the latter

The decrease in drive-current performance arises because weak overlap results in an
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CATE

DRANSOUPCE

Fig 9-35 Weak overlap occurs as result of three conditions in MOSFET offset of

the drain edge from the gate edge in single-drain MOSFET by gate birds beak or

graded-gate oxide GGO and offset or slight overlapping of the gate and drain edges in

an LDD Note that gate offset and GGO may occur simultaneously which can increase the

severity of the weak overlap condition.62 1986 IEEE

increase in Rsh This effect occurs because the segment of the channel in the gap is

under less control by the gate than is the channel region at the center of the gate

Consequently this section is not inverted as strongly and the total channel resistance is

increased Basically weak overlap62 occurs as result of three conditions in

MOSFET offset of the drain edge from the gate edge in single-drain MOSFET

Fig 9-35a Such offset may occur for several reasons as we shall discuss later

weak overlap caused by gate birds beak or graded-gate oxide GGO see Fig 9-35b

and offset or slight overlapping of the gate and drain edges in an LDD Fig 9-35c

Note that gate offset and GGO may occur simultaneously which can increase the

severity of the weak overlap condition

9.7.1.4 The Impact of Poly Re-Ox on Weak Overlap in MOSFETs
As described in chap the poly re-ox step grows sidewall on the patterned poly gate

and also gives rise to graded-gate oxide or GGO 9-35b Weak overlap can be caused

in MOSFETs as result of both oxidation effects.6364 If the poly gate has been doped

prior to re-ox the poly sidewall oxide will grow much more rapidly than on the more

lightly doped substrate regions e.g if 150A of oxide is grown on the substrate about

500A of oxide will grow on the doped poly Thus even if the gate and drain are

overlapped prior to poly re-ox step the doped gate edge can retreat more rapidly as

result of the rapid oxidation of the poly sidewall than can the diffusing drain dopants

which try to catch this retreating edge As result the drain edge may end up being

offset from the gate edge after re-ox even if alignment had existed prior to the process
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As noted in chap the GGO can provide several benefits to MOS device
including improved gate-oxide edge integrity and lower gate-to-drain overlap capacitance
For example the poly gate etch process may form microtrenches in the gate oxide at the

periphery of the gate edge causing all the oxide there to be removed see Fig 7-29d
The re-ox step can heal such damage The heavy source/drain implant can also damage
the gate oxide even if it is covered by the CVD spacer.106 moderate re-ox process
which gives rise to minor GGO is effective in healing the former and preventing the

latter damage However if more extensive re-ox process is performed i.e in which
the lateral penetration and increase in oxide thickness at the gate edge of the GGO is

excessive the performance of the device can be degraded by causing weak gate/drain

overlap effect for different reason than is caused by the lateral offset of the gate and

drain That is even if the drain edge ends up beneath the gate edge the thicker oxide at

the gate edges caused by GGO reduces the degree of inversion in the channel at the gate

edge compared to that in the center of the gate Since the lateral penetration of the GGO
increases as the GGO thickens at the gate edge these two effects can combine to worsen
the reduction in the value of the drain current or transconductance as shown in Fig
9-36 Here we see that the edge of the drain must be driven further under the gate edge

i.e must be increased to negate the effect of the GGO on transconductance

number of measures have been proposed to minimize the extent of poly oxide

growth and GGO during poly re-ox First short re-ox time and relatively low oxide

growth temperature should be chosen Second the re-ox step should be performed in

dry rather than wet oxidation ambient Finally the poly can be doped after the re-ox

step namely during the implant step that is used to doped the source/drain regions

rather than before gate patterning as is usually done.6566 The latter approach is

effective because undoped poly oxidizes less rapidly than does heavily doped poly

POLY GATE

--L-_ xo
oxuo

X5OOA

/4O5O.6
METALLURGICAL CHANNEL LENGTH LM tim

Fig 9-36 Simulated results of inverse gain versus metallurgical channel length for

different offset distances with LB 0.1 jim and 275A.66 1989 IEEE
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9.7.1.5 Off-Axis Implant Effects in MOSFETs Leading to Weak

Overlap Problems and Asymmetrical MOSFET Device Char

acteristics Formation of the source/drain regions of MOSFET is accomplished by

means of ion implantation with the polysilicon gate used as the implant mask To

produce shallow junctions the implant has traditionally been done off-axis typically at

an angle of as this avoids channeling see Vol chap However an off-axis

implant can also cause asymmetric doping of the source and drain regions.68-7276 That

is lateral shadowing in Fig 9-37 of the substrate occurs on one side of the poly

gate and penetration of dopants through the leading corner of the poly on the other side

The impact of off-axis implants on the device characteristics can be examined by

considering the and implants separately

If the implant that forms the lightly doped region of the drain is done off-axis the

as-implanted region in the shadow of the gate will have its edge displaced from the gate

edge As result there will be no overlap of the implanted region and this gate edge

upon the conclusion of the implant Even after drive-in step the overlap of this edge

with the gate will be less than the overlap of the nonshadowed implant region edge and

the gate If the less-overlapped side is used as the source the extra resistance introduced

will reduce Dsat IDsno in Fig 9-37 thus degrading circuit speed However if the drain

side has less overlap the extra resistance will not affect Dsat curve Ddno in Fig 9-37

The asymmetry in drive current when the same device is connected in these two ways

LaerShadowngA

___

1/

oLYcH
POCFSS

20

Implant Angle Degrees

Fig 9.37 Percent asymmetry in saturated drain currents VDS Vos 5V versus

source/drain implant angle for LDD NMOS devices having reentrant- and vertical-wall

polysilicon gates Insert schematically shows source-non-overlap SN0 and drain-non

overlap DNO I-V behavior.67 Reprinted with permission of Semiconductor International
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can be as much as 40% and this can be catastrophic in circuits that require closely
matched_device characteristics

The asymmetrical ID-VDS problem is severely worsened if the poly gate etch produces

structure with re-entrant angled sidewalls rather than vertical sidewalls as is shown in

Fig 93767 Thus if an implant process with tilt angle is used an etch process
that produces vertical sidewalls on the poly or polycide is critical This means that

unless tilt angle is used in the implant processes the etched profiles of the gate
electrodes must also be monitored and not just in the top views used to measure critical

dimension but in cross-section to expose re-entrant angles
The problems arising from such implant-shadowing can be alleviated by various

measures including the following

poly-etch process that produces vertical sidewalls in the poly gates
should be used

Excessive reoxidation of the polysilicon gate after it has been patterned
should be avoided Note that minimizing re-ox also prevents gap from

being established between the drain region edge and the edge of the gate

vertical implant through screen oxide can be used to reduce

channeling instead of using tilt implant.27

poly-etch process that produces slight positive bevel to the poly

sidewall profile can be combined with smaller angle vs

off-axis implant.68

The implant can be carried out at but in two segments each at half the

total dose The wafer is repositioned by 180 after the first segment of the

implant so that each edge of the gate is the leading edge of the gate during
one-half of the total implant with respect to beam shadowing In this

way the implanted region on both sides of the gate will be symmetrical

Let us next examine how the implantation can also impact the structure of the

LDD.7375 If this implant is also performed at off-axis additional asymmetric
implant effects can occur That is on the side of the gate that is not shadowed the

arsenic atoms penetrate the leading corner of the spacer and thereby enter the substrate

under the spacer to some extent If the tilt angle of the region was from the

opposite direction the region at the drain will have been offset from the gate
Therefore if the spacer is too narrow the tilted implant can wipe out the lightly

doped drain-extension region When this happens the device can entirely lose the hot
carrier protection that was to be provided by the LDD structure and it will become
vulnerable to degradation by hot-carrier effects To avoid this spacer with sufficient

width must be employed and higher dose will also offer more protection Some
guidelines for choosing the proper spacer width to deal with this problem are given in

reference 74
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9.7.1.6 Implanter Issues that Impact the LDD Process Sequence
Medium current implanters are used to perform the implants In early machines the

wafer holder could be inclined so that the beam struck the wafer surface at fixed non-

angle However electrostatic scanning was typically the method used to deflect the

beam over the wafer surface and this causes the beam angle at the wafer surface to vary

e.g from 30 to when the nominal beam angle is as the beam is scanned The

implant is carried out in high-current implanters which use fully mechanically

--

scanned beams Mechanical scanning reduces the beam scan-angle variations that occur

with electrostatic scanning In some cases the implant dose was actually carried out

at on high current implanters to try to take advantage of this benefit

Later generations of medium current implanters have been introduced which permit

more options First the scanning system has been modified so that reduced scan-angle

variations are caused Second they offer the capability of angular repositioning of the

wafer so that both edges of the gate of MOSFET can be implanted with an off-axis

implant to achieve symmetrical doping of both the source and drain sides of the device

9.7.1.7 Process integration issues which arise when an LDD is

integrated into CMOS Technology If an NMOS LDD structure is

incorporated in CMOS technology some issues must be addressed that do not arise in

NMOS technology Specifically an extra mask is needed if it is desired to prevent the

implant dopants from being introduced into the source/drain regions of the PMOS

devices This is especially necessary if an LDD structure is also to be used in the

PMOS devices On the other hand since the source/drain implant dose is heavy

enough so that any dopant implanted into the PMOS source/drain regions will be

compensated by that dose if no LDD is needed in the PMOS device blanket

implant can be carried out without the need for an extra mask step

In the latter case however the source/drain implant step must be performed prior

to the formation of the oxide spacer to prevent the dopants from being offset from

the gate edge by the spacer This means that the dopants will be subjected to the

anneal steps of the implants As result the depth of the PMOS source/drain

junctions will be greater than if it was not necessary to subject them to this anneal

cycle In section 9-8 we will discuss how the use of disposable spacers is one possible

way to circumvent this problem

9.7.2 Hot Carrier Reliability Issues in Early LDDs

In early LDD MOSFETs the criterion for selecting an optimum device structure for

hot-carrier resistance was frequently based on monitoring sub for given set of bias

conditions and choosing the structure that exhibited the smallest sub value This was

done because the smallest sub value is correlated to the smallest value of Lymax

tradeoff was made between low substrate current and high drain current the devices

which exhibited the lowest sub/ID ratios were deemed best see Eq 9-5 which indicates

that this ratio is an indicator of the Lymax value.1

Although this assumption may be correct unfortunately it is not always the case that

devices with smaller Eymax necessarily exhibit better hot-carrier reliability In fact as
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discussed previously some early LDDs which apparently had smaller Eymax values than

comparable non-graded-drain devices actually exhibited worse susceptibility to

degradation after hot-carrier stressing Hui and Moll reported that unless some minimum

overlap between the gate and the region of the drain was ensured the LDD device

would exhibit poor hot-carrier reliability.77 They noted that LDD devices with extra

thermal drive-in demonstrated significantly less hot-carrier degradation and they sur

mised that the discrepancies in hot-carrier reliability among early LDD stressing reports

was likely due to the different temperature cycles used in the various LDD devices

It was eventually learned that phenomenon dubbed the structure-dependent

degradation effect could exacerbate hot-carrier degradation even as Eymax was being

reduced.5578 Actually two effects contributed to the problem First the location of

Eymax is dependent on the doping concentration in the region That is Eymax
moves closer to the edge of the region of the drain if the implant dose is low e.g
5x1012-to-1x1013 cm-2 which was the dose typically chosen in early LDDs Second

since the damage due to hot-carrier injection is localized in the gate oxide above the

location of Eymax this would have placed the damage in the spacer region of the channel

see Fig 9-38b Since this segment of the channel is outside of the edge of the gate it

will tend to already be less heavily inverted The accumulation of damage-induced

negative charge in the oxide above this location has the effect of reducing the level of

inversion even more thus causing the parasitic resistance to increase In turn the drain

____ ____

Fig 9-38 Degradation in early LDDs was above the drain current path beyond the edge

of the gate In conventional MOSFETs the edge of the drain is under the gate
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current and VT and are decreased In extreme cases the charge buildup can cause the

segment to be completely depleted cutting off the device.5578 This can cause the hot-

carrier lifetime to decrease even more rapidly than in non-graded-drain device in which

Symax is located beneath the gate edge Another issue that compounds the problem is

that the deposited oxide in the spacer region may not have as good quality as the

thermal oxide beneath the gate and thus may be more susceptible to damage by the

injected hot carriers

One simple cure for the above problem is to use somewhat higher dose

Although the price is somewhat higher value of Lymax this also has the effect of

moving the location of Eymax to the p/n junction which is also beneath the gate edge

Here the gate field counteracts the damage in the oxide resulting in less channel

depletion than before Also the heavier doping makes it harder to deplete the region

These effects combine to make the device much more resistant to hot-carrier degradation

Devices with such higher doses are referred to as moderately doped LDDs M-LDD5
and are discussed further in section 9.11.2.1 Another way to guaranty that this problem

does not occur is to fully overlap the region with the gate Devices have been

designed to accomplish this and we will also describe them later e.g fully overlapped

structures section 9.12.1 and LATID structures section 9.12.2

9.8 DISPOSABLE SPACERS

Instead of forming the oxide spacer after the implant and then doing the implant

an alternative process sequence can be used to form the LDD That is the spacer can be

formed first followed by an implant Then the spacer is removed and the implant

is performed hence the name disposable spacer The benefits of disposable spacers

apply mainly to CMOS technology and they include the following the process

becomes more flexible allowing LDD formation in both or either NMOS and PMOS

devices If both types of LDD structures are required they can be formed with only

two masks details later whereas or maybe even masks are needed if the

conventional sequence is used the p-implants for the PMOS device can be performed

after the n-implants are annealed Shallower source/drain junctions in PMOS devices can

thus be fabricated since the p-implants do not have to be subjected to the n-implant

anneal cycle As noted earlier in the conventional LDD sequence the silicon

substrate may be damaged during the overetch time of the oxide spacer etch formation

process Such damage has been blamed for junction leakage.79 This problem is avoided

in the disposable spacer process since the damage is prevented during the disposable

spacer etch see below Spacer etching is also simplified because sharp endpoint

signal is easily detected as large area is cleared at the end of etching and The

damage from the /p source/drain implant steps can be annealed prior to LDD implant

step thus allowing shallower and regions to be formed Shallower junctions result

in improved short-channel behavior

The first disposable spacer process to be published used polysilicon disposable

spacer.8 Here layer of polysilicon instead of the conventional LTO oxide is

deposited on the reoxidized patterned poly gate structure The polysilicon is

anisotropically etched back to form poly spacer This polysilicon etch which has high
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SOURCE/DRAIN IMPLANT __________________________________
RESIST

SOURCE/DRAIN IMPLANT
RESIST

___ POLY ___

p.SI N-SIT

Fig 9-39 Key processing steps for the NMOS device using the disposable sidewall spacer

technology after poly etch and reoxidation after the 300-A undoped poly and undoped

LTO deposition after RIE of the LTO to form the sidewall spacers which is followed by

the source/drain implant with resist covering the PMOS areas with rsist in place the

LTO sidewall spacers are stripped in 101 BOE and the source/drain implant is performed

and after the poly buffer is removed by etch or thermal oxidation.81 1988 IEEE

selectivity to oxide stops on the thin oxide over the source/drain regions without

damaging the underlying silicon The polysilicon spacers are removed after the

implant and the implant is carried out Note that in this process there is also

virtually no loss of field oxide during the spacer formation etch step because of the high

selectivity to the field oxide

The next reported disposable spacer process was disposable oxide-sidewall-spacer

process8 in which thin poly layer 300A thick was formed by LPCVD between the

re-oxidized poly gate and the LTO spacer oxide The thin poly under the spacer acts as

an effective etchstop layer if spacer-etch process with high etch selectivity of LTO to

polysilicon is used The oxide spacers are removed after the implant by wet

chemical etch step 101 BOE which also does not attack the thin poly layer that covers

the gate structure see Fig 939.81 The thin poly layer can later be removed by wet or

dry etching or it can be thermally oxidized prior to the completion of the process

UMC 1229
UMC v. AICP



610 SILICON PROCESSING FOR THE VLSI ERA VOLUME III

variation of this process that uses CVD silicon nitride in place of the LTO oxide as the

disposable spacer material has also been described.82 Since hot phosphoric acid is used

to strip the nitride spacers fewer defects occur in the re-ox oxide layer beneath the thin

poly protective layer than when the BOE spacer removal etch process is used to remove

the disposable LTO spacers thinner re-ox oxide can thus be used This is

advantageous as less gate-birds beak GGO is formed in the gate oxide at the edges of

the poly gate during the re-ox process

If salicide process is to be included in CMOS technology the disposable

polysilicon spacer fabrication sequence described earlier must be modified in several

ways First an additional permanent oxide spacer must be formed after all the LDD

implant steps are completed to permit the silicide to be formed on both the source/drain

and poly gate regions without shorting between them sequence for fabricating

dual-gate CMOS technology i.e poly for PMOS and poly for NMOS with

disposable poly spacers is shown in Fig 940.84 To permit this technique to be used

when devices are scaled to 0.5 jim an additional modification is made That is thin

CVD TEOS oxide is deposited on the re-oxidized polysilicon gate before the poly spacer

layer is deposited This is done because sufficiently thick oxide layer must exist under

the poly spacer film i.e at least 1SOA to prevent damage to the substrate during the

$JNDOPED POLY POLY GATE POLY 12

S/D RESIST

XIDECOXIDE
v1 N0ff

WELL WELL WELL WELL

di

NI2 N12 _________________ __________________
S/D RESIST S/D RESIST

12 12

__ PQLYL5 OXIDE OXIDE
WELL WELL WELL WELL

NI2 NI2
LTO SPACERS

______________ ______________

WELL WELL WELL WELL

Fig 9-40 Disposable polysilicon spacer process.84 1991 IEEE
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Fig 9-41 Disposable TiN spacer process.85 1989 IEEE

overetch time of the spacer formation process If such thick oxide film was grown

during the poly re-ox step the gate birds beak that would result would penetrate too far

into the channel in devices because of the heavy doping of the poly gate whose gate

lengths approached 0.5 sum The use of the CVD TEOS film in combination with

thinner thermal oxide film formed during poly re-ox will sufficiently suppress the gate

birds beak and yet provide an adequately thick oxide under the poly spacer Also note

that to permit the dual gate technology to be implemented the poly over the PMOS

regions is not etched back to form spacers until both the and implants are

performed

However technique has also been reported that allows single disposable spacer to

be used to form both the LDD and the salicide regions But this approach requires the

use of different disposable spacer material than polysilicon namely TiN The

disposable TiN spacer process sequence is shown in Fig 94 1.85 technique that uses

CoSi2 disposable spacers has also been described.86

9.9 SUMMARY OF THE LIMITATIONS OF EARLY LDD
DEVICES

In many cases early LDD devices were able to provide improved hot-carrier reliability

compared to conventional single-drain MOSFETs However these early LDDs also

exhibited many drawbacks including the distinct possibility that if they were

improperly designed or if the manufacturing processes were not tightly controlled their
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hot-carrier reliability could no better or even worse than that exhibited by conventional

MOSFETs The following reasons summarize why early LDD devices were prone to

such variability

First the implant dose in early LDDs was too low which degraded the drain

current more than necessary even prior to hot-carrier stressing Second this low dose

caused the location of Eymax to be outside of the edge of the gate and also made the

region under the spacer susceptible to depletion by the hot-carrier damage that was

highest above the point of Lymax It was possible for the latter two effects to combine

and severely degrade the hot-carrier reliability of the device Third the above problems

were exacerbated by the fact that the tilt angle used in the LDD implants together

with non-optimized GGO caused significant asymmetrical Icsat characteristics in tim

and smaller devices Finally the optimum field-reduction-factor FRF in the

conventional LDD could not be achieved as this would have required fully overlapped

LDD structure To achieve fully overlapped region the vertical depth of the n-/p

junction would have ended up being too deep to control short-channel effects in

submicron MOSFETs For all these reasons modifications to early LDD structures

were needed to make them capable of providing hot-carrier protection in sub-micron

devices The design and fabrication effort undertaken to achieve such hot-carrier- resistant

device structures in submicron devices has been termed drain engineering

9.10 SUMMARY OF THE METHODS TO BE USED IN

DESIGNING EFFECTIVE LDD STRUCTURES

Some of the weaknesses exhibited by early LDD structures arose because the guidelines

used to design them were based on erroneous or incomplete understanding of the

behavior of the structure That is it was believed that the most important issue with

respect to hot-carrier reliability was to reduce Eymax as much as possible Simulations

were carried out to calculate Lymax for various values of L- and dose and the drive

currents of MOSFETs with the corresponding regions were also computed Device

designs based on the values of and L- chosen from these analyses were fabricated

and sub was measured as monitor of Eymax to ensure that sufficient hot-carrier

stability was indeed achieved from these choices However it was learned later that

such factors as the location of the Lymax point and the structural degradation effect

also played an important role in how much the LDD increased the lifetimes of the

devices Consequently merely knowing Eymax and sub in device was not enough to

determine whether an LDD was optimally designed

Instead optimization of an LDD MOSFET involves many device parameters

besides the dose implant energy and the value of La- These include the value of

the offset of the dose from the gate edge as result of the re-ox step the thermal

budget after the implant and the channel doping the latter two determine the gate-to

overlap Selecting the optimum set of these parameters to obtain the most effective

LDD structure for the device at hand is complex task

The dilemma faced by process and device engineers is to how to devise an optimized

drain structure in the face of all the possible choices From realistic perspective only

reduced number of the alternatives can possibly be investigated partly due to the time-
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consuming lifetime stress tests These tests constitute an essential input and represent

perhaps the ultimate criterion for selecting the best structure among the different

possibilities However the necessity of conducting such lifetime tests runs up against

major obstacle That is the time pressure of shorter device-design cycle times

conflicts with the need to investigate broader spectrum of drain structures since the

hot-carrier sensitivity increases as the devices continue to shrink The only way to be

able to carry out lifetime tests on wide spectrum of drain structures in short period of

time when designing next-generation MOSFET is to rely on simulation results to

identify the most promising alternatives

Such simulation however must be able to provide information beyond the values

of Eymax and sub that were the outputs of the early simulators Such information

permitted only the physics of degradation to be better understood and/or rough

technological choices to be made Unfortunately this usually did not provide sufficient

data to allow the degradation behavior of the actual devices to be correctly predicted

That is an increase in Lymax or sub does not necessarily translate into lifetime

reduction Transistor degradation is also related to the damage of the gate oxide and Si

Si02 interface near the gate edge both of which arise from hot-carrier injection For an

improved optimization of the drain structure such effects require more evaluation than

merely the value of Eymax That is the physical process which causes the degradation

must also be considered in the simulation self-consistent calculation of the amount

and position of the oxide damage is required in order to be able to carry out direct

evaluation of the device lifetime

One such modeling tool for carrying out the above simulation task was developed by

Hansch et al in 1991.87 This tool allows the time development of the device

degradation under dc stress condition to be directly monitored It is able to predict the

location and amount of gate oxide damage during the stress experiment by calculating

the injection of carriers into the oxide region along the direction from the source to drain

and by solving the continuity equation to obtain the carrier distribution in the oxide

This simulation routine was incorporated as module of the device simulator

MINIMOS IV With such simulation capability it becomes possible to direct and

concentrate experimental efforts toward better devices while simultaneously helping to

reduce development time and cost

9.11 IMPROVED CONVENTIONAL OXIDE-SPACER
BASED LDD STRUCTURES

In section 9.6.1.2 we indicated that to optimize the hot-carrier resistance of the LDD

structure the region should be located at the edge or just under the edge of the gate

and the region should be located entirely under the gate Unfortunately this optimum

device structure is not easy to fabricate That is achieving full overlap in an oxide

spacer-based LDD dictates the use of very narrow spacer together with substantial

thermal drive-in Unfortunately in submicron CMOS technologies this approach would

cause the S/D junctions in both the NMOS and PMOS transistors to be too deep to

control short-channel effects In fact in the limit of very short spacer widths the LDD
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would essentially revert back to being DDD structure making it subject to the same

minimum channel-length constraints

While alternative device structures with fully overlapped regions have been

developed these require quite complex manufacturing sequences Nevertheless when

gate lengths shrink below 0.5 tm their implementation may become necessary

Thus we will consider such alternative structures in later sections

On the other hand oxide-spacer-based LDDs with only partial n-to-gate overlap have

also been developed that provide adequate hot-carrier lifetimes for gate lengths that

approach 0.5 /.tm Such partial-overlap LDDs are less complex to fabricate than the

full-overlap structures but are no more susceptible to short-channel effects than early

LDDs Hence some of them have been designed into 0.6-1.5 Lm CMOS technologies

Here we describe such modified oxide-spacer-based LDDs

The evolution of modified LDD devices has involved the following three approaches

to improving characteristics of the conventional LDD90

The doping concentration in the region of the LDD structure is increased to

improve the drive-current capability and to reduce the structural degradation

effect that worsens the hot-carrier lifetime of the conventional LDD The latter

problem is alleviated by this approach because the location of Eymax apparently

moves beneath the edge of the gate when the doping concentration in the region

is sufficiently increased The structures that exploit this approach are the

moderately-doped LDD M-LDD and the metal-coated LDD MILD

The vertical profile of the region is modified in an attempt to steer the path

of current away from the surface of the MOSFET and to separate the location of

Eymax and the path of maximum current flow in the device The structures that

pursue this approach are the buried LDD B-LDD the profiled LDD P-LDD
and the sloped-junction LDD SJLDD

Dopants are selectively implanted beneath the region to reduce the

susceptibility of submicron LDD structures to short-channel effects The structure

that pursues this approach is the double-implanted LDD DI-LDD

9.11.1 Increasing the Doping in the Region of the LDD

9.11.1.1 Moderate Lightly Doped Drain M-LDD The first approach to

improving the conventional LDD involves only an increase in the doping of the

region of the drain This was first proposed by Kinegawa in 1985 who dubbed the

resulting device the moderate lightly doped drain or M-LDD structure.88 Another report

detailing the characteristics of the M-LDD was published by Krieger et al in 1991 89

The spacer width and thermal budget after implant are basically the same as in the

conventional LDD but the dose of the implant is increased from 5x102-2x103 cm2

to 4xl0131x10l4cm

The increased doping implies that Eymax is not reduced as much as in the

conventional LDD but several problems of that structure are overcome such that the

UMC 1229
UMC v. AICP



HOT-CARRIER-RESISTANT PROCESSING AND DEVICE STRUCTURES 615

Isu5V
10 -T5VVcc1

0.9gm

100 t0 2Onm/
-510

\/
-J

-3
10 OPTIMUM

10 CONy

DOSE XIQ3crn2

Fig 9-42 The dependence of device lifetime and substrate current level on the region

implant dose in the LDD device structure The minimum substrate current point is at 2x1017

cm2 and the maximum lifetime point is at 5-6x1013 cm2.88 1985 IEEE Device

structure of the metal-coated LDD MLD.91 1985 IEEE

M-LDD exhibits increased hot-carrier resistance and improved drive current Figure

9-42a shows the lifetime and sub of the LDD device as function of the implant

dose It is seen that in the M-LDD structure can be longer than that of conventional

LDD in which 1x1013 cm-2 despite the fact that sub is larger In fact at an

optimal doping 5-6x103 cm2 the M-LDD exhibits four to five orders of

magnitude improvement in lifetimes over the conventional LDD with channel lengths

down to 0.8 jim for VDD 5V.88 It is believed that this structure can be effectively

used for devices with Leff down to 0.6 jim.89 Indeed the advantages of the M-LDD are

so great that to large extent it has been incorporated into many devices see for

example ref 81 which are nevertheless generally still classified as LDD but are

actually M-LDD
The benefits of increasing the region doping in the MLDD arise for several

reasons First the sheet resistance of the region is lower than that of the light LDD
even prior to stressing This improves the M-LDD current drive over that of lighter

dosed LDDs Second the value of the current drive in the M-LDD is apparently much

less sensitive to variations in the oxide spacer thickness than in the light-dose LDD
Third the increased doping apparently moves the location of Eymax under the gate edge

such that the damaged region in the oxide also lies beneath the gate edge rather than

outside the gate-overlap area as occurs in the light-dose LDD Thus the structural

degradation effect that leads to more rapid hot-carrier degradation in light-dose LDDs is

overcome Finally it should be noted that while gate-n overlap in the M-LDD is

greater than in the light-dose LDD in Kriegers report this overlap was found to be

0.15 jim it appears that the resultant increase in gate-to-drain capacitance does not

significantly degrade the gate delays if an M-LDD is used in place of light-dose LDD

in such digital circuits
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9.11.1.2 Metal-coated LDD MLD The metal-coated LDD MLD is another

oxide-spacer-based LDD structure that increases the doping in the region above the

levels used in light-doped LDDs.91 Here however deeper phosphorus implant dose is

used than in the M-LDD and suicide e.g TiSi2 is also formed atop the

source/drain regions Fig 9-42b The deeper implant steers the path of maximum

current somewhat away from the position of maximum field at the surface This reduces

the impact ionization rate As result smaller sub occurs than is observed in light-

dose LDDs with the same gate lengths The silicide layer reduces the sheet resistance of

the drain even further

It has been shown that the MLD structure can sustain 5-V operation in MOSFETs

with Leff 0.6 rim and the structure has reportedly been incorporated into the ATT

Twin-Tub CMOS technology.92 In ref 92 several issues were also raised relative to

integrating the MLD structure into CMOS process including ensuring that the gate-

drain overlap is large enough to cover implant shadowing effects that can result in

asymmetrical device characteristics choosing spacer width that is optimized to prevent

bridging between the gate and source-drain while ensuring consistent silicide formation

in production environment and not incurring excessive S/D resistance and adjusting

the p-LDD doping to overcome the blanket n-LDD implant under worst case implant

condition saving masking step to form both n- and p-LDD devices see chap

9.11.2 Tailoring the Vertical Doping Profile of the

Implant to Improve the Conventional LDD

Besides increasing the doping concentration exploiting the effect of variations in the

vertical doping profile of the region have also been explored Several structures have

been proposed that employ an LDD region whose peak concentration is beneath

instead of at the surface Reportedly this produces devices with better hot carrier

resistance

9.11.2.1 Buried-LDD B-LDD In the first of such devices termed the buried

LDD B-LDD93 or the sloped-junction LDD SJ-LDD94 deep e.g 165 keV

implant is used see Fig 9-43a The implants in the two respective structures are

As and ISJLDDI The deep implant produces vertical retrograde doping

profile which causes the contour of the channel/n junction to be inclined at non-

perpendicular angle to the Si surface see Fig 9-43b Since the electric field of pn

junction is roughly normal to the junction contour the channel/n junction field will

thus assist the gate field in steering the electron current and the impact ionization

region away from the surface and deeper into the silicon bulk As the location of Eymax

remains at the surface the current path is steered away from this point and less heating

of the channel carriers results Not only are there fewer hot carriers as indicated by

reduction in Isub but these also have lower probability of being able to traverse the

increased distance to the Si-Si02 interface without recombining Hence less injection

and thus less oxide damage results and longer hot-carrier lifetimes are obtained
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Fig 9-43 Schematic cross-section of the drain region of the buried LDD B-LDD
structure.93 1985 IEEE Electric-field lines are normal to the buried pn junction

which steers the drain current away from the surface in this structure.94 1988 IEEE

In the graded-buried LDD GB-LDD95 the deep arsenic implant of the B-LDD is

combined with the light phosphorus dose of the conventional LDD see Fig 9-44

This results in buried profile that has higher surface concentration than the B-LDD

and which is also graded in the lateral direction when thermal drive is carried out This

structure exhibits even better hot-carrier resistance than the BLDD as seen in Fig 9-45

9.11.2.2 Profiled-LDD P-LDD If the implanted regions of the buried LDD
structures just described are too deep the concentration at the surface of the regions

just under the gate are reduced This will cause degraded lifetime and increased parasitic

drain resistance96 the latter effect is worsened by current crowding as described in ref

145 This is one reason why the GB-LDD exhibits improved lifetimes compared to the

B-LDD
The GB-LDD structures can be even further improved by combining very shallow

moderately doped region e.g As 50 keV just under the surface with deeper

retrograde region e.g phosphorus 1-5x 10s cm2 formed by high-energy implant

150 keY The shallow abrupt As layer serves to increase the surface doping

concentration and to reduce the impact of current crowding effects at the source end on

the S/D resistance After the two implants are performed high temperature anneal is

used to laterally diffuse the phosphorus more than the arsenic After subsequent oxide

spacer formation the source/drain region is formed Such structure was first

proposed by Toyoshima et in 1985 and the process sequence for forming it is
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Fig 9-44 Schematic cross-section of the graded buried LDD GB-LDD.95 1986 IEEE
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Fig 9-45 Measured degradation in MOSFET transconductance under hot electron stress for

the conventional LDD B-LDD and GB-LDD structures.95 1986 IEEE
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shown in Fig 9-46 similar structure was reported by Chen et al but they also

added TiSi2 salicide layer.92

The P-LDD approach thus seeks to achieve all of the following objectives

Reduction of the maximum electric field Lymax in the silicon as compared

to the conventional LDD
Ensuring that the injection position i.e the Eymax point is located

under the gate edge

POLY GATE PAUERNING

PHOS IMPLANT
As IMPLANT

FURNACE ANNEAUDIFFUSION

SIDEWALL FORMATION

As IMPLANT high dose ANNEAL

POLY GATE

GATE OXIDE

N- As
N-

As

Fig 9-46 Profiled LDD PLDD process sequence.97 1985 IEEE
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TiSi
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MODIFIED BURIED LOD

DRAIN

CURRENT
DENSITY PATH s.
HIGHEST DRAIN

FIELD CONTOUR iO V/cm

Fig 9-47 Structure and lateral-field distribution for MLD structure modified profiled

LDD structure.92 1988 IEEE

Separation of the point where the electric field in the silicon is at

maximum from the point of maximum current flow in the channel

Ensuring that the impact-ionization region is pushed below the silicon sur

face to reduce the probability
of hot carriers reaching the Si-Si02 interface

Minimization of the increase in the parasitic resistance due to the LDD

structure

simulation of the electric field and current path in this device is also shown in Fig

9-47 where it is compared with those in an MLD-type structure We see that in the
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P-LDD structure there are two electric field peaks but both are under the gate edge

Objective We also observe that the current path is steered beneath the surface

Objective and through the saddle point between these two peaks Objective

reduction in sub and the ratio of sub/ID compared to MLD devices is also observed in

P-LDDs implying that Lymax is reduced even more than in MLD-type devices

Objective Objective is met by the use of the shallow As implant Because

the structure satisfies all of the above objectives it has been perceived as one of the most

promising of the modified oxide-spacer-based LDD structures with respect to achieving

high drive current and hot-electron resistance performance for MOSFETs down to 0.6

/.tm.98 The lateral and vertical doping gradients in such structures however are quite

complex and this could cause manufacturing difficulties Furthermore it still requires

long high-temperature anneal to form the lightly graded region and this may degrade the

short-channel performance of such structures to degree that they may not be suitable

for devices with 0.5 um

9.11.3 Improving the Short-Channel Performance of

the Conventional NMOS LDD

As noted in chap as MOSFET gate lengths are made shorter various unwanted

short-channel effects occur One such effect in NMOSFETs is subsurface-DIBL or

punchthrough While punchthrough stopper implants are used to suppress this

problem they become less effective as the gate length approaches 0.5 tm An

alternative technique to suppress punchthrough in such deep submicron LDD
NMOSFETs is to locally implant p-type dopants in NMOSFETs under the lightly

doped tip region of the LDD as shown in Fig 9-48a Such implants have been termed

halo implants and were first proposed for use in LDD NMOSFETs by Codella and

Ogura in 1985 They called devices containing halo implants double7implanted LDDs

DI-LDDs.99 Note that the use of halo-type implants as punchthrough stoppers in

PMOSFETs is discussed in section 5.8.3.4

Because the implanted dopant raises the doping concentration only on the inside

walls of the source/drain junctions the channel length can be decreased without needing

to use higher-doped substrate That is punchthrough does not set in until shorter

channel length because of the halo penalty in increased sidewall junction

capacitance is paid but this cost is smaller than that incurred should the bottom area of

the junctions lie above heavily doped substrate material The maximum halo doping is

determined by the onset of low-level avalanche breakdown of the pj junction as is

shown in Fig 9-48b Careful implant control is also essential to avoid compensation

effects due to overlapping n- and p-dopants

halo NMOSFET with 0.35 jim was reported that operated at 3V with t0 15

nm The junction depth rj
was 0.14 jim and the p-halo peak doping was 3x1017 cm3

more recent report applied large-angle tilt implantation LAT see section 9.12.2

of boron ions in NMOS and phosphorus in PMOS Fig 9-48c to form halo-like

punchthrough suppression region in each device called SPI self-aligned pocket

implantation.101102 In NMOSFETs this approach first creates conventional LDD
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structure using an implant spacer oxide and an implant Note that the dose

will usually have to be increased to avoid compensation by the pocket implant This

is followed by the formation of TiSi2 salicide process The SPI step is performed next

using 40 keV 8x1012 cm2 phosphorus implant at tilt angle of 25-30 to create the

pockets of dopants The gate/spacer structure and the TiSi2 layer both act as self-aligned

implant masks to define the regions into which the pocket dopant can penetrate

Devices with channel lengths as small as 0.2 im that still exhibited long-channel

subthreshold VT behavior were fabricated Another report by Duvvury et al indicated

that unless the doping profile of the halo implant was correctly optimized the

DI-LDD would exhibit more susceptibility to electrostatic-discharge damage.103

Gate electrode
Si Side Wall

51 1017
______________________________

4L
10

O17
VDS at Ex 5.5 10 V/cm Pt

H5
Channel Length 1.m \J

Fig 9-48 DI-LDD device cross-section Drain-Source voltage limit from low-level

avalanche breakdown versus channel length for various peak halo doses.99 1985 IEEE

Process sequence of SPI for NMOSFET and PMOSFET5.0 1991 IEEE
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9.12 FULLY OVERLAPPED LDD STRUCTURES

As noted in section 9.6.1.2 an LDD structure with the gate fully overlapping the

region appears to be the optimum structure with respect to hot-carrier resistance and

drive-current performance Yet this device structure is difficult to fabricate in submicron

devices using the conventional oxide-spacer-based LDD approach That is the long

thermal drive-in step required to drive the region completely under the gate also

produces deep vertical junction such that short-channel effects become excessive

variety of other device structures have been proposed to achieve the full-overlap

condition including the inverse-T structure IT-LDD the large-angle-tilt implanted

drain LATID structure the asymmetrical halo-source gate-overlapped LDD structure

HS-GOLD and the high-dielectric-spacer structure Here we describe these structures in

more detail

9.12.1 Inverse-T Gate LDD ITLDD and Gate-Drain

Overlapped Device GOLD Structures

9.12.1.1 Inverse-T Gate LDD Structure The first fully overlapped LDD
structure was described by Huang et al in 1986.104105 They named it the inverse-T

gate LDD since the gate resembles that shape see Fig 9-49 Note that the conductive

lateral poly extensions at the base of the gate completely overlap the region of the

LDD The full overlap is produced by self-aligning the region to the inside edge of

__ __ TTTT

ii _________
SbIt.t SbUkW

________________I

________________ _________________

____

Fig 9-49 Process sequence for ITLDD.4 1986 IEEE

UMC 1229
UMC v. AICP



624 SILICON PROCESSING FOR THE VLSI ERA VOLUME III

the inverse-T gate by implanting phosphorus through the thin poly extensions and by

aligning the region to the outside edge of the gate The latter alignment is achieved

by forming an oxide spacer and then carrying out the implant The nt-to-gate offset

is eliminated by this second self-alignment The remaining thin poly outside of the

spacer regions is etched away prior to the implant No thermal step is needed to

drive the pj dopants beneath the oxide spacer and only short RTP anneal is needed for

implant dopant activation Furthermore since Lymax is certain to be under the gate

edge lower dose can be used than in an M-LDD Typically doses of lx 1013 cm2

are used The lower doping helps reduce the gate-to-drain overlap capacitance

IT-LDD structures with as small as 0.6 1um have been found to exhibit excellent

current drive hot-carrier resistance and short-channel behavior punchthrough

resistance Hot-carrier lifetimes greater than 10 are years projected for 0.6 urn IT-LDD

devices at 5V operation

Despite the performance benefits that this structure provides the original IT-LDD

also has number of serious limitations besides the obvious increase in process

complexity including the following

Difficulty in controlling the processes that form the poiy extensions The key

process in the sequence of fabricating the IT-LDD is the incomplete etch of the

poly gate An etch step creates the thin 50-100 nm thick poly-gate extension

regions But it is difficult to control the poly thickness in production

environment because of the non-uniformity of the poly CVD and plasma etch

processes and because there is no natural etchstop or endpoint signal Any

nonuniformity in the thickness of these extensions results in changes to the

vertical doping profile of the LDD region

Damage of the gate oxide edge by the implant When the implant is

carried out the gate oxide at the outer edges of the poly gate is exposed to this

implant Arsenic implants through thin oxides at doses 1x1014 cm2 have been

identified as processes that degrade their dielectric breakdown voltage.06 Hence

IT-LDD structures in which the gate oxide at the gate edge is not protected from

the implant are prone to gate-oxide breakdown failures

Increase in gate-to-drain overlap capacitance The gate-to-drain overlap cap

acitance of the IT-LDD is higher than in non-fully overlapped LDD structures

despite the fact that lower dose can be used in the IT-LDD

Doping compensation problem in submicron LDDs is not corrected The

problem of increased source/drain resistance due to compensation effects is not

solved This problem arises from the interaction of regions of high doping in the

channels needed in submicron devices with those of comparable doping

concentration but opposite doping type in the regions

We will see how modifications were made to the original IT-LDD structure to overcome

these disadvantages
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teI
damaged

gate gate oxide
oxide from overetch during

original poly gate etching

Fig 9-50 Poly spacer acting as poiy gate extension can result in damaged oxide beneath

the poiy spacer that is subject to early breakdown

Also note that poiy extensions on conventional poly gate could be created more
simply i.e by forming poiy spacers instead of oxide spacers after the implant see
Fig 9-50 The problem with this approach however is that when the original poly

gate is etched with an anisotropic etch to produce vertical sidewalls on the poly some
overetching must be employed The exposed gate oxide is damaged during the overetch

time and such damaged oxides exhibit early gate-oxide breakdown failures when

subsequently covered by the poly spacers Note that no re-ox can be used because the

poly spacer must make electrical contact to the main poiy region to be able to act as an
extension of the gate

9.12.1.2 Gate-Drain Overlapped LDD GOLD device quite similar

to the IT-LDD structure was proposed by Izawa et al in 1987107108 which they termed

the gate-drain overlapped device GOLD The GOLD device Fig 9-51 has two
improvements designed to overcome two of the drawbacks of the IT-LDD structure

described above First the poly gate film is deposited in two layers with the first layer

exposed to oxygen after deposition to allow native oxide 5-bA thick to form on the

surface at that time When the two layer film is later etched to form the thin poly

extensions the native oxide layer serves as an etch stop which should improve the

control of this key poly etch process Second prior to implanting the region the

thin poly extensions are oxidized by process that is called SELOCS selective oxide

coating of silicon-gate This step serves two functions the length of the overlap of

the gate and the region overlap can be adjusted by this step and the gate oxide at

the edge of the gate is now protected from exposure to the As implant thus
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preserving the gate oxide integrity of the MOSFET Note however that no

information is provided as to how to ensure good electrical contact between the two

poly layers
of the gate separated by the native oxide

9.12.1.3 Modified IT-LDD Structures Several other versions of the IT

LDD structure have been reported which seek to improve the manufacturability and/or

performance of the structure even further The first is called an inverse-T gate fully

overlapped LDD FOLD9 which is an IT-LDD structure made with more formid

able etchstop layer between the two poly layers than the native oxide layer used in the

GOLD structure This etchstop layer is either very thin 40A thermally grown oxide

layer Fig 9-52a or PVD TiN layer Fig 9-52b as both materials exhibit good

selectivitieS to poly during reactive ion etching The use of this etchstop further

improves the control of the thickness of the poly extensions In the process that uses

the thermal oxide grown on the first poly layer another thin layer of poly 300A thick

must be deposited after the inverse-T poly gate is patterned and the thermal oxide

etchstop layer is removed with short HF dip The extra thin poly layer permits the

upper and lower layers of the initial poly stack which are separated by the thermal oxide

etchstop to be electrically
connected In the structure that uses the TiN etchstop the

extra poly layer is not needed In both cases As is used to form the region as no

additional drive-in is required to achieve overlap This structure exhibits adequate hot-

natural

oxide

POlYS14L1jrS

p-sub overlap

LD2
Psub

Psub

SELOCS
IV oxide

Fig 9-51 Schematic cross section and Process sequence of GOLD.107 1989 IEEE
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Fig 9.52 Process sequence for forming the FOLD structure FOLD structure with TiN

etchstop layer9 1989 IEEE

carrier lifetimes for devices with 0.35 /tm at power supply of 3.5V

similar structure to the FOLD is the total overlap with polysilicon spacer structure

TOPS.1 Instead of thermal oxide etchstop layer in the poly gate stack 400A

CVD oxide layer is used Fig 9-53 The two poly gate layers are electrically connected

with poiy spacer that is formed in lieu of an oxide spacer after the implant is

carried out Note that it would be very difficult to form salicide structure on the

TOPS device as there is no oxide spacer to prevent the gate and source/drain from

shorting during the silicidation step and that neither the FOLD nor the TOPS structure

provides protection of the oxide at the gate edges from the implant

We noted earlier that it would be possible to create poly extensions on conventional

poly gate more simply by forming poly spacers instead of oxide spacers after the
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ri_ ..._
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Fig 9-53 TOPS structure layered gate and polysilicon spacer
formation Gate and spacer

definition are accomplished by plasma etching with oxide endpoint detection Typical CVD

thicknesses are shown.110 1990 IEEE

implant However the gate oxide ending up beneath these poiy spacers would be

damaged by the poly etch This would make such fully overlapped structures subject to

early gate oxide breakdown failures However by re-growing gate oxide above the

active regions exposed to the poly gate etch as is done in the poly re-ox process the

resulting fresh oxide would exhibit adequate reliability Unfortunately if poly spacers

were formed at this point it appears that they could not serve as gate extensions as

they would be electrically disconnected from the gate

However in another IT-LDD-like structure proposed by Chen et al.W poly

extensions are formed after re-ox process as described above and the oxide grown on

the poly sidewalls is apparently so heavily damaged by the implant that the gate and

the poly spacer become electrically connected together Hence we can identify this

structure as damaged re-ox layerfully overlapped structure Furthermore by adding an

additional oxide spacer to the edge of the poly spacer Fig 954112 the overlap

distance can be controlled i.e it becomes partially overlapped device and the oxide

at the gate edge can be protected from the damage due to the implant in the same way

that SELOCS protects the gate oxide in GOLD structures In the partially overlapped

device the gate-to-drain capacitance is also significantly reduced compared to fully

overlapped IT-LDD device

Instead of using dome-shaped poly spacer as was done in the TOPS and in the

damaged re-ox layer fully overlapped devices Chen et al suggest the use of

shaped spacers Fig 9_55.h13 These are connected to the main gate poiy by TiSi2

strap
that is formed when salicide is created on this structure To prevent the gate and
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Fig 9-54 Cross-sectional view of the oxide spacer poly-spacer and oxide-

padded poly spacer devices The poly-spacer devices are permanent poly-sidewall to achieve

the gate-to-drain overlap For the oxide-padded poly-spacer device due to the heavy

source/drain implant the thin thermal oxide between the gate and the poly spacer becomes

conductive enough to keep the poly spacers at the same potential as the poly gate.1

1990 IEEE

drain from shorting during the silicidation reaction nitride spacer is formed above the

L-shaped spacer It is much easier to integrate salicide into this IT-LDD structure than

in other IT-LDD structures

The final IT-LDD structure we describe was proposed by Pfiester et al in 1989 Here

novel approach is taken to forming the inverse-T gate.45 That is the main region

of the gate is formed by selectively depositing poly as shown in Fig 9-56 After the

main gate regions have been formed second layer of poly is blanket deposited to form

the thin extension regions of the gate see Fig 9-56 again The remainder of the

process is similar to the conventional IT-LDD sequence The advantages of this struc
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PTUB.t nFl Drive-in PTUB.23 Impi 5EDPOLYjO2Pad Oxide Poly Si Nitride Dep
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Oxidation Si Doped Glass Dep PI10S ARSENIC HIGH-LOW ENERGY BF2
PSE Spacer Etching
Wet Etching Disposable Glass
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Fig 9-55 Process sequence for self-aligned silicided L-shaped Si spacer LDD CMOS
devices.tt3 1990 IEEE
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10 II p.l0Li

Fig 9-56 Process sequence for forming self-aligned LDD/channel implanted ITLDD

process with selectively-deposited poly gates for CMOS VLSL4 1989 IEEE

ture are simpler more manufacturable process sequence results and the

channel dopants are only introduced into the region directly under the gate not

elsewhere This avoids the compensation problem described in section 9.7.1.2 that

occurs as heavier channel doping is encountered with shrinking channel length

9.12.2 Large-AngIe-Tilt Implanted Drain LATID

We have noted that fully overlapped drain structures can be fabricated with the IT-LDD

approach but that complex processing sequences are required that may be difficult to

manufacture highly flexible technique for forming fully overlapped drains in

submicron MOSFETs that is much simpler and also offers structure control and device

performance improvements is based on large-angle-tilt implantation LATID.618125

That is this technique uses large tilt angles and target wafer rotational repositioning

during implantation without removing the wafer from the implant platen The implant

process sequence used to fabricate LATID is depicted in Fig 9-57 together with the

lateral doping profile that results Fig 9-58

The first implant is performed after the poly gate is patterned using an angle of

456O0 with moderate phosphorus dose 1-2x1013 cm2 and energy 40-100 keV

This implant is carried out twice with the wafer rotated 1800 between these two

implants so that penetration of dopant under the gate is symmetrical In some circuit

layouts in which some gates are oriented at right angles to other gates four implants
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900 apart would be needed The function of this implant is to introduce the region

dopant under the gate at the desired depth and doping concentration without having to

use diffusion step After the implant is performed gate sidewall spacer 0.08-0.10

1am is formed followed by conventional high dose As implant that self-aligns the

source/drain region to the gate sets the gate/n drain offset and determines the

source/drain junction depth Note that to implement the LATID structure an ion

implanter that can vary the wafer tilt angle and also provide in situ repositioning of the

wafer is needed Recently medium-current implanters that feature the capability of

precise angle control i.e the beam angle remains constant across the wafer surface and

rotational repositioning of the wafer have become available Note that the LATID

structure requires no additional mask sets and can be implemented as drop in process

module in current CMOS production processes for example as reliability

performance enhancement or as part of process shrink

The LATID technique permits the length of the gate/n- overlap region the horizontal

and vertical concentration profiles of the region and the n..togate region overlap to

be set independently That is the length of the lateral penetration of the region can

be increased by making the tilt angle larger see Fig 9-59 The length of the region

and its junction depth can be adjusted by the selection of the implant species and

implant energy The local peak concentration is set independently by the implant dose

These parameters can be optimized independently of the drain-to-gate overlap

which is adjustable by the gate sidewall-spacer width

L- 4-

______________________ spacer

GATE
II Si2

kt GATE

nJ __
p.well

LAT implant
Si02

fl implant

GATE Lou GATE

______

Fig 9-57 Process sequences for 1/4 im LATID FETs with ultrathin sidewall spacers

8.5-nm oxide formation and gate etching LAT implant tilt angle 45 formation

of ultrathin Ls0.08 jim spacers implant and rapid thermal annealing 1000C
10 sec.17 1989 IEEE
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Fig 9-58 Simulated 2D drain profiles and lateral ones near the surface depth 0.2 jim

for conventional LDD and LATID with spacer devices after thermal annealing at

900C for 10 mm.120 1992 IEEE

The LATID structures reportedly exhibit improved hot-carrier reliability and

performance NMOS LATID devices with 0.5 jim gate length demonstrated

extrapolated hot-carrier lifetimes of more than 10 years under 5V operation The same

device also exhibited high punchthrough immunity i.e similar to that of the control

LDD device The current drive capability was increased i.e by more than 50%

compared with the LDD control The gate-to-drain capacitance is also reportedly

significantly decreased below that of conventional drain MOSFET.119 It appears that

the LATID device will be suitable for building MOSFETs to at least 0.25 jim using

power supplies of 3.3V.12
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Fig 9-59 Simulated lateral length Liat from the implant-mask edge and njunction depth

at the gate edge defined schematically in the inset figure as function of tilt angle for

constant ion flux Nn of 4x1013 cm2 Data of estimated from SIMS measurements are

also shown.119 1992 IEEE

The gate-overlap capacitance of early first-generation LATID devices however was

too high This drawback was mitigated by incorporating small 0.1 jim gate

sidewall spacer in the second-generation LATID structures.121 The resulting gate-overlap

capacitance was reduced to value comparable to that of conventional LDD even

though the region is well overlapped by the gate in the LATID The small sidewall

L4.770 no-spacer LATID

so LAT implant

GATj II
GATE LX

____ _____

tS ______________________ spacer

GATE

SO2 implant __________________

GATE GATE

r- 4T
Fig 9-60 Process sequence for LATID and no-spacer LATID LAT implant after

sidewall oxidation sidewall-spacer formation implant and annealing at 900C for

10 mm.22 1991 IEEE
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spacer is also needed to protect the gate oxide at the edge of the gate from being degraded

by the implant as described in the discussion on fabricating the IT-LDD

An advanced LATID structure that also incorporates self-aligned pocket implant

that is also formed in combination with LAT implant was described by Hon et in

1992.122123 Both NMOS and PMOS transistors can be built using this technique The

process sequence for fabricating this structure is illustrated in Fig 9-60 where we also

observe that TiSi2 film on the gate and source/drain regions and an epi substrate are

also included dual-gate CMOS process is utilized such that the PMOS transistor

gates are doped p-type and the NMOS gates n-type Hence both transistor types are

surface-channel transistors An inverter built with this CMOS process operates with

delay time of 30 ps and power dissipation of 0.72 pJ

Another LATID structure that deliberately incorporates graded-gate oxide GGO
region has also been described see Fig 961.124 The GGO is formed by poly re-ox

step in wet ambient at 850C This increases the 7-nm gate oxide thickness to about

25 nm at the edge of the gate The presence of the GGO serves several functions in this

structure First the vertical gate electric field is significantly
smaller than that of the

conventional LATID structure This strongly suppresses the gate induced drain leakage

GIDL current which is high in LDDs see chap Second the gate-to-drain overlap

capacitance is reduced as result of the thicker gate oxide near the gate edges where the

gate-to-drain overlap occurs This improves the propagation delay and power dissipation

of the device compared with the conventional LATID fully overlapped MOSFET

These advantages in 0.6 jim T-gate LATID MOSFETs are obtained while maintaining

comparable hot-carrier resistance as that of conventional 0.6 jim LATID structures

912.3 High Dielectric Spacers

Fully overlapped LDDs have been created using IT-LDD and LATID structures

Another approach to obtaining the benefits of the fully overlapped LDD is to follow the

conventional LDD process sequence but to replace the oxide spacer with spacer of

higher dielectric constant e.g Si3N4 where 7.5 or Ta205 where 30 forming

so-called high-dielectric spacer LDD H-LDD.2628 The effect of this replacement is

to make partially-overlapped LDD behave more like fully overlapped LDD

especially as the gate lengths shrink to 0.5 jim or less The use of high dielectric LDD

spacers enhances the gate fringing field GF effects which in turn increase the

interaction of the gate and the region beyond the gate edge Up till now the spacer

material used for this purpose has been Si3N4 But since the GF effects are stronger if

is larger alternative spacer materials such as Ta2O5 have also been considered

Furthermore since the GF effects also become greater as devices are scaled down the

OF field becomes more important factor in trying to exploit the benefits of scaled

devices

The H-LDD structure is shown in Fig 9-62 Note that it could be created without

the use of poly sidewall and spacer-bottom oxide Fig 9-62h but the Si/Si3N4

interface contains too high density of interface states and thus this structure exhibits

poor hot-carrier resistance The use of thin poly sidewall and spacer-bottom oxide

Fig 9-62c reduces this problem and the structure actually exhibits less degradation
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Fig 9-61 T-gate overlapped LDD device structure The device has the thick gate-oxide

above the LDD region.24 1991 IEEE

than an oxide-spacer LDD when 0.5 pm see Fig 9-63 The hot-carrier reliability

of the H-LDD is enhanced by the GF effect for other reasons as well First the GF
effect suppresses the structural degradation effect negative charges built up in the spacer

oxide deplete the region and cause its resistance to rise.28 This keeps the reduction

of TD during hot-carrier stress even smaller Second the GF effect causes the impact

ionization rate to decrease because the high drain potential edge is pushed and moves

toward the drain region In essence the GF effects enlarge the effective channel

length thereby reducing Eymax
The drive-current capability of the H-LDD is also increased by the GF effect That is

the GF increases the vertical field in the source region causing the electron density to

increase there Therefore the LDD characteristic parasitic resistance of the region

under the LDD spacer decreases Then R5 becomes smaller resulting in higher

sensitivity study of the impact of varying the thickness of both the polyoxide

sidewall thickness and spacer bottom oxide on the performance and reliability of the

H-LDD structure was recently reported.29 This was theoretical study that used the

process and device simulators SUPREM IV and PISCES-2B to examine how the lateral

electric field drive current and subthreshold leakage were altered as these two oxide

thicknesses were varied and high-dielectric spacer was used for the LDD structure The

GATE GATE GATE

Si0
____ ..jrJ1

Si02 ..jin1 ____

P-well P-well

ONLDD NLDD OLDD

Fig 9-62 Schematic cross section of three different LDD spacer structures The oxide

under the nitride film is fabricated by the re-ox step Si3N4/Si02 spacer ONLDD
Si3N4 spacer NLDD oxide spacer OLDD.26 1988 IEEE
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Fig 9-63 Drain current degradation rate versus gate length for CVD-oxide spacer LDD and

CVD-nitride spacer with 20 nm thick poly oxide.127 1989 IEEE

results indicated that the structure can be optimized to give good performance and high

hot-carrier reliability in devices with 0.5 jim

9.12.4 Asymmetrical MOSFET Structure Halo-Source-

GOLD HS-GOLD
novel approach to allow devices with gate lengths below 0.25 jim to possess adequate

hot-carrier reliability is an asymmetrical MOSFET structure proposed in 1989 by Buti

et al They called this structure the halo-source gate-overlapped drain HS-GOLD and it

is shown in Fig 964.130131 Here the LAT implantation technique is used to form

both gate-overlapped structure only on the drain side of the gate GOLD as well as

halo implant punchthrough stopper Halo Source HS only on the source side This is

accomplishedby using two separate 450 implants p- and n-type respectively Superior

hot carrier reliability and high punchthrough resistance were reported for this device

even at 0.2 jim It is estimated that the structure would be adequate for gate lengths

as small as 0.15 jim at power supply voltage of 3.5V The fabrication parameters

used to build the structure are shown in Fig 9-64b including the LAT implant

parameters Figure 9-64c illustrates the doping profiles for 0.5 jim device

The key feature of this structure is that the region and the p-type punchthrough

stopper are completely separated Tithe device was symmetrical the p-type halo region

would abut the region doping This would reduce the breakdown voltage and degrade
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hot carrier reliability By separating these two regions in the asymmetrical device the

punchthrough resistance and hot-carrier reliability can be independently optimized
something that is not possible in symmetrical MOS structure

Another important benefit of using the lightly doped region only on the drain side is

that the parasitic series resistance and gate overlap capacitance are smaller than in

symmetric structure For MOSFETs with below 0.25 jim these two parameters

become limiting factors in device and circuit performance and hence their reduction is

crucial The main drawback of asymmetrical structures is that their use may restrict the

flexibility of circuit layout especially in some IC applications

9.13 HOT-CARRIER EFFECTS IN PMOS TRANSISTORS

It is not necessary to use LDDs in PMOS devices whose gate lengths are longer than

about 1.0 jim The reason is that hot-carrier effects are not serious in such devices

operated at 5V That is the impact-ionization rate due to holes i.e the number of

SOURCEIDRAIN
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NALO GOLD OXIDE

POLvsftJCCER

SOURCE fl SOj 1_4
DRAIN

DISPOSABLE p-

OXIDE

PROFILE AT 35oA
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LATERAL DISTANCE ALONG CHANNEL ifl1

Fig 9-64 The halo-source gate-overlapped drain HS-GOLD structure the fabrication

parameters used to build this asymmetrical structure including the LAT implant parameters

the doping profiles for 0.5 jim HS-GOLD device.130 1989 IEEE
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electron-hole pairs generated by hot hole is or orders of magnitude lower than that

due to electrons at given electric field secondary reason is that the buried-channel

behavior associated with PMOS transistors with poiy gates results in deeper current

path and possibly lower electric field both of which reduce hot carrier effects At

submicron channel lengths however hot-electron effects in PMOS begin to become

significant

It has been reported that two hot-carrier effects predominate in submicron PMOS
devices Both are apparently caused by hot electrons generated through impact

ionization These hot electrons are then injected into the oxide and become trapped

Hot-hole injection does not appear to cause significant degradation despite the fact that

holes are far more numerous in the channel of PMOSFETs than electrons That is hole

injection into the oxide is far less probable than electron injection because the potential

energy barrier for holes at the Si-SiO2 interface is higher In addition when PMOS
devices are operated in saturation i.e VGSVDS the gate-bias polarity favors electron

drift through the oxide which is opposite to that in NMOS but retards the drift of

holes In fact in PMOS devices only gate current due to hot-avalanched electrons has

been measured and no gate current resulting from channel hot holes has been reported in

the literature

9.13.1 Model for Hot-Carrier Damage in PMOSFETs

qualitative model for the mechanism responsible for the PMOS device degradation

mentioned above is as follows At high channel fields channel holes are sufficiently

accelerated to cause impact ionization thereby generating electron-hole pairs If some of

these generated electrons can gain sufficient energy from the channel field and then also

happen to be scattered in the right direction they can be injected into the gate oxide

Some of such injected electrons become trapped and negative charge is thus built up in

the oxide near the drain.13233

It has been reported that the most severe degradation in PMOSFETs is observed

under bias conditions corresponding to peak gate current TGnlax In general Gmax in

PMOSFETs occurs at low gate bias That is the worst stressing condition for

PMOSFETs is at low VGS roughly VG5 -l.25V when VDS -8V because its

corresponding oxide field results in maximum gate current and maximum stress-

induced VT-shift although the maximum substrate current occurs at higher VGS i.e

VGS O.4VDS or roughly -3V in this case Again this condition is opposite to the

results observed in NMOSFETs in which the worst degradation is observed at the gate

voltage corresponding to the largest substrate current This is because in PMOSFETs

when VGS is increased i.e made more negative the electron injection into the gate

oxide is suppressed study of hot-electron damage in PMOSFETs with gates is

given in Ref 134

9.13.2 Hot-Electron Induced Punchthrough HElP
The chief way in which PMOS devices are impacted by hot-electron trapping in the

oxide is that negative charge buildup in the oxide occurs near the drain This
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Fig 9.65 Schematic diagram of the hot electron injection into the gate oxide of

PMOSFETs.136 1987 IEEE

eventually inverts the n-type Si surface near the drain resulting in an extension of the

drain region as illustrated in Fig 9-65 As result the effective channel length

appears to shrink This reduction in Leff is even more severe in the buried-channel

PMOS devices used in CMOS technologies that have an polysilicon gate because

their buried-channel nature makes them more vulnerable to source-drain punchthrough

and consequently increases subthreshold leakage This effect is called hot-electron-

induced punchthrough HElP.135136

Figure 9-66 shows the effects of hot-carrier stress i.e decrease in punchthrough
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Fig 9-66 Punchthrough voltage as function of initial effective length for PMOS devices

before and after stressing.36 1987 IEEE
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voltage as function of stress time in buried-channel PMOSFETs whose values of Leff

prior to stressing are 0.8 and 0.6 jim35 After only hours of stress the punchthrough

voltage of the 0.6 jim device is seen to have decreased by factor of two short

lifetime 10 days was exhibited by the 0.6 jim PMOS devices under the worst-case

condition for evaluating the submicron PMOSFET hot-carrier reliability That is the

stress condition was chosen to give maximum gate current i.e VDS -8V and VGS

-1.2V The change in V1 with VT in this case defined by the VGS value when -10

-- nA after stressing was measured in the low gate voltage condition as measure of

HElP-induced Leff reduction with the source and drain terminals interchanged as this

represents the worst-case stress condition for evaluating hot-carrier reliability in

PMOSFETs model of PMOSFET hot-carrier degradation based on the shortening of

Leff due to hot-carrier damage is given in ref 139

second effect arising from the negative charge buildup in the oxide of PMOS
devices is also observed That is this buildup tends to reduce the magnitude of VT The

combined effects of smaller value of Leff and smaller VT value result in an increase

in TD which is usually desirable in MOSFETs but in some circuit applications may

play detrimental role

It should also be noted that contrary to what occurs in NMOS both of the above

effects tend to saturate in PMOS This can be understood by noting that the electrons

trapped near the drain reduce the gate electric field present there in PMOS devices

Eventually hot electrons injected into the oxide are drifted less strongly through the

oxide to the gate or they may even be repelled back into the Si without causing further

damage As result this effect does not appear to limit PMOS devices fabricated with

polysilicon gates as long as Leff is 0.6 jim.134 Still LDD structures appear to be

needed for p-channel devices fabricated with poly silicon gates when Leff gets to be

0.8 jim or less.135 Figure 9-67 shows the hot-carrier lifetime improvement gained by

using p-channel LDD It compares conventional 0.95 jim PMOS devices with 0.8 jim

LDD PMOSFETs The LDD devices have superior reliability despite their shorter gate

lengths and an extrapolation of the data to VDS 5V implies that lifetimes in excess of

10 years are possible As noted in section the incorporation of PMOS LDD structure

generally requires an additional mask step although some processes that avoid this

penalty e.g disposable spacers have also been reported

It should be noted however that recent report indicates that graded-drain i.e LDD
PMOS structures exhibit worse hot-carrier degradation than abrupt drain non-LDD
PMOSFETs.137 Thus the use of an LDD in PMOS might not automatically guarantee

longer lifetimes and separate solutions to the hot-carrier problem in PMOSFETs might

have to be considered For example the hot-carrier resistance of buried-channel PMOS
devices is reported to increase as t0 is decreased PMOS devices with gate oxides of

nm thickness exhibit very little degradation The thin oxide appears to prevent the

damaged region caused by trapped hot electrons that were injected into the oxide from

spreading along channel toward the source.138

The LDD structure also helps to reduce subthreshold leakage in PMOS devices

where excessive junction depths caused by lateral diffusion have been problem The

use of LDD basically increases Leff hence compensating for the Leff reduction caused
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by hot-electron injection new LDD structure for PMOS devices called halo LDD
is described in chap 563 In this structure deeper phosphorus implant is placed below
the lightly doped drain-extension p-type implant The punchthrough resistance of the

PMOS device is reported to be significantly improved by this LDD structure

9.13.3 Hot-Electron Induced Degradation in

p-PoIy PMOSFETs

Because of short-channel effects when the channel length of PMOS devices gets to 0.5

jim or smaller it is likely that poly will no longer be suitable as the gate material

Instead PMOS devices will have to be fabricated with poly gates see chap With

ap poly gate PMOSFETs become surface channel devices LDDs may still be need to

be used in such devices but their main roles will be to permit shallower source/drain

junctions to be created immediately adjacent to the active channel region and to provide

electrical conductivity between the active channel region and the source/drain

As noted in chap in surface-channel PMOSFETs boron penetration from the

poly into the substrate through the thin gate oxide can occur during high temperature

annealing This boron penetration causes positive V1 shift and an increase in It

also can cause such other undesirable effects as an increase in electron trapping de
crease in low-field hole mobility186 and degradation of current drive due to polysilicon

depletion.187 Furthermore it has been reported that boron penetration is enhanced when

BF2 implant is used to dope the poly as compared to implantation This

implies that the fluorine contained in the gate poly enhances boron penetration Since

this results in large amount of boron incorporation in the gate oxide the oxide

reliability and the hot-carrier device reliability of such PMOSFETs comes into

question report by Mogami indicates that the hot-carrier lifetime in both Bk-doped
and BF2 doped p-type poly devices is independent of the amount of boron pene
tration.140 On the other hand the lifetime of BF2 doped devices is about 100 times

longer than that of doped devices This may be due to the larger critical energy for

electron trap generation during hot-carrier stress in BF2 gates as this should result in

less electron trapping in the gate oxide for the BF2 gate It has been reported that

fluorine-incorporated oxide has high immunity to hot-carrier-related degradation because

the Si-F bonding energy is higher than Si-H bonding energy see section 9.14
One suggested way to way to suppress boron penetration of the gate dielectric is to

use silicon oxynitride instead of SiO2 Such oxynitride layers can be fabricated with

The polysilicon depletion effect occurs when boron as it penetrates the gate oxide crosses

from the polysilicon gate into the oxide The concentration of boron in the region of poly

near the poly-oxide interface is thereby reduced This causes depletion region to arise in the

poly adjacent to the poly-oxide interface Its presence is manifested as an increase in the

equivalent gate oxide thickness.188 As the dopant concentration at the polysilicon/oxide

interface is reduced this effect increases Thus gate oxide material that suppresses boron

penetration of the gate dielectric would also mitigate this problem
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number of different techniques and the effectiveness in suppressing boron penetration

of each of them is compared in reference 141 The details of oxynitride formation are

discussed in section 9.14 Another approach to limiting boron penetration is to reduce

the thermal budget after the boron is implanted into the gate poiy Figure 9-68 shows

the degree of boron penetration as function of gate oxide thickness post-implant

anneal temperature and or BF2 implant.43 Yet another technique involves in-situ

boron doping of the gate poly followed by selective doping of the NMOSFET gate

poly.42 This method yields less boron penetration than boron doping of the poly by

implantation followed by an activation anneal Finally co-implantation of boron and

fluorine into an as-deposited amorphous-silicon gate layer is reported to result in

minimum boron diffusion into the silicon substrate while providing reduction in the

interface state density at the oxide/silicon interface

9.14 STRENGTHENING OXIDES AGAINST HOT-
CARRIER INJECTION

Altering the structure of the MOSFET is one approach to reducing the degradation

effects of hot-carrier injection Another is to make the gate oxide and oxide-silicon

interface more resistant to hot carriers This strategy entails development of gate

dielectrics with the following two properties the as-formed films should exhibit very

low densities of oxide trapping centers interface state traps and fixed oxide charge and
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Fig 9-67 Device lifetime versus reciprocal stressing drain voltage for submicron LDD

PMOS devices Data for conventional PMOS device is also plotted for comparison.36

1987 IEEE
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Fig 9-68 Dependence of AVFB due to boron penetration determined from C-V

characteristics on t0 For t0 5-nm thick samples with 900C annealing after BF2
implantation VFB values are unmeasurable because of their anomalous C-V curves due to

excess large boron penetration.43 1993 IEEE

these densities should not increase when the MOSFETs in which these films are

used as gate dielectrics are subjected to hot-carrier stressing In films with such

properties the density of states available for occupancy by hot carriers injected into the

oxide is small both in the as-formed films and after being subjected to hot-carrier

stressing The ability of injected hot-carriers to cause device-degradation is thereby limit

ed since the number of trapping sites they can occupy is small In this section we des

cribe the processing techniques developed for the purpose of attaining the above goals

9.14.1 Minimizing Hydrogen and H20 at the Si-Si02

Interface

We have previously mentioned that the presence of excess hydrogen and/or water in

MOSFET gate oxides has been identified as factor which makes the devices more

prone to hot-carrier degradation Here we consider this topic in more detail

9.14.1.1 The role of hydrogen in hot-carrier degradation Excess

hydrogen at the Si-Si02 interface is reported to be one of the culprits responsible for the

increase in interface state density in MOSFETs during hot-carrier stressing Earlier we

indicated that atomic hydrogen appears to play benign role in MOSFETs behavior

That is hydrogen tends to passivate the Si-Si02 interface traps most probably by the

formation of Si-H bonds which eliminate dangling bonds at the Si-Si02 interface
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However it is also known that such Si-H bonds can easily be broken by high-energy

electrons Hence such bonds are likely to be broken by injected hot-carriers or ionizing

radiation thereby generating interface states

Some amount of hydrogen is always incorporated into the MOS gate oxide because

of its almost universal presence during processing Especially large amounts of

hydrogen are present during such elevated-temperature processing steps as epitaxial

growth LPCVD of Si3N4 deposition of TEOS reflow in steam and the final sintering

step in hydrogen 100 percent H2 or 4-percent H2 gas Hydrogen can also

incorporated into the gate oxide during high-temperature anneal steps when hydrogen-

rich layers e.g PECVD nitride are present on the wafer It has been observed that

charge-to-breakdown trap generation rates and hot-carrier degradation are worse in gate

oxides which have been exposed to hydrogen at high temperature

In early studies of hot electrons water diffusion experiments into very dry oxides

suggested that the amount of trapped charge was related to the water content in the

oxide As the moisture in the oxide was increased so did the number of trapped

electrons In these experiments hydrogen evolution was also observed to occur The

amount of hydrogen lost was found to have 11 correspondence with the amount of

negative charge produced.53 In avalanche experiments interface state generation for wet

oxides showed substantial increase over dry oxides suggesting that hydrogen or water-

containing trapping centers were also involved Further evidence that implicated

hydrogen was found from experiments in which the final sinter of MOSFETs was

performed in various ambients i.e in either hydrogen or nitrogen at 450C for 30

minutes As shown in Fig 9-69 devices annealed in hydrogen display higher

degradation rate with device lifetimes improving by two orders of magnitude when

100

LDD W/LI00/075um

10

VG

F- 150C N2

-l ---
10 100 1Q00 10000

TIME Sec
Fig 9-69 Comparison of degradation rates in LDD devices annealed in hydrogen and

nitrogen ambients 450C 30 mm The degradation rate is greatly reduced in nitrogen-

annealed devices The two lines in each group correspond to different wafers from the same

split.54 IEEE 1985
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Fig 9-70 Threshold voltage shift in MOSFETs under hot-carrier stressing with three

different passivation layers.155 IEEE 1986

nitrogen is used as the sintering ambient.54 Another study showed that the

susceptibility of the MOSFET to hot-carrier degradation after hydrogen sinter step

could be reduced by performing an additional anneal in nitrogen2 This nitrogen anneal

apparently permits the hydrogen introduced in the first sinter step to be released Again
the conclusion is that excess hydrogen in the gate oxide is involved in increasing hot-

carrier degradation.89

Devices encapsulated with PECVD nitride films have also been reported to exhibit

larger hot-carrier degradation effects than those encapsulated with PECVD Si02 see Fig

9-70 The PECVD SiN films are known to contain large amounts of hydrogen It has

been proposed that hydrogen atoms from such encapsulation layers diffuse into the gate

oxide layer and generate hot electron traps The SiN layer must be present on the device

during electrical stressing in order to induce the majority of the instability.55

9.14.L2 Hydrogen introduced at high temperatures Experiments
have demonstrated that hydrogen introduced into MOSFET gate oxides at high

temperatures e.g 800C exacerbates the hot-carrier degradation observed when

hydrogen is introduced at lower temperatures.156 That is anneals in H2 at 900C for one

hour reduce the charge-to-breakdown QBD in MOS-Cs by an order of magnitude and also

cause the electron trap density to increase by close to an order of magnitude Finally

the interface state density after hot-carrier stressing also increases by an order of
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magnitude in the hydrogen-annealed structures see Fig 9-7 In this figure we also see

that exposure of the wafers to an 825C hydrogen-containing ambient in an LPCVD
SiN deposition process causes smaller but still significant increase in the interface

trap density One conclusion from these observations is that operations which expose

the gate oxide to hydrogen at such high temperatures should if possible be avoided

One example of avoiding high temperature hydrogen involves the replacement of PSG
with BPSG as an interlevel dielectric film This switch is beneficial because the reflow

--

of BPSG process used to planarize and smooth contact hole steps in the interlevel

dielectric prior to metal deposition can be performed in nitrogen ambient rather than

in the steam ambient required for the reflow of phosphosilicate glass

possible model for why high-temperature hydrogen makes the Si-Si02 interface

more susceptible to hot-carrier damage is that the Si-H or Si-OH bonds in the oxide

bulk and in the Si-Si02 interface act as precursors for the formation of new electron

traps These new traps might be generated when bonds are broken either directly by

the energetic carriers or indirectly by reaction of the bonded with atomic hydrogen

whereupon molecular hydrogen is released In either case dangling bond is formed in

the oxide It should be mentioned that Si-H bonds are also present in samples which are

subjected only to the low temperature 400C sintering anneal but not to the higher-

temperature hydrogen step which in this case is the 825C LPCVD SiN deposition

process At 400C however the hydrogen is likely to form Si-H bonds only with

silicon atoms which have dangling bond At higher temperatures however hydrogen

may react with strained Si-Si or Si-O bonds to form additional bonds This model is

250A

i03 A/cm2

0.001 0.1 10

Fig 9-71 The generated interface trap density iDit as function of the injected charge at

tunneling injection for hydrogenated H2 and control N2 wafers and for wafer which was

exposed to 825C LPCVD of Si3N4 dashed line The Si3N4 layer of 000C was deposited

after PSG deposition and immediately removed by dry etch.156 IEEE 1988
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supported by SIMS results which showed that oxides annealed in deuterium an isotope

of hydrogen at 900C had deuterium content 40 times greater than the content in

oxides which were annealed in deuterium at 400C

9.14.1.3 Moisture in Gate Oxides as Contributor to Hot-Carrier

Degradation The presence of H20 in gate oxides has also been found to increase

their susceptibility to hot-carrier degradation for reasons closely related to those

involving atomic hydrogen The degradation is thought to be due to the diffusion of

either OH H2 or H20 whereupon these species form Si-H and Si-OH bonds at the

Si-Si02 interface which are precursors of interface states Si1 generated by hot-carrier

stress.57

Early experimental studies showed that if minute quantities of water-related

impurities such as and OH are introduced into gate oxides hot-carrier degradation of

these oxides is Later it was observed that ultra-dry oxides gate oxides

grown in ambients of less than ppm water content exhibit significantly less hot-

carrier degradation than do oxides grown in conventional dry-oxide growth processes.57

This result again indicates that removing water and hydrogen from the gate oxide and

from high-temperature fabrication processes following the gate oxide formation

improves MOS device endurance against hot carriers Ohji also noted that after gate

oxide growth the ultra-dry oxides were nevertheless exposed to hydrogen i.e during the

620C poly CVD process as result of the pyrolysis of SiH4 However the ultra-dry

oxides still exhibited less hot-carrier degradation than the conventional dry oxides This

suggests that hydrogen may have less damaging effect than water That is hydrogen

may diffuse rapidly through the oxide to terminate interface traps but may not remain in

the oxide itself whereas water may be retained as part of the Si02 network
It is also appears that water and/or SiOH can diffuse into gate oxides from PECVD

TEOS films160 or from spin-on glass SOG films.6 Such moisture is incorporated in

the TEOS films as result of the deposition process and into the SOG films by

absorption from the atmosphere after deposition

9.14.2 Gate-Oxide Damage by Metal Etching

It has also been reported that gate-oxide hot-carrier reliability is worsened by radiation

damage generated by RIE etching of the second-layer metal of two-level metal

interconnect sinter temperature of 375C following this etch process was not high

enough to anneal the damage.62 That is after hot-carrier stressing large increase in the

interface state density was observed after hot-carrier stressing and the metal etch step and

the 375C sinter While raising the sinter temperature to 450C improved the device

aging characteristics the damage was not entirely removed unless the sinter temperature

was increased to more than 500C This not only indicates that the device degradation is

due to buildup of radiation damage caused by second-layer metal patterning but also

that developing diffusion-barrier-layer technology that can withstand sinter

temperatures in excess of 500C would be quite useful
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9.14.3 Nitrided Oxides

Besides reducing the hydrogen and moisture content another general approach to

strengthen gate oxides is to modify their chemical composition The main such mod
ification involves thermally incorporating nitrogen into the gate oxide films as is

discussed in this section

9.14.3.1 Thermal nitridation of Si02 Thermal nitridation of Si02 films as
first introduced by Ito et al.66 and Naiman et a.67 was carried out by exposing the

oxide films to pure ammonia NH3 at atmospheric pressure and high temperatures 900-

1200C This results in the formation of nitrided oxide film with an index of

refraction higher than that of the oxide Analysis by Auger emission spectroscopy

AES indicates that for nitridation times of hour most of the film still consists of

silicon dioxide with nitridation occurring primarily at the silicon surface and the

silicon/dielectric interface see Fig 972.165 The nitridation mechanisms appear to be

the addition of nitrogen atoms to the Si02 lattice and silicon nitride growth at the

silicon-oxide interface That is fast reaction between Si02 and NH3 apparently occurs

at the top surface of the oxide film but NH3 also rapidly diffuses to the Si-Si02

interface where it reacts with the silicon In the heavy nitridation process described

above i.e nitridation carried out in an NH3 atmospheric-pressure ambient at 900-

1200C nearly stoichiometric silicon nitride is formed in the surface and interfacial

regions After few minutes however the nitridation reaction mainly continues in the

bulk with the surface and interface nitrogen concentration remaining essentially

constant In the bulk of the oxide layer only partially conversion to nitride usually

occurs probably because the surface nitrogen layer impedes the diffusivity of the NH3
into the bulk.636465

D.pth from aurfac nm

Fig 9-72 Auger profiles of nitrogen in 11 nm low-pressure furnace nitrided and reoxidized

nitrided oxide.221 IEEE 1992
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9.14.3.2 NH3 Oxides as MOSFET Gate Dielectrics When gate oxide

films are--subjected to such nitridation they exhibit stronger resistance to interface-state

generation zDt under hot-carrier stress and provide barrier to various dopants and

contaminants including boron and sodium The increased stability of the Si-Si02

interface is due to the pileup of nitrogen at the interfacial region.182 The nitrogen atoms

are thought to terminate dangling Si bonds at the Si-Si02 interface and/or dangling

bonds in the bulk associated with Si vacancies The Si-N bonds which are formed are

harder to break than Si-H bonds Unfortunately if the nitridation is carried out as

described above i.e hr furnace operation at 1000C at atmospheric-pressure in an

anhydrous-NH3 ambient both high fixed-charge density Q68 and large number of

electron traps Qot are generally produced in the dielectric film.69 These charges and

traps result in shifted threshold voltages degraded inversion-layer mobilities and reduced

stability under hot-carrier stressing Thus oxide layers nitrided in this manner are not

suitable for use as gate dielectrics in MOSFETs
Later however it was discovered that reoxidation step following nitridation reduces

the density of electron traps.70 171 172 The re-oxidation process consists of exposing

the nitrided oxides to high-temperature oxidizing ambient The names given to such

gate dielectrics are thus re-oxidized nitrided oxides ROXNOX RNO or ONO Note
that the thickness of the nitrided oxide films remains basically unchanged during the re

oxidation step That is as long as the nitrogen-rich layer at the Si-Si02 interface

remains intact oxygen is prevented from reaching the silicon and growing more Si02

during the reoxidizing cycle However if excessive re-oxidation takes place the dense

interface layer may dissipate permitting thermal oxidation to resume In such cases the

film thickness will increase during re-oxidation

model for why such re-oxidation reduces the electron trap density was proposed by

Hori Iwasaki and Tsuji.7374 They observed that hydrogen-containing species i.e

NH -H and -OH are formed by the dissociation of NH3 during the nitridation step

When such species are incorporated into the Si02 film they are known to cause electron

traps see Fig 973.179 Hon et al also found that hydrogen concentration in Si02

films increases both as function of temperature and nitridation time in NH3 see Fig

9-74 as do flatband voltage shifts This would explain how the NH3 nitridation step is

responsible for causing electron traps in the oxide and also the correlation between the

increase in hydrogen concentration and flatband voltage shift Hon et al also found that

the hydrogen concentrations in the nitrided films are reduced during the re-oxidation step

see Fig 9-74b where the arrow shows the effect of re-oxidation at 1150C for 60 sec

of an oxide nitrided at 950C for 60 sec and Fig 9-75 and that hydrogen

concentration levels comparable to those of control oxides can be reached by sufficient

re-oxidation At the same time they determined that the nitrogen concentration at the

Si-Si02 interface which is responsible for strengthening the interface against interface

state generation is only decreased slightly by the re-oxidation step see Fig 9-75 which

shows the AES profiles of an NH3-furnace nitrided oxide immediately after

nitridation and after an additional 100 mi 1000C reoxidation step.82 Thus they

concluded that the re-oxidation procedure seems to be one of most promising processes

for obtaining nitrided oxides of excellent integrity because it can eliminate the H-
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Fig 9-73 The relationship between hydrogen contained in the oxide and the electron trap

density measured by nuclear reaction analysis and avalanche injection respectively179

IEEE 1993

containing species while keeping the nitrogen concentrations in the interfacial region of

the film unchanged

9.14.3.3 Low-Pressure and RTP NH3 Oxides Lightly Nitrided

Reoxidized NH3 Nitrided Oxides While reoxidation reduces the density of

electron traps in films produced by high-temperature 900C atmospheric-pressure

furnace nitridation the resulting ROXNOX films still exhibit some significant

drawbacks First the density of electron traps may not be sufficiently reduced in case of

either excessive nitridation or insufficient reoxidation Furthermore the reoxidation of

nitrided oxides formed by heavy nitridation does not reduce the fixed charge densities to

levels required by high-performance scaled MOSFETs with high inversion-layer

mobilities

As result modifications to the nitridation process have been sought to overcome

these limitations including low-pressure furnace nitridation processes RTP nitridation

and re-oxidation processes and replacing NH3 with N20 in the nitridation step We will

the discuss the first two of these approaches here and N20 oxides in the next section

The intent in all of these approaches is to reduce both the concentration of hydrogen and

nitrogen in the film That is Dt and Qot all increase peak and turnaround with

increasing nitridation The buildup and turnaround in these electrical parameters occur

more gradually in oxides subjected to low-pressure and RTP nitridation than in

atmospheric nitridation.80 In fact early nitrided oxides used heavy nitridation to

exploit the turnaround in Qj to minimize the fixed positive charge Despite this

approach the value of in such films generally nevertheless remains higher than the

levels required by high-performance MOSFETs with high inversion-layer mobilities.81

Furthermore when coupled with reoxjdation step low-pressure and RTP nitrided

oxides exhibit virtually no interface-state generation under hot-carrier stress52 Thus
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Fig 9-74 Hydrogen SIMS depth profiles of an oxide and oxides nitrided at 950 and

1150C for 60 sec The thickness of the starting oxide is nm The hydrogen concentration

increases monotonically as temperature increases Hydrogen concentration versus

nitridation time for oxides nitrided at 900 950 1050 and 1150C increases monoton

ically as nitridation proceeds The dashed arrow and in the figure indicate the effect of reox
idation at 1150C for 60 sec following nitridation at 950C for 60 sec.173 IEEE 1988

relatively light nitridations in the pre-turnaround regime can be used to optimize the

electrical properties of the dielectric comprehensive study of the effect of interfacial

nitrogen concentration on MOSFET characteristics has shown that optimum
MOSFET device behavior is obtained with very lightly nitrided oxides or when is

in the range of 0.2-i atomic percent as obtained by SIMS.204
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In the low-pressure furnace processes the maximum temperature was also limited to

950C75 and 850C76 respectively To form 10-nm-thick gate oxide with the 850C
low-pressure furnace nitridation process the initial oxide film growth time is 55

minutes This is followed by hour nitridation step in NH3 at 0.1 atmospheric

pressure and hour re-oxidation step The reoxidation step reduces the nitrogen

concentration at the surface and bulk of the film but without significantly reducing the

nitrogen concentration near the interface or without increasing the film thickness Such

oxides exhibit less than atomic percent of nitrogen in the interfacial nitride region and

negligible concentration of nitrogen in the oxide bulk

Several RTP ROXNOX processes have also been reported.747778207208 An

example of the Si and profiles in 10 nm-thick ROXNOX film formed by one of

these processes is shown in Fig 9-76 We see that the nitrogen concentration at the Si-

100
oxynitride

50

1OC
oxynitride02anfleal 100mm 1000c_

__

50

Sputtering Time mm

Fig 9-75 Auger electron spectroscopy profiles of oxygen silicon and nitrogen in fur

nace nitrided film immediately after NH3 nitridation and after reoxidation.182 IEEE 1988
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Fig 9-76 Si and profiles in alO-nm-thick RTP ROXNOX film.177 IEEE 1986

Si02 interface is lower than that found in an atmospheric-pressure furnace-nitrided oxide

The RTP reoxidation is also effective in reducing the hydrogen concentration resulting

from the RTP NH3 nitridation step as is shown in Fig 9-77 Note that in some RTP

processes the oxide is grown in furnace operation while in others RTP is also used to

grow the initial oxide films The range of temperatures and times used to nitridate thin

gate oxide films using RTP is 950-1150C and 15-300 sec respectively The range of

temperatures used to reoxidize these nitrided films with RIP and dry oxygen is also 950-

1150C Typically RTP reoxidation times are 60 sec and temperatures at the high end

of this range are used The specific processing conditions for particular gate dielectric

Depth nm
Fig 9-77 Hydrogen SIMS depth profiles of nitrided oxide NOHT and nitrided oxide

reoxidized at 1050C and 1150C for 60 sec An arrow indicates the position of the Si-Si02

interface 174 IEEE 1989
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film must be established by trading off electrical performance parameters because each

combination of nitridation and reoxidation conditions will yield different set of

Dt and Qot values

Sufficient reoxidation can return the fixed charge density back to the original values

of pure oxide However such reoxidation may be excessive insofar as it may decrease

the interface immunity to hot-carrier stress and/or it may lead to relatively large

increase in the film thickness for the reasons cited earlier Thus ROXNOX films are

--
generally reoxidized only to degree in which the fixed-oxide-charge density remains

somewhat higher than that of pure oxides These fixed charge levels contribute to

mobility degradation and reduction of the transconductance Hence post-reoxidation

annealing in an inert ambient has been explored as technique to further reduce

without degrading the other electrical parameters of the ROXNOX film One report

examined the effects of RTP reoxidation and inert post-reoxidation annealing.183 In

another post-reoxidation anneal was added to the 850C low-pressure furnace

nitridation process described earlier and has been is named fixed-charge anneal

FCA.8485 The FCA is nitrogen anneal which is performed after the polysilicon

gate film is deposited but before the poly doping implant step Since it appears that it

takes only short time to significantly reduce in ROXNOX films once the

temperature reaches 1000C the FCA can be carried out in either furnace or by RTP
In ref 184 20 and 30 sec RTP anneals in N2 at 1000C were used with 45A- and 65A-

thick films respectively The effective mobility of electrons is also increased by more

than 12% in such FCA-treated ROXNOX NMOSFETS while hole mobilities are

increased by more than 30% This is due to the reduction of in the films

9.14.3.4 Oxynitridation of Silicon in N20 Ambients Although

ROXNOX films exhibit better hot-carrier resistance than do pure oxides some practical

issues make them troublesome to manufacture First the ROXNOX formation sequence

is complex and difficult to optimize especially for CMOS applications For example

the combination of nitridation and reoxidation steps used in the ROXNOX process may
leave excess hydrogen in the film In that case the density of electron traps will be

higher than in pure oxide film Since electron trapping is the dominant degradation

mechanism in PMOS devices PMOSFETs with such films will exhibit worse hot-

carrier degradation.216 On the other hand if the reoxidation step is excessive the film

can lose its strength against interface-state generation by hot-carriers Thus

NMOSFETs containing such films would be prone to more hot-carrier degradation The

gate dielectric thickness might also grow too thick Another drawback is that the best

NH3-nitrided films always exhibit higher densities of positive fixed charge Qf than do

the best Si02 films The fixed charge arises as result of the nitridation process

Finally the ROXNOX process generally involves multiple high-temperature steps

which are undesirable for ULSI CMOS applications

solution to some of the problems of NH3-nitrided films is to avoid the

incorporation of hydrogen in the film in the first place One way to accomplish this is

to replace NH3 with N20 as the nitriding ambient Such N20-based techniques have

indeed proved to be more fruitful because of the hydrogen-free nature of the processing

UMC 1229
UMC v. AICP



HOT-CARRIER-RESISTANT PROCESSING AND DEVICE STRUCTURES 655

Si-substrate Si-substrate Si-substrate

22 22 22

T
T

E
H

i5
15

Depth urn Depth urn Depth nm

Fig 9-78 SIMS depth profiles of and in three kinds of oxide films pure SiO2

NH3-nitrided SiO2 and N20-nitrided Si02 IEEE 1990

This approach was first employed to grow gate dielectric by directly reacting N20

at the silicon surface in an RIP 5y5tem.l9O996I99 Since there is no hydrogen in

N20 this process results in films with significantly less incorporated hydrogen than

NH3-nitride films Figure 9-78 shows SIMS profiles of dielectric films prepared by

thermally oxidizing silicon nitriding an oxide film in NH3 and growing film

on silicon by RTP in an N20 ambient.9 We see that the hydrogen concentration in

the N20 film is significantly smaller than in NH3 film It is also evident that the

nitrogen concentration in the N20 film is highest at the Si-Si02 interface Early studies

of such films concluded that they are self-limiting in thickness as is shown in Fig
9-79a.90200 The build up of the nitrogen concentration was thought to block the

oxidation reaction that occurs simultaneously at the interface Later work showed that

the thickness was not self-limiting see Fig 9-79b201202 and that the thickness in

fact increases approximately as time112 This seems to indicate that the growth is

instead limited by the diffusion of N20 through the oxide bulk rather than through the

nitrogen-rich layer202 The discrepancy in the apparent growth mechanisms may have

been explained by Okada et al who observed significant retardation of the growth only

at relatively high -0.9 at interfacial nitrogen concentrations which is higher than

observed in some N20 furnace processes.203 However the interfacial reactions may still

dominate growth rates for short times and thin oxides

Nevertheless the nitrogen profile in the N20 film is similar to that in the ROXNOX
film yet this is achieved with only one-step process i.e no reoxidation is necessary

The peak nitrogen concentration at the Si-Si02 interface is 0.5% which is less than

that found in furnace-nitrided in NH3 under atmospheric pressure 2-10 at.% Further-
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Fig 9-79 N20 oxynitride thickness versus oxidation time using RTP for various

process temperatures Ramping rate was 200C/sec Oxide thickness was measured at fixed

refractive index 1.46190 IEEE 1990 N2O oxynitride thickness versus time in

furnace anneal process Electrochemical Society l993.20

more residual hydrogen incorporation into the film is no longer concern This is

evidenced by the low electron trapping density exhibited by such films NMOSFETs
fabricated with such films also exhibited less tendency toward hot-carrier degradation

than those made with control oxides i.e they showed smaller values of \Dt and were

also less susceptible to the creation of electron traps throughout the oxide under hot-

carrier stressing.92

However several limitations were still observed in these N20-grown oxynitrides

First larger initial values of D1t were observed than in pure oxide films Fig 9-80
even though the rate of their generation under hot-carrier stressing was much smaller

see also Fig 980.I92 Second the initial values were also somewhat higher

Third the slow growth-rate of such films make them only practical for ULSI

applications which use dielectric films thinner than 100A see Fig 9-79 Fourth the

maximum mobility of electrons in MOSFETs made with such films is 5% less than

in MOSFETs with oxide gate dielectrics but the mobility is actually higher at large

lateral electric fields see Fig 9-81 The most severe limitation however is that

such RTP N2O-grown films exhibit unacceptably large nonuniformities in composition

and thickness across wafer94 Such non-uniformities would limit the use of such

films in ULSI MOS devices Temperature nonuniformities in the RTP chamber gas

depletion and heat-transfer effects were some of the phenomena suspected of leading to

these nonunifonnities
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Fig 9-80 Changes in the interface trap densities of MOS capacitors with pure 5i02 and

SiOxNy by Fowler-Nordheim electron injection Electrons were injected from the gate

electrodes into the oxide films at the current density of -10 mA/cm2.192 IEEE 1991
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Fig 9-81 Effective electron mobility versus effective normal field of NMOSFETs with

65A-thick gate dielectric The mobility values were calculated using the linear region

versus VGS curves VDS 100 mV with ZIL ratio of 75-jim 60-jim The maximum

effective mobility of the oxynitride is 5% lower than that of the control oxide However the

high-field mobility of the oxynitride shows 10% improvement.193 IEEE 1991
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Nevertheless it was found that growth of such N20 dielectrics in furnace rather

than by RTP resulted in films with thickness uniformities comparable to those of pure

oxide films and with adequate compositional uniformity as well.195197 The process

described in these reports was 950C furnace step in N2O which grew 60A-thick

dielectric films having nitrogen concentration at the Si-SiO2 interface of 3% Hot-

carrier degradation of PMOSFETs with such films was excellent since electron-trap

densities in these films was also low

9.14.3.5 Oxynitridation of Oxides in N2O Unfortunately the use of an

N20 furnace process to directly grow dielectric film on bare silicon still results in

layers that were too thin for reasonable thermal budgets That is at 950C only 50A

films are grown in 40 minutes To increase the oxide thickness higher oxidation

temperatures and/or extended times would be required However such high-thermal-

budget processing steps are undesirable in ULSI applications In addition the charge-to-

breakdown of such direct-N2O furnace oxides is significantly degraded.202205206

To overcome these limitations it was decided to instead investigate two-step

operation i.e in which oxides are first grown in 02 and are then subjected to an

oxynitridation step in N2O When N20 is used as post-oxidation annealing ambient

wide range of final oxide thicknesses is achievable with much smaller thermal budgets

Processes using this two-step N2O sequence have been described using atmospheric-

pressure furnace198202209217 low-pressure-furnace210 and RTP211 conditions Figure

9-82 shows an example of such two-step process performed in conventional furnace

at atmospheric pressure.209 Typically the oxide is grown in dry 02 in furnace at 850-

900C The N20 step is usually carried out at 800-850C for 5-40 minutes In the

process described in ref 217 50A Si02 films are grown in dry 02 at 850C for 30

minutes During the second step in N20 at 950C an additional 35A of oxide is grown

to form films with final thickness of 85A

TWO-STEP N20 OXIDATION PROCESS

10/02 100/ 100/

Process time

Fig 9-82 Two-step oxidation and N2O nitridation process in conventional furnace.209

IEEE 1993
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PMOSFETs made by oxynitridation of Si02 in N20 also exhibit enhanced hot-

carrier immunity compared to devices made with pure oxide This is thought to be due

to the fact that electron trapping is suppressed in devices with such N20 dielectrics.218

Consequently it has been suggested that the optimum N2O oxynitride process is

oxidation in 02 followed by nitridation in N2O rather than oxidation in N20 alone

In the low-pressure approach21 it was reported that minimum pressure of between

and 50 torr of N20 was needed before measurable amount of nitrogen was

incorporated into the oxide However at low pressures of N20 just beyond the

minimum needed for the onset of nitrogen incorporation the concentration of nitrogen

at the interface could be well controlled but at the same time minimal additional oxide

was grown during the oxynitridation step Thus tight control of the final film

thickness could be maintained

As noted in previous paragraph the oxide film continues to grow during the second

i.e N20 step However if re-oxidation of N2O oxides is carried out after they are

formed unusual behavior occurs That is new Si02 grows at the Si-Si02 interface and
the existing N-rich layer remains intact and is displaced away from the interface by

growth of the new oxide see Fig 983.223 The resulting film does not have as good
hot-carrier resistance as films that have not been reoxidized and hence the step seems to

be pointless However understanding the phenomenon that takes place during reox
idation of the N20 oxide is important because it is something that does occur when the

poly reox step is carried out after poly patterning That is sidewall oxide is grown
1.0

100

Nitrogen

Before Reoxidatjon

0.8
oj

Oxygen
After Reoxidatjon 60

C.

0.4 40
b1

Nitrogen

0.2 After Re idation 20

0.0
50 100 150 200 250 300

Depth

Fig 9-83 SIMS profile of the oxynitride film grown from 100% N2O at 1100C before

reoxidation and after 85 mm reoxidation.223 Reprinted with permission of the

Electrochemical Society
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The nitrided oxide here is

Gate
_________ subjected to reoxidation

during the poiy reox step

But under gate the dielectric Ji\\ .TL

is not reoxidized
_________________

Here at the Si interface the dielectric

tymaX
is pure oxide

Fig 9-84 LDD MOSFET with N2O nitrided oxide as gate deielectric The position of Cymax

is such that hot carriers are injected into the gate dielectric under the spacer If the gate

dielectric at that location has been reoxidized such that pure oxide exists instead of nitrided

oxide at the silicon-dielectric interface the device will exhibit the same hot-carrier resistance

as an LDD MOSFET made with pure oxide

during the poiy reox step Thus in fact it also represents reoxidation of the N20

oxide that will exist under the spacers of an LDD MOSFET The reox step therefore

grows an oxide under the N-rich layer of the oxide film that will exist under the spacers

see Fig 9-84 Now hot carriers are injected into the dielectric and spacers near the

polysilicon edge as shown in Fig 9-84 where the position of the simulated peak

electric field of an LDD in which the region does not overlap the gate edge is

depicted The region of maximum hot-carrier damage in the device is located at that

point Since the oxide at the Si-Si02 interface is no longer an N20 oxide but has been

returned to pure oxide LDD MOSFETs fabricated with such reoxidized N20 gate

dielectrics exhibit hot-carrier degradation characteristics no better than LDD MOSFETs

made with pure oxide gate dielectric.224

novel device structure has been proposed that would mitigate this effect That is

we noted earlier that one form of degradation caused by the fixed oxide charge in nitrided

oxides is reduction in the peak channel mobility of both P- and NMOSFETs This is

apparently due to the presence of nitrogen at the interface.22 While special process

techniques such as the fixed-charge anneal185 have been used to reduce this problem

novel LDD structure has also been reported to overcome it That is pure gate oxide is

used under the gate of MOSFET to yield the highest mobility of carriers in the

channel but nitrided oxide process is used to reoxidize the poly sidewall after

patterning see Fig 9-85 Since most gate-oxide hot-carrier-damage occurs outside of

the channel region i.e under the spacer by having strengthened interface in those

locations the device simultaneously exhibits significantly improved hot-carrier resistance

and higher drive-current capability compared to an LDD MOSFET made with an oxide

spacer and conventional poly reox process.222

We should also mention that adding nitrogen to gate oxides has also been reported by

several other novel techniques including implantation of nitrogen through the

polysilicon gate212 N2O nitridation of CVD oxides213 oxidation of deposited oxide on

nitrided surface ODON214 and oxidation of the silicon surface beneath CVD

oxynitride.215
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Gate
siciewaii

OX gate

OX gate RNO sidewall

Fig 9-85 Novel LDD MOSFET that has pure oxide gate dielectric and reoxidized nitrided

poiy sidewall The latter feature is created during the reox of the poly i.e after poly

patterning but prior to spacer dielectric film deposition.222 IEEE 1991

9.14.3.6 Fluorinated Oxides The presence of fluorine in the gate oxide has

also been reported to increase the hot electron resistance of devices fabricated with such

oxides.225226 Such fluorine may inadvertently be introduced from BF2 source/drain

implant or from an LPCVD-W or LPCVD WSi process In the latter two processes
fluorine is produced during the reaction of WF6 and SiH4.227 Other reports confirm that

deliberate incorporation of fluorine into the gate oxide from implanting fluorine into

polysilicon film and then diffusing it into the gate oxide produces more hot-electron

resistant interface.228229 The increased hot-carrier resistance of the F-containing oxides

is thought to be due to fluorine atoms which form Si-F bonds These are stronger than

Si-H bonds The presence of the fluorine implies that some of the Si-H bonds are

replaced by Si-F bonds thus yielding stronger oxide

Unfortunately the presence of fluorine in the gate oxide increases the penetration of

boron from poly gates though the gate oxides Although various approaches have

been examined to suppress this effect many of them rely on methods that prevent

fluorine from entering the gate oxide As result use of nitrided oxides to suppress hot-

carrier degradation has been pursued much more vigorously than use of fluorinated

oxides Nevertheless recent report has indicated that MOSFETs using WSi
polycide process exhibit significantly improved gate oxide hot-carrier hardness and higher

carrier mobility as result of the fluorine incorporated by the WSiX polycide process.230
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PROBLEMS
Explath the difference between CORS and CAS

Explain the difference between electron traps in Si02 and interface state traps

Qualitatively describe the advantages and disadvantages of LDD MOSFETs

Calculate Eymax in non-LDD MOSFET having jim channel length 200 nm rj

0.2 jim 0.7V VGS 5V and V5 5V Use Eq 9-4 to calculate sub in this device if

100 4uA

Calculate Cymax in an LDD MOSFET having jim channel length tox 200 nm
rj

0.2 jim 0.7V VGS 5V and DS 5V using Eq 9-13 Assume the L- region in this

device is 0.2 /Lm in length

An n-channel MOSFET has tox of 20 run an Leff jim rj
0.2 jim and 0.6V

If the device is biased at VGS 3V and DS 5V calculate the saturation voltage Dssat and

the maximum electric field If this device is built using an LDD and the length of the LDD
is 0.2 jim find the decrease in the maximum electric field in the LDD device If the FET

channel width is 10 jim and the S/D sheet resistance in the LDD region is 100 Q/square
calculate the additional S/D resistance due to the LDD insertion and compare it with the

intrinsic FET resistance

List some advantages of using disposable spacers for fabricating LDD MOSFETs What

are some of their drawbacks
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Discuss the advantages and disadvantages of the following device structures compared to

conventional LDD MOSFETs

Fully overlapped drain structures

Buried LDD structures

Large-angle-tilt implanted drain structures

LDD MOSFETs with high-dielectric spacers

Asymmetrical MOSFET structures Halo-Source GOLD

Why have LDD structures not been necessary in PMOS devices until deep submicron gate

lengths are encountered

10 Explain briefly why N2O nitrided oxides have proved to be superior to NH3-nitrided gate

dielectrics
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APPENDIX

MATRIX METHODS

A.1 INTRODUCTION TO MATRICES

Matrices and their algebra are vital to modern engineering mathematics They represent

an enormously effective means by which data and other mathematical quantities of

interest can be manipulated in an elegant and efficient manner The practical use of

finite difference and finite elements are greatly facilitated by the use of matrices Hence
we present here few of the important basic concepts of matrices and matrix algebra

matrix is rectangular array of elements arranged in rows and columns The

elements may be numbers variables functions derivatives or even other matrices The

following set of linear algebraic equations serves to illustrate common notational

convention used relative to matrix representation of linear system of equations

a11x1 a12x2 .. a1x
a21x1 a22x2 .. axfl

A-i

amixi aflx .. amnxn bm

The set of variables x1 x2 and set of dependent variables b1 b2

bm are related through the mxn coefficients a11 a12 Using matrix notation

we write Eq A-I more compactly as follows

a11 a12 alfl
bi

a2l a22 .. X2 b2

arni am2 amn Xn bm

The mxn array of as is referred to as the coefficient matrix or and the

independent variables as the or Xj vector In addition the dependent quantities on
the right-hand side are grouped in separate array called the or vector

A.1.1 Vectors and Scalars Matrices with only one row and columns ixn
or one column and rows mx are called vectors The symbol is used to indicate

row or column vector Matrices with only one element lxi are called scalars For

example the 3xi matrix
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2\
io aij 123 -3

3x1

is column vector

A.1 .2 The Square Matrix matrix having an equal number of columns and

rows is called square matrix Square matrices play an important role in engineering

and have properties that are unique For example the determinant and inverse can only

be defined if the matrix is square matrix

A.1 .3 The Identity Matrix The identity matrix is square matrix whose off-

diagonal elements are equal to zero and diagonal elements are equal to one Since

identity matrices are unique they are designated by the letter and sometimes written as

10

A-4

00 ..

A.1 .4 The Diagonal Matrix Diagonal matrices are square matrices whose off-

diagonal elements are equal to zero and whose diagonal elements can take on any value

These matrices are very important and occur frequently when one solves systems of

ordinary differential equations Furthermore diagonalizing is used to mean that

nondiagonal square matrix is reduced to one which is diagonal

A.1.5 The Augmented Matrix This is matrix that can be formed from two

other matrices Consider the matrices and

a12

a21 a22 01

Then third matrix is the augmented matrix if

a11 a12 A-5
a21 a22

Note that can only be defined if both and have exactly the same number of

rows The dashed line in is used to separate the elements of and Augmented

matrices are useful in solving sets of linear algebraic equations

A.1.6 The Upper-Triangular Matrix This is square matrix often denoted as

in which all elements below the diagonal are zero and the rest of the elements can

take on any value That is
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a11 a12 a1

a22 a2fl
-6

The solution of linear algebraic equations using the Gaussian elimination method
results in an upper-triangular matrix

A.1.7 The Lower-Triangular Matrix This is square matrix often denoted as

in which all elements above the diagonal are zero and the rest of the elements can

take on any value That is

a11 ..

a21 a22

arni am2

A.2 MATRIX MULTIPLICATION

If we wish to obtain the product of two matrices and which is equal to third

matrix

matrix can only be defined if the number of rows of matrix is equal to the

number of columns of matrix That is

-9

Here is the number of rows of matrices and is the number of columns of

and the number of rows of is the number of columns of and

To illustrate the procedure for finding the products of the matrices consider the

following example

b11 b12

1A1 a11 a12 a13 1B1

a21 a22 a23
b21 b22

b31 b32
Let us define

2x3 3x2
Cl c2 lOa
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where

c11 ab1 a2b2 a3b31

c12 ab2 a2b22 a13b32 lOb

C21 ab a22b2 a23b3

c22 a21b2 a22b22 a23b32

We see that the process involved in multiplying two matrices causes us to use an entire

row of and an entire column of to obtain single element of That is

c11 is determined by combining the products of the elements in the first column of

with the elements of the first row in c12 is determined by combining the

products of the elements in the second column of with the elements of the first row

in .. etc

Example A-i Find the product for the following matrices

21 acO
3-4 bdO

Solution
21 acO
3-4 dO

2ab 2cd

3a-4b 3c-4d

A.3 MATRIX INVERSION

There are instances where the solution of matrices involves the calculation of the

inverse matrix The inverse of matrix is property of square nonsingular matrices

determinant is not zero and is denoted In addition

11

Note that only square matrices can have an inverse

Several methods for inverting matrices are available including the Cramers rule

method the Gauss-Jordan method the reducing matrix method and the partitioning

method Here we show the Gauss-Jordan method an extension of the Gauss-Jordan

method for solving matrix equations

Suppose we have two 3x3 square matrices and such that then by

definition or more explicitly
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a11 a12 a13
biibl2bl3

a21 a22 a23 b2ibb
a31 a32 a33

b31b32b33

Then if we form an augmented matrix

a11 a12 a13

a21 a22 a23

a31 a32 a33

we can use the Gauss-Jordan method to reduce this augmented matrix to the form

blibi2bi3

b21bb

b31b32b33

where is the inverse of This method of determining the inverse is summarized
in one step for an nxn matrix

12

Example A-2 Use the Gauss-Jordan elimination method to determine the inverse

of

Solution First multiply the first row by -2 and add it to the second row

1210 1210
-1 -5 -2 -2R1R2

Next divide row two by -5

1/5 2/5 -2R

2/5 -1/5 -R215 2/5 -1/5

Finally multiply row two by -2 and add it to the first row to get the final augmented

matrix The inverse of is simply equal to the right-hand portion of this augmented

matrix namely
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-1

A.4 MATRIX METHODS FOR SOLVING
SIMULTANEOUS LINEAR ALGEBRAIC EQUATIONS

As noted in the text the solution of simultaneous linear algebraic equations is probably
one of the most important procedures in modern engineering computations For
example the finite element method and the finite difference method both involve the

solution of systems of linear algebraic equations Two classes of methods are available
for solving set of linear algebraic equations direct methods and iterative methods
The direct methods are based on elimination and include Cramers Rule Gauss
elimination method the Gauss-Jordan elimination method and Crouts Method The
iterative methods include Jacobis method and its variations the Gauss-Seidel method
and its variations the successive-overrelaxation SOR method the alternating-
direction implicit ADI and Stones strongly implicit method An good but
compressed survey by Duff on the subject of the various matrix methods for solving
set of linear algebraic equations is listed in reference text dealing with this topic is

George and J.W.H Liu Computer Solution of Large Sparse Positive Definite

Systems Prentice-Hall Inc Englewood Cliffs N.J 1981

A.4.i Direct Methods

A.4.1.1 Cramers Rule This method is widely taught as procedure for solving
set of simultaneous linear algebraic equations However since it is likely to be

familiar to readers and because it less efficient than other techniques we do not

emphasize it here

A.4.1.2 Gauss-Jordan Elimination Method This method is basically an
extension of the Gauss method presented in the next section The difference is that there

is no need for back-substitution using this method This is accomplished quite simply
by eliminating the coefficients above the diagonal in the coefficient matrix Consider

the typical case of three equations with three unknowns

a11x1 a12x2 a13x3 b1

a21x1 a22x2 a23x3 b2 13
a31x1 a32x2 a33x3 b3

The Gauss-Jordan process operates on the augmented matrix
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all b1

a22 a23 b2 14

a31 a32 a33 b3

By successive operations of dividing rows by numbers interchanging rows and
subtracting multiple of one row from another we try to reduce this matrix to the form

bl

b2 A-15
b3

in which case the solution is readily obtained as

x1 b1

x2 b2 A-16
x3 b3

If the matrix of the coefficients is nonsingular the process described can be carried
out in full Although this method requires more computational effort than the Gauss
method we present it because it provides direct method for solving the inverse
problem discussed earlier

Example A-3 Solve the following set using the Gauss-Jordan method

2x1 4x2 6x3

x1 3x2 7x3

7x1 5x2 9x3

Solution Forming the augmented matrix we proceed by reducing the first column
to that of an identity matrix Thus

2-46

-7

7594
Next divide row one by

1-23 2.5 R1/2

-7

759
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Then add the negative of row one to row two and multiply row one by -7 and add it to

row three

-2 2.5

-10 -0.5
-R1

19 -12 -13.5

Now divide row two by

-2 2.5

-0.1 R2/5

0-1 9-12 -13.5

Then multiply row two by and add it to row one and also multiply row two by -19

and add it to row three

-1 2.3 2R2--R1

01-2-0.1

26 -11.6 -19R-

Next divide row three by 26
10-12.3

-2 -0.1

-0.44 R3/26

Finally add row three to row one and also multiply row three by and add it to row

two
100 1.85 R3R1

-0.99 2R3

001 -0.45

Note that this form is exactly the same as is given in Eq A-15 The solution to the set

of equations is then given as

x1 1.85

x2 -0.99

x3 -0.45

Note also that roundoff errors may be introduced depending on the number of significant

figures used in manipulating the matrices This may become significant if large set of

equations is to be solved
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A.4.1.3 Gauss Elimination Method An alternative to the Gauss-Jordan
method_is the simple Gauss method This is one of the most popular and efficient

methods for solving an nxn system of equations Since less computations are needed
for the Gauss elimination method than for the Gauss-Jordan method the simple Gauss
method is preferred Here we use the same steps as in the Gauss-Jordan method but the

goal is to produce matrix with zeros below the diagonal Each unknown is then
determined from this matrix by back-substitution That is we first seek to achieve

matrix of the form

b12b13 ci

c2 A17
c3

The corresponding set of equations from this matrix is then

x1 b12x2 b13x3

x2 b23x3 c2 A-18
x3 c3

Now
x3 can be obtained from the last equation and this value can be substituted in the

next-to-last equation This allows us to solve for x2 which is then substituted together
with the known value of x3 in the first equation to obtain x1

Example A-4 Solve the following set of equations using the Gauss Elimination
method

2x2 4x3

4x1 x2 3x3

3x1 8x2 2x3

Solution Using the augmented matrix approach and switching the second and first

equations so that a11 gives

-3

0246
-8

We begin by dividing the first row by thus

0.25 -0.75 0.25 Ri/4

02
-8

Multiplying the first row by -3 and adding it to the third row eliminates x1 from all

equations except the first Hence
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0.25 -0.75 0.25

02
-8.75 4.25 1.25 -3Ri R3

The second row is now divided by to give

0.25 -0.75 0.25

R2/2

-8.75 4.25 1.25

Finally multiplying the second row by 8.75 and adding it to the third row eliminates x2

from the third equation That is

0.25 -0.75 0.25

01
21.75 27.5 8.75R2R3

Obviously the original set of equations has now been transformed to an upper-

triangular form Hence dividing row by 21.75 and expressing the set in algebraic

form yields

x1 0.25x2 0.75x3 0.25

x2 2x3

x3 1.264

These equations are now solved by back-substitution to give

x3 1.264

x2 1.264 0.472

x1 0.25 0.25 0.472 0.75 1.264 1.080

Note that in this and the other direct solution method example there is no rounding off

error and the answer is exact

A.4.1.4 Choleskys Method The classical Gaussian elimination method

described above is not suitable for the systems of equations that must be solved in

microelectronics because the size of the coefficient matrix is generally both large and

sparse most of its coefficients are zero In addition in many cases set of tridiagonal

linear matrix equations result Therefore some modifications of the classical Gaussian

elimination algorithm are introduced to account for the zero entries and to utilize the

relative simplicity of the tridiagonal set One common approach is to decompose the
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augmented matrix into the product of unit upper-triangular matrix and lower-

triangular matrix Choleskys method also called Crouts method or the LU-
decomposition method In Choleskys method also known as Crouts method
triangular facto rization is applied to the coefficient matrix e.g of the equation

A-19
which yields

20

where is lower triangular matrix and is the transpose of the matrix and

is also an upper triangular matrix see section of this appendix for definitions

of these terms Using A-20 in A-19 we get

A-21

and by substituting we can find by solving the triangular systems

A-22
and

23

Example A-5 Solve the following matrix equation for using the Cholesky
method

1/2
xl

1/2
x2

X3

X4
1/2 5/8 -4

16 X5

Solution The coefficient matrix of the above equation can be factored to yield A-20
where in A-20 in this case is

r2 01

0.50 0.50

-1

0.25 -0.25 -0.50 0.50

-1 -2 -3

Solving we obtain
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3.5

2.5

-2.5

--0.5

and then solving yields

-0.8

--0.5

A.4.2 Iterative Methods

Iteration is defined as computational procedure in which the desired result is

approached through repeated cycle of operations each of which more closely

approximates the desired result Iterative methods can be used to solve set of

simultaneous linear algebraic equations Such methods yield an approximation to the

solution of system of such equations but unlike the direct methods they may not

always yield solution even if the determinant of the coefficient matrix is not zero

Consequently for these techniques to work certain other conditions must be considered

The set of equations must posses strong diagonal This is

necessary but not sufficient condition for solution to be found

sufficient condition for solution to be found is that the absolute value

of the diagonal coefficient in any equation must be greater than the sum of

the absolute values of all other coefficients appearing in that equation
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These two conditions can often be satisfied for variety of practical problems
encountered in engineering

Iterative techniques are often used when dealing with sparse matrices They offer the

advantage that less computer memory is required for solving set of algebraic equations
than would be required using direct techniques such as Gaussian elimination Another

important advantage of iterative methods is that round-off errors in the solution are

limited to those incurred in the final iteration and are normally negligible This is

because the values used in the previous iteration are treated as initial estimates and

updated independently of the rounding error On the other hand direct solution methods
are subject to cumulative round-off errors which can be come significant for large
coefficient matrices or ill-conditioned systems of equations The main disadvantage of

iterative methods is that they depend on the numerical conditioning of the matrix and

may fail to converge in some situations

Here we present two of the most basic iterative methods in some detail This

presentation is designed to give readers some flavor for how iterative methods arrive at

solution The more advanced methods which are the methods more likely to be found

in simulation software packages are mentioned briefly in the final section with

references that provide more details on their procedures Their complexity puts them
outside of the scope of this text

A.4.2.1 Jacobis Method One of the simplest iterative methods for solving
linear algebraic equations is Jacobis method The following example illustrates this

technique

a11x1a12x2 a13x3 b1 A-24a
a21x1 a22x2 a23x3 b2 24b
a31x1 a32x2 a33x3 b3 24c

The solution process begins by solving for xl from Eq A-124a then x2 is determined

from Eq A-24b and finally x3 is determined from Eq A-24c In addition dummy
index is introduced to number the iterations performed in approximating the solution

In particular the equations used to get the next iteration from the last one are

b11a11 a12/aiix2k a13/aiix3k

x2k b2/a22 a21/a22x1k a23/a22x3k 25
kI b3/a33 a311a33x2k a32/a33x3k

Thus if we assume an initial vector xk x1k 2k x3k and substitute it into Eq
A-25 new vector x/1 is calculated This process is continued until sufficient

accuracy is achieved That is until

xk A-26
where is the number of iterations performed In general for an nxn set Eq A-25 can

be expressed in the following matrix form
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B1 A12
x1

x2

A21 A2
x2 A-27

Ani An2

where

B1 b1/a

ajj/aii

The reader is to be reminded that Eq A-27 is guaranteed to converge if condition is

met Otherwise solution may or may not be possible Also computer software

packages for solving sparse matrices using the Jacobi conjugate gradient method

variation of the Jacobi method are available such as ELLPACK developed at Purdue

University.2

Example A-6 Solve the following set of linear algebraic equations using the Jacobi

method

5x1 2x2 x3

x1 4x2 2x3

x1 2x2 4x3 17

Solution First check the diagonal coefficients and determine whether the iterative

procedure is suitable Thus

1-2 Ii --- O.K

141 Iii 1-21 --- 43 O.K

141 Iii 121 --- 53 O.K

Obviously the iterative approach will converge Therefore expressing the set in the

form of Eq A-20 yields

xi
0.8 -0.4 0.2

X2 0.75 0.25 -0.5 X2 28
X3 k1 X3

4.25 0.25 0.5

Assuming an initial iteration x0 and substituting into equation yields our first

approximation to the solution That is
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0.8 -0.4 0.2 0.8

X2 0.75 0.25 -0.5 0.75

X31 Jo Ji
4.25 0.25 0.5 4.25

Substituting x1 into Eq A-28 gives the second approximation to the vector

0.8 -0.4 0.2 0.8 0.25

x2 0.75 0.25 -0.5 0.75 2.675

x32 Ii 12
4.25 0.25 0.5 4.25 3.675I

The process is continued until successive values of each vector are sufficiently close in

magnitude For the example at hand the first ten iterations are shown in Table A-i

Table A-i Successive Approximations of Solution Jacobis Method

Iteration
Variable 10

x1 0.8 0.25 1.14 1.24 1.02 0.92 0.98 1.02 1.01 0.99

x2 0.75 2.68 2.53 1.89 1.79 1.99 2.07 2.02 1.98 1.99

x3 4.25 3.68 2.85 2.70 2.99 3.10 3.02 2.97 2.98 3.01

A.4.2.2 Gauss-Seidel Method This method converges more rapidly than the

Jacobi method However it is constrained by the same conditions outlines in the

previous section The Gauss-Seidel solution procedure presupposes that the new
solution values are better approximation to the exact solution than the initial assumed

values This is true for most problems Consequently for the 3x3 set given by Eq
A- 19 the solution for the new values becomes

x1l b1/a a12/a11x21 ai3/aiix3k

x21 b2/a22 a21/a22x11 a231a22x3k 29
x31 b3/a33 a32/a33x11 a32/a33x2k

Comparison of Eq A-25 with A-29 clearly shows that one need not assume an initial

x1 value Instead x1 is computed by assuming x2 and x3 Then the new x1 value and

the assumed x1 value are used to calculate new x2 value This procedure is continued

by substituting the new x1 and x2 values to determine new x3 value

Note that the Gauss-Seidel method will converge under the same conditions required

for convergence of the Jacobi method For many engineering problems this condition

can be satisfied For example the Poisson equation is readily solved using the Gauss

Seidel method The Gauss-Seidel method or variations thereof are more widely used

UMC 1229
UMC v. AICP



690

than the Jacobi method whenever an iterative solution is sought because it converges

faster

Example A-7 Rework Example A-6 using the Gauss-Seidel method

Solution Since the Jacobi method converged for this particular example the Gauss

Seidel technique should also converge Consequently expressing the set in the form of

Eq A-29 yields

x1k 0.8 0.4x21 0.2x31

0.75 0.25x1 0.5x3k 30
3k1 4.25 0.25x1k 0.5x2k

Now assuming initial values of x2 and x3 and substituting into Eq A-30 gives

for

x1 0.8 0-0 0.8

x21 0.75 0.250 0.8 0.55

x31 4.25 0.250 0.8 0.5 0.55 3.775

This process is continued by substituting the new x21 and x31 into Eq A-30 permitting

the determination of yet another set of values Computations for the first seven

iterations are summarized in Table A-2

Table A-2 Successive Approximations of Solution

Gauss-Seidel Method

Iteration

Variable

x1 0.8 0.265 1.249 0.956 1.002 1.001 0.999

x2 0.55 2.571 1.887 2.008 2.003 1.999 2.000

x3
3.775 2.898 2.994 3.007 2.998 3.000 3.000

Note that the results obtained in five iterations are more accurate than those obtained in

ten iterations using the Jacobi method

A.4.2.3 Advanced Iterative Solution Techniques Although in

principle the simple iterative methods Jacobi or Gauss-Seidel can be used to solve

set of linear algebraic equations in practice several other methods are better suited for

this task That is other techniques with increased rate of convergence have been

developed and it is generally one of these that are typically used in the software

packages that solve such equations

The first of these advanced iterative methods the successive over-relaxation SOR
method and its variations such as the block SOR method.3 The SOR method is
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essentially an enhanced form of the Gauss-Seidel method It converges more rapidly as
result of multiplying the residual the difference between the latest estimate of the
unknown and the previous estimate by relaxation factor cv so that

Xjj1 cv Xij1 x1k 31

The optimum relaxation factor is chosen to provide either minimum error in

specific number of iterations or to ensure convergence of the solution to required
tolerance in the minimum number of iterations The procedure for selecting cv starts

with cv equivalent to the Gauss-Sejdel method but then increases or decreases cv by
0.1 or less in the succeeding iterations until the residuals monitored change sign
which is an indication of an oscillating solution

The other two advanced iterative methods are implicit methods the alternating-
direction implicit methods and Stones strongly implicit method.5 Both were
developed to solve discretized elliptic partial differential equations such as the Poisson

equation

The Jacobi Gauss-Seidel and SOR methods can also be significantly accelerated by
applying several other methods including the conjugate gradient method the conjugate
residual GCR method the Chebyshev method and the incomplete Cholesky-conjugate
gradient ICCG method.6

A.5 NON-LINEAR ALGEBRAIC EQUATIONS

We noted in section that the set of discretized equations at each node of device grid is

set of nonlinear algebraic equations Nonlinear algebraic equations are defined as those
which contain powers of variables and/or transcendental functions To solve such

equations the object is to find the so-called zeros of the equation That is given

yfx A-32

we seek values of such that is zero The values that result in are referred to

as the roots of the function fx No general algebraic method is available for solving
all nonlinear algebraic equations and variety of iterative techniques with varying
degrees of accuracy and rates of convergence have been developed including the one we
present here the Newton-Raphson method The degree of accuracy attained for given
root is directly related to the amount of computational effort and the method being used

We show this method because it provides an example of an iterative numerical

procedure used to solve nonlinear algebraic equation and it illustrates the principle of

convergence

A.5.1 Graphical method

This method does not linearize the nonlinear equations but in fact solves for the roots

directly using graphical solution method Its chief role is to establish range of
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values for the real roots of given function i.e it provides no information relative to

complex roots That is it is mainly used to find first approximations of the roots

these are then used as the initial estimate in more accurate numerical techniques

Basically the function fx is evaluated at number of points and the results are

plotted The locations where the function crosses the x-axis are the roots Figure A-la

shows how the graphical method is applied for approximating the real roots of the

function x3 6x2 lix If more accurate estimate is needed the scales of the

ordinate and abscissa can be altered as shown in Fig A-lb

A.5.2 Newton-Raphson Method

Iterative methods are generally used to find more accurate values of the roots of

nonlinear algebraic equations One of the more popular iterative methods is the Newton

Raphson method It offers the benefit of converging to an accurate solution relatively

quickly However it suffers from the limitation that an initial value close to the root

must first be estimated and the derivative of the function must be evaluated That is if

the initial estimate of the root is not sufficiently close to the actual root the method

may not always converge to root

To find the th iteration of the approximation of the root of nonlinear algebraic

equation using the Newton-Raphson method the following equation is used

fxk xk 33

where xk the approximate root after k1 iterations

the approximate root after iterations

fxk functional value at

xk first-derivative of the function at xk

12..

Fig A-i Procedure used in approximating the real roots of the function

x3-6x2llx-6
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For system of nonlinear algebraic equations the Newton-Raphson technique can also

be used to find the roots For set of equations the equation above in matrix form is

x/1 xk fk A-34

where is the square matrix of the partial derivatives called the Jacobian and is

the inverse of the Jacobian

Example A-8 Finding the Roots of Set of Nonlinear Algebraic

Equations Using the Newton-Raphson Method Estimate one set of

roots for the following system of nonlinear algebraic equations

x12 x22 18 f1 x1 x2 x12 x22 18

x1 x2 f2 xx x1 x2

Solution This system has an exact solution of x1 x2 However let us

use the Newton-Raphson method to estimate these roots If graphical procedure is

used to obtain an initial estimate of the roots we might get x1 and x2

x1
x2j

Then the Jacobian is determined and its inverse is evaluated or

fi fi

aXl ax2 2xi 2x2

Jf -1

and

2xi 2x2

2x1--2x2 -1

Therefore evaluating at the initial assumed values of x1 and x2 gives

1-4

The functions are now evaluated to give

fi -10

Substituting into

fk

gives

UMC 1229
UMC v. AICP



694

x1
-10 3.25

X2 3.25

The inverse of the Jacobian and the functions are now evaluated at x1 3.25 and x2

3.25 then using Eq A-34 we get

3.25 2.5 3.125 3.0096

x23 13.252
13

-2.5 3.0o96f3

Clearly in just two iterations we have achieved an acceptable level of accuracy
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APPENDIX

MAXIMIZING THE CIRCUIT PERFORMANCE OF LONG
CHANNEL MOSFETS THROUGH DEVICE DESIGN AND
PROCESSING TECHNOLOGY

The desired circuit characteristics of active MOSFETs in digital ICs include the

following high output-current drive precisely-manufacturable and stable threshold
voltage VT very small subthreshold current Dst at VGS high gate-oxide
breakdown voltage high drain/body breakdown voltage low source/drain-to-substrate

junction capacitances and high reliability For the parasitic field MOSFET structures
threshold voltages VTF need to be large enough to prevent leakage between devices
For long-channel MOS devices L2.0 /im the relationship between these electrical

parameters and the various MOS device structure is provided by the relatively simple
long-channel models of MOS circuit behavior given in chap

B.1 CHARACTERISTICS OF DIGITAL IC MOSFETS
It is useful to list the desired circuit characteristics of submicron MOSFETs in digital
VLSI and ULSI CMOS chips Depending on the circuit application the relative
importance of each characteristic can vary In subsequent sections of this appendix we
provide examples of how these device characteristics impact circuit performance
Specifically we would like MOSFET designed for use in digital applications to

exhibit the following characteristics

High output-drive current e.g 1sat 400 hA/Jim when the device is ON
Symmetrical behavior i.e should be unchanged if source and drain

are reversed

Low leakage current when the device is OFF e.g of individual devices
should be 1ft9-1012 when the applied gate voltage is zero

Small parasitic capacitances i.e junction and overlap capacitance

Small parasitic resistance the sum of the contact resistance and the source/
drain tip series resistance of an LDD should be much smaller than the

channel resistance

Uniform threshold voltage VT e.g 0.1V throughout each circuit as well
as from circuit to circuit VT value should also remain stable i.e within
10% of its original value over the expected operating lifetime of the chip

Small-valued body-effect coefficient i.e this makes VT less sensitive to

source-body bias
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High device reliability e.g devices should not exhibit hot-carrier-induced

degradation or inadequate time-dependent dielectric breakdown TDDB

B.1.1 Output Current IDsat and Transconductance gm The long-

channel models indicate that Dsat in MOSFETs can be impacted by various device

parameters First increasing the gate width linearly increases Dsat making this the

most obvious way to raise drive current However when minimum-sized devices must

be used e.g for maximum packing density this avenue may not be available and the

impact of the other parameters on drive current must be examined

From the dependence of Dsat on /1Co both the mobility of the carriers in the

channel and the gate-oxide capacitance should be as high as possible Since electron

mobility is greater than hole mobility circuits using NMOS devices will exhibit higher

performance than those built with PMOS devices In fact long-channel NMOSFETs of

the same width provide roughly 2.5x the drive current of PMOSFETs In addition the

mobility of carriers decreases as the doping concentration of the channel increases

beyond lxi 017 cm3 Hence lighter doped channel regions are also favored

Because the value of C0 is inversely proportional to t0 as thin gate oxide as

possible commensurate with oxide breakdown and reliability considerations is

normally used osat is also inversely proportional to and minimum channel lengths

are therefore desirable On the other hand as the channel lengths become shorter

device operation will be altered so that new models must be developed as described in

section 5.5

Although the equations indicate that VGS VT should be as large as possible for

maximum Dsat VGS VDD is usually fixed by system specifications and material lim

itations and is not alterable by the device designer Similarly VT is selected primarily

by other circuit considerations

B.1.2 Effect of Parasitic Series Resistance on MOSFET
Performance Parasitic resistances consisting of the metal-to-Si contact resistance

and the series resistance of the path in the source and drain between the contact and

channel also exist in MOSFETs Since they are in series with the channel their value

R5 is added to the channel resistance Rch to give the total MOS dc output resistance

This implies that R5 may adversely impact and the transconductance gm An

approach for minimizing this impact is to keep Rs small compared to Rch For

example the maximum value of Rs could be limited to 10% of Rch While this 10%

percent limit may seem arbitrary it is approximately equal to the Rs/Rch ratio in 1.0

jim MOS devices Thus maintaining this ratio as devices shrink seems reasonable
Since R5 is normally much smaller than Rch in long-channel MOSFETs this goal

is automatically satisfied However as devices get smaller Rch which is directly

proportional to also shrinks while Rs grows larger because of decreased contact

sizes and shallower source/drain junction depths Eventually it becomes necessary to

determine the channel lengths at which R5 may be significant fraction of the total

MOS resistance Here we summarizehow estimates of Rs have been derived for devices

with Llum
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To begin the relation used to calculate the MOS channel resistance Rch with the

device operating in the linear region of the vs VDS curves is normalized to unit

width and is therefore expressed in units of a-pm Then the value of Rch in the

linear region is selected to represent the channel impedance as it provides the worst case

comparison with Rs An expression from which Rhlinear can be calculated is

Rch linear region VDS/Ec/ VT VDs/2

where Ec represents the critical field at the onset of velocity saturation see chap
Note that this equation is modified form of the MOSFET channel resistance equation
which includes in the numerator the term VDS/Ec whose origin stems from the

mobility dependence on the longitudinal electric field That is in Eq B-i instead of

including Ec in factor also containing Leff and VDS the term VDS/Ec is added to Leff

to obtain simpler formula This leads to mobility decrease as being equivalent to an

increase in Leff for channel resistance or transconductance calculations

graph of the values of Rch versus channel length calculated using this equation for

NMOS devices and PMOS devices is shown in Fig B-l assuming VGS In this

figure the 10% value of Rch is also plotted We note that as the devices get smaller

the value of Rch also decreases These graphs indicate that the maximum allowed values

for Rs for submicron devices will thus be in the 300-500 a-pm range
more sophisticated constraint than the simple limit on Rs was proposed by Ng and

Lynch They performed an analysis in which an estimate of the decrease in switching

speed was calculated as R5 was increased and Leff decreased Overall they found that the

intrinsic series-resistance effects will negatively impact the speed performance of MOS
devices as the devices are scaled below 0.5 pm Nevertheless they predict that it will

be possible to build devices that demonstrate improvement of speed performance as they

are scaled to 0.15 pm The use of self-aligned silicided source/drain regions to reduce

the contact resistance will be important as will the development of processes that

produce junctions with more steeply graded doping profiles In addition contact

technologies that provide smaller contact resistance and lower sheet resistances of the

diffusion layer under the contact window or the silicided region will need to be

developed

B.2 Desired Circuit Characteristics of IC Interconnects

Circuit performance characteristics of the IC interconnect scheme are also important

These include

Low sheet resistance values of the conductor lines

Low conductor-substrate parasitic-capacitance values

High reliability of the interconnect system
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Fig B-i Plot of minimum channel resistance and parasitic series resistance versus design

rule feature for NMOS and PMOS The parasitic residences are calculated for three

different contact technologies Al TiW alloy and self-aligned

strapping of source and drain.4 1986 IEEE

B.2.1 Circuit Speed as Impacted by MOSFET Device and
Interconnect Conductor Characteristics Speed performance is especially

important in densely packed static logic and dynamic logic digital MOS ICs Static

logic circuits are often found in the data path and control sections of digital ICs and

examples are the digital multiplier and the static arithmetic logic unit Dynamic logic

circuits are functionally the same as static logic circuits but employ dynamic circuit

In CMOS static-logic-circuits the logic function of each gate is implemented in both p- and

n-channel devices The use of complimentary MOSFETs in each gate results in larger area

circuits per function and larger input capacitive loads since both
p- and n-channel devices

must be driven However the dual-device types give major advantage to fully-static logic

circuits namely they exhibit large noise immunity which is necessary for fast turnaround

designs where detailed circuit design is not practical

Dynamic logic circuits offer the advantage of speed and functional density at the expense
of extra design time The output nodes of the logic gates are precharged to particular level

when the clock has value During this time i.e when the clock value is the inputs to

the circuits also change Then when the clock goes to value the output may be pulled

down to the complementary value depending on the input conditions Both functional

density and speed are improved because it is not necessary to use pull-up p-type transistor

This leads to almost 50% savings in silicon area compared to static logic and reduction in

output capacitance
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techniques such as domino logic An example of this type of circuit is the ALU in the

Belmac 32-bit processor

fundamental measure of digital circuit speed is the delay time per gate rd We
will perform rudimentary analysis of the factors that impact Cd in MOS logic gate

so that the main device characteristics that establish this parameter can be identified

In MOS logic gates the MOSFET output current assumed to be usat is used to

discharge the load capacitance CL as shown in Fig B-2 If the incremental change in

output voltage is defined as AV and the incremental discharge time as At and if we
neglect the current through R1

1Dsat CL AV/At

where AQ CL AV is the charge stored in the capacitor Therefore the delay time

Cd At CL AV/ Dsat E-3

if Dsat is constant This indicates that an increase in 1Dsat will decrease the logic gate

delay time and exemplifies the desirability of large Dsat in digital MOSFETs
By using the simplified form for Dsat see Eq 4-68 and approximating VGS VT

VDD we have

Dsat CoXVDD2I2L

where C0 and are the carrier mobility oxide capacitance in units of

capacitance per unit area channel length and width of the MOSFET respectively

Next assume the logic swing AV is equal to the power-supply voltage VDD and CL
is roughly the sum of the gate capacitance of the next stage C0ZL and any other

parasitic capacitances Cparasitic of the next stage and the interconnect path That is

CL C0Z Cparasitic

If CparasiticC0Z the load capacitance is essentially just the gate capacitance

VDD

Fig B-2 Load capacitance discharged to output current in an FET circuit
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of the next MOSFET In this case substituting Eqs B-4 and B-5 into Eq B-3 and

simplifying we find

Cd L21LIVDD

Equation B-6 shows that if circuit is dominated by intrinsic capacitance the delay time

is proportional to L2 Thus significant improvement in switching speed can be realized

by downsizing but decreasing t0 will have no impact

On the other hand if CparasiticCoxZ Cd will be decreased if t0 is made

thinner because this will make Dsat grow larger and the improvement will not be

offset by the increase in C0 C0 is insignificant compared to Cparasitic

In either case we can see that the speed of MOSFET logic gates can generally be

increased by increasing Irsat and/or decreasing CL If C0 dominates shrinking the

MOSFET dimensions will decrease the gate delay time If Cparasitic dominates gate

delay will be decreased by decreasing Cparasitic Thus it is also useful to examine the

nature of Cparasitic

B.2.2 Components of the Parasitic Capacitance There are several

effects in MOS IC that contribute to Cparasitic including the gate-drain overlap

capacitance Cgdo drain-substrate junction capacitances and the capacitance

associated with the interconnect lines or wiring In long-channel MOSFETs Ggdo

was relatively small but in submicron MOSFETs Cgdo can become significant This

is because Cgdo can be increased by such drain structures as LDDs While these are

designed to reduce hot-electron degradation in MOSFETs the best structures in terms of

hot-electron resistance may give rise to the largest Cdgo see chap is reduced by

reducing the drain-to-substrate junction area and also by keeping the substrate region

under the drain as lightly doped as possible

In large VLSI chips the delay caused by the CR product can dominate where

is the resistance of the interconnect line The delay resulting from various interconnect

materials per millimeter of length running over /.tm thick field oxide is graphed for

some of these materials assuming 1-cm-long interconnect line in Fig B-3 This

shows for example that if polysilicon line having 20 a/sq sheet resistance is used

to connect one corner of 0.7-x-0.7 cm chip to the diagonal corner the propagation

delay will be 1.4 /is Even if Al is used as the interconnect layer the delay caused by 1-

cm-long interconnection lines will limit the circuit speeds once device dimensions fall

below tim
The latter data indicate that in order for circuit performance to be increased as device

dimensions shrink two goals must be met First the materials used for transmitting

When the MOSFET in Fig B-2 is turned on electrons flow through it to the positively

charged load capacitance CL tied to the drain The electrons discharge CL causing the drain

voltage to drop As the drain voltage falls the drain-to-substrate junction must also

discharge Thus the drain-to-substrate junction capacitance adds to the load capacitance and

therefore increases Cd

UMC 1229
UMC v. AICP



701

signals over long distances on chip must have the lowest possible resistance values

This has been the key motivation in the drive to replace polysilicon interconnects 20
a/sq with polycide interconnects 1.7 a/sq for TiSi2 It may eventually cause

refractory metals 0.5 /sq for to be used as the first-level interconnect layer in

multilevel-interconnect systems In addition it also points outs why Al will continue

to be used as an interconnect material even as devices shrink further

Second the length of interconnect lines on chip must be made as short as possible

The RC delay can be shown to be proportional to the square of the length of the

interconnect line That is

1/w tm
and

ewl/tox B-8
and therefore

RC /t tm

where is the resistivity the interconnect line length the line width the

permittivity of the insulator film tm the thickness of the metal and t0 the thickness

of the oxide Multilevel-interconnect structures can effectively be used to reduce the

longest interconnect lines

6.2.3 Drain Current in OFF-State MOSFETs The drain current of the

MOSFET in the OFF state i.e when VGS OV is an undesired but nevertheless

important leakage current device parameter in many digital CMOS IC applications

including DRAMs SRAMs dynamic logic circuits and portable systems In

0-6 _____________________________________

OSI2
io

0_Il

OI 02 0.4

DESIGN RULE sm
Fig B-3 RC time constant per unit length for several conductive materials as function

of feature size Also shown is delay per stage of NMOS ring oscillators as function of

feature size The RwCw time constant is calculated assuming field oxide thickness of pm
Copyright ATOP.5 Reprinted with permission

UMC 1229
UMC v. AICP



702

addition in any large device-count MOS IC leakage currents in OFF-state transistors

must be kept small to keep heating under control The standby power consumed by

devices in the OFF state adds to the total power consumed by the IC increasing heat

dissipation problems in the chip and package
In DRAMs SRAMs and dynamic-logic circuits charge is stored on nodal

capacitances isolated by access transistors or transmission gates Fig B-4 shows

transmission gate in dynamic CMOS circuit Once the capacitance is charged the

transmission gate is turned off by setting G5 OV The charged nodes must not be

discharged during the time of clock cycle by leaky nominally-OFF transmission-

gate MOSFET The allowable leakage is determined by how long time the

transmission gate must hold voltage on capacitive node In portable systems low

standby-power-dissipation is needed for long operating times under battery-power

The value of when VGS OV consists of several components including the

subthreshold leakage current of the MOSFET Dst the leakage current of the reverse-

biased drain-substrate junction gate-induced drain leakage GIDL and leakage currents

due to loss of device isolation In well-designed devices and IC processes it is possible

to keep the latter three components smaller than Dst procedures to accomplish this are

discussed in chaps and The value of Dst in long-channel devices when VGS OV

per unit width of the channel depends on the device threshold voltage VT the

subthreshold swing St and the temperature of operation As devices shrink several

short-channel effects arise that can increase the long-channel Dst value

6.2.4 The Need for Precise Control and Stability of VT in

MOSFETs Since the MOSFET models of section 4.5 indicate that Dsat is

proportional to Gs UT it might appear that VT should be as close to zero volts as

possible However as VT decreases Dst will increase at VGS OV see section 4.7
and the noise margin of the logic gate will decrease Thus the minimum VT is

VOD

Vrn fIIIIIIIIi

Fig B-4 CMOS transmission gate driven by clock signal and its complement

generated locally by an inverter
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generally selected to ensure either sufficiently small Dst when VGS or

sufficiently large noise margin
Once VT is selected the need for VT stability during the normal lifetime of the

device e.g 10 years can be inferred from the previous discussion If VT decreases Dst
will increase giving rise to problems associated with excess leakage and noise margin
will decrease On the other hand if VT increases sat will decrease since Gs VT
will become smaller Hot-carrier trapping in the gate oxide is the chief mechanism

causing shifts in VT during the life of the device topic discussed in chap
Another example of the importance of being able to control involves

semiconductor memory devices In these circuits charge flows from the memory cells

to the sense amplifier The sense amplifier is delicately balanced flip-flop whose

voltage-sensing capability is directly related to the threshold-voltage variation between
the transistors Hence such circuits would not function reliably unless VT in the

circuit devices was highly unifonn and stable

B.2.5 Junction Breakdown Voltage Drain-to-Substrate The source

and drain regions are heavily doped to minimize their resistivities Thus the breakdown

voltage of the drain-to-substrate junction will be determined by the lighter doping

concentration of the substrate The breakdown voltage decreases as the doping increases

Hence as substrate doping is decreased the junction breakdown voltage will increase

While the current in breakdown also represents form of subthreshold it turns out

that the E-field needed to cause breakdown of the drain junction in submicron
MOSFETs is smaller than that allowed by hot-carrier degradation limits As is

discussed in chap hot-carrier degradation becomes excessive at Lymax 0.2 MV/cm
whereas drain breakdown is estimated to occur for fields of the order of Eymax 0.6

MV/cm.2 Thus breakdown voltage is not considered to be major limitation of

submicron MOSFET design.3

B.2.6 Gate-Oxide Leakage and Gate Breakdown Voltage Submicron

MOSFETs with 1.0-0.5 use gate-oxide thicknesses of 12-25 nm High-quality

SiO2 films typically break down at electric fields of 8-12 MV/cm the exact value is

function of oxidation and anneal conditions oxide charges surface crystallographic

orientation surface preparation and number of other factors This corresponds to 8-12

across 10-nm-thick oxide

As discussed in chap oxide breakdown may also occur at smaller electric-field

values due to process-induced flaws in the gate oxide Such defects include metal

precipitates on the silicon surface prior to oxide growth high defect density in the

silicon lattice at the substrate surface e.g stacking faults and dislocations pinholes

and weak spots created in the gate oxide by particulates thinning of the oxide during

growth caused by the Kooi effect and oxide wearout due to failure mechanisms related

to hot-electron injection

Charge transport through such oxides without breakdown can occur under high

electric fields by Fowler-Nordheim tunneling i.e electrons tunnel to the oxide

conduction band and are then transported by drift current to the gate Below around
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nm at less than 3V some electrons will tunnel directly through the oxide If oxides

thinner than nm are used tunneling increases to the degree that an inversion layer

cannot form in the MOS capacitor i.e the tunneling current removes the inversion

layer carriers faster than they are supplied by thermal generation Direct tunneling

therefore sets fundamental lower limit of about nm for the thickness of the gate

oxide search for alternative gate dielectric materials to mitigate this limitation is

being conducted
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APPENDIX

DERIVATION OF THE BSIM MODEL
The ionic-charge model of Ihantola and Moll described in chap is the basis of the

Level MOSFET model in SPICE The equation in linear region of this model is

given by Eq 4-57 and is repeated here as C-i for convenience

___ID VGB- VFB- 2PBVDS VDS

-y VBS 2pn2- VBS 2pB 4- 57

This model predicts in strong inversion but it is too complicated for hand

calculations and even for most applications involving computer simulation of large

circuits The complexity of Eq C-l is due to the 3/2 power terms in the right hand side

of the equation leading to long execution times if the model is used in the SPICE

program to simulate the circuit behavior of large circuit Thus simpler model for

this application is desirable even at the expense of some accuracy The Level and

Level BSIM models of the MOSFET in SPICE utilize such simpler model Here

we show how this model is derived starting from Eq 4-57 as is done by Sheu

The 3/2 power terms of Eq 4-57 have their origin in the square root term of Eq
4-10 repeated here as Eq C-2 with VBC replaced by VBS

Q1 Cox VFB 2B vcy2n VBS112 10 -2

which in turn is due to the expression for QB given by Eq 4-9 Eq C-3 here

QBmax 2Pn Vs2 2P Vs2I

The solid line of Fig C-i is plot of the QBmax/Cox term of Eq 4-10 versus effective

reverse bias in the channel.2 Since the slope of this curve is seen not vary very much
it is reasonable to attempt to approximate the QBmax/Cox term by the first two terms

of its Taylor series about the point VSB
Likewise if we were to plot the two terms containing V8 in Eq 4-57 we

write here as FVDS 2PB VDS

VDS 2B Vhs Vs 2qn2 Vhs 2pnj

we would also see that the slope of their plot would not vary much Thus it is

appropriate to approximate these terms by using the first two terms of the Taylor series

of FVDS 2PB VDS which are
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QeVcfi

cox ope5

___
VDB

Fig C-i The quantity -QBIC0x in strong inversion versus effective reverse bias in the

channel Solid line accurate calculation i.e using Eq 4-56 upper broken line first-order

approximation from Taylor expansion at VCB SB middle broken line improved first-

order approximation lower broken line zero-order approximation i.e Square-law model

Eq 463.2 Reprinted with permission of McGraw-Hill Book Company

2B VBS 2B VBS VDS
0.25 Vs

V2pBVBs
This expansion however is invalid if 2PB VBSVDS To alleviate this problem

the expansion is changed to

VDS 2cB VBS 2B VBS VDS
0.25aVs

2pB VBS

where 2PB VBS is determined by requiring the expansion in C-6 to give the best

fit to 2PB BS in the desired voltage range
The value of 2q VBS is considered in the range 0.7V-20.7V at 2-V increments

For each fixed value of 2cn YBS the value of the parameter is determined such

that the expansion

2pB VBS VDS
0.25 Vs
2q VBS

will give the best fit to 2p VsI in least-square sense over range of VDS

from OV to 1OV at 0.5V increments It is found that can be accurately expressed as

function of 2q8 VBSJ in the following form

11 P1 P2 2p VBS -7

where P1 and P2 are determined by least-square fitting over the range of 2p VBS
from 0.7 to 20.7V The results are

UMC 1229
UMC v. AICP



707

60 FUNCTION

APPROXIMATION V207V
50

l6.7V

40

12.7V

8.7V

VDS

Fig C-2 Approximating the function FIVDS 29B VB5 IEEE 1987

P1 1.744

and

0.8364

The approximation C-6 is compared to the function 2PB YBS for various

values of 2PB VBS in Fig C-2 The agreement between them is quite good with

the root-mean-square error of the approximation being percent when the values of P1

and P2 given above are used

The values of P1 and P2 are substituted into Eq C-7 and this expression is then

solved for The approximation C-6 is used in Eq C-i for the terms given by

Eq C-4 Thus C-i becomes with additional terms also added for mobility degradation

and velocity saturation effects as described in section 5.5

C0-
_______________ VGS VT VDS aVDs iO

UoVGS-VT LiVDs

where ai
22qB- Vs i.744 0.8364 2p- V0s
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APPENDIX

DERIVATION OF THE DISCRETIZED 2-D POISSON
EQUATIONS USING THE BOX-INTEGRATION METHOD

Inchapter we showed how the difference-operator method one of the two finite-

difference cliscretization techniques is used to discretize the 2-D Poisson equation

However we noted that in such device simulators as GEMINI and PISCES-Il the other

finite-difference discretization technique the box-integration method is used instead

primarily because it permits non-planar device structures to be handled more easily

Here we show how the 2-D Poisson equation is discretized using the box-integration

method as well as how it facilitates the treatment of non-planar surfaces As is done in

the GEMINI device simulator we assume rectangular grid is used together with the

five-point approximation method We mention however that in PISCES-TI the box

integration method is applied to an irregular i.e triangular-based grid Note also that

the derivation given here is close adaptation of the method presented by Greenfield and

Dutton

In the box integration method the domain is divided into set of rectangular

subdomains as well as rectangular grid structure with nonuniform spacing in both

spatial dimensions as shown in Fig D-1 The four nearest neighbor nodes are used in

the discrete approximation to the continuous Poisson equation as described in chap

Figure D-2 depicts node surrounded by its four nearest neighbors and defines the

locations and potential values associated with these nodes The perpendicular bisectors

Cm of the lines joining the center node to the outside nodes defines rectangle with four

triangular subregions The finite difference approximation at the center node is

derived by integrating Poissons equation over the rectangle That is the Poisson

equation is first integrated twice on each side as follows

_____
Fig D-l Non-uniform non-planar rectangular grid
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Yo4 Xo Yo Yo
Vp xy clx dy xy dy

Jyo- Jyoi yo

By applying one of Greens theorems the double surface integral on the left-hand side

of Eq D-1 can be transformed into line integral of That is

IV 1c Vxy c-
.1 Jx

The line integral on the right hand side must be split into four parts because of the

discontinuous edges of the domain In addition the surface integral over the right

hand side of Eq D-1 can also be broken up into four parts each one representing the

integral of the charge density in one of the four triangular regions of Thus Eq D-1

can be written as

12

\\////

____ ____

1/
Fig D-2 node and its four horizontally and vertically adjacent neighbors The node

locations and potentials are indicated The Cm are perpendicular bisectors of the lines

joining the center node to the outside nodes and define rectangle with triangular

subregions Sm The eight line segments joining node to its nearest and next nearest

neighbors Surfaces and material interfaces are composed of sequences of these segments.1

IEEE 1980
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xoh2y
dy y0-h2 dx

J14 J4

x0-hi/2y
dy

xy0h2
Jy- Jxi

D-3

Approximations are introduced to Eq D-3 in terms of the potential values at the five

nodes The integrands on the left hand side are approximated as

vxYncm-Po D-4

and it is assumed that its value is constant over Cm i.e the component of the electric

field Vq normal to each side of this rectangle is taken to be constant along that side
The simplest approximation to the term on the right-hand side of Eq D-3 is obtained

by assuming that the impurity concentration and free carrier concentrations hence

pxyp is constant in each triangular subdomain Sm with its value being determined

by evaluation at the coordinate of that node i.e using and x0 y0 These

assumptions transform Eq D-3 to

Lm Am

ml ml

ml
Bm Po

where

Bm Lm hm
and

Lmf cdl D-8
Cm

and

Am D-9

When the center node does not lie on the device surface or on dielectric interface Am
is the area of Sm The handling of nonplanar surfaces and interfaces may be described in
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terms of their effects on Lm and Am in Eqs D-5 to D-9 Only the calculation of L1 and

A1 is described as the other pairs are computed in similar fashion Figure D-2b illus

trates the eight line segments joining node to its nearest and next nearest neighbors

We assume urfaces and interfaces are constructed from sequences of these segments

For ..ie lying along the surface difference equation is only necessary when the

boundary condition used at that node specifies the normal gradient of potential Figure

D-3 shows three orientations of the left portion of the surface which affect L1 and A1 in

Eqs D-5 to D-9 for surface passing through the center node The presence of the

surface may eliminate part of C1 and S1 in Fig D-2a modifying L1 and A1 The

dielectric permittivity below the surface does not affect S1 In Fig D-3a the presence

of the surface does not affect S1 In Fig D-3b the surface eliminates the upper portion

of S1 In Fig D-3c the surface entirely eliminates S1 Table D-1 summarizes the

values of L1 and A1 for these cases

Figure D-4 depicts three orientations of the left portion of the interface which affect

L1 and A1 in Eqs D-5 to D-9 for dielectric interface passing through the center node

The dielectric permittivities above and below the interface are and Es respectively In

Fig D-4a is entirely within the semiconductor In Fig D-4b the interface divides

S1 between the semiconductor and the insulator In Fig D-4c is entirely within the

insulator The values of L1 and A1 for these cases are also listed in Table D-l As an

example of the derivation of the complete finite difference equation consider Fig D-4c

where the center node lies at bend in the dielectric interface with the interface

1SFACE

P2

P1SLJRFACEp

p1
SURFACE

P4

Fig D-3 Three surface orientations which affect L1 and A1 in Eq D-5 for surface passing

through the center node Surface is above S1 and has no effect Surface passes through

and eliminates its upper part Surface is below and eliminates it entirely IEEE 1980
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charge density Qt taken to be nonzero in the semiconductor beneath the surface The

coefficients Lm and Am are as follows

L1 h4/2 A1

L2 c1h1 h3/2 A2

L3 h2 Eh4I2 A3 h3h4/8

L4 c1 h1 h312 A4 h4 h1 h3/8

Table 0-1 Discretization Coefficients for Figs D-3 and D-4

Surface Node Figure D-3 Interface Node Figure D-4
L1 A1 L1 A1

h2 h4/2 h1h2 h4/8 E5 h2 h4/2 h1h2 h4/8

h4/2 h1h4/8 Ei h2 Esh4/2 h1h4/8

h3/2

REFERENCES
J.A Greenfield and R.W Dutton Nonpianar VLSI Device Analysis Using the Solution

of Poissons Equation IEEE Trans Electron Dev ED-27 1520 Aug 1980

TEpcAcE

p4

Fig D-4 Three surface orientations which affect L1 and A1 in Eq D-5 for dielectric interface

passing through the center node The interface is above and places in the semiconductor

The surface passes through Si placing the upper portion in the insulator and the lower portion

in the semiconductor The surface is below and places in the insulator.1 IEEE 1980
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INDEX

NOTE FOR MAJOR SUBJECT HEADINGS ALSO CHECK THE TABLE OF CONTENTS
THE LISTING ARE NOT ALWAYS DUPLICATED IN THE INDEX

Abrupt junction approximation B-mode failures in gate oxides

03 439488 def 458 468-82

Accelerated testing of gate oxide reliability qualitative models of 458-62

464 how to reduce their density 460-2

Accumulation in MOS devices defined 103 quantitative models of 467-82

ADHOC 585 Body effect defined 144

Aging rate of MOSFET during transient effect of VT-adjust implant on 187

stressing 582-4 Body effect coefficient 147

Analytic defined 16 Boltzmann transport equation 15

Analytic solution inadequacy of 25-6 Boron penetration of gate oxides

Antenna structures for measuring gate oxide 312-3 641

damage due to plasma processing 507-9 Boron redistribution

Asymmetric drive current effect in LDD in channel stop implants 335-7

MOSFETs 604 in PMOSFET channels 306-7

Asymmetric MOSFETs HS-GOLD 636-7 in PMOSFET source/drains 307-8

Asymmetric parasitic field FETs in CMOS Box integration finite-difference method
376-81 385 387 391 3940

n-to-n-well FETs 392-5
Bridging oxygen atoms in Si02 423-4

pt-to-p-substrate FETs BSIM 182 271

Model equations 272-4
Backward-difference approximation BSIM2 271

BSIM3 271
in time discretization Built-in voltage defined 139

Backward-Euler method 49
Bulk-charge model of MOSFET I-V

Barrier lowering analysis in MOSFET
behavior 163 165 173-5 178

scaling 284 Buried-channel MOSFETs 292-7

Berkeley Reliability Tool BERT 492 Buried-LDD B-LDD 616-7
Berkeley Short-Channel IGFET Model

Burn-in 482-9
see BSIM

BF2 implants 306-8 641 CADDET device simulator 78

Bias-temperature stress test to monitor
Capacitors for measuring gate oxide

plasma damage 509 damage due to plasma processing 508

Birds-eye plots defined 57
area intensive 508 509

Birds beak defined 337-8
edge intensive 508

compaction schemes 357-8
Carrier injection into gate oxide 429-38

factors which impact its length and
by channel hot electrons CHE 430-4

shape 340-4
by direct tunneling 436-7

mask stack geometry factors 342
by drain avalanche hot carriers DAHC

modeling its growth 350-7 4345
birds beak punchthrough isolation

by Fowler-Nordheim tunneling 435-6

lifting 342-3
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CAS 584-5 Curve fitting 6-7

Central-difference approximation 43 Cutoff defined 175

Centroid of VT-adjust implant defined
189 283 Dangling bonds at Si-Si02

Channel hot electrons CHE 430-4 interface 425-7

Channel-length modulation 247 260-1 Deal Triangle 121

Channel length modulation parameter 182 Deep depletion defined 198 fn

Channel-stop doping in CMOS 383 Deglaze nitride process 345

dual channel stops in twin-well CMOS Depletion approximation 96 103-4

383 Depletion in MOS-C defined 94

in trench isolated CMOS 410-13 in MOSFET 158

Channel-stop implant defined 323 335 Depletion-mode MOSFETs defined 137

problems associated with in LOCOS 198 199

335-7 Depletion-region 87 104

implant-free channel stop 337 Device simulators see Index under the

Channel voltage defined 139 following entries

Characteristic effective length of CADDEF
saturation region in MOSFET GEMINI

defined 268-9 MINTIVIOS

Charge-sharing models 211-3 PISCES-lI

Charge-sheet approximation 112-3 DIBL see Drain-induced barrier lowering

Charge-sheet model 97 112-6 163 Dielectric strength of gate oxides

170-3 178 measuring 438

Charge-to-breakdown QBD of gate oxides ramped voltage test 438-9

defined 441 Diffusion 11-12 19-22

dependence on electron fluence 4537 Direct tunneling in gate oxides 436-7

Chemical-mechanical polishing 373 Dirichlet boundary conditions 63

Circuit aging simulator CAS 584-5 Dispersion log-normal plots 445

Circuit Oxide Reliability Simulator CORS Doping parameter Pa defined 99

492 Doping transformation procedure for

Classical semiconductor equations 14-15 calculating VT 186

Co-implantation Drain current in MOSFETs defined

boron-chlorine 336 144 163-9

boron-germanium 336-7 Drain-induced barrier lowering DIBL
Complimentary error function erfc 20-3 213-222
Constant-current-VT 182 196 in parasitic field FETs 383

Constant-field-gradient model 264-5 measuring DIBL 218-9

Contour plots defined 58 DIBL rate parameter and its inverse

Convergence 54 66 parameter 302-4

Corner parasitic MOSFET 225 Disposable spacers in LDDs
in trench isolated CMOS 369 oxide 609

CORS 492 poly 608

Crab-eye in poly-buffered-LOCOS 357 silicon nitride 609-10

Crank-Nicholson time discretization TiN 611

method 49-50 72 73 Dopant redistribution at well-borders in

CREEP oxidation modeling program CMOS 381

Double diffused drain DDD MOSFETs
Cumulative Distribution Function defined 588-90

Double-implanted drain LDD DI-LDD
Cumulatwe Failure Percentage defined 621-2

442 Drain avalanche hot electrons DAHE
Cumulative oxide defect density 435

defined 448 Dual-doped poly CMOS 312
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EDTA 459 453 456 462 467 477

Electrical tests for measuring oxide damage during plasma processing 507-9

due 10 plasma processing 509 Framed-mask poly-buffered LOCOS
Electron affinity defined 118 FMPBL 362-4 405

modified electron affinity 430 reverse-L-shaped FMPBL RLS-PBL
Electrostatic potential defined 98 62-4

Energy-bands 90-1

Energy-band diagrams 90 Galerkin matrix 46-7

of long-channel MOSFETs 154-5 Galerkin method 46-7

Enhancement-mode MOSFETs 136 137 Gamma function 447

Epitaxial CMOS 404 Gate defined 85 135

Equilibrium 14 89 90 965 Gate birds beak 227

Erfc complimentary error function 20-3 in LDDs 602 603 634

Estimating gate oxide reliability using in stacked gate oxide films 502

quantitative empirical model 477-82 Gate current 136 431-3

Eulers method 31-2 electron-temperature model of 432-3

Exposed dose defined 189 282-3 hot-hole gate current 434

Explicit time discretization 47-8 lucky electron model of 432

Extrapolated threshold voltage defined related to oxide breakdown 452-7

177 180 Gate-drain capacitance in overlapped LDDs
Extreme Weibull Cumulative 605 624 632 633-4

Distribution Function 444 Gate-Drain Overlapped LDD GOLD
623 625-6

Failure rate instantaneous Gate fringing field effect in LDDs 634-6

443 def 472 482 Gate-induced drain leakage GIDL
Failure Unit FIT 441-2 def 472 198-200 274

Fermi level 14 91 Gate-oxide characteristics 422

in heavily doped poly 119 Gate oxide damage by po1y etching 46 1-2

intrinsic 14 90 98 Gate-oxide damage during plasma

quasi-Fermi level 15 processing 504-14

Fermi potential 14 Gate oxide thickness evolution of 447

quasi-Fermi potential 15 166 167 Gate oxide thinning 460

Ficks Second Law 19-20 Gauss Law stated 102-3

example of Numerical Analysis Gaussian function 20-3

Procedure to Solve it 70-4 GEMINI device simulator 39 40 68 78

simple 20 210 243 293 301 385

Field-effect transistor defined 136 input file format 69-70

Field-induced junction defined 139 GIDL see gate-induced drain leakage

Field oxide defined 322-3 Graded-buried LDDs 17-8

Field-oxide thinning effect 339-40 367 Graded drains defined 587

Field reduction factor in LDDs 594-5 612 why they are necessary to reduce

Finite-difference method 39-45 hot-carrier degradation 587

box integration 39-40 Graded-gate oxide GGO 227

difference operator 39 40-5 Gradual Channel Approximation GCA 24

examples of solution 59-74 89 106 148 149-52 161 166

Finite element method 45-7 breakdown of 161

Fixed oxide charge 121 in subthreshold 150 192

Flat-band condition defined 91 127 Grids 34-8

in three-terminal MOS structure 139 evolution of 35-6

Forward-difference approximation 43 local refinement of 35

time discretization 48 variable 35

Forward Euler method 48

Fowler-Nordheim tunneling 435-6 450
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Halo Implants 238 240 309 in NH3 nitrided oxides 649-54

in LDDs 621-2 reoxidation to remove 649-51

in NMOSFETs 238 240 passivation of dangling bonds 125

in PMOSFETs 309-11

HC1 500 ICGG method 77

High-dielectric spacer LDDs 634-6 Dsat defined
High-energy implants to form wells in CMOS Ihantola-Moll model 174

advanced well processes 552-3
Impact ionization which generates

retrograde well CMOS 539-46 DAHC 434

Hiwafer 461
Implicit time discretization 48-9

High-energy implantation Incomplete Cholesky Conjugate method
to form channel-stop 337 344 77
for retrograde wells Infant mortality failure rate curve 443
for PMOS punchthrough prevention Interface traps 425

309-11 as measure of oxide damage
High-pressure oxidation HIPOX by hot-carrier injection 477

336 340 367
passivation by hydrogen 427

Hole fluence 453 breaking of bonds by hot electrons

Hole generation coefficient 462 428
Hole trapping in oxides 451

physical origin of 425
Hot carriers defined 431-3 Interface states 122-6
Hot-carrier degradation characterizing Interface trapped charge 122-6

accelerated testing 576-80
annealing out in hydrogen 125-6

device parameters impacted by
generation by breaking Si-H bonds

hot-carrier damage 573-4 574-81 569
effect on circuit performance 581 Inverse-T LDDs IT-LDDs 623-5

Hot-carrier degradation phenomena 566-72 modified IT-LDDs 626-30
Si-H bond-breaking model 569 damaged re-ox layer IT-LDD 628
Hot-hole and hot electron trapping FOLD 626-7

model 569
L-shaped spacer ITLDD 628

Hot-carrier effects in MOSFETs defined 559 TOPS 627

see also MOSFETs and LDDs Inversion defined 94
Hot-carrier effects in PMOSFETs 637-41

in MOSFET 158
in PMOSFETs with poly 641 moderate inversion defined 116 fn

models for damage in 638
of trench sidewalls 369 373 406-13

LDD structures in 640 onset of inversion in parasitic field

Hot-carrier lifetime defined 576-7 FETs in CMOS 386 387

dependence Ofl sub 577
strong inversion defined 94 95

under ac stressing 580-1 weak inversion defined 94 100

Hot-carrier reliability simulation 582-5 onset of 100

Hot electrons defined 43 1-3 Inversion layer charge density Qc defined
Hot-electron induced punchthrough HElP 95 100

638-9
Calculating 103

Hot-electron injection into gate in weak inversion 114
624-5 633 in strong inversion 115

Hot-hole gate current 434 Inversion layer thickness calculating

HOTRON 584-5 150-1
HS-GOLD structures 636-7 IRSM-CAS 584 fn

Hydrogen Isolation lifting birds-beak punch-
in silicon nitride 644-5

through 342
effect on hot electron degradation Isolation of CMOS 373-413

in MOSFETs 643-7
establishing minimum n-to-p

high-temperature effect of 645-7
spacing 397-401
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in NH3 nitnded oxides 649-54 in n-well CMOS 399-400

reoxidation to remove 649-51 inp-well CMOS 400-1

passivation of dangling bonds 125 in twin-well CMOS 400-1

in 0.35 and 0.25 jim CMOS 401

ICGG method 77 experimental characterization of

Dsat defined in CMOS 387

Ihantola-Moll model 174 improvement of with use of

Impact ionization which generates retrograde wells 546-51

DAHC 434 leakage currents in active devices and

Implicit time discretization 48-9 intrawell isolation loss 376

Incomplete Cholesky Conjugate method leakage currents due to loss of isolation

77 among opposite type FETs 376-7

Infant mortality failure rate curve 443 LOCOS-based 405

Interface traps 425 trench isolation 406-13

as measure of oxide damage Iteration solution method 52 53 67

by hot-carrier injection 477 inner iteration 67

passivation by hydrogen 427 outer iteration 67

breaking of bonds by hot electrons

428 Jacobian matrix 54 66

physical origin of 425

Interface states 122-6 Kinetic energy of electron

Interface trapped charge 122-6 expressed in terms of an energy-

annealing out in hydrogen 125-6 band diagram 90 98

generation by breaking Si-H bonds Kooi effect 346-7 460

569 in poly-buffered LOCOS 357

Inverse-T LDDs IT-LDDs 623-5

modified IT-LDDs 626-30 Large-angle-tilt LAT implants

damaged re-ox layer IT-LDD 628

FOLD 626-7 of trench sidewalls in CMOS 411-12

L-shaped spacer ITLDD 628 in PMOSFETs LATIPS 310-11

TOPS 627 Large-angle-tilt implanted drain LATID
Inversion defined 94 621 630-4

in MOSFET 158 gate overlap capacitance in 633-4

moderate inversion defined 116 fn self-aligned pocket implant 621 634

of trench sidewalls 369 373 406-13 Lateral electric field

onset of inversion in parasitic field models for

FETs in CMOS 386 387 in DDDs 588-91

strong inversion defined 94 95 in LDD MOSFETs 592-5

weak inversion defined 94 100 pseudo-2D model 594-5

onset of 100 in non-LDD MOSFETs 260-71 561-2

Inversion layer charge density Qc defined Lifetime after burn-in calculating 485-6

95 100 Lifetime factors 584

Calculating 103 Lightly doped drain MOSFETs LDD5
in weak inversion 114 591-637 640-1

in strong inversion 115 conventional LDDs

Inversion layer thickness calculating
lateral electric field in 59 1-5

150-1 models for Eymax in LDDs

IRSM-CAS 584 fn 5925

Isolation lifting birds-beak punch- pseudo-2-D model of 594-5

through 342 fully overlapped LDD MOSFETs

Isolation of CMOS 373-413 GOLD 623 625-6

establishing minimum n-to-p ITLDD 626-30

spacing 397-401 high-dielectric spacer LDDs 634-6
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issues involved in CMOS 606 Jacobis method
large-angle-tilt implanted drains Gauss-Seidel method

LATID 630-4 Successive overrelaxation method
modified LDD MOSFETs Alternating-direction implicit

buried LDDs 616-7 method

double-implanted LDD 621 Maxwell-Boltzmann statistics 90

graded-buried LDDs 617 Mean in log-normal plots 445

metal-coated LDD 616 Mean-time-to-failure MTTF defined 443

moderate-doped LDD 614-16 Metal-coated LDDs MLD 616

profiled LDD 617-21
Micropores in thin oxides 502-4

performance limitations of Microtrenches in gate oxide due to poly

598-608 611-12
etch process 461-2 603

overcoming 612-13
test structure to detect them 462-3

reduced drive current in 599-605 MINIMOS 39 78 161 210
reduced hot-carrier 215 261 385 613

reliability in 606 Mobile ionic charge 120-1

sloped-junction LDD 616
Mobility 248

Linear regression 6-7 surface 248-9

Linearizing non-linear algebraic Mobility degradation 247 248-51

equations 52-5 Models 1-27

LOCOS Local Oxidation of Silicon empirical 5-9

basic process 330-47
physically based 10-27

fully recessed LOCOS 331 Moderate doped LDD M-LDD 14-6

semi-recessed LOCOS 331 Moderate inversion 116 fn

modeling 349 Modified electron affinity 430

empirical models of 350 Modified hole affinity 430

physical models of 351-7 MOS capacitor defined 85 87

poly-buffered LOCOS PBL 357-67 ideal defined 91

Log-normal cumulative distribution discussion of 85-116

function 444 447 483 non-ideal defined 117

Long-channel MOSFETs defined discussion of 117-8

147-8 152 why it is studied first 88-9

comparison with short-channel MOSFET design strategy 286-8

MOSFETs 207-8 MOSFET operation

Lucky electron model 432 linear region 159

saturation region 161 174-5 176

Magnetically-enhanced RIE 260-74

MERlE 506 subthreshold region 175

Mask stack defined 342 MOSFET scaling 274-88

geometry and effects on birds beak
constant electric-field scaling 275-6

length 342 constant voltage scaling 276

stripping mask stacks 345-6
off-current scaling 279-85

Matrix solutions of partial-differential subthreshold scaling 276-9

equations 50-7 MOSFET SPICE models
direct methods 55-6 Level-I model 178 180 271

Choleskys method Level-2 model 179 180 271

Cramers rule Level-3 model 178 181 271

Crouts method Level-4 model 178 181 271

Gauss elimination method Level-5 271

Gauss-Jordan elimination method BSIM 182 271

LU-decomposition method MOSFET technology evolution 275 421

Jacobian 54

indirect methods 55-6
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Narrowwidth effect on VT 222-5 technology of thin oxide growth

due to encroachment of channel-stop control of growth rates 496

dopants 223-5 HC1 use in 500

inverse narrow-width effect 224-5 partidulates in 496

Natural-by-columns ordering 51 post-oxidation anneal 501

Navier-Stokes equation 352 vertical furnaces 495

Neumann-type boundary conditions 63 Oxide charges 119-27

Newtons direct method 75 76-7 Fixed oxide charge 121

Newton-Raphson method 51 52-3 65 Interface trapped charge 122-6

Nitnde-clad poly-buffered LOCOS 366-7 annealing out in hydrogen 125-6

Nitrided oxides 648-59 generation by breaking Si-H bonds

Reoxidized nitrided oxides 649-54 Mobile ionic charges 120-1

Thermal nitirdation of SiO2 648-5 Oxide trapped charge 126 452

with NH3 648-54 Oxide growth
with N2O 654-59 field oxide 335-7

gate oxide

Off-axis implantation effect Oxide spacers see Spacers

on weak overlap in LDDs Oxide thinning in field regions of sub

604-5 606 612 micron LOCOS structures 339-40 267

Oxidation simulation of Oxynitride films 341

two-dimensional empirical 350

two-dimensional physical
poly-gate PMOS 311-3398 641

CREEP 353-5 Pad oxide 332-3 340 357

SOAP 352 Pao-Sah model 97 163 166-70 177 178

SUPREM IV 349 352 353 Parasitic MOSFETs

three-dimensional in field regions of MOSFETs 322-4

SMART-P 355-7 asymmetric in CMOS defined 376-8

Oxides effect of interdiffusion of dopants at

breakdown models of 448-482 well borders on VTFiSO 381-4

qualitative models of intrinsic lateral punchthrough in 380

breakdown 449-58 short-channel VT roll-off in 380 393

hole trapping model 450-6 vertical punchthrough in 380

electron lattice damage model symmetric 325-30

456-8 PELOX poly-encapsulated LOCOS
qualitative model of B-mode defect 344 365-6

breakdown 456-62 nitride-clad PBL 366-7

quantitative models of intrinsic oxide Perspective plots defined 58

breakdown 462-7 Phosphoric acid 34

quantitative model of B-mode failures Phosphorus drain 588

467-82 PIF 59

oxide thinning model 468-82 PISCES II 37 39 40 68 78 79 80

reduced barrier height model 467 210 215 261 385 635

damage from plasma processing 504-14 Planarizing semi-recessed LOCOS
models for damage-causing 348-9

mechanisms 511-2 trench isolation structures 369 372

procedures for reducing 514 using CMP 373

lattice structure of 423-5 using SOG 373

material properties of 423-5 Plug implant CMOS isolation 384 405

measuring thin oxides 502 PMOS devices 288-3 13

models of thin oxide growth 492-4 buried channel devices 292-7

Reisman-Nicollian model 494 LDD structures in 308-9 640-1

native oxides 496 punchthrough susceptibility of 300-4

stacked gate oxides 502-4 analytical model of 302-4
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shallow junctions in 307-8 modeling punchthrough 242-6

subthreshold swing in 297-300 in parasitic field PETs in CMOS

suppressing short-channel effects in lateral 378-80 384 387

305-13 vertical 378-80

threshold adjust in 289-92 in pMOSFETs 300-4

VT-roll-off in 294-6 Punchthrough prevention implant 238-9

with implanted punchthrough stopper largeangle-tilt-imPlant 310-11

LATIPS 310-11 Punchthrough voltage 195 235 def 242

with npoly gates 289-91

with poly gates 311-3 Quadruple-well CMOS
boron penetration through gate oxide 386 545 550-1

98-9

counterdoping of NMOS devices Ramp voltage breakdown test for

l6 397 oxide reliability 438-9 475

hot-electron degradation in 641-2 RCA clean 459

Poisson distribution 447 470 Reddi-Sah model 182 262-4

Poisson equation 13 23-4 27 Reliability defined 441

2-D form 27 Re-oxidation of poly 227

example of solving in 2-D form using in LDDs 595 602-3

numerical analysis 59-70 in PELOX 366

in MOS-C 88-9 Reoxided nirided oxides 649-54

solution of in 1-D form MOS-C when ROXNOX 649-54

invoking the depletion Resistance parasitic series

approximation 104-5 see Parasitic resistance

solution of in 1-D form MOS-C without Reverse short-channel effects on VT

invoking the depletion approximation 226-32

general solution 106-12

charge-sheet solution 112-6 Sacrificial-gate oxide 347-8

Poly-buffered LOCOS PBL 357-67 Saddle point of potential in MOSFET

conventional 357-60 channel 235 301

voids in poly layer 359-61 Saturation region of operation

microfoot in mask stack resist 361 in MOSFETs
modified PBL 361-7 long-channel 161 174-5 176

FMPBL 362-4 short-channel 260-71

Nitride-clad PBL 366-7 modeling in short-channel

PELOX 344 365-6 MOSFETs 260-74

RLS-PBL 362-4 Saturation velocity 248-5

Polysilicon depletion 641 SCALE Substrate Current and

Post-oxidation anneal POA 501 Lifetime Evaluator 582

Potential in semiconductor 98-9 Screening tests for gate oxide

Potential diagram defined 99 reliability burn in 446 482-91

PREDICT process simulator 9-10 494
Self-aligned pocket implant

Probability density function 442-3 238 240 634

Profile interchange format PIF 59 Semi-recessed LOCOS see LOCOS
Profiled LDDs P-LDD 617-21 Series resistance of lightly doped drain

Profiled wells in CMOS 552-3 region of LDD 595 599-602

PRORPS 373 how to decrease by increasing

Pseudo-2D model of MOSFET LDD implant dose 614-16

to model DIBL 214-18 Shallow junctions in PMOSFETS 307-8

to model Eymax in LDDs 59 Shallow trench isolation structures 367

to model saturation 265-71 BOX-i buried oxide 368

Punchthrough 195 232-46 BOX-2 buried-oxide-2 368-71

experimentally characterizing 240-2 problems with 369-7
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tapered trenches 372 Stacked gate oxides 502-4

Short-channel effects in MOSFETs Static I-V MOSFET characteristics

on threshold voltage 208-22 defined 153

barrier lowering models 213-222 quantitative derivation of 162-82

charge-sharing models 211-3 Strong inversion 94 100

dependence of on VBS in onset of defined 100 117

short-channel MOSFETs 221-2 beyond onset 104 105

narrow-gate-width effects 222-24 MOSFET I-V models valid in 173-7

due to channel-stop dopant Structure dependent degradation effect in

encroachment 223-4 conventional LDDs 607

inverse narrow width effect 224-5 Substrate current sub
reverse-short-channel effects on VT 434 563-6 570 576-7 612

226-32 model of dependent on terminal

on operation in saturation 260-71 voltages 565

Short-channel MOSFET models Subthreshold current

simple analytical model 254-60 hump or kink in due to corner

Sidewall of trench inversion parasitic MOSFET 369

369 373 406-13 Subthreshold regime defined 175

Si-Si02 interface 425-9 Subthreshold drain currents in MOSFETs
Silicon nitride ifl long-channel MOSFETs 191-200

disposable spacers 609-11 in short-channel MOSFETs

etching phosphoric acid 345 due to DIBL 213-22

masking properties of 3334 due to punchthrough 323-46

mechanical properties of 342 Subthreshold swing St 196-7 232-3

permanent spacers in LDDs 634-6 in buried-channel PMOSFETs 297-300

SILO sealed interface LOGOS 355 357 in parasitic field-region MOSFETs
Sloped junction LDD SJLDD 616 324-5

SMART-P oxide simulator 355-7 modeled in BSIM 274

Snapback breakdown 563 SUPREM II 72 73 74

SOAP Stanford Oxidation Program 352 SUPREM III 71 74

Sodium contamination in gate oxides 459 SUPREM IV 39 349 352 353 385 635

Space discretization of partial- Surface-channel PMOSFETs 292-3 311-3

differential equations 38-47 Surface potential defined 96 99

2-D 43-4 Surface roughness as gate oxide defect 459

finite difference method 40-5 Surface states defined 425

finite element method 45-7

sparse matrix 50 64 Tapered shallow trench isolation

Spacers in LDDs structures 372

disposable 608-11 Ta2O5 spacers in LDD 635-6

fabrication of 597-8 Taylor Series 40-2 52

high dielectric spacers 634-6 TCA 50t-DCE 500

Spectrophotometers UV-reflection for TEOS tetra-ethyl-ortho-silicate trench

thin-oxide thickness measurements 502 filling 372 412

Speed degradation factor 585 spacers in LDDs 595-6

SPICE circuit simulation program 18 Test structures for characterizing

178 180-1 251 271 isolation leakage in MOSFETs 326-9

Level-i MOS model 178 180 271 isolation leakage in CMOS
Level-2 MOS model 179 180 271 full-CMOS

Level-3 MOS model 181 271 oxide damage due to plasma processing
Level-4 MOS model 181 507

Spin-on glass SOG for trench filling 373 T-gate LDD 634

Square-law MOSFET I-V model 163 Threshold-adjust implants 185-88

165 175-7 178 in PMOSFETs 289-92
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Threshold voltage in active devices 369

adjusting 182-8 Voltage doping transformation method for

body effect on 144 modeling punchthrough 246

doping transformation procedure for

calculating VT 186 Wafer charging during plasma
in ideal MOS-Cs 116-7 processing 504-7

in non-ideal MOSFETs 127-9 causes of 506-7

in MOSFETs with non-uniformly time to charge 505

doped substrates 186 well engineering defined 552

innpo1y PMOSFETs 289-90 Weak inversion 94 100 112 113

inp poly PMOSFETs 289-90 onset of weak inversion defined 100

311-12 approximation of Q1 in 114-5

measuring VT 176 182 Weak overlap in LDDs 602-5

short-channel effects on VT due to off-axis implantation of LDD
VT-roll-off 219-22 604-5

narrow width effects 222-5 due to poly re-ox 603

reverse short-channel effects 226-32 Wearout defined 443

variation with body biasing 183 Weibull or Extreme Cumulative

variation with substrate doping 183-4 Distribution Function 444-5 447

VT equation in BSIM 272 Well formation in CMOS 523-58

Threshold voltage in parasitic field after-gate implantation 554-5

FETs VTF 323 future trends in 552-3

nominal VTF defined 324 in epitaxial CMOS 528-30

in CMOS 384-9
n-well 527-8

Time-dependent dielectric breakdown TDDB p-well 524-7

retrograde wells 539-46
of gate oxides 440-1 448 469 475

technology of well formation 532-9
interface trap generation test 477

aligning features to wells 532-5
ramped-voltage breakdown test

channel stop formation 535-7
438-9 475

under constant voltage stressing 440
split well drive-in process 538-9

twin-well 530-1
under constant current stressing 440-1

White ribbon or Kooi effect 346-7
Time-to-breakdown tBD of gate oxides

defined 440
in poly-buffered LOCOS 357

Work-function difference 117-9
model to predict 463

Time-to-failure due to plasma damage 509

Transconductance parameter defined 176

TR-BDF2 method 50

Trivalent silicon 425

Tunneling

direct 43 6-7

Fowler-Nordheim 435-6

Twin-well CMOS see CMOS

Variable depletion-charge MOSFET
I-V Model 163 165 173-5

Velocity-saturation effects 247 251-4

Velocity saturation region VSR defined
264

Vertical Punchthrough in CMOS
380 401-4

Very lightly nitrided oxides 651-9

Void formation during trench/gap filling
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