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Basic structure of flat-diode LED and the effects of an opaque substrate

GaAs1P5 and transparent
substrate GaP on pilot-nm emitted at the pn junction

GaAs1 5P5 layer is grown epitaxially to minimize the nonradiative centci at the interfac

that resutt from lattice mismatch

For high-brightness blue LEDs 455 0.492 tm II VI compounds such as ZnSe

Il-V nitride semiconductors such as GaN and IV coinpou ids such as SIC have been

investigated Howeves their short lifetimes presert based dcvi es from cii
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commcrcializad at present and the indirect bandgap of SiC emits ti In gI tn ss

of SiC blue LEDs
se most promising candidates are Gah Eg 44 e\ and ulated III mmdc semi

conductors such as AIGaInN which have direct bandgaps ranging from 193 eV to 6.2

eV with corresponding wavelengths from 0.2 ..tm to 0.63 .tm.6 Although there are no lat

tice-matched substrates for the growth of CaN high-quality CaN has been grown on
sap.

phire Al203 using low-temperature grown A1N as buffer layer Figure 10 shows

111-V nitride LED grown on sapphire substrate Because the sapphire substrate is an insu

lator both the n- and p-type ohmic contacts are formed on the top surface The blue

light originates from the radiative recombination the GaJn1 region which is sand

wiched between two larger bandgap semiconductors p-type Al1Ga layer and an

type GaN layer

There are three loss mechanisms that reduce the quanti of emitted photons absorp
tion within the LED material reflection loss wher light passes from semiconductor to

air due to differences in refractive index and total internal reflection of light at angles

greater than the critical angle Fig 9a defined by Snells law

10

where the light passes from medium with refi active index of iii such as GaAs with

66 at .2L 0.8 I..tm to medium of E1 such as air with For gallium arsenide

the critical angle is about 16 and for gallium phosphide with 3.45 at .1 0.8 mm
the critical angle is about 17

The forward current-voltage characteristics of LED is similar to that of the GaAs

junction discussed in Chapter At low forward voltages the diode current is dom
inated by the nonradiative recombination current due mainly to surface recombination

near the perimeter of the LED chip At higher forward voltages the diode current is

dominated by the radiative diffusion current At even higher voltages the series resis

tance will limit the diode current The total diode current can be written as

p-Pad electrode

Light transmitting p-electrode
Ni Au

p-AIGa1 rN

p
p

l1
e

substrate

Cbin1 iuudoped

II itride LED grown oo sapphire substratc.6
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IR \7
icT

exp
2kT

11

where is the device series resistance and and are the saturation currents due to

diffusion and recombination respectively To ncrease the output power of the LED sac

must reduce and R5

The emission spectra of LEDs are similar ix the eye respor se curve sI own in Fig
The spectral width is given by the full width at half maximum FWHM intensity The

spectral width generally varies as i2 sahere is the wavelength at the maximum intem

sity7 Thus the FWHM becomes larger as the wavelength is increased from visible to

infrared For example at 055 pan igreen FWHM is about 20 nm but at L3 tm
infrared FWHM is over 120 nm

Visible LEDs can be used for fulbeolor displays fuihcolor indicators and lamps with

high efficiency and high reliability Figure shows the diagrams of two LED lamps.8

An LED lamp contains an LED chip and plastic lens which is usually colored to serve

as an optical filter and to enhance contrast The lamp in Fig la uses conventional

diode header Figure lb shows package that is suited fom transpament semiconduc

tor such as gallium phosphide which emits light through all five facets four sides and

the top of the LED chip

Figure 12 shows the basic formats for LED displays The seven segments Fig 12a

display numbers from to The matrix array Fig 12b displays alphanumerics

AZ and The displays can he made by monohthic processes similar to those used

Colorcd

epoxv lsi

Cde

Anode

Epoxy lens

Diagrams of two LED lamps

LEI display formats for numeric am aiphanu iseric 7n gnmeut numeric

array alphanumeric
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ml icon integrited crcu ts descuF in Gun ft ugh sing in
individual LED chip nounted dlcctor or ii bni segu ant

There has been interest in tI do oprwnt of whdi LEDs for ne cal inflation

because LEDs are three tii sea as cfficien as incandescent lamps and can last 10 limes

longer white LED requires LEDs of red gren and blue colois wide spread use

of white LED will be realized when the costs of these LFDs especially the blue TED5
become competitive with the conventional ight sources

Organic LED
In the previous discussions we considered devices made only from inorganic semicon
ductor materials such as GaAsP and GaN In recent years certain organic seiniconduc

tors have been studied for electrol inescent applications The organic light-emitting
diode OLED is particularly useful for inulticolos large-area flat-panel display because

of its attributes of low-power consumption and excellent emissive quali with wide view

ing angle.9

Figure 13a shon the molecular structures of two representatixc organic senhicon

drictors They are the tris 8-hydroxy-quinohnato aluminum AIQ3 which contains six

beiszene
rings concocted to central aluminum atom and the aromatic diamine which

also contains six ben7ene rings but with different molecular arrangement basic OLED
has number of layers on transparent substrate e.g glass Onto the substrate we
deposite in sequence transparent conductive anode ITO indium tin oride the

diamine as hole transport layer the AIQ3 as the electron transport layel and the cath
ode contact e.g Mg alloy with 10% Ag cross sectional vicn is shown in Fig 13h

Figure 13c shows the band diagram of the OLED It is basically heterojunction

formed between A1Q3 and diamine Under proper biasing conditions electrons are injected
from the cathode and move toward the heterojunction iterface hereas holes are injected
from the anode and also move toward the interface Because of the energa barriers AE
arid AE these carriers will accumulate at the interface to enhance the chance of radia

tive recombination

From Fig 13c we can specify the design criteria of an OLED ultrathin layers

for ion biasing voltage for example the total thickness of the organic semiconductor

Cathode Mg Ag 200 DiarnOse

Mgftg

Jo knI
xlQ 7Snrn

__
A1Q

-ml

iarnine 75 CV

Isodevi Ito 30 urn

Glass

substrate _____

ITO
11

ol Organic semiconductors OLED cross mctionsi slew ci Bar
agiani

of an

OLED
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axessho sory dO in hey nj ctcsbar es thcba erh iglt71fo iole

jectior and the bsrner height q2 for electron injection rrust ion enough to 10

large en er injections for gh-cun eat densits operation and proper bandgaps for

the required color For A1Q3 tF emitted light is green color By choosing different oigar

semiconductors wi different bandgaps various colors including red yellow and blue

car he obtaind

9.2.2 nfrared LED

Infrared LEDs include gallium arsenide LEDs which emit light near 0.9 pm and many
111-V compounds such as the quaternaly GaIn1 As9P LEDs which emit light from

1.1 to jam
An important application of infrared LEDs is in opto-isolators where an input or

control signal is decoupled from the output Figure 14 shows an opto-isolator haviuli an

infrared ED as the light source and photodiode as the detector When an input sig

nal is applied to the LED light is generated and subsequently detected by the photodi

ode The light is then converted back to an electrica signal as current that flosis through

load resistor Opto-isolators transmit signals at the speed of light and are electrically

isolated because there is no electrical feedback from the output to the input
Another important application of infrared LEDs is for transmission of an optical sig

nal through an optical fiber as in communication system An optical fiber is ware-

guide at optical frequencies The fiber is usually drawn from preform of glass to diameter

of about 100 pns It is flexible and can guide optical signals over distances of mauy kilo

meters to receiver similar to the way coaxial cable transmits electrical signals

Two types of optical fibers are shown in Fig 15 One type of fiber has cladding

layer of relathely pure fused silica Si02 surrounding core of doped glass e.g ger
manium doped glass that has higher refractive index than the cladding layerJ This

type of fiber is called step index fiber The light is transmitted along the length of the

fiber by internal reflection at the step in the refractive ii dcx The critical angle for inter

nal reflection is about 79 for ii 1.457 cladding layer and b2 1.480 core 20% Ge-

doped as calculated from Eq 10 Note that different
rays

will propagate with different

path lengths Fig 15a light pulse reaching the end of step index fiber will result in

pulse spread In
gï aded-indexfiber Fig 15b the index decreases from the core cen

ter by parabolic law Now rays traversing toward the cladding have high velocity due

to Lower refractive index than
rays along the center of the core The pulse spread is sig

nficantly reduced As the light is transmitted along the optical fiber the
light signal

will

be attenuated However due to the transparency of ultrapure silica used for the finer

material in the wavelength iegion from 0.8 to 1.6 jam the attenuation is quite low and

LED PhotododeHH
p___

An opto isolator in which an iuput signal is decoupled from the output signal
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100gm

CoreiOOI
index of

Cladding
refi action

ii Optical fibers Step index fiber having core with slighth larger reflective index

Graded-index fiber having parabolic grading of the reflective index in the core.1

is proportional to 21 Typical attenuations are about dB/km at wavelength of 08 tm
0.6 dB/km at 1.3 tm and 0.2 dB/km at 1.55 .Im

simple point-to-point optical-fiber communication system is shown in Fig 16 where
the electrical input signals ar converted to optical signals using an optical source LED
or laser The optical signals are coupled into the fiber and transmitted to the photode
tector where they are converted back to electrical signals

The surface-emitting infrared InGaAsP LED used for optical-fiber communication
is shown12 in Fig 17 The

light
is emitted from the central surface area and coupled into

the
optical fiber Ti use of heterojunctions InGaAsP-InF can increase the effi

ciency that results from the confinement of the carrier by the layers of the higher-bandgap
semiconductor InP surrounding the radiative-recombination region JnGaAsP We con

Tr snsmitter

eleLal0tr

Receiver

Basic elements of an optical fibe transmission link

UMC 1223
UMC v. AICP



Chao er totorw evces 297

\1onolitbchns7
n-JnP sub -75 tIm

CaJnAsPt1
p-InP1.OJsrn

p-GaJnAsP OJ tins

Si02 -OJtx

contact

plated Au

Si heat six

Small-area mesa-etched GaEnAsP/lnP surface-emitting LED structure12

sider the carrier confinement in Section 9.3 The heterojunction can also serve as an opti

cal window to the emitted radiation because the higher-bandgapconfining layers do not

absorb radiation from the Iower-bandgap--emitting region

The electrical input signal is generally modulated at high frequencies This signal

causes direct modulation of the injectea current in an LED Parasitic elements suds as

the depletion-layer capacitance and series resistance can cause delay of carrier injec

tion into the junction and delay in the light output The ultimate limit on how fast one

can vary the light output depends on the carrier lifetime which is determmed by vari

ous recombination processes such as the surface recombination discussed in Chapter
If the current is modulated at an angular frequency the light output is given by

121w
where P0 is the light output at and iris the carrier lifetime The modulation band

width Af defined as the frequency at which the light output is reduced to 1/V that

at co that is

13
2ir 2ir

Calculate the modulation bandwidth of GaAs-based LED with 500 ps

From Eq 13

3lMIIz
2ir50010
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Semiconductor lasers sirnilai to the solid-state ruby laser helium-neon gas laser

in that the emitted radiation is highly rnonochroff atic and produces highly directional

beam of light 1-lowever the semiconductor laser differs from other lasers in that itis small

on the order of 0.1 mm long and is easily modulated at high frequencies simply by mod
ulating the biasing current Because of these unique properties the semiconductor laser

is one of the most important light sources for optical-fiber communication It is also used

in video recording optical reading and high-speed laser printing In addition semicon
ductor lasers have significant applications in many areas of basic research and technol

ogy such as high-resolution gas spectroscopy and atmospheric pollution monitoring

93.1 Semiconductor Materias

All lasing semiconductors have direct bandgaps This is expected because the momen
tum is conserved and the radiative-transition probabi1ii in clirect-bandgap semicon
ductor is high At present the laser emission wavelengths cover the range from 0.3 to

over 30 jam Gallium arsenide was the first material to emit laser radiation and its related

ITT-V compound alloys are the most extensively studied and developed
The three most important ITT-V compound alloy systems are Gajn 1AsP1

GaIn As5Sb1 and A1Ga1 As5Sh solid solutions Figure 18 shows the bandgapsplot
ted against the lattice constant for various 111-V binary semiconductors and their inter

mediate ternary and quaternary compounds.3 To achieve heterostructure with negligible

interface traps the lattices between the two semiconductors must be matched closely

Lattice

matched

to GaAa laP GaSb
3.0

Ga In5 As5P
II CaIn1As0Sb

25 III Al Ga As Sb
Al 49In031P1

2.0

Aii6
--4jb

a0n0/ b\
if \\

1.0 \\
aSb

a04
0.5

\ib
In

5.4 5.6 5.8 6.0 6.2 6.8

aA
Ener bandgap and lattice constant for tlirce 111-V compound solid alloy system
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Gs as ur co tJ
ia at cc muLti ss ii s5t Ii 5.868 as th su

trate se 1uate nin ompo id Ga 5P also ci iase nearly perfect latI cc

iatch as md cited cc ter ert cal ne in

Figure On shows thc bandgap of ternary A15Ca1 As as function of aluminum corn

ositio Fl all Las di ct andgp to 0.5 becomes an indirectbardgap

senncoriduct ir Figs 196 shows the compositional dependei cc of the refi active index

For example forx 0.3 the bar dgap of A1Ga1 89 eV which 0.365 cv larger

than that of GaAs it rcfractive index is 3385 whicl 6% smaller than that of GaAs

ese propertes are important or nor tnuo operation of semiconductor lasers at and

above room tei speratures

922 Laser Operation

Figure 20 sl ow schematic representatu ns14 of the hand diagram under foruard-bias

the rcfractis index profile arid the optical-field distiShution of light gmerated at the junc
tion ofaliornojunction laser Fig SOn and dos ble-heterostructuic DH laser Fig 206

Population In ers on
As discussed in Section 9.1.1 to enhance the stimulated emission fom laser operation we
need population ms ersion To achieve populatior ins easion semiconductor lasei we
consider p-n junction at hetciolunction formed betiveen degenerate semiconductors

This means that the doping les els on both sides of the junction are high enough that the

Fermi level E0 is below the sa encc band edge on the p-sidc and Em is above the con
duction hand edge on the n-side When sufficiently large bias is applied the band dia

grams in Fig 201 lngh injection occurs that is large concentrations of electrons and holes

are inected into the transition region As result the region ci Fig 20 contiins large

concentration of electrons in the conduction band and large concentration of holes in

the salence band this is the required condition for population inverPon For band-to band

3.6

3.0 a.oss liv 3S

2.5 297K
33

adrect

bud
Direct 3.2

IF band

L1421
1.0

a1 As 3.0

297K

0.5

05 50 0.5 1.0

GaAs AlAs GaAs AlAs

Mole ks
.a

ale tractioq AlAs
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ji

GaAs GaAs

tlGa1ks

Ev
E10

0.1-4%

Actiw
region Active region

Comparison of some characteristics of homojunction laser and double-hetero

junction PH laser Second from the top row shon energy band diagrams under forward bias

The refractive index change for honiojuncuoa laser is less than 1% The refractive index

change for DH laser is about 5% The confinement of light is shown in the bottom row 14

transition the minimum energy required is the bandgap energy F5 Therefore from the

band diagram in Fig 20 we can write the condition necessary for population inversion

EFG E5 Eg

Carrier and Optical Confinement
As can be seen in the PH laser the carriers are confined on both sides of the active region

by the heterojunetion barriers whereas in the hornojunction laser the carriers can nove

away from the active region where radiative recombination occurs
In the DH laser the optical field is also confined within the active region by the abrupt

reduction of the refractive index outside the active region The optical confinement can

be explained by Fig 21 which shows three-layer dielectric wave guide with refractise

indices fi if and ii where an active layer is sandwiched between two confining layers

Fig 21a Under the condition ii ifs the ra angle 012 at the layer 1/layer inter

face in Fig 21b exceeds the critical angle given by Eq 10 similar situation occurs for

023 at the layer 2/layer interface Therefore when the refractive index in the active layer

is larger than the index of its surrounding layers tire propagation of the optical radiation

is guided confined in direction parallel to the layer interfaces We can define con

finement factor which is the ratio of the light intensity within the active layer to the
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10

Ly2
//

yei
Al

Ga1 AS

812\/N
vii

Representation of three-layer dielectric waveguide Ra trajectories of the

guided ave

sum of light intensity both witl- in and outside the active layer The cor finernent factor

is given as

Fn1_e GAd 14

where is constant A5 is the difference in the refractive index and is the thickness

of the active layer It is clear that the larger AD and are the higher will be

Oplical Cavty and Feedback

We have considered the condition necessary to produce laser action population inver

sion Photons released by stimulated emission are likely to cause further stimulations as

long as there is population inversion This is the phenomenon of optical gain The gain

obtained in single travel of an optical wave down laser
cavity is small To increase gain

multiple passes of wave must occur This is achieved using mirrorsplaced at either end

of the cavil shown as the reflection planes at the left side and right side in Fig 2la For

semiconductor lasei the cleaved ends of the en stal forming ye device can act as the

mirrors For GaAs device cleaving along 110 plane creates two parallel identical mir

rors Sometimes the back mirror of the laser is metallized to enhance the reflectivity The

reflectivity at each mirrol can be calculated as

RIfh 15n1
uhere ii is the refractive index in the semiconductor corresponning to the vs avelength 21

Ii is generally function of 21.
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Calculate the for GaAs 3.6

From Eq 15

RI3.61 32
3.6

that is 32% of the light will be reflected at the cleaved surface

If an integral number of half-wavelength fit between the two end planes reinforced

and coherent light will be reflected back and forth within the casity Therefore for sthm

ulated emission the length of the cavity must satisfy the condition

rn
-- 16
2n

or

rns2iTL 16a

where is an integral numbea Obviously many values of can satisfy this condition

Fig 2c but only those within the spontaneous emission spectrum will be produced

iFig 22h In addition optical losses in the path traveled thc wave mean that only the

strongest lines will survive leading to set of lasing modes as given in Fig 22c The sep
aration A.X between the allowed modes in the longitudinal direction is the difference in

the wavelengths corresponding to an and Differentiating Eq 16a with respect to

we obtain

172nL 2s/ñdfi/d25

Spontaneous

emission

spectrum

Optical

Lonnitudinal modes
gain Losses in

Resonant modes of laser cavity Spontaneous emission spectrum Optical-

gain wavelengths
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is gixen by
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2iTL

Calculate the mode spacing for typical GaAs laser with 0.94 gm 3.6 and 300 jam

From Fq 18

O.94x10
4x10 10111

2x 36 300x 100

933 Bac Laser Structure

Figure 23 shows three laser structures The first structure Fig 23a is basic p-n

junction laser and is called homojunction laser because it has the same senaconductor

material GaAs on both sides of the junction pair of
parallel planes or facets

are cleaxed or polished perpendicular to the 10 axis Under appropriate biasing cor

ditions laser light
will he emitted from these planes only the front emissior is shown in

Fig 23 two remaining sides of the diode are roughened to eliminate lasing in tie

directions other than the main ones This structure is called FabryPerot cavity with

typical cavity length of about 300 jtm The FabmyPerot cavib configuration is used

extensively for modern semiconductor lasers

Figure 23b shows double-heterostmctvre DH laser in wF ich thin layer of semi

conductor e.g GaAs is sandwiched between layers of different semiconductor e.g
A11Ga As The laser structures shown in Figs 23a and are broad-area lasers because

the entire area along the junction plane can emit radiation Figure 23c shows DH laser

with stripe geometly The oxide layer isolates all but the stripe contact consequently

the lasing area is restricted to narron region under the contact The stripe widths are

typically 530 J.im The advantages of the stripe geometr are reduced uperatilig current

elimination of multiple-emission areas along the junction and improved reliability that

is the result of removing most of the junction perimeter

Threshold Current Density
One of the most important parameters for laser operation is the threshold current den

sits J15 that is the minimum current density required for lasing to occur Figure 24 coin-

pares Jth versus operating temperature for omojunction laser and DH lasexi4 Note

that as the temperature increases for the DH laser increases much more slowly than

J11
for the honiojunction laser Because of the low values of J15 for DH lasers at 300

DH 1asers can he operated continuously at ronm temperature This characteristic has led

to the increased use of semiconductor lasers especially in optical-fiber communication

systems
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p-AIGaAs

p-GaAs

nAl Ga1 As

Metal

.1

pA1Ga1 As

Semiconductor laser structure iii the FabryPerot-cavity configuration

Homojunction laser Doubie-heterojunction DH laser Stripe-geometry DH laser 1415

In semiconductor laser the gain the incremental optical energy flux per unit length

depends on the current density The gain can be expressed as function of nominal

current density which is defined for unity quantum efficiency i.e number of car

riers generated per photon as the current density required to uniformly excite

Lm thick an active layer The actual curi cut density is then given by

JA/cm2
J01d 19

11

where is the thickness of the active layer in Inn Figure 25 shows the calculated gain

for typical gallinm arsenide DH laserJ The gain increases linearly with Jnorn for 50

400 cm The linear dashed line can be written as

gg0/Jo -p0 20
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Double heterostructure

d_0.5jim

102

100 200 300

Threshold current density versus temperature for the two laser structures showal in

Fig 20

500

GaAs

T297K
400 AKD4xl0bcm //

if 300

200

100

__j_J -1

10 12 14

Nominal current densityJ0 10 A/em2 lim

Variation of gain coefficient versus nominal current density Dashed line represents

linear dependence.6

where
g0/J0 10 cm-.tmlA andJ0 4.5 10 Al cm-Jrm

As discussed previously at low currents there is spontaneous emission in all direc

tions As the current increases the gain increases Fig 25 until the threshold for lasirig

is reached that is until the gain satisfies the condition that light wave makes com
plete traversal of the cavity without attenuation

RexpFgaL 21
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or

Tgthreshold g
a

in ln 22

where Fis the confinement acor ti the loss ocr unit length from absorption and other

scattering mechanism is the length of the cavity shown in Fig 23 and is the reflectance

of the ends of the cavi assuming that for both ends is equal Equations 19 20 and

22 may he combined to give the threshold current density as

23

The term J0d/g0 ijT is often called 11$ where is known as the gain factor To reduce

fit we can increase and and reduce and

Find the threshold current foi laser diode
using

the following data front and rear mirros reflec

tivities are 0.44 and 0.99 respectitek The caviti length and width are 300 tm and tim respec

lively 100 can fi 0.1 cnrA .g0 100 cm and 0.9

With known gain factor the term J0d/rj in Eq 23 can be expressed as g0F//l

Due to different reflectivities of the two mirrors Eq 23 is modified to

A/cm2 in 23a

Thus j1
100 0.9 10 100 2036 cm2

0.1 2x300x104 l044x099

and so 2036x300x104x5x10 43OmA

Temperature Effect

Fgure 26 shows the temperature dependence of the threshold current for cw con
tinuous wave stripe geometry AIGaj_As-GaAs DH laser Figure 26a shows cxv light

outputs versus injection current at various temperatures between 25 and 11.3C Note

the excellent linearity in the light-current characteristics The threshold current at given

temperature is the extrapolated value for zero output power Figure 26b shows plot of

threshold currents as function of tempelature The threshold current increases expo

nentially with temperature as

th ex 24

where is the temperature in and F0 is 110C for this laser
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93C 35 45 55 75 85 95 05

100 200 300

Injection current mA

300

200

100

60

.g 40 I11eipTI110C

20

To

20 40 60 80 100 120

Heaesinking temperature

Light output versus diode current for GaAs/AIGaAs heterostructure laser

Temperatui dependence of the continuous ave cwcurrent threshold 17

Calculate the temperature at which the roomtemperature value of the threshold current doubles

for the laser shown in Fig 26

Jth esp27/110

2J1j expT/11o

therefore 27 110 ln2 27 76 103C

Modulation Frequency and Longitudinal Modes

For optical fiber communications the optical source must be able to be modulated at

high frequencies Unlike LEDs whose output power decreases with increasing modin

lation bandwidth Eq 12 the output power of pical GaAs or GaInAsP laser remains

at constant level 10 mW per facet well into GHz range
For stripegeometiy GaInAs-A1GaAs DH laser at current above the threshold

many emission lines exist that are approximately evenly spaced with separation of 21
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in Lx 41 These emission nes be ong to the longitudinal modes en in

Eq 11 Because of these ongitudinal modcs the stripe geometry laser not spectrally

pure light source For optical-fiber communicatior systems an ideal light source is one

that has single frequency This is because light pulses of different frequencies travel

through optical fiber at different speeds thus causing pulse spread

934 Distributed Feedback Lasers

Because of the multimodes in stripe-geometry lasers these devices are only useful for

telecommunication systems operated at relatively low rates i.e below Ghti/s For

advanced optical fiber systems single-frequency lasers are necessary The fundamental

approach is to take laser cavity that allows only one mode to resonate and to provide

constructive interference mechanism that picks out single frequency Two laser con

figurations use this approachthe distributed Bragg reflector laser and the distributed

feedback laser.8

Figure 27a shows the cross section of distributed Bragg reflector DBR laser The

region which conducts electric current is called tF pumped region wavelength-selec

tion grating is placed outside the pumped region Because of efficient coupling between

the active region and the passive grating structure the reflection is enhanced at the wave

length AB known as the Bragg wavelength which is related to the period of the grating

by

25

where fi is the effectis refractive index of the mode and is the integer order of the

grating The mode at the Bragg wavelength that has the lowest loss and thus the low

est threshold gain will have the predominant output

Figure 27b shows the distributed fcedback DFB laser which has corrugated grat

tug structure within the active region The grating region has periodically varying index

of refraction that enhances the wavelength closest to the Bragg wavelength thus achiev

ing single-frequency operation Because of the small temperature dependence of the refrac

tive index the lasing wavelength of the DFB laser has very small temperature coefficient

Disteibited rePecter

\svZie
_______________

5ctive

region

Two methods of obtaining single-frequency laser Distributed Bragg reflector

DEW laser and hI distributed feedback DEW laser
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ti me abc cocffCeni co po ug stripe ge lctly laser

is much larger ihC because it follows the te uperats dependence of he andgap
DBR and lasers re also useful as optical son nes ntegrated optics wF icF uses

miniature opfcal waveguide components and circuits made by planar tech iology rigid

substrates

93 QuantumWeH Lasers

The str icture of quantumwell Q\V laser55
19

is sirni ar to that of DH laser except

the thickness of the active layer in 9W laser is very small about 020 nm Figure 28a

shows the band diagram of QW laser where the central GaAs region 20 urnl is

sandwiched between two larger bandgap AlGaAs layers The length L9 is knmparable to

the de Broglie wavelength 7i hip where is the Planck constant and is the momern
turn of the charge carrier and the carriers are confined in finite potential well in the

y-direction

CA

IF2

AIGaAs GaAs iIGaAs

Eey
iA1GaA E9Ga1s

Ly F111

E5
F91

EL
GaAs AnOTransfioo

lii

fleav holes

F1

Light holes

The quantunnwell QW laser Si igle GaAs QW surrounded by AlGaAs discrete

energy levels within the well aid densi of states fos electrons and holes within tl well
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ihe encr of ci argo particle
be sept rated if 001 mci Co Ii ent

in tl p-direction so incouf ied co ponents th and -directior the 9W
la en

En k.. kE 26
2nr

where is the nth eigen\ aloe of the confi ied particle is ti effectis mass and

and/u are the wave number in the x- and z-direction respectivcl Fgure 28b shows the

eueri levels in the quantum well The values of are shown as E3 for electrons

Ehi Jth E513 for heav ho1es and Em E0 for light holes Thei sual paraf olie forms

for the conduction and valence band density of states have been replaced by staircase

representation of discrete levels Fig 28c each corresponding to constant density of

states pci unit area gisen by

diN or 2i
tiE

Since the density of states is constant rather than gradually increasing froni zero as

in conventional laser there is group of electrons of seally the same ener available

to recombine with group of holes of nearh the same energy for example the level E1

in the conduction with the level E5 in the ales cc band 9W lasers offer significant

improvement ir laser performance such as reduction in the threshold cuirent high out

put poweI and high speed compared with the conventional DH lasers QVo lasers made

in GaAs Al GaAs material systems have threshold current densities as ion as 65 Acm2

and subrnillianipere threshold currents These lasers operate at emission waselengths

around 0.9 qm
For longer-wavelength operation GaInAs/GaInAsP multiplequantum-well M9\V

lasers for the 1.3 itm and 1.3 irm as elength regions has been developed Figure 29a

shows schematic diagram of separate-confinement-hoterostru ctui SCH MQW
laser where four QWs of GaInAs with GaInAsP barrier layers are sandwiched between

the InP cladding layers to form an aveguide with step index change.2 These alloy com

positions are chosen so that they are lattice matched to the laP substrate The active region

is composed of four mu thick undoped GaInAs Q\Vs with E5 of 0.75 eV separated

by 30 nm thick undoped GaInAsP layers with E5 of 0.95 eV Figure 29b shows the cor

responding band diagram of the active region The o- and p-cladding laP layers are doped

with sulfur lois cm and zinc 10cm3 respectively

graded-index SCFI GRIN-SCH is shown in Fig 29c in whch GRIN of tlìe

was eguide is accomplished by seseral small stepwise increases of the bandgap energies

of multiple cladding layers
The GRIN-SCH structure confines both the cairiers and the

optical field more effectively
than the SCII structure and cot sequently leads to an even

lower threshold current density \Vith the MQW structure variet of advanced lasers

and pbotonic integrated rcuts becomes possible for future ss stem applications

In GaAs the effectise mass fo heavy oles 06 ni whereas thrt for hghf holes is 0074 no0
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El 14 14
loP GaInAs GaInA.sP

__________________
EO.95eV

GalnAs cap layer

loP cladding la er

GaIn AsP
_____________________ GalnAs nrn

waveguide
_________________________ QW lavrs

layers

loP buffer layer

GRIN MQ\VI GRIN
SCH SCH

loP substrate

O
9
2
1
3

EeV

135

1-
\\ells

Bsrriers

Schematic of the cross section of an GaInAs/GaInAsP multiple-quantum-u ell laser

structure di Schematic of the bandgaps of the SCII-MQW layers shown in GRIN
SCH-MQW structure with thin layers of increasing bandgaps to apprmdmnate the graded-inde

change
20

Photodetectors are semiconductor devices that can convert optical signals into electrical

signals The operation of photodetector involves three steps carrier generation by inci

dent light carrier transport and/or multiplication by whatever current gain mechanism

may be present and interaction of current with the external circuit to provide the out

put signal

Pliotodetectors has ange of applications including infrared sensors in opto
isolators and detectors for optical-fiber communications For these applications the pho
todetectors must have high sensitivity at the operating wavelengths higis response speed
and low noise In addition the photodetector should be compact use low biasing volt

ages or currents and be reliable under the required operating conditions

94.1 Photoconductor

photoconductor consists simply of slab of semiconductor with ohmic contacts at both

ends of the slab Fig 30 When incident
light falls on the surface of the photoconduc

tor electron-hole pairs are generated either by band-to-band transition intrinsic or by
transitions involving forbidden-gap ener levels extrinsic resulting in an increase in

conductivity

For the intrinsic photoconductor the conductivity is given by

28
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Ohmic

contact

Schematic diagram of photoconductor that consists of slab of semiconductor and

two contacts at the ends

and the increase in conductivity under illumination is mainly due to the increase in the

number of carriers The long-wavelength cutoff for an intrinsic photoconductor is given

by Eq For the extrinsic photoconductor photoexcitation may occur between the band

edge and an energy level in the energy gap In this case the long-wavelength cutoff is

determined by the depth of the forbidden-gap energ level

Consider the operation of photoconductor under illumination At time zero the

number of carriers generated in unit volume by given photon flux is n0 At later

time the number of carriers nt in the same volume decays by recombination as

n0 29

where is the carrier lifetime From Eq 29 the recombination rate is

dn
n0expl -- 30

dt

If we assume steady flow of photon flux inipnging uniformly on the surface of

photoconductor Fig 30 with an area WL the total number of photons arriving at

the surface is P/hv per unit time where is the incident optical power and hv is

the photon energy At steady state the carrier-generation rate must be equal to the

recombination rate n/r If the detector thickness is much larger than the light pene
tration depth I/a the total steady-state carrier-generation rate per unit volume is

P0/hv 31
WLD

where
rj

is the quantum efficiency the number of carriers generated per photon and ii

is the carrier density the numeer of carriers per unit volume Tue pliotucurrent flowing

between the electrodes is

an WD qnI WD qnvaWD 32
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where tim eec nc he di ii p1 oc xi cto arc thc eai di ft se ocit

Substituting Fo 31 into Eq 32 gives

ipq 33

If we define the primary photocurrent as

ph uiJ 34

the photocurrent gain from Eq 33 is

35

where
tr L/v1 L/Er-JS the carrier transit time The gain depends on the ratio of car

rier lifetime to the transit time

Calculate the photocurrent and gain when 0n photons/s arnving at the surface of photo-
conductor of 0.8 Tue iniuoni carrier lifetime is 0.5 us and the device has 2500 cm2
V-s 5000 V/cm and -JO am

From Eq 33

12 2800 cm2/V 15i0u05.500ü V/cm
Ig0.8xoxJO photons/s

lOx 10 1cm

4x1O6A4 gA

and from Eq 35

Gain
25005x 10 5000

625
lOxlO4

For sample with long minority-carrier lifetime and short electrode spacing the gain
can be substantially greater than unity Gains as lngh as 106 can be obtained from some

photoconduetors The response time of photoconductor is deternuned by the transit

time To achieve short transit time small electrode spacing and high electric field

must he used The response times of photoconduetors cover wide range from 10 to

10 10seconds They are extensively used for infrared detection especially for wavelengths

greater than few microns

942 Photodode

photodiode is basically p-n junction or metal-semiconductor contact operated under

bias When an optical siglial impinges on the photodiode the depletion region
serves to separate the photogeuerated electron-hole

pairs and an electric current flows
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in the external circ For high-frequency operation the repletion rcg im st kept

thin to reduce the transit time On the other hand to increase the iant un effic ency
the depletion layer must be sufficiently thick to allow large fraction of the ir cident

light

to be absorbed Thus there is trade-off he ccii the response speed and quantum effi

ciency

Quantum Efficiency

The quantum efficienct as mentioned previously is the number of electron-hole
pairs

generated for each incident photon

36

where is the photogencrated current from the absorption 0f incident optical power

at wavelength corresponding to photon energy ii One of the key factors that

determine is the absorption coefficient Fig Since is strong function of the

wavelength the wavelength range in which appreciable photocurrent can be generated

is limited The long-wavelength cutoff is established by the bandgap Eq and is about

1.8 jim for germanium and 1.1 jim for silicon For wavelengths longer than the al

of are too small to give appreciable band-to-band absorption The short-wavelength

cutoff of the photoresponse comes about because the values of are very large 10
cm and hence the radiation is mostly absorbed very near the surface where recombi

nation time is short Therefore the photocarriers can recombiiie before they can he col

lected in the pn junction

Figure 31 shows
li/pica1 plots

of quantum efficiency versus wavelengtf for some high-

speed photodiodes.2122 Note that in the ultraviolet and visible region metal-semiconductor

photodiodes show good quantum efficiencies In the near-infrared region silicon pho
todiodes with an antireflection coating can reach 100% quantum efficiency near the

8- to 0.9-jim region In the 1.0- to 1.6-jim region germanium photodiodes and Group

100
Si

Galnks

AuSi80
fl77K

C60-
Gentp

in

AgZaS

0.1 0.2 0.4 0.6 10

4trn

Qudntum efficiency versus uavelength for various photodetectors.u
22
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pio dnd sh.gGa II IL Os ugh tiir effcnces revei oigm
was elengths pl tndiodcs are ok Ic to Ti for hig -effic nci onen tb

Response Speed
The response speed is limited by three factors difli sion of carr ers drift time in

the depletior region and capacitance of the depletion region Carriers generated out
sjde the depletion region must diffuse to the junction resulting in considerable time delay
To minimize the diffusion effect the junction s1 ould be formed very close to the sui

face The greatest amount of
light

will be absorbed when the depletion egion is wide
Ilowevea the depletion layer must not he too wide or transit time effects isill limit the

frequency response It also should not he too thin or excessis capacitance will result

in large RC time constant where is the load resistance fhe optimal compromise is

ue width at which the depletion layer transit time is approximately one half the modu
lation period For example for modulation frequency of 0Hz the optimal depletion

layer thickness in silicon with saturation velocity of 10 cm/i is about 25

p-i-n Photodiode

The i-n photodiode is one of the most common photodetectors because the depletion

region thickness the intrinsic layer1 can be tailored to optimize the quantum eflicici cy
and frequency response Figure 32a shows cross section of p-i-n photodiode that has

an antirefi wtion coating to increase quantum efficiency

Figures .32b and 32c show the ener hand diagram of the p-i-n diode under reverse-

bias condition and its
optical absorption characteristics Light absorption in the semi

conductor produces electron-hole pairs Pairs produced in the depletion region or within

difilision length of it will eventually be separated by the electric field as shown in Fig
32h whereby current flows in the external circuit as carriers drift across the depletion

layer

On reaching the surface of the semiconductor the incident optical power P0 will has its level reduced

to P0i on entering
the material where is the reflection coefficient On passing though the

semiconductor the light will be absorbed and so at
any depth the amount of residual optical power

Ph is
given by Pxl P0I expur For 10 cm and 0.1 calculate the depth at

which half the incident optical pover has been absorbed in material

Px
in 10 Iq cm

PlR3 2x09
0.59 Jim

Metal-Semiconductor Photodiode

The construction of high-speed metal seunconductor photodiode is shown in Fig 33
To amid large reflection and absorption losses when the diode is illun mated through
the metal contact the metal hIm must be cry thin 10 mu and an antireflection coat

ing must be used Metal-semiconductor photodiodes are particularly useful in the ultra

violet- and visible-light regions In these regions the absorption coefficients in most
of the common semiconductors are remy high of tln order of lO ciii or more wltich

corresp nds loan effective absorption length I/a of gnu or ess It is possible to choos
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Electron Drift
space hole

diffusion diffusion

i/a IV

Operation of pi-n photodiode Cross-section view of p-in photodiode Ener
band diagram under reverse bias Carrier absorption characteristics

Antireflection
Metal

coating

SiO/________
____Th

Thin semitransparent

metal layer

Metal-semiconductor photodiode
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metal an ant election co tng so large fract of inc de it ri la
be absorbed near the surface of the semiconductor As exairpi for gold sil co pho
todetector axing 10 cm gold and 50 nrn zinc sulfide as the antireflection coating more
than 93% of the incident light wth il 0.632b grn ehun -neon laser war length red

light will be transmitted into the silicon substrate

Heterojunetion Photodiode

knotl er photodiode structure is heterojunction device formed by depositing large

bandgap semiconductor epitaxially on smaller bandgap semiconductor One advantage

of heteroj unction photodiode is that the quantum efficiency does not depend critically

on the distance of the junction from the surface because the large-bandgap material can

be used as window for the transmission of optical power In addition the heterojunc
tion can provide unique material combinations so that the quantum efficiency and response

speed can be optimized for given optical signal wavelength
To obtain heterojunction with 1ow leakage current the lattice constants of the two

semiconductors must be closaly matched Ternary 111-V cunipourids Al..GaAs epitaxi

ally grown on GaAs can form heterojunctions with perfectly matched lattices These het

erojunction are important for photonic devices operated in the avelength range from

0.65 to 0.85 gm At longer wavelengths to 1.6 km ternary compounds such as

Ga0 471n0 riAs with 0.75 eV and quaternaly compounds such as Ga02 a0 nAsa 63P0

with F5 0.95 eV can be used These compounds have nearly perfect lattice match

to an InP substrate The quantum efficiency is greater than 70% over the wavelength

range fioin to 1.6 .un as shown in Fig 31 GalnAs curve

943 Avawiche Photodode

An avalanche photodiode APD is operated under reverse-bias voltage that is suffi

cient to enable avalanche multiplication The multiplication results in internal current

gain and the device can respond to light
modulated at frequencies as high as microwave

frequencies

One important consideration in the design of an APD is the need to minimize

avalanche noise The avalanche noise comes about from the random nature of the avalanche

multiplication process in which every electron-hole pair generated at given distance in

the depletion region does not experience the same multiplication The avalanche noise

depends on the ratio of the ionization coefficients
a5/a1 the smaller the ratio the smaller

is the avalanche noise This is because when each incident photocarricr results

in three carriers in the multiplicating region the primnaiy carrer and ts secondary hole

and electron fluctuation that changes the number of carriers by one represents large

percentage change and the noise will be large On the other hand if one of the ioniza

tion coefficients approaches zero e.g a5
each incident photocarrier can result in

large number of carriers in the multiplication region In this case fluctuation of one

carrier is
relatively insignificant perturbation To minimize the avalanche noise xc should

use semiconductors with large difference in a5 and The noise factor is given by

il2h 1- 37

where is the multiplication factor We can see from Eq 37 that when the noise

factor has maximum value of while for a3/a and for large the minimun

noise factor is
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hv

Contact
AR coating Si3111

n\
50 am r-epilayer

substrate

Contact

400 600 800 1000

lvinsn

typical silicon avalanclse photodiode device structure and quantum efficiency

Figure 34a shows the structure of
typical

silicon APD having n-p-7r-p doping

profile is lightly doped p.-region The quantum efficiency is near 100 at wave

length of about 0.75 un for device having SiO2Si3N4 antireflection coating Fig 34b
Because the ratio of ar/a is about 0.04 the noise factor obtained from Eq 37 is 23 for

10

Solar cells are useful for both space and terrestrial applications Solar cells furnish the

long-duration power supply for satellites The solar cell is an important candidate for an

alternative terrestrial energy source because it can convert sunlight directly to electric

ity with good conversion efficiency can provide nearly permanent power at low operat

ing cost and is virtually nonpoiluting.2324

95.1 Soar Radiation

The radiative energy output from the sun derives from nuclear fusion reaction In eveiy

second about 1011 kg hydrogen is converted to helium with net mass loss of about
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kg The nass oss coni cì ted through the instein dat on ecli to i0
This er is iitted primarilyas electrom gnetic radiation he ultraviolet to ii re

regior 02 to vii TI total mass of the sun is nov about 11130kg End reason

ably stable lfe ruth nearly constant adiative ener output of orer billion 1010 years
is projected

The intensity of solar radiation outside the earths atmosphe at the average dis

tance of ts orb around the sun is defined as the solar consta it aid has value of 1367

WIm Terrestrially the sunlight is attenuated by clouds mid by atmospheric scattering

and absorption The attenuation depends primary on the length of the lights path through

the atmosphere or the mass of air through whkh it passes The air mass is defined as

1/cos where is the angle between the vertical and the suns position

The air mass can most easily be estimated from the length of the shado of vertical structo re

of height Ii as Vl s/h2 Ifs 1.118 in and 1.00 in find the air mass

11.118/102 2.25 1.5

We have an air mass 1.5 AM L5 The corresponding cosis 1/1.5 0.667 and the angle

between the \ertical and the suns position is cos OM67 48 The maximum sunlight

intensity occurs nhen the sun is straight overhead AM 1.0 with

Figure 35 shows two curves related to solar spectral irradiance power per unit area

per unit wavelength.25 The upper curve which represents the solar spectrum outside

the Earths atmosphere is the air mass zero condition AMO Th AMO spectrum is rel

evant for satellite and space vehicle applications Terrestrial solar-cell pe rfoi mance is

2400

2100

1800

Air mass 1367 W/in

1500

GaAs 2c 087 nn
1200-

900 sj2e

___________________________________
0.2 1.0 1.8 2.6 3.4 4.2

Wawlength gn

Solar spectral irradiance 23 at air ir ass and air mass and the utoff 2vclcngff

GaAs and Si
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specified with reference to the air mass M1.5 spectrum his spectrum represents

the sunlight at the Earths surface when the sun is at an angle of 480 from the verticaL

At this angle the incident power is about 963 W/rn2

952 pnJunctiwi Soar CeH

schematic representation of pn junction solar cell is shown in Fig 36 It consists of

shallow pn junction formed on the surface front ohmic contact stripe
and fingers

back ohmic contact that covers the entire back surface and an antireflection
coating

on the front surface

When the cell is exposed to the solar spectrum photon that has an energy less than

the bandgap makes no contribution to the cell output photon that has energy greater

than contributes an energy E5 to the cell output Energy greater than is wasted as

heat To derive the conversion efficiency we shall consider the energy band diagram of

pn junction under solar radiation shown in Fig 37a The equivalent circuit is shown

in Fig 37b where constanricurrent source is in parallel with the junction The source

results from the excitation of excess carriers by solar radiation is the diode satura

tion current and RL is the load resistance

The ideal I-V characteristics of such device are given by

ie1IL 38

and

Elk-qN1N _ic_ I__f 38a

where is the device area plot of Eq 38 is given in Fig 38a for 100 mA
nA cell area cm2 and 300 The curve passes through the fourth quadrant

Front

contact stripe

and fingers

Antireflection

coating\ /Junction

omm cm ptype Si 1/4 pm

Back

contact

Schematic representation of silicon p--n junction solar cell
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Energy band diagram of pn junction solar cell under solar irradiation

Idealized equivalent circuit of solar cell
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Vn V01
120

Current voltage ci aracteristics of solar cell under illummation Inversion of

about the voltage axis
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an therefore pore can be cxtracted om the dcv cc iFe cuw is more gencr
ally represented Fig 38b which is an ins ersion of Fig 38a about the voltage axis By
choosing proper load close to 80% of the product II car he extracted where

is the short-circuit current equal to and is the open-circuit voltage of the cell the

shaded area iii the figure is the maximum-power rectangle Also defined in Fig 38b are

the qvantities Iand Vm that correspond the current and voltage respectively for the

maximum power output

From Eq 38 we obtain for the open-circuit voltage

Hence for given Voc increases logarithmically with decreasing saturation current

The output power is given by

iv Iv v1 11V 40

The condition for maximum power is obtained when dP dV or

kT ii fl kT
57 fl /41II v0-ni-r tiO1qv/kr kT

11 41b
kT qV/kT

The maximum output power is then

42

Calculate the open-circuit voltage and the output power at voltage of 035 for solar cell shown

in Fig 38a

From Eq 39

0.026 VInhb00xb0 0.48

lxIOA

The output power at 0.35 is giren by Eq 40 note that and arc reverse currents so we
need negative signs for them/

to 9A 0.35 Vea35
0026

_o.i 0.35 3.48 10 IV
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Converswu Lffuenc.y

Ideal efficier cy
Thc power conversion efficiency of solai cell is gis en by

kT11qV11cT
kT

Pu I11

or
FF 1LVOC /43

in

where Pu is the incident power and FF is the fill factor defined as

IV kT kT
FF ln 44

ILVOC qVo kT qoc

The fill factor is thc ratio of the maximum power rectangle Fig 38b to the rectangle

of V0 To maximi7e the efficiencs we should maximize all three items in the numer

ator of Eq 43a

The ideal efficiency can be obtained from the ideal IV characteristics defned by

Eq 38 For given semiconductor the saturation current density is obtained from Eq
38a For given air mass condition g. AM 1.5 the short-circuit current is the pro
duct and the number of the available photons with energy in the solar spec

trum Once and are known the output power and the maximum power can be

obtained from Eqs 40 to 42 The input power Pffl is the integration of all the photons in

the solar spectrum Fig 35 Under AM 1.5 condition the efficiency Pu /P has broad

maximum2126 of about 29% and does not depend critically on Therefore semicon

ductors with bandgap between and eV can all be considered solar cell materials

Spectrum Splitting

The simplest way to exceed the efficiency limit is by spectrum splitting By splitting

sunlight into narrow wavelength bands and directing each band to cell that has bandgap

optimal1 chosen to convert just this band as shown in Fig 39a efficiency above 60% is

possible in principle.27 Fortunately simply stacking cell on top of one another with the

highest bandgap cell uppermost as in Fig 39b automatically achieves an identical spec

tral-splitting effect making this tandem cell approach reasonably practical way of

increasing cell efficiency

Series Resistance and Recombination Current

Many factors degrade the ideal efficiency One of the major factors is the series resis

tance from the ohmic loss in the front surface The equivalent circuit is shown in Fig.40

From the ideal diode current given by Eq 38 the I-V characteristics are found to be

l11 1VlR 45
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SpectraiR sensiti in Imis Solar eels

Sunligh Sun1igh

Decreasing handgap

Solar cs us of

different baudgaps

Multigap cell concepts Spectrum splitting approach Tandem-cell approach.27

mi

120

R50

______ 40

0.4 0.6

1V

Current-voltage characteristics and the equivalent circuit of solar cells that have

resistances

Plots of this equation are shown in Fig 40 with Ra and and where the other

parameter La and are the same as those in Fig 38 It can be seen that series resis

tance of only 5f reduces the available pouer to less than 30% of the maximum power
with The output current and output power are

Iiexp 46

kT ii
1n 1R5 47

Tlìe series resistance depeiids on the junction depth the impurity co icentrations of

p-type and -type regions and the arrangement of the front surface ohmic contacts For
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ripical silicon solar cc Fe geo inti si nun 36 sor es irs ai is abot

for cells and 0.4 for cells The differe in resistance Is nam tfa

result of the lower resistivity in n-type subs rates

Anothei factor is the recombir atm current in the depletion egro For si igle- evel

centers the recorobination current can be expressed as

_i 48

and

qn1W
48a

where is the saturation current Tire energy conversion equation can be put nto closed

form yielding equations similar to Eqs 39 through 42 with the exception that is replaced

by and the exponential factor is divided by The efficiency for the recombination

current case is found to be much less than tne ideal current due to the degradauon uf

both V0 and the fill factor For silicon solar cells at 300 the recombination current

can cause 25% reduction in efficiency

954 SHcon and CompoundSemiconductor Sar CeHs

Silicon is the most important semiconductor for solar cells is nontoxic and is second

only to oxygen in the earths crust Therefore silicon poses minimal environmental or

resource depletion risks if used on large scale It also has well established techno

logical base because of its use in microelectronics

Ill-V compound semiconductors and their alloy systems provide wide choices of

bandgaps with closely matched lattice constants These compounds are ideal for producing

tandem solar cells For example AlGa/GaAs GaInP/CaAs and GaInAs/InP material sys

tenis have been dereloped for solar cells in satellite and space vehicle applications

FERL Cell

The silicon passivated emitter rear locally-diffused PERL cell28 is shown in Fig.41 The

cell has inverted pyramids on the top that are formed by using anisotropic etches to expose

the slowly etching 111 crystallographic planes The pyramids reduce reflections of
light

incident on the top surface since light
incident perpendicularly to the cell will strike one

of the inclined 111 planes obliquely and will be refracted obliquely into the cell The

rear contact is separated from the silicon by an inters cuing oxide layer This gires much

better rear reflection than an aluminum layer To date the PEEL cell shows the high

est conversion efficiency of 24%

Amorphous Si Solar Cell

The basic cell structure for series interconnected a-Si solar cells is shown29 in Fig 42

layer of Si02 followed by transparent conducting layer of large handgap degener

ately doped semiconductor such as Sn02 is deposited onto glass substrate and patterned

using laser The substrate is then coated by p-i-n junction stack of amorphous silicor

by the decomposition of silane in radio frequency plasma-discharge system After depo

sition the a-Si layers are patterned in second laser system layer of aluminum is

sputtered onto the rest of the silicon and this layer is also patterned by laser This tech

nique forms series of intercoi nccted cells as showm in Fg 42 The cell has the low

est manufacturing cost and has modest efficiencv of 5%
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ioer

_aw- V/RP Nid /1
dae-tItv/

0xep
Rear contact Oxide

Passivated emitter rear Ioca1l diffused PERL celL2

510

__

Series-interconnected a-Si solar cells deposited on glass substrate with lear glass

cover bonded
using ethylene vinyl acetate EtA 29

Tandem Solar Cell

Figur 43 shows the structure of monolithic tandem solar cell p-type gerrnuiium
is used as the suhstrai which has lattice constant very close to that of GaAs and

Ga0 51In049P GaInP layer is then own to reduce the minoii -carrier concenfra
tion near the rear contact The bottom junction is the GaAs p-n junction lEg 142 eY
and the top junction is the GaJnP nction eV tunneling pn GaAs June
tion is placed between the top aiid bottoni junctions to connect the cells Tandem solar

cells with efficiency as high as 30% have been obtained

95 Oflca Concentration

Sunhght can be focused by using mirrorsand lenses Optical concentration offers an atti ac
tive and fleitible approach to reducing high cell costs by snhstitutmg concentrator area
for much of die cell area It also offers other advantages such as 20% increase in effi

ciency for cones ntration of 1000 suns an intensity of 963x 10 tV/rn2

Figure 44 shows the measured results of tnpica silicon solar cell nios nted in con
centrated system.30 Note that decc peiformances improve as th concentration mcreases
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from onc in ton ard 100 ss us hc short-circ at current dcnsitx ii eases earls ni
concentration The open-circuit voltage increases at ate of 111 Vper decade while the
fill factor varies slightly The efficiency which is the product of the foregoing three fac

tors divided by the input power increases at rate of about 2% per decade With proper
antireflection coating we project an efficiency increase of 30% at 1000 suns Therefore
one cell operated under 1000-sun corcentration can produce the mine power output as

300 cells under one sun Potentially the optical concentration approach can replace expen.
sive solar cells with less expensive concentrator materials and related tracking and heat

removal system to minimize the overall system cost

The operation of the four groups of photonic devices LEDs laser diodes photode
tectors and solar cells depends upon the emission or absorption of photons Photons are

emitted due to the recombination of charge carriers and photons are absorbed to cre
ate charge carriers

LEDs are pn junctions that can emit spontaneous radiation due to recombinations

of electrons and holes in forward-biased junction Visible LEDs can emit radiation with

photon energies in the range of 1.8 to 2.8 e\i corresponding to waveler gths from 0.7 to

0.4 um They are used extensively for display and various electrunic instruments By com
bining LEDs of different colors i.e red green and blue we can form white LEDs
which are useful for general illumination Organic semiconductors can also be used for

display applications OLED is particularly useful for multi-color large-area flat-panel cbs-

plays Infrared LEDs can emit radiation with 1.8 eV They are used for opto-isola

tor and short-distance optical fiber communication

The lasei diode is also junction operated under forward bias condition However
the dode structure must provide the confinement of the carriers and the optical field so

that the stimulated emission condition can be established Laser diodes have ci olved from
the homojunction to the distributed feedback configuration and to quantum-well struc

tures The main objectives are to lower the threshold current density for lasing and to

have all emitted photons at single frequency The laser diode is key device for long
distance optical fiber communication systems It is also extensively used for video record

ing high-speed printing and optical reading

Photodetectors include photoconductors photodiodes and avalanche photodiodes

They can convert optical signals into electrical signals When photons are absorbed elec
tron-holes pairs are generated in the device which are subsequer tly separated by an elec

trical field to produce photo-current flowing between the electrodes Photodetectors

are used for optical sensing and detection in opto-isolators and optical-fiber communi
cation systems

solar cell is similar to photodiode and has the same operational principle However
the solar cell differs from photodiode in that it is large-area device and covers wide

range of optical spectrum solar radiationi Solar cells furnish the long-duration power
supply for satellites The solar cell is major candidate for terrestrial eneri source

because it can convert sunlight directly to electricity with good efficiency and is envi

ronmnentally benign Currently the important solar cells are the highly efficient silicon

PEEL cell 24% the CamP/GaAs tandem cell 30% and the low cost series-inter

connected a-Si solar cell %l
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FOR SECTION 9J RADIATIVE TRANSITIONS AND OPTICAL ABSORPTION

GaAs sample is illuminated with light having wavelength of 06 p.m The incident

power is 15 ruM7 If one-third of the incident power is reflected and another third ets
from the other end of the sample what is thc thickness of the sample Find the thermal

energy dissipated per second to the lattice

FOR SECTION 92 LIGHT EMITTING DIODE

The efficiency for electrical-to-optical conversion in LED is given by 4fi1E21 cosU /fi

where and if are the refractive index of air and the semiconductor respectively

and is the critical angle Find the efficiency of an Al0 3Ga07 LED operated at 898

p.m

FOR SECTIOI 93 SEMICONDUCTOR LASER

An InGaAsP FabryPerot laser
operating

at an avclength of 1.33 p.m has cavity length of

300 p.m The index of refraction of InGaAsP is 3.39 What is the mirror loss expressed
in cm 19 if one of the laser facets is coated to produce 90% reflectivity how much
threshold current reduction as percentage can be expected assuming 10 cm

Calculate the confinement factor for GaAs laser with an active region thickness .1 p.m
refractive index 3.6 and critical angle at the active-to-nonactive boundary of 84 Assume
the constant to be 8x1 th Repeat the calculation for GaAs/NICaAs DII laser

uhere all the factors remain unchanged except for the critical angle which is now 78

Derive Eq 17 for the
separation

between the allowed modes in the longitudinal direc

tion For GaAs laser diode operated at 0.89 p.m with 3.58 300 p.m and

dR1/d2 2.5 p.m find AA

Calculate the gain coefficient for the two cases of Prob if the cavity lessgth is 100 p.m

the absorption coefficient is i0 01 and the end mirrors are cleaved How much shorter

can the cavity be and still produce the same gain if one end mirror is metallized to pro
duce reflectivity of 0.99

Calculate the threshold current for the Es cases of Prob if one emid-mmrroshs reflectivity

is 099 The cavity width is p.m and the
gain factor for case is 0.1 cm

For DFB laser with
cavit1 length of 300 p.m material reflective index of 3.4 and an

oscillating wavelength of 1.33 p.oi find the Bragg wavelength and grating periodicity Tire

11

mjAa
oscillating soavelength is given by 2B A5 where in us an integer

For high-iemperatllre laser operation it is important to has low-temperature coeffi

cient of the threshold current çd115/dT/d110 What is the coefficient for the laser

shown in Fig 26 If P5 50C is this laser better or worse for high-temperature

operation
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TT I0ToD Ci

iitocoi ucb ith iors mm in mci mm 11g 30
aced unc er 5101 01 ii 15 diction The ahsor 3tion of the light ncreases the irrent 283

rs soltage of 10 is applied across tI device As the radiation is suddcnh cut off the

current falls initially at rat of 23.6 \/s The electron and hole mobiit are 3600 and

1730 cin7\-
rcspcctl\ do Find tic equilib- em densi of electron-hole pairs genec

atc ider radiation the iniisorits-c rrier lifetime and the excess density of dcc
oar and holes remaining mc after the radiation is cut off

Calculate the gain and current gene ated is hen iKV of optical power with e\ is

shone onto photoconductor of 85 md minority carrier lifetime of 0.6 us The
material has an electron inohilit of 3000 cm2/V-s the electric field is 5000 V/cm and

10 tan

Show that the quantum efficmenc of p-i-u photodetector is related to the respoissisity

I1/P at was elength gm by the eqnatior

silicon ii -p-a -p alanche photodiodc operated at 0.8 him has p-layer of tm and

nlayer pin thick The biasing voltage must he high enough to cause as alanche break

doss ii in tlse p-region arid elocity saturation in the ivrcgior Find the minimum required

biasing oltage aod the corresponding doping concentratiom of the p-region Estimate the

transit tune of the device

FOR SECTION 95 SOLAR CELL

p-n junction photodiode can be operated under photos oltaic conditions similar to that

of solar cell The current-s oltage characteristics of photodiodc under illumination arc

also sionlar Fig 37 State three major differences between photodiode and solar cell

Consider silicon pn junction solar cell of area cot2 If the dopings of the solar cell are

1.7x 10 cm and N0 SxlO3 cni and sen it 0.5 9.3

cmfs 2.5 cm2/s and 95 niA calculate and plot the f-V characteristics of the

solar cell calculate the opdn-ciscuit voltage cciii determine the maximum output

power of the solar cell all at room temperature

At 300 an ideal solar cell has short circ nut current of and arm open circuit voltage

of 0.6 Calculate and sketch its poss or output as function of operating oltage and find

its fill factor from tins power output

For the solar cell sbossn in Fig 40 find the relative maximum
posser output for of

and

For the solar cell operated under solar concentration conditions Fig 44 with the mea
sured ifi lion in an such so1 mc cells operated undci one-sun conditions are needed to

produce the same poss em output as one cell opciated under JO-sun 101-sun or 1000-

si concentration
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Crystal Growth
and Epitaxy

10.1 SILICON CRYSTAL GROWTH FROM THE MELT

10.2 SiLICON FLOAT-ZONE PROCESS

10.3 GaAs CRYSTAL-GROWTH TECHNIQUES

104 MATERIAL CHARACTERIZATION

10.5 EPITAXIAL-GROWTH TECHNIQUES

10.6 STRUCTURES AND DEFECTS IN EPITAXIAL LAYERS

SUMMARY

As discussed in Chapter the two most important semiconductors for discrete devices

and integrated circuits are silicon and gallium arsenide In this chapter we describe the

common techniques for growing single crystals of these two semiconductors The hasic

process flow from
starting

matesSals to polished wafers is shown in Fig The
starting

Starting

material

Distillation Synthesis

and

reduction

LIIII
Ciystal growth Ciystal growth

Polyuystallme

lccsta
Grind saa Grind saw

polish polish

ocess flow from starting material to polished afer
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natersals Cc aloxide rca con wa and ga hr axl rrs ic fo gal sen
wafei are chi mically pr messed to iigh-pur% polvcrvstallme se iicouductor fr

whch single crystals are grown The
single-crystal ingots are shaped to define the

eter of ti material and sawed into wafers iese wafers arc etched and polished pro
vide smooth specular surfaces on which devices will be made

technoio closely related to crystal growth involrcs the growth of single-crystal ci ii

conductor lay ers on single-ciystal semiconductor substrate TI is is called epitaxy from

the Greek words epi meaning on and taxis meaning arryr gement Fire epitaxial layer

and the substrate materials may he the same giving rise to hornoepitaxial For example
an n-zpe silicon can be growr eptaal1y on an n--silicon substrate On thc other hand
if the epitaxial layer and the substrate are chemically and often crystallographically dif

ferent we haxe heteroepitaxy such as the
epitaxial growth of AlGa1 9As on GaAs

Specifically we cover the following topics

Basic techniques to grow silicon and GaAs single-crystal igots

Wafer-shaping steps from ingots t. polished wafers

Wafer characterization in term of its electrical and mechanical propeities

Basic techniques of epitaxy that is to grow single-crystal layer on single

crystal substrate

Structures and defects of lattice-matched and strained-layer epitaxial growth

10

The basic technique for silicon crystal growth from the melt which is material in liquid

fbrm is the Czochralski technique substantial percentage 90% of the silicon
erys

tals for the semiconductor industry is prepared by the Czochralski technique and irtu

ally all the silicon used for fabricating integrated circuits is prepared by this techniqr

1011 Starting Materia

The
starting material for silicon is relatively pure form of sand Si02 called quartzite

This is placed in furnace with various forms of carbon coal coke and wood chips

Although number of reactions take place in the furnace the overall reaction is

SiC solid Si02 solid Si solid SiO gas CO gas

This process produces metallurgical-grade silicon with purity of about 98% Next
the silicon is pulverized and treated with hydrogen ehloridc HC1 to form triehlorosi

lane SiJIC13

iooc
Si solid 3HC1 gas SiHCI3 gas H9 gas

The trichlorosilane is liquid at room temperature boiling point 32C Fractional

distillation of the liquid removes the unwanted impurities The purified SIHCI3 is then

used in hydrogen reduction reaction to prepare the electronic-grade sil con EC

SiHC13 gas H2 gas Si solid 3HCI gas

This reaction takes place in reactor containmg resistance-heated silicon rod Inch

serves as the nucleation point for the deposition of silicon The EGS polycostailmne

material of high puri is the raw material used to prepare deviee-qualivi single-eistal

silicon Pure EGS generally has impurity concentiations in thc pai ts-pe billion range
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10 1.2 The Czochrask Technique

The Czochralski techniquc uses an apparatus called crystal pullei shown in Chapter

simplified sersion is shown in Fig The puller has three main components fur

ace wi ich includes fused silicor Si02 crucible graphite susceptor rotation mech

anism clockwise as shown heating element and ii power supply hi clystal-pulling

mechanism which includes seed holder and rotation mechanism counterclockwise

and an ambient control hich includes gas source such as argon flow control

and exhaust system In addition the puller has an era11 microprocessor-based con

trol system to control process parameters such as temperature crystal diameter pull rate

and rotation speeds as well as to permit progiammed process steps Also various sen

sors and feedback loops allow the control system to respond automatically reducing oper

ator intervem lion

In the crystal-growing process poiycrystalhne silicon EGS is placed in the crucible

and the furnace is heated above the melting temperature of silicon suitably oriented

seed crystal e.g. 111 is suspended over the crucible in seed holder The seed is

inserted into the melt Part of it melts but the tip of the reinaluing seed crystal still touches

the liquid surface It is then sloulv withdrawn Progressive freezing at the solid-liquid

Argon

Seed holder

-I

Seed

.7

Crystal

Solid-liquid

interface
Fused silica

crucible

0. Graphite

susceptnr

Czocl raiski crsstal puller Cit clockwise CC\li counter clockuise
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Dopant Jr0 Type Dopant Type

8x0 As 30x10
Al 2xl0 Sb 2.3x102

Ga 8x103 Tc 20xl0
In 4x10 Li lOx 102

125 Cu 4.0 10
7x102 Au 2.5x105

0.35

Deep lying impurity level

are rejected into the melt Consequently the melt becomes progressively enriched with

the dopant as the crystal grows
Consider crystal being grown from melt having an initial weight M0 with an inti

tial doping concentration C0 in the melt i.e the weight of the dopant per of melt
At given point of growth when crystal of weight has been grown the amount of

dopant remaining in the melt by weight is For an incremental anlount of the ciyu

tal with weight dM the corresponding reduction of the dopant --dS from the melt is

dM where is the doping concentration in the crystal by weight

dSCdM
Now the remaining weight of the melt is M0 and the doping concentration in the

liquid by weight C1 is given by

C1

Combining Eqs and and substituting IC1 Jr0 yields

dM

M0M
Given the initial weight of the dopant C0 Al0 we can integrate Eq

çs cJ.S11M dM
JCM Jo Mo Al

Solving Eq and combining with Eq gives

koCo
Figure illustrates the doping distribution as function of the fraction solidified MI

M0 for several segregation coefficients34 As
crystal growth progresses the composition

initially at k0C0 will increase continually for Jr0 and decrease continually for Jr0

When Jr0 uniform impurity distribution can be obtained

silicon ingot which should contain 10u boron atoms/cm3 is to be grown by the Czochralski tech

nique What concentration of boron atoms should be in the melt to give the required concentra
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0.3

10-i

0.1

0.01

10-2 ____________
0.2 04 0.6 0.8 1.0

Fraction solidified

Curves for growth from the melt showing the doping concentration in solid as func
tion of the fraction solidified.4

tion in the ingot If the initial load of silicon in the crucible is 60 kg how many grams of boron

atomic weight 10.8 should be added The density of molten silicon is 2.53 g/cm3

Table shows that the
segregation coefficient k0 for boron is 08 We assume that

k0C1 throughout the growth Thus the initial concentration of boron in the melt should he

1.25 10L5 boron atoms tin3
08

Since the amount of boron concentration is so small the volume of nielt can be calculated from
the weight of silicon Therefore the oluine of 60 kg of silicon is

60x10
2.37x104 cm3

2.53

The total nuniber of boron atoms in the melt is

1.25 10u atoms/cm3 2.37 10 cm3 2.96x102 boron atoms
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so that

2.96 1020 atoms 10.8 /mol 531x go boron
602 fO2 atoms mol

531 mg of boron

Note the small amount of boron needed to dope such large load of silicon

10.1 Effective Segregation Coefficient

While the eiystal is growing dopants are constantly being rejected into the melt for It0

If the rejection rate is higher than the rate of which the dopant can be transported

away by diffusion or stirring then concentration gradient will develop at the mterface

as illustrated in Fig The segregation coefficient given in Section 1013 is is0 /C10
We can define an effective segregation coefficient It5 which is the ratio of C5 and the impu

rity concentration far away from the interface

k5 10

Consider small virtually stag nant layer of melt with width in which the only flow

is that required to replace the crystal being withdrawn from the melt tside this stag

nant layer the doping concentration has constant value C0 Inside the layeb the dop

ing concentration can be described by the continuity equation Eq 58 derived in Chapter

At steady state the only significant terms are the second and third terms on the right-

hand side we replace n1
by and by

aC uC L1
dx dx2

where is the dopant diffusion coefficient in the melt is the crystal growth velocity

and is the doping concentration in the melt

C10 Ct

k01

Ck5G

Growth direction

Doping distribution neas the solid-melt interface
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The sob tniof Er

12

where A1 and are constants to be determined by tf boundary cm ditions he fist

boundars condition is that C1 at he second boundary condition is the con
servation of the total number of dopants that is the sum of the dopant II xes at the rter

face must be zero By considering the diffusion of dopant atom in the melt neglecting
diffusion in the solid we have

Ci0Cv0 13

Substituting these boundaiy conditions into Eq 12 and noting that C1 at gixes

C1 C9

C10

Therefore

15

The doping distribution in the crystal is gi en by the same expression as in Eq except
that k0 is replaced by 1c9 Values of k9 are larger than those of Jr0 and can approach for

large values of the growth parameter vS/D Uniform doping distribution Jr9 in the

crystal can be obtained by employing high pull rate and Ion rotatioi speed since
is inversely proportional to the rotation speed Another approach to achiese uniform dop

ing is to add ultrapure polycrystalline silicon continuously to the melt so that the initial

doping concentration is maintained

01

The float-zone process can he used to gron silicon that has lower contaminations than

that normally obtamed from thc Czochralski technique schematic setup of the float

zone process is shown in Fig 6a high-purity poUcrystalline rod with seed crystal at

the bottom is held in aerticaT position and rotated The rod is enclosed in quartz enve

lope within which an inert atmosphere argon is maintained During the operation

small zone few centimeters in length of the cri stal is kept molten by radio-frequenc

heater which is moved from the seed upward so that this floating zone traverses the length

of the rod The molten silicon is retained by surface tension between the melting and

growing solid-silicon faces As the floating zone moves upward single-crystal silicon

freezes at the zones retreating end and grows as an extension of the seed crystal Materials

with higher resistivities can be obtained from the float-zone process than from time

Czochralslu process because it can be used to pr rif the crystal more easily Furthermore

since no crucible is used in the float-zone process there is no contaminaton from the

crucible as with Czochralsld growth At the present time float-zone crystals are used

mainly fn high-power high-voltage devices where high-resistivii inateriajs are

required
To evaluate the doping distribution of float-zone process consider simplified model

as shown in Fig 6b The initial uniform doping concentration in the rod C0 byweiglit
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Polsilicon

dx

ked rod

RF coil

Molten

zone

Single dx

stal

Seed

Cross section

Seed holder

Float-zone process Schematic setup Simple model for doping evaluation

is the length of the molten zone at distance along the rod the cross-sectional

area the rod Pd the specific density of silicon and the amount of dopant present in

the molten zone As the zone traverses distance dx the amount of dopant added to it

at its advancing end is CopdA dx whereas the amount of dopant removed from it at the

retreating end is eS dxIL where is the effective segregation coefficient Thus

dS COpdAdx dx C0pA SX 16

so that

dS
16a

55 COpdAkS/L
where S0 COpdAL is the amount of dopant in the zone when it was first formed at the

front end of the rod From Eq 16a we obtain

exp
COPdA kS0 17
CopdA k5S IL

or

1k5 17a

Since the doping concentration in the
crystal at tF retreating end is given by

Jr S/APdL then

18
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Figure shows tF doping conce tration vrn su ie fi dified ar length for var on al

ues of lg

ifese tivo crnstal growth tee miques can also be used to rmove imputit es corn

parison of Fig with Fig shows that
single pass ir the float-zone process does not

produce as much purification as single Czochralski growth For example for k0

0.1 C/C0 is smaller over most of the solidified ingot made by the Czochralski growth
However multiple float zone passes can be performed on rod much more easily than

crystal can he grown the end region cropped off and regrorsu from the melt Figure
shows the impurity distribution for an element with 01 after number of succes
sive passes of the zone along the length of the rod.4 Note that there is substantial reduc
tion of impurityconcentration in the rod after each pass Therefore the float-zone process
is ideall suited for

crystal purification This piocess is also called the zone-refining tech

nique which can provide veiy-high-punty level of the raw material

CC0_1 ke k/L

C0 foi all cuues

0.9

0.6

0.4

0.06

0.04 001

002

0_ol _I .j II
Solidified zone lengths xIL

Curves br the float-zone process showing doping concentration in the solid as function

of solidified zone lengths.4
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10

Cr one

pass

10

10 ____________ ___________ ___________ ___________________________ _______________ _______________ _______________

101 __
10

Solidified zone lengths alL

Relative impurity concentration ersus zone length for number of liasses denotes

the zone length

If it is desirable to dope the rod rather than purify it consider the ease in which all

the doparits are introduced in the first zor S0 C1Ap9L and the initial concentration

C0 is negligibly small Equation 17 gives

S0 evp 19

Since k5S/Ap4L we obtained from Eq 19

flaiL
C5 1e 90

Therefore if Iyc/L is smalL will remain nearly constant with distance except at the

end that is last to solidify

For certain switching devices such as high-voltage thyristors discussed in Chapter

large chip areas are used frequently an entire wafer for -a single device This size imposes

stringent requirements on the uniformity of the starting material To ohtai homogeneous
distribution of dopants we use float-zone silicon slice that has an average doping con

centration well below the required amount The slice then irradiated with thermal neu

trons This process called neutron irradiation gives rise to fractional transmutation of

silicon into phosphorus and dopes the silicon -tvpe

.C2Si neutionSi yeas -l 13ra1 21
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Typical lateral resistivitr distribution in eons cntionally doped silicon Silicon

doped by neutron irradiation.5

The half-life of tile intermediate element Si is 2.62 hours Because the penetration

depth of neutrons in silicon is about 100 cm doping is sery uniform throughout the slice

Figure compares the lateral resistivitt distributions in conveutionally doped silicon and
in silicon doped by neutron irradiation.5 Note that the resistivity variations for the neu
tron-irradiated silicon are much smaller than that for the conventionally doped silicon

1O3i Starting Materias

The starting materials for the synthesis of polycrystalline gallium arsenide are the ele

mental chemically pure gallium and arsenic Because gallium arsenide is combination
of two materials its behavior is different from that of

single material such as silicon

The behavior of combination can he described by phase diagram phase is state

e.g solid liquid or gaseous in which material may exist phase diagram shows the

relationship between the two components gallium and arsenic as function of tem
perature

Figure 10 shows the phase diagi am of the gallium-arsenic system The abscissa rep
resents sarious compositions of the two eoinponeits in terms of aton Is poruent lowe
scale or weight percent upper scale.67 Consider melt that is initially of compositon

ce.g 85 atomic percent arsenic shown in Fig 10 When the temperature is lowered
its composition will rernam fixed until the liquidus line is reached At the point
material of 50 atomic percent arsenic i.e gallium arsenide will begin to so idify
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We gi pew rcu1c
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Phase diagram for the galliumarsenic sisteos

In FigJO consider melt of initial composition weight percent scale that is cooled from

on the liquidus line to T7 Find the fraction of the melt that will be solidified

At 3I is the wright of the liquid the wright of the solid i.e GaAs and C1 and

the concentrations of dopant in the liquid and the solid respectively Therefore the weight of

arsenic in the liquid and solid are V11C1 and MC respecti ely Because the total arsenic weight is

M1 MCm we have

M7C1 MC M1 MC
or weight of GaAs at fr C7

M1 weight of liquid at T6

is here and are the lengths of th two lines measured from to the liquidus and solidus li-se

respectively As can be seen from Fig 10 about 10% of the melt is solidified

Unlike silicon which has relatively low vapor pressure at its meitir point 10
atm at 1412C arsenic has much higher vapor pressures at the melting point of gallium

arsenide 1240C In its vapor phase arsenic has As2 and As4 as its major species Figure

ii shows the apor pressures of gallium and arsenic along the liquidus crim Also shown

for comparison is the vapor pressure of silicon The vapor pressure curves for gallium

arsenide are double valued The dashed curves are for arsenicrich gallium arsenide melt

right side of liquidus line in Fig 10 and the solid curves are for galIiumrich gallium

arsenide melt left side of liquidus line in Fig 10 Because there is larger amount of

arsenic in an arsenicrich melt than in galliumrich melt more arsenic As2 and As4

will be vaporized from the arsenic-rich melt thus resulting in higher vapor pressure

similar argument can explain the higi ci apoi piessure of galliur in galliumrich

melt Note that long before the melting poi it is read ed the surface layers of liquid gal
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Partial pressure of gallium and arsenic over gallium arsenide as function of tempera
ture.6 Also shown is the partial pressure of silicon

hum arsenide may decompose into gallium and arsenic Since the vapor pressure of gal
hum and auseme is different there is preferenfal loss of the more volatile arsenic spec es
and the liquid becomes gallium rich

T0 synthesize gallium arsenide an evacuated sealed quartz tuba system with two

temperature furnace is commonly used The high purity arsenic is placed in graphite

boat and heated to 610620C whereas the high-purity gallium is placed in another

graphite boat and heated to slightly above the gallium arsenide melting temperature

12401260C Under these conditions an overpressure of arsenic is established to

cause the transport of arsenic vapor to the gallium melt converting it into gallium arsenide

and to prevent decomposition of the gallium arsenide while it is being fbrmed in the

furnace When the melt cools igh-purity polycuystalhine gallium arsenide results This

serves as the raw material to grow si igle-cuystal gallium arsenide

1O32 CnjstaGrowth Teclniques

There are two techniques for GaAs crystal growth the Czochralski technique and the

Bridgman tcchnique Most gallium arsenide is grown by the Bndgman technique low evcr

th Czoe iralski technique is ma popular for the growth of larger-dianieter GaAs ingots
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For Czochralski growth of gallum arsenide basic puller id ritical to hat for

silicon However to prexent deco riposition of the ml during crystal gro 1h liquid

encapsulation method is employed The liquid encapsulant is molten boron trioxide

B903 layer about cm thick Molten boron trioxide is inert to the gallium arsenide sur

face and serses as cap to cover the melt This cap prevents decomposition of the gal

lium arsenide as long as the pressure on its surface is higher than atm 760 Tori Because

boron trioxide can dissolve silicon dioxide the fused-silica crucible is replaced with

graphite crucible

To obtain the desired doping concentration in the grown crystal of GaAs cadmium

and zinc are comrnonh used for p-type materials whereas selenium silicon and tellurium

are used for n-type materials For semiinsulating GaAs the material is undoped The equi
librium segregation coefficients for dopants in GaAs are listed in Table Similar to those

in Si most of the segregation coefficients are less than The expressions derived pre
viouslv for Si are equally applicable to GaAs Eqs to 15

Figure 12 shows Bridgrnan system in which Uvo-zone furnace is used for grow

ing single crystal gallium arsenide The left-hand zone held at temperature 1-610C

to maintain the required overpressure of arsenic whereas the right-hand zone is held

just above the melting point of gallium arsenide 1240C The sealed tube is made of

quartz and the boat is made of graphite In operation the boat is loaded with charge

of polycrystalline gallium arsenide with the arsenic kept at the other end of the tube

As the furnace is moved toward the right the melt cools at one end Usually there

is seed placed at the left end of the boat to establish specific crystal orientation The

gradual freezing solidification of tire melt allows single crystal to propagate at the liq

uid-solid interface Eventually single crystal of gallium arsenide is grown The impu

rity distribution can be described essentially by Eqs and 15 where the growth rate is

given by the traversing speed of the furnace

Dopant Type

Be

Mg 01

Zn 4x101

0.8 n/p

Si 1.85 10 n/p

Ge 2.8x102 n/p

0.5 fl

Se 5.OxlO ii

Sn 5.2x102

Te 6.8x102

Ci 1.03 10 Semiinsulating

Fe 1.0 10 Semiinsulatiug
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1MI Wafer Shaping

After crystal is grown the first shaping operation is to remove the seed arid the other

end of tire ingot ishich is last to solidifyJ The next operation is to grind the is rface so

that the diameter of the material is defined After that one or more flat regions are ground

along the length of the ingot These regions orflats mark the specific crystal orienta

tion of the ingot and the conductivity type of the material The largest flat the primary
flat allows mechanical locator in automatic processing equipment to position the wafer

and to orient the devices relative to the crystal Other smaller flats called secondary flats

are gm md to identify the orientation and eonductivit1 type of tF crystal as shown iii

Fig 13 For crystals with diameters equal or larger than 200 mm no flats are ground
instead small grouse is ground along the length of the ingot

The ingot is ready to be sliced h1 dim rond saw into wafers Slicing determines our

irafer parameters sumjbce orientation eg 111 or 100 thickness e.g 0.50.7 milan

depending on wabr diameter taper svhieh is the wafer thickness variations from one
end to another and bow ss inch is the surface curvature of the wafem measured from the

center of the wafer to its edge
After slicing both sides of the is afer are lapped using mmxtur of A1203 and glye

erme to produce typical flatness uniformity within fLIT The lapping operation usu

ally leases the surface and edges of the wafer damaged and co itarninated The damaged
and contaminated regions em be removed by chemical etching see Chapter 121 The

final step of wafe haping is polishirg Its purpose to provide smooth speular sv

face where device features can he defined by lithographic processes see Chapter

Figure 14 shows 200 mnni in and 400 mm 16 in polished silicon riafers in cassettes
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Jp
a
o

aiy
Pnrn

Secondnv

1111 type 1i1 p-type

Seco

Painaiy
Purnay

HH Secondary

flat

100 type 100 type

Ideotikying flats on semiconductor wafe

200 mm in an 400 mm in polish silicon fe in cass tte Photo cour

tesy of Shin Et otai Tokyo

Table shows the specifications for 125 150 200 and 300 mm diameter polished sili

con wafers from the Semiconductor Equipment and Materials Institute SEMI As men
tioned previously for large crystals 200 mm diameter no fiats are ground inst3ad

groove is made on the edge of the wafer for positioning and orientation pnrpose
Gallium arsenide is more fragile mates ml than sihcon Although the basic shaping

operation of gallium arsenide is essentialh the same as that for silicon greatci care must

be exercised in gallium arsenide wafer preparation he state of gallium aisenide tech-
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Paraine er 125 mu 150 riir 200 ri 30 am

Diameter mm 1251 1501 200_i 3001
Thickness mm 0.6065 0.650.7 07150.735 0.7550.775

Primaiy flat lergth mnni 4045 55 60 NA NA

Secondaiy flat length mm 2530 3540 NA NA
Bow tim 70 60 30 30
Total thickness variation tim 65 50 10 10

Surface orientation 100 .3 Same Same Same

111 10 Same Same Same

MA not available

nology is relatively primitive compared with that of silicon Ilowevem the technology

group Ill-V compounds has advanced partly because of the advances in silicon technology

1O.42 Crystal Characterization

Crystal Defects

real
crystal such as silicon wafer differs from the ideal crystal in important ways It

is finite thus surface atoms are incompletely bonded Furthermore It has defects winch

strongly influence the electrical mechanical and optical properties of the semiconduc
tor There are four categories of defects point defects line defects area defects and vol
ume defects

Figure 15 shows several forms of point dgftcts..9 Any foreign atom incorporated into

the lattice at either substitutional site at regular lattice site Fig iSa or inter

stilial site between regular lattice sites Fig 15b is point defect missing atom
in the lattice creates vacancy also considered point defect Fig 15c host atom
that is situated between regular lattice sites and adjacent to vacancy is called Frenkel

defect Fig 15d Point defects are particularly important subjects in the kinetics of dif

fusion and oxidation processes These topics are considered in Chapters 11 and 13
The next class of defects is the line defect also called dislocationiO There are two

types of dislocations the edge and screw types Figure 16a is schematic representation
of an edge dislocation in cubic lattice There is an extra plane of atoms AB inserted

into the lattice The line of the dislocation would be perpendicular to the plane of the

page The screw dislocation may be considered as being produced by cutting the crystal

partway through and pushing the upper part one lattice spacing over as show in Fig 16h
Line defects in devices are undesirable because they act as precipitation sites for metal
lic impurities which may degrade device performance

Area defects represent large area discontinuity in the lattice Typical defects are

twins and grain boundaries Twinning represents change in the crystal orientation across

plai grain boundary is transition between crystals having no particular orienta

tmonal relationship to one another Such defects appear during crystal owth Anothe
area defect is the stacking fault9 In this defect the stacking sequence of atomic layer is

interrupted In Fig 17 the sequence of atoms in stack is ABGABC. When part
of layer is missing this is called the intrinsic stacking fault Fig 17a far extra plane

is inserted between layers and this is an extrinsic stacking fault Fig 1Th cia

defects may appear during crystal growth Crystals having these area defects are not usable

for integrated-circuit manufacture and are discarded
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Point defects Substitutional impurity Interstitial impurity Lattice vacancy

ci Frenkel-type defect9

Edge and screw dislocation formation in cubic crystals1
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___
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Stacking fault in scmiconductoi Intrinsic stacking fault Extrinsic stacking fault.9

Precipitates of impurities or dopant atoms make up the fourth class of defects the

volume defects These defects arise because of the inherent solubility of the impurity in

the host lattice Them is specific concentration of impurity that the host lattice can accept
in solid solution of itself and the impurity Figure 18 shows solubi ity versus tempera
tiire for variety of dc nents silicon.11 The solubility of most impurities decreases with

decreasing temperature Thus at given teinperatw if an hnpurity is introduced to

the maximum concentration allowed by its solubility and the crystal is then cooled to

lower temperature the crs stal can only achies an equilibrium state by precipitating the

impurity atoms in excess of the solubility level lowever the volume mismatch between

the host lattice and the precipitates results in dislocations

Material Properties
Table compares silicon characteristics and the requirements for ultralarge-scale inte

grationi ULSIyi213The semiconductor material properties listed in Table can be mea
sured by various methods The resistivity is measured by the four-point probe meti od
discussed in Section 3.1 arid the minority-carrier lifetime can be measured by the pho
toconductivity method considered in Section 3.3 The trace impurities such as oxygen
and carbon in silicon can be analyzed by the secondary-ion mass spectroscope SIMS
techniques to be described in Chapter 13 Note that although the current capabilities

can meet most of the wafer specifications listed in Table many improvements are needed

to satisfy the stringent requirements for ULSI technology.13

The oxygen and carbon concentrations are substantially higher in Czochralslri
crys

tais than in float-zone crystals because of to the dssolutior of oxygen from the silica cm
cible and transport of carbon to the melt from the graphite susceptor during cmstal growth
Typical carbon concentrations range from 1016 to about 1017 atoms/cm3 and carbon atoms

in silicon occupy substitutional lattice sites The presence of carbon is undesirable because

it aids the formation of defects Typical oxygen concentrations range from 10i7 to 10n
atoms/cm3 Oxygen howeveg has both deleterious and beneficial effects It can act as

donoi distorting the resistivity of the crystal caused by intentional doping On the other

hand oxygen in ai interstitial lattice site can increase the yield strength of silicon

In additon the precipitates of oxygen due to the solubility effect can he used for

gettering Gettering is general term meaning process that removes harmful impuri
ties or defects from the region in wafer where devices are fabricated When the wafer

is subjected to high-temperature treatment e.g 1050C in N2 oxygen evaporates from

The no ibcr of components in an oltralarge-scale nt grated circuit is more than 30
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the surface This lowers the oxygen content near the surface The treatment creates

defect-free or denuded zone for device fabrication as shown in the inset of Fig 19

Additional thermal cycles can be used to promote the formation of oxygen precipitates

in the interior of the wafer for gettering of impurities The depth of the defect free zone

depends on the time and temperature of the thermal cycle and on the diffusivity of oxy

gen in silicon Measured results for the denuded zone are shown1 in Fig 19 It is possi

ble to obtain CLochralsld coystals of silicon that are virtually free of dislocations

Commercial melt-grown materials of gallium arsenide are heavily contaminated by

the crucible However for photonic applications most requirements call for heavily doped

materials hetoseen 10and 1010 cur3 For integrated circuits or for discrete MESFET

metal-semiconductor field-effect transistor devices undoped gallium arsenide can be
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Requirements for

Propertya Czochralski Float .or ULSI

Resistivity phosphorus type ohm-cm 50 1300 and up 5-50 and up
Resistivity antimony n-type ohm-cm 1L005 10 0001 02

Resistivity boron type ohm-cm 0005 50 1300 50 and up
Resistivity gradient four-point probe 10 20

Minority carrier lifetime ps 30 300 50 500 3001000
Oxygen ppma 25 Not detected Uniform and

controlled

Carbon ppma 0.11 0.1
Dislocation before processing per cm 500 500

Diameter mm Up to 200 Up to 100 Up to 300

Slice bow lIre 25 25

Slice
taper tm 15 15

Surface flatness l.tm

Heas -metal impurities ppba 001 0.001

ppma parts per million atomy ppba parts per billion atoms

275

250

225 0C0.5% HC1 955

200

175

150 1150C 1% HCI 99__
100

front surface

75 ty
Bulk stacng -o

Captured or 000 Cetteting

to is 20Z5 30 0
3
5
0

050
55

Time

Denuded zone wviith for two sets of processing conditions Inset shows sd em atic of

the denuded zone and gettering Sites in wafer cross section
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used as the start ig riatenal with iesistivity p9 il-c ri wge is es able Inpu

rity in GaAs because it can form deep donor leveL ch contributes trapping charge

in the bulk of the substrate arid increases its resistivits Ox gen contami ation can be mirn

imized by using graphite crucibles for melt growth The daslocahon content for Czochralslvi

grown gallium arsenide crystals is about two orders of magnitude higher than that for

silicon For Bricigman crystals he dislocatior density is about an ortier of magni
tude lower than that for Czochralski-grown GaAs crystals

Tn an epitaxial process the substrate wafer acts as the seed crystal Epitaxial processes

are differentiated from the melt-growth processes described in previous sections in that

the epitaxial layer can be grown at temperature substantially below the melting point

typically 30 50% lower The common techniques for epitaxial growth are chemical-vapor

deposition CVD and molecular-beam epitw MBE

1O5i ChemicaVapor Deposftion

CVD is also known as vapor-phase epitaxy VPE CVD is process whereby an epitax

ml layer is formed by chemical reaction between gaseous compounds CVD can be per
formed at atmospheric pressure APCVD or at low pressure LPCVD

Figure 20 shows three common susceptors for epitaxial growth Note that the geo
rnetnc shape of the susceptor provides the name for the reactor horizontal pancake and

barrel suseeptomsali made from graphite blocks Susceptors in the
epitaxial reactors are

Wafers

1uscep To sent

H2 HO Dopasit H2

SIC4 H2

Gas flow

RF heating

Radiant lseatiisg

Three common susceptors
for chemical vapor deposition horizontal pancake

and barrel susceptor

UMC 1223
UMC v. AICP



Charter ry Gro vth Eprtaxy nb

ar ogous to the crucib in ti vsta gr aces ot do Pu

suppor the safer but induct on heated reactors ey also se ye as sourc of ther

ma1 eri for the reaction he ri echa ii C\ volses umber of st ps the

reactants such as the gases and dopants are transported to the substrate regio tho
are transferred to the substrate surface where they arc adsorbed chemical reaction

occuis cataly red at ie surface foliowed by growth of the epitaxial layer the gaseous

products are desorbed into thc main gas stream ar the reaction products are trans

ported out of the reaction chamber

CVD for Silicon

Four silicon sources have been used for VEE growth They are silicon tetrach oride SiC14
dichiorosilane SiH9C12 trichlorosiiane S1HC13 and silane SiH4 Silicon tetrachloride

has been tile most studied and has the widest industrial use The typical reaction tem
peratures is 1200C Other silicon sources are used because of lower reaction tempera
tures The substitution of hydrogen atom for each chlorine atom from silicon tetrachioride

permits about 50C reduction in the reaction teirperatere The oserall reaction of sib

icon tetrachioride that results in the growth of silicon layers is

SiC14 gas 2H2 gas Si solid 4HC1 gas 22

An additional competing reaction is talting place along with that gi en in Eq 22

SiCl4 gas Si solid 2SiCI2 gas 23

As result if the silicon tetrachloride concentration is too high etching rather than growth

of silicon will take place Figure 21 shows the effect of the concenti ation of silicon tetra

chloride in the gas on the reaction where the mole fraction is defined as the ratio of the

number of molecules of given species to the total number of molecules14 Note that

011 012

Mole fraclion

Effwt of SCI4 concentiation on silicon epitaxial grossth
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uiirialh if growt rate mereases hr ear with an inc easing co cci atio of licon tetra

chloride As the concentration of silicon tetrachior de is increased naximum growth

rate is reached Beyond that the growth rate starts to decrease and eventually etching
of the silicon will occur Silicon is usually grown in the low-concentration region as indj

cated in Fig 21

The reaction of Eq 22 is reversible that is it can take place in either direction If

the carrier gas entering the reactor contains hydrochloric acid removal or etching will

take place Actually this etching operation is used for in-situ cleaning of the silicon wafer

prior to epitaxial growth
The dopant is introduced at the same time as the silicon tetrachioride during epi

taxial growth Fig 20a Gaseous diborane B2H6 is used as the p-type dopant whereas

phosphine PH3 and arsine sH3 are used as n-type dopants Gas mixtures are ordi.

narily used with ydrogen as the diluent to allow reasonable control of flow rates for the

desired doping concentration The dopant chemistry for arsme is illustrated in Fig 22
which shows arsine being adsorbed on the surface decomposing and being incorporated

into the growing layer Figure 22 also shoss the growth mechanisms at the surface which

are based on the surface adsorption of host atoms silicon as well as the dopant atom

e.g arsenic and the movement of these atoms toward the ledge sitesJ5 To give these

adsorbed atoms sufficient mobility for finding their proper positions within the crystal

lattice epitaxial growth needs relatively high temperatures

CVD for GaAs
For gallium arsenide the basic setup is similar to that shown in Fig 20a Since gallium

arsenide decomposes into gallium and arsenic upon evaporation its direct transport in

the vapor phase is not possible One approach is the use of As4 for the arsenic compo
nent and gallium chloride GaCl3 for the gallium component The overall reaction lead

ing to epitaxial growth of gallium arsenide is

As4 4GaC13 6H2 4GaAs 12HCT 24

The As4 is generated by thermal decomposition of arsine AsH3

4AsH3 As4 6H9 24a

SIC19 1101 AsH3

000

Si

Schematic representation of arsenic doping and the growing processes.3
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ga de at ion

rilCi 9G 2CaC 3H0 24h

The ix actants itroduced into reactor witf anmer gas e.g I2 The galliur ser ide

wafers are typically held thin the 6500 850C tempe ature ranhe Phere niust be suf

bcicnt ermrc ovrpr ssum to pree It thcrna1 do mpowiion of the substrate an the

growing layer

Metalorganic CVD
Metalorgamc CVD iMOCVD is also VPE process based on py lytic reactions Unlike

the conventona1 CVD MOC\ is distinguished by tI henlical nature of the precur
sor It is important for those elements that do not form stable hydrides or halides but

that form stable metalorganic compounds with reasonable vapor pressure MOCVD has

been extensihly applied in the heteioepitaxial growth of Ill-V and il-Vi compounds
To grow GaAs we can use inetalorganic con pounds such as trimethylgallium

CaCH33 for the gallium mmpnr ciii and aresine Ash3 for the arsenic component Both

chemicals can be transported in vapor form into the reactor The overall reaction is

Ash GaiCll33 GaAs 3C1 25

For Al-containing compounds such as AlAs we can use triniethylalummum AlCH33
During epitapi the GaAs is doped by introdueting dopants in vapor form Diethyizine

ZnC2H32 and diethylcadmiurn CdCH59 are typical p-type dopants and silane SiH4 is

an n-type dopant for Il-V compounds The hydrides of sulfur and selenium or tetrarn

ethyltin are also used for u-type dopants and chromyl chloride is used to dope chromium

into GaAs to form semiinsulating layers Since these compour ds are highly poisonous

and often spontaneous inflammable in air rigorous safeh precautions are necessaiy in

the MOCVD process

schematic of an MOCVD reactor is showal6 in Fig 23 Typically the snetalorganic

compound is transported to the quartz reaction vessel by hydi ogen carrier gas where it

is mixed with AsH3 in the case of GaAs growth The chemical reaction is induced by heat

mg the gases to 600800C above substrate placed on graphite susceptor using radio-

frequency heating pyrolytic reaction forms the GaAs layer The advantages of using

metalorganics are that they are volatile at moderately low temperatures and there are no

troublesome liquid Ga or In sources in the reactor

1O52 MoectilarBeam Epftaxy

MBET is an epitaxial process involving the reaction of one or more thernlal beams of

atoms or molecules with crystalline surface under ultrahigh-vacuum conditions 10
Pa MBE can achieve precise control in both che nical compositions id doping pro
files Single-crystal multilayer structures with dimensions on the order of atomic layers

can he made using MBE Thus the MBE method enables the preCse fabrication of semi

conductor heterostructures having thin layers from fraction of micron down to mono
lay In general MBE growth rates are quite low and for GaAs value of itin/hr is

typical

The international unit for pressure is the Fiscal Pa Pa A/rn2 However vai ious other

units have been used he onverSio of these umtsae as fllos atm 760 mm hg e60

Torr 1.013 IC Pa
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Schematic diagram of vertical atmospheric-pressure metalorganic chemical-vapor

deposition MOCVD reactor DEZn is diethylozinc ZnC9R22 TMGa is trimethylgailium

GiCH33 and TMA1 is trimetliylaluminum Al CH23

schematic of MBE system is shown in Fig 24 for gallium arsenide and related III

compounds such as AlrGaixAs The
sy

sten represents the ultimate in fun depositioti

control cleanliness and in situ chemical characterization capability Separate effusio ovens

made of pyrolytic boron niti ide are used for Ga As and the dopants All the effusion

ovens are housed in an ultrahigh vacuum chamber 10 The temperature of each

oven is adjusted to gis the desired evaporation rate The substrate holder rotates con
tinuouslv to achiese uniform cpitaxial layers e.g 1% in doping sariations and 05%
in thickness variations

To grow GaAs an overpressure of As is maintained since the sticking coefficient of

Ga to GaAs is unity whereas that for As is zero unless there is previousl1 deposited

Ga layer For silicon MBE system an electron gun is used to evaporate silicon One or

more effusion ovens are used for the doparits Effusion ovens behave like small-area sources

and exhibit cos8 emission vs here is the angle between the direction of the source

and the normal to the substrate surface

MBE uses an evaporation method in as acuum syste ris An important parameter for

vacuum technolo% is the molecular impingcnlent rate that is how many molecules

impinge oi unit area of the suostrate per unit time Tue impingement rate is func

tion of the molecular weight temperature and pressure Fe rate is derived in Appendix
and can be expressed as5

P2iiikT 26
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Litiafig i-ca in

chainbei

Iass

spectrometer

Electron gun Heater
Subsre

Liquid

nitrogen cooled

Efflusion ciopanel
oven

Shutter

lung

Dopant

Arrangement of the sources and substrate in conc entional molecular beam epita7

MBE system Courtesy of Panish Bell Laboratories Lucent Technologies

20
_______or 264 11 molecules cm 26a
IMT

where is the pressure in Pa rn is the mass of molecule in kg is Boltzmams con
stant in J/K is the temperature in Kelvin and is the molecular weight Therefore

at 300 and 10 Pa pressure the impingement rate is 2.7x 1014 molecules/cm2-s for oxy

gen 32

At 300 the molecular diameteu of oxygen is 3.64 and the number of molecules per unit area

is 7.54 IO cm Find the time required to form monolayer of oxygen at pressures
of

10 and i0 Pa

The tune required to form monolayer assuming 100% sticking is obtained from

the impingement rate

NIMT
2.64xt020P

therefore

2.8 10 28 ms at Pa

2.ds at 10 Pa

77 hr at 10Pa

To avoid coiatai aination of the epitaxial laver it is of paramount importance to maintain

ultrahigh cacuum conditions Pa liar the MBE process
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During ocular motion they nell collide witf the no he arerage dis

tance traversed b\ all the molecules between successve collisions with eac other is defined

as thc mean free path It can be derived from simple milision theo molecule hav

ing diameter and velocity will move distance edt ithe time dt The molecule

suffers collision with another molecule if its center is anywhere within the distance

of the center af another ivomecule Therefore it sweeps aut without col1isiou
cylin

der of diameter 2d The volume of the cylinder is

5V2d vird vdt 27

Since there are molecules/cm3 the volume associated with one molecule is on the in er

age 1/n cm3 When the volume dV equal to 1/n it must contain on the average one

other molecule th is collision would have occurred Setting as the aserage time

between collision

--ird ur i28
ii

and the mean free path .k is then

kT
29nd icPd

more rigorous derivation gives

kT
30

and

0.66
cm 31

PmPa

for air molecules equivalent molecular diameter of 3.7A at room temperature Therefore

at system pressure of 10 Pa would be 660 km

Assume an effusion oven geometmy of area cm2 and distance between the top of the oven

and the gallium arsenide substrate of 10 cm Calculate the MBE growth rate for the effusion oven

filled with gallium arsenide at 900C The surface density of gallium atom is 10 4cmh arid the

average thickness of nionolayer is

On heating gallium arsenide the o1ati1e arsenic vaporizes first leaving gallium rich

solution Therefore only the pressures marked Ga-rich in Fig.11 are of interest The pressure at

900C is 5.5 10 Pa for
gallium and 11 Pa for arsenic As The arrival rate can be obtained

from the impingement rate Eq 26a by multiplying it by AJL2

Arnval rate 264 10
II

molecules cm-MT L2
The molecular \veight is 69.72 for Ga and 74.92 for As Substitimeng values of and

1173 lv into the ahoe equation gives
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rris atc ci lo

ci for

The growth ratc of gallium ai semdc is found to he go er icc by tI cc ci ris al ratc of gallui he

growth ate is

S2x10x2S351 23nis/mm
6x10

Note that the growth rate is fiatively loss compared with that of VPE

There are two ways to clean surface in situ for MBE High temperature baking

can decompose native oxide and remoxe other adsorbed species by evaporation or dif

fusion into the wafer Another approach is to use low energy ion beam of an inert gas

to sputter-clean the surfacc followed by lou -temperaturc annealing to reordcr the stir-

face lattice structure

MBE can use wide arietv of dopants compared with CVT and MOCVD and

the doph profile can be exactly controlled However the doping process similar to

the apor-phase growth procesu flux of evaporated dopant atorr arrives at favorable

lattice site and is incorporated along the growing interface Fine control of the doping

profile is achieved by adjusting the dopant flux relalive to the flux of silicon atoms for

silicon epitaxial films or gallium atoms for gallium aisenide epitaxial films It is also

possible to dope the epitaxial film using low-current low-energy ion beam to implant

the dopant see Chapter 13
The substrate tempel atures for MBE range from 400900C and the growth rates

range from 0.001 to 0.3 .tm/nnn Because of the loss -temperature process and low-growth

rate many uniquc doping profiles and alloy compositions not obtainable from conven

tional CVD can be produced in MEE Many novel structures have been made using MBE
These include the .superlattice which is periodic structure consisting of alternating ultra

thin layers with its period less than the electron mean free path e.g. Gas/AlGa1As
with each lever TO nm or less in thickness and the heterojunetion field-effect transis

tors discussed in Chapter
further des elopment in MBE has replaced the group elemcntal sources by met

alorganic compounds such as trnnethygalhum TMG or triethylegaihum TEG This

approach is called metalorganic molecular-beam epitaxy MOMBE and is also referred

to as chemical-beam epitaxy CBE Although closely related to MOCVD it is consid

crcd special form of MBE The mctalorgarncs are sufficicntly volatile that they can be

admitted directly irto fme MBE growth chamber as beam and are not decomposed before

forming the beam The dopants are generally elemental sources typically Be for p-type

and Si or Sn for n-type GaAs epitaxial layers

10 6i LatticeMatched and Straneddiayer Epitaxy

For conventional homoepitaxial growth single-crxstal semiconductor layer is growr or

single-crystal semiconductor substrate The semiconductor layer and the substrate are

the same material having the same lattice constant Therefore homoepilaxy is by defi

nition lattice-matched epitaxial process The homoepitaxial process offers one iinpor

taut means of controlling the doping profiles so that device and circuit perfoi mance ca

be opthuiized For example an n-type silicon layer with relatively low doping concentration
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can grown epitaxia ly on an sil cut bstrate st ucturc substantically reduces

the series resistance associated with the substrate

For heteroepitax1 the epitaxial layer and the substrate are two different seinicon

ductors and the epitaxia layer must be grown in such way that an idealized interfacial

structure is maintained This implies that atomic bonding across the interface must be

continuous without interruption Therefore the two semiconductor must either have the

same lattice spacing or be able to defos to adopt common spacing These two cases

are referred to as lattice-matched opita and strait ed-layer epitaxy

Figure 25a shows lattice-matched epitaip where the substrate and the film have

the same lattice constant An important example is the epitaxial growth of A1.Ga1 As on

GaAs substrate where for any between and the lattice constant of AlrGai As dif

fers from that of GaAs by less than 0.13%

For the lattice-mismatched case if the epitaxial layer has larger lattice constant

and is flexible it will be compressed in thc plane of growth to conform to ti substrate

spacing Elastic forces then compel it to dilate in direction perpendicular to the inter

face This type of structure is called strained-layer cpitaxy and is illustrated5 in Fig 25b

On the other hand if the epitaxial layer has smaller lattice constant it will be dilated

in the plane of growth and compressed in direction perpendicular to the interface In

the above strained-layer epitaxy as the strained-layer thickness increases the total num
ber of atoms under strain or the distoited atomic bonds grows and at some point misfit

dislocations are nucleated to relieve the homogeneous strain energy This thickness is

referred to as the critical layer thickness for the system Figure 25c shows the case in

which there are edge dislocations at the interface

The critical layer thicknesses for two material systems are shown2 in Fig 26 The

upper curve is for the strait ed-layer epitai of GeSi1 layer on silicon substrate and

Strained

Lattice matched
Tjnstrained

Epitaxial layer Epitaia1 layer Epitaxial layer

Substrate crystal Substrate ciystal Substrate crystal

Schematic illustration of lattice-matched strained and relaxed heterocpitax

ial structures.15 Ilomoepitaxy is structurall identical to the lattice-matched heteroepitaipz
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lOX

100

S1 on Si

10-

Ga1 Inks on GaAs

02 0.4 18 1.0

Gear In fraction

Experinientall determined critical laser thickness for defect-free strained-layer

epitan2 of GeSi1 on Si and Ga1 InAs on GaAs

the lower curs is for Ga1 lnaAs layer on GaAs substrate For example for Ge11 3Si07

on silicor the maximum epitaxial thickness is abos 70 nrn For thicker films edge dis

locations will occur

related heteroepitaxial structure is the strained-layer superlattice SLS super-

lattice is an artificial one-dimensional perindic structi .rc constiti led by different mate

rials with period of about 10 nm Figure 27 shosss7 SLS having two semiconductors

with different equilibrnim lattice constants a1 a2 grown in structure with common

inplane lattice constant where a2 For sufficiently thin layers the lattice mis

match is accommodated by uniform strains in the layers Under these condition no mis

fit dislocations are generated at the interfaces so high-quality crystalline
materials can

be obtained These artificially structured materials can be grown by MBE These mate

rials provide new area in semiconductor research and permit new solid-state devices

especially for high-speed and photonic applications

1O62 Defects in EpitaAia Layers

Defects in epitaxial layers will degrade device properties For example defects can result

in red ced nobilits or increl sed lealnige inert TI dc fects in eptaxal la ems he

categorized into fis groups
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__________________________ Thin mismatched Icoers

H- a5

11
Superlattice miss iatch

accommodated strain

Graded laer

Substrate

Illustration of the elements and formation of an strained-layer superlattice.17 Arrows

show the direction of the strain

Defects from the substrates These defects may propagate from the substrate

into the epitaxial layer To avoid these defects dislocation-free semiconductor

substrates are required

Defects from the interface The oxide precipitates or any contamination at

the interface of the epitaxial layer and substrate may cause the formation of

misoriented clusters or nuclei containing stacking faults These clusters and

stacking faults may coalesce with normal nuclei and grow into the film in the

shape of an inverted pyramid To avoid these defects the surface of the sub

strate must be thoroughly cleaned In addition an in-situ etch back may be

used such as the reversabie reaction of Eq 22

Precipitates or dislocation loops Their formation is due to supersaturation of

inipurities or dopants Epitaxial layers eontainmg very high intentional or

uniisteiitioiial dupaiits or impurity concentrations are susceptible to such

defects

Low angle grain heundaries and twi is Ans niiso ieimted areas of an epitaxial

film duris growth may meet and coalesce to form these 4ects
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Edc disk cat is Tf ese arc ned het in pitaiy of lat ice ii

matched sen cvr ctors If both lattces are rigid icy wil retain if err

damental lattice spacings and the interface wil contain ro of misbonded

atoms described as misfit or edge dislocations The edge dislocations can also

form in stra ned layer when the layer thicluiess becomes arger than the

critical layer thickness

Several techniques are available to grow single crystals of licon and gallium arsenide

For silicon crystals we use sand SiO2 to produce polyciystalline silicon which then serves

as the raw material in Gzochralski puller seed cr stal with the desired orientation is

used to grow large ingot from the melt Over 90% of silicon crystals are prepared by
this technique During crystal growth the dopant in the crystal will redistribute key

parameter is the segregation coefficient ic the ratio of the dopant concentration in the

SOlu to that in the melt Since irost of the cocfficieots are less than the molt becomes

progressively enriched with the dopant as the crystal grows
Another growth technique for silicon is the float-zone process It offers lowc con

tamination than that normally obtained from the Czochralski technique Float-zone
erys

tals are used mainly for high power high-voltage devices where high-resistivity materials

are required
To make GaAs we use chemically pure gallium and arsenic as the starting materi

als that are synthesized to form polyeiystalline GaAs Single crystals of GaAs can be grown

by the Czochralski technique However liquid encapsulant e.g B203 is required to

prevent decomposition of GaAs at the growth temperature Another technique is the

Bridgnian process which uses two-zone furnace for gradual solidification of the melt

After crystal is grown it usually goes through wafer-shaping operations to give an

end product of highly polished wafers with specified diametei thickness and surface

orientation For example 200 mm silicon wafers for MOSFET metal-oxide-semicon

ductor field-effect transistor fabrication line should have diameter of 200 mm
thickness of 0.725 001 mm and surface orientation of 100 10 Wafers with diam

eters larger than 200 mm are being manufactured for future integrated circuits Their

specifications are listed in Table

real crystal has defects that influence the electrical mechanical and optical prop
erties of the semiconductor These defects are point defects line defects area defects

and volume defects We also discussed means to minimize such defects For the more

demanding ULSI applications the dislocation density must be less than per square

timeter Other important requirements are listed in Table

technology closely related to crystal growth is the
epitaxial process In this pro

cess the substrate wafer is the seed HighqualiT single-crystal
films can be grown at

temperature 30%-50% lower than the melting point The common techniques for epi

taxial growth are chemical-vapor deposition CVD metalorganic CVD MOCVD and

molecular-beam epitaxy MBE CVD and MOCVD are chemical deposition processes

Gases and dopants are transported in
n.apor

form to the substrate where chemical reac

tion occurs that results in the deposition of the epitaxial layer Inorganic compounds arc

used for CVD whereas metalorgamc compounds are used for MOCVD MBE on the

other hand is physical deposition process It is done by the evaporation of species in

an ultrahigh racuum system Because it is low-temperature process that has low growth

rate MBE can ow single-crystal multilayer structures with dimensions on the order

of atomic las ers
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In addition to conventional homoepitas such as n-tlpe silicon or -sri con sub.

strate we have also considered heteroepitaxy that includes lattice-matched and strained.

layer structures For strained-layer epitaxy there is critical layer thickness above which

edge dislocations will nucleate to relieve the strain energy
Besides the edge dislocations in an epitaxial layel we have defects from the substrate

defecrs from the interface precipitates and low-angle grain boundaries and wtins These

defects degrade device performance Various means have been presented to minimize

or even to eliminate these defects so that defect-free semiconductor layer can be grown
either homoepitaxially or heteroepitaxially
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FOR SECTION 101 SILICON CRYSTAL GROWTH FROM THE MELT

Plot the doping distribution of arsenic at distances of 1.0 20 30 40 and 45 ens from the

seed in silicon ingot 50 ciii long that has hems pulled from melt with an initial doping

concentration of i0 cm
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co it attc sstai 43 ss mdc cu

iadus of ol atos Dc ii tie Se ssth so os/c

ogsdro coT stan to id ii Sc ssitv of sd con

Rsumirg that pure silicon cliar is ised what is ti amou it of boron that oust

he added to get ti oroc -doped silicon axing rcsistis tx of 0-en whcn or half

of the iogot rrn

silicon wafer 1-inni thick as ng dia ise er of 200 nan contains lug of ut urn

formir distributed in substitutional sites Find thc boron concentration atoir s/c ii3

and the axerage distai cc betwees hoion atoms

Ihe seed crystal uscd in Crocliraiski
process

is usually neck dosin to small cham-tei

mm as mcans to initiate dislocation-free growth If the critical yield trength of sili

con is 106 glens2 calculate the usaxiinuns length of siscon ingot 200 0101 diamete

that can be supported by such seed

Plot the irve of IC13 value for k3 05 in Cioc iralslri techniquc

Czochsalslu man crystal is dopcd th boron \y1 is the boron concentration larger at

the tail end of the crystal than at the seed end

Why is the
impurity concentration larger in tIm ccuter of the ixafer ti an at its perirr eter7

FOR SECTION 102 SILICON FLOAF ZONE PROCISS

We use the float zone process to pacify silicon ingot that contains uniform gallium

concentration of 10 cm One
pass is node xx th molten ionc cm lo ig Oxer

what distance is the resulting gallium concentration below lOu2 cm 3/

From Eq iS find the /C3 valuc at alL and with it 0.3

If p-n abrupt-junction diodes are fabricated using the silicon materials shown in Fig

find the pert entage change of breakdown soltages los the cons entio mliv doped silicon

and the neutron-irradiated silicon

FOR SECTION 03 GaA CRYSTAL-GROWTH TECHNiQUES

From Fig 10 if is 20% ishat fraction of the liquid at Is xmll seinain

From Fig 11 explain wh the GaAs liquid aiss avs becomes galliuin rich

FOR SECTION I04 MATERIAL CHARACTERIZATION

The equilib iii ii nisity fi acancx is gis en hm Nexp F/kT where is the denst of

semiconductor atoms sod is the ene3gy of fo nat Calculate ii in silcon at 27C
900C and 1200 Assume 2.3 e\

Assume the energr of forinatror F1 of Frenkel-type defbct to be 11 e\ ssd estim ste

thc defect density at 21 and 900C The equilibrium densr of renkel ripe dcfects is

giveus by fly
J7c sxherc is the atonnc densiri of silicon cm and

is the densici of as ailable interstitial sites cir and it is represented by

Ix 102r 5.5 eS /Ircm

lion many claps of area 401 inns2 can he placed or sxafer 300 usia iss diametei Fxplain

your assmr ptions on the chip shape and unnsecl wafer primctei

FOR SECTION I05 EFITAXIAL-GROWTH TECHNIQFES

Find the ascrage molecular velocity of air at 300 31 inolecularneight 13 air is 291

The distance betixcen son cc and wafcr in deposit chai ibcr mx cm Ecu ste the

prcssiu at sshsch Ins dstaisec hecom 11 tI inca fret peti sou mocc ule
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nd se xoinbe ox atoms per unit area 1\ needed to or ii xoo ae under elose

pacldng condition i.e ea Is atom is in contact with its six neighboring atoms assuming
the diameter of the atom is 468

Assume an effusion oven geornetiy of cm2 and 12 cm Calculate the arrival

rate of gallium and the MBE growth rate for the effusion oven filled with gallium

aisenide at 970C For tin effusion oven operated at 700C afer the same geome
try calculate the doping concentiation assuming tin atoms are fully incorporated in the

gallium arsenide grown at the aforementioned rate The molecular weight for tin is

118.69 and the pressure at 700C for tin is 2.66x10Pa

FOR SECTION 1O6 STRUCTURES AND DEFECTS IN EPITAXIAL LAYERS

Find the maximum percentage of In i.e the value for GaIn1 As film grown on GaAs

substrate without formation of misfit disloation if the final film thickness is 10 urn

The lattice misfmtf of film is defined asf a0f/a0f Aa0/a0 where a0s and

are the unstrained lattice constants of the substrate and the film respectively Find

thef values for InAs-GaAs and Ge-Si systems
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11.1 THERMAL OXIDATION

11.2 DtELECTRC DEOPOSIflON

11.3 PULYSIUCON DEPOSTON

11.4 METAL ZATDN

SUMMARY

To fabricate discrete devices and integrated circuits we use many different kinds of thin

films We can classify thin films into four groups thermal oxides dielectric layers polv

crystalline silicon and metal films Figure shows schematic view of conventional

silicon n-channel MOSFET metal-oxide-semiconductor field-effect transitor that uses

all four groups of films The first important thin fIlm from the thermal oxide group is the

gate-oxide layer under which conducting channel can be formed between the source

and the drain related layer is the field oxide sshich provides isolation from other devices

Both gate and field oxides generally are grown by thermal oxidation process because

only thermal oxidation can provide the highest-quality oxides having the lowest interface

trap densities

Dielectric SIN

Gate oxed
Folysilicon

gate

MOSFET

Schematic cross section of metal oxide semiconductor field-effect trans tor

MOSFET
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clectric bye such fo con dc arc isr nsu aton
betneen conduct ng lase for diffusion anc ion implai tation masks for capping doped
flrns to present th oss of dopants and for pass sation prtnect des ces horn impurti

ties moisture and scratches Polycry stallir hcon usually referred to as poir silicon is

used as gate electrode material in MOS devices conductive rnateiial for multilevel

rnetalhzatioi ai contact naterial for devices with aallow junctions Metal films such

as aluminum and silicides ire used to form ion -resistance rnterconnections ohmic 000

tacts and
reclifyii

metal-semiconductor barriers

Specifically we eos er the follon tug topics

The thermal oxidation process to form silicon dioxide Si02

Deposition ted niques to form lowdielectric-constant and high

dielectric-constant films as nell as polysilicon films

Deposition techniques to form aluminum and copper interconnections as well

as the related global plaimarization process

Cl aracteristics of these th ii films and their coinpatbility with integrated

circut processing

Semiconductors can be oxidized by various methods These include thermal oxidation

electrochemical anodi7ation and plasma reaction Among these methods thermal oxi

dation is by far the most important for silicon devices It is the key process in modern

silicon integrated-circuit technologs For gallium arsenide hon ever thermal oxidation

results in generally onstoichiometric films The oxides provide poor electrical insula

tion and semiconductor surface prote Con hence these oxides are rarely used in gal

lium arsenide technology Consequently in this section we concentrate on the thermal

oxidation of silicon

The basic thermal oxidation setup is shown in Fig The reactor consists of resis

tance-heated furnace cylir drical fused-quartz tube containing the silicon wafers held

erticallv in slotted quartz boat and source of either pure dry oxygen or pure water

vapor The loading end of the furnace tube protudes into vertical fiosv hood where

filtered flow of air is maintained Flow is drected as shosvn by the arrow in Fig The

hood reduces dust and particulate matters in the air surrounding the afers and mini-

Filtered
Bc sta ice heater

Ceramic
comb

slippoiS

0QOOOOOOODOOOOOOOOO
07 ol

HaO 1W IHII IIl- __
Tosesit

Carrier Fed cep 7quartz

gas oooooooooooooooooJ

Fused quaitz
boat

us

Schematic cross so tion of resistance-heated oxidation fuinace
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nzes ntanination ix wafer loading Tie oxidatio tampera lure generalit the

range of 900-l 200C and the
tyFical gas flow rate is about liter/mix The oxidation

stem uses microprocessors to regulate the gas flow sequence to control the automatic

insert on and removal of silicon wafers to ramp the temperature up i.c to increase the

furnace temperature linearly from iow temperature to the oxidation temperature so

that the xx afers will not warp due to sudden temperature change to maintain the oxida
lion temperature to within 1C and to ramp the temperature down when oxidation is

completed

1111 Kinetics of Growth

The following chemical reactions describe the thermal oxidation of silicon in oqigen or

water vapor

Si solid 03 gas Si02 solid

Si solid 2H20 gas Si02 solid 2H2 gas

The silicon-silicon dioxide interface moves into the silicon during the oxidation process
This creates fres interface region with surface contamination on the original silicon

ending up on the oxide surface The densities and molecular weights of silicon and sili

con dioxide are used in the following example to show that growing an oxide of thick

ness consumes layer of silicon 0.44x thick Fig

If silicon oxide layer of thickness xis grown by thermal oxidation what is the thickness of silicon

being consumed The molecular weight of Si is 28.9 g/mol and the density of Si is 2.33 g/cm3
The corresponding values for Si09 are 6008 g/mol and 221 gcm3

The volume of mol of silicon is

Molecular weight of Si 28.9 g/inole
12.06 cm Jmol

Density of Si 33 g/cm3

The volume of mol of silicon dioxide is

Molecular weight of Si03 60.08 g/mol 2718 cm3/mol
Density of Si02 2.21 g/cm3

sufface
8503

OtinaI Si aurfare

Silicon substrate

Growth of siheon dioxide by thernial oxidation
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nu mol of silicor is convertod to iol of sicon dioxide

thickness of Si area volume of oiol of Si

Thickness of SiO area volunie of mol of Si0244
jcknsofSiO2

2718

Thickness of silicon 44 thickness of Si02

For example to grow silicon dioxide layer of 100 om layer of 44 nm of silicon

is consumed

The basic structural unit of thermally grown silicon dioxide is silicon atom surrounded

tetrahedrally by four
oxygen atoms as illustrated in Fig 4a The siIicon-to-ogen inter

nuclear distance is L6 and the oxygen-to-oxygen internuclear distance is 2.27 These

tetrahedra are joined together at their corners by oxygen bridges in variety of ways to

form the various phases or structures of silicon dioxide also called silica Silica has sev

eral
crystalline structures e.g quartz and an amorphous structure When silicon is ther

mally oxidized the silicon dioxide structure is amorphous Typically amorphous silica has

density of 221 g/cm compared with 2.65
g/crn3

for quartz

The basic difference between the crystalline and amorphous structures is that the

former is periodic structure extending over many molecules whereas the latter has no

periodic structure at all Figure 4b is two-dimensional schematic diagram of quartz

crystalline structure made up of rings with six silicon atoms Figure 4c is two-dimen

sio1a1 schematic diagram of an amorphous structure for comparison In the amorphous

Basic structural unit of silicon dioxide Two dimensional representation of

quartz cr stal lattice Two-dimensiosial representation of the amorphous structure of silicon

dioxide
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structure there is i11 ate ur haracter st
ig sit is siicm atom \otc

the phous structurc in Fig 4c is quite open wcause only 43% of the space

occupicd by silieor dioxide molecules The relatively oper stiucture accounts for the lower

density and alloxis aricty of ii urities such as sodum to enter and diffuse readily

through the silicon dioxtde layer

The kinetics of thermal oddat or oF silicon can be studied based on si 11pm model
illustrated2 in Fig silicon slice contacts the oxidiz ng species ogen or waters apor
resultii in surface concentration of Ca molecules/em3 for these species The inagni
tude of C0 equals the equilibrium bulk concentration of the species at the oxidation tens

perature The equilibriuni concentration generahls is proportional to the
partial pressure

of the oxidant adjacent to the oxide surface At 1000CC and at pressure of atm the

concentration C0 is 5.2 1016 molecules/cm3 for diy oxygen and 1019 molecules/cm3

for water vapor
The oxidizing species diffuses through the silicon dioxide layei resulting in

centration at the surface of silicon The flux F1 can be written as

di

where is the diffus on coefficient of the oxidizing species and is the tI ick sess of the

oxide layer already present

At the silicon surface the oxidizing species rcacts chemically with silicon Assuming
the rate of reaction is proportional to the concentration of the species at the silicon sur
face the flux F2 is given by

F2 xe
where ic is the surface reaction ate constant fur oxidation At the steady state

Combining Eqs and gives

DC0

Dhc
The reaction of the oxidizing species with silicon forms silicon dioxide Let C1 be

the nunsber of molecules of the oxidizing species in unit volume of the oxide There

are 2.2 1022 silicon dioxide molecules/cm3 in the oxide and we add one oxygen molecule

Oxithnt

Basic model for the thermal oxidation of silicon

UMC 1223
UMC v. AICP



374 Chapter Film Formation

09 to each silicon xi Ic molecule hereas we at ci two wa er molecu in F2 to each

silicon dioxide molecule Therefor for oxidatlo dry mqgen is 2.2 i0 and

for oxidation in water vapor it is twice tins nut 3ber 4.4 i0 cnrh TI us the growth

rate of the oxide layer thickness given by

dx DC0/C1D/
We can solve this difibrential equation subject to the initial condition x0 d0 where

d0 is the initial oxide thickness d0 can also be regarded as the thickness of oxide
layer

gronar in an earlier oxidatior step Sowing Eq 1ields the general relationship for the

oxidation of silicon

2D 2DC0 tt
C1

here d% 9Dd0/idC1/2DC0 which represents time coordmate shift to account

for the initial oxide layer d0

The oxide thickness after an oxidizing time is gven by

I10tL1
DC1

For small values oft Eq reduces to

and for larger values of it reduces to

2DC0

C3
10

During the
early stages of oxide growth when surface reaction is the rate-limiting fac

tor the oxide thickness varies linearly with time As the oxide layer becomes thickei the

oxidant must diffuse through the oxide layer to react at the silicon-silicon dioxide inter

face and the reaction becomes diffusion limited The oxide growth then becomes pro

portional to the square root of the oxidizing time which results in parabolic growth

rate

Equation is often nrittcn in more co lapact
form

Ax Bt 11

where 2D/ 2DC0/C and B/A xC0/C1 Using this form Eqs and 10 can be

written as

12

for the linear region and as
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________

for the parabolic region For this reason tfe term B/A is referred to as the linear rate

constant and is the parabolic rate constant Experimentally measured results agree with

the predictions of tins model over wide range of oxidation conditions For wet oxida
lion the initial oxide thickness d0 is very small or Howevei for dry oxdation the

extrapolated value of d0 at is about 20

The temperature dependence of the linear rate constant B/A is shown in Fig for

both dry and net oxidation and for 111- mmd 100-oriented silicon wafers2 The linear

rate Constant varies as exp EJkT where the activation energy is about eV for both

dry and wet oxidation This closely agrees with the energy required to break silicon-sil

icon bonds 1.83 eV/molecuie Under given oxidation condition the linear rate con
stant depends on crystal orientation This is because the rate constant is related to the

rate of incorporation of oxygen atoms into the silicon The rate depends on the surface

bond structure of silicon atoms making it orientation dependent Because the density
of available bonds on the 11 -plane is higher than that on the 100-plane the linear

rate constant for 111-silicon is larger

Figure shows the temperature dependence of the parabolic rate constant which
can also be described by exp Ea/kT The activation energy Ba is 1.24 eV for dry oxi
dation The comparable activation energy for oxygen diffusion in fused silica is 1.18 eV
The corresponding value for wet oxidation 0.71 e\ compa es favorably with the value

of 0.79 eV for the activation energy of diffusion of water in fused silica The parabolic
rate constant is independent of

crystal orientation This independence is expected because

t200 1000 900 800 700
10

\\
\\ H90 105 Pa

10
\\ \\\E2OSeV

\\

\10oSI
\\

DO210\

0.6 07 0.8 09 1.0 11

1000 ITK

Linear rate constant versus rnpcrature
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it measr rr of tI diffusion process oft oxu izing species th gh ra idon net

work layer of ainorpho is silica

Although oxides grown in dry oxvgcn has the best electrical properties consider

ably mm time is required to grow the same oxide thickness at given temperature in

dry oxygen than in water vapor For relatively thin oxides such as the gatc oxide in MOS
FET Itypically 20 nm dry oxiOation is used owever for tnicker oxides such as field

oxides 20 urn in MOS integrated circuits and for bipolai devices oxidation in water

vapor or steam is used to pros ide both adequate isolation and passivation

Figure shows the experimental results of silicon dioxide thickness as function of

reaction time and temperature for two substrate orientations.3 Under given oxidation

condition the oxide thickness grown on 111-substrate is larger than that grown on

100-substrate because of the larger linear rate constant of the 111-orientation Note

that for give temperature and time the oxide film obtained using wet oxidation is about

510 times thicker than that using dry oxidation

1112 Thin Oxide Growth

Relative slow growth rates must be used to reproducibly grow thin oxide fIlms of precise

thickness Various approaches to achieve such slower growth rates have been reported

including growth in dry 02 at atmosphenc pressure and lower temperatures 800900C
growth at pressures lower than atmospheric pressure growth in reduced partial pres

sures of 02 by using dilucut inert gas such as N3 Ar or He together with the gas con

taining the oxidizing species and the use of composite oxide films with the gate-oxide

films consisting of layer of thermally grown Si09 and an overlayer of chemical-vapor

0C

1000 S00 700 600

oxidation

10

l0 Pa

0.71eV
in

lO2\
Dry oudatioa

10 Pa

10

E3124eV

10

0.7 0.8 0.9 1.0 Li 1.2

1000 TKi

Parabolic rate constant ae xus telllperature.2
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Experimental results of silicon dioxide thickness as function of reaction time and tem
perature for two substrate orientations Growth in thy oxygen Growth in steam.3

deposition CVD Si02 Howevei the mainstream approach for gate oxides 1015
thick is to grow the oxrdc film at atmospheric pressure and lower temperatures
800 900C With this approich processing using modern vertical oxidation furnaces

can grow reproducible high-quality 10 nm oxides to within 0.1 nm acm oss the wafer
We noted earlier that for day oxidation there is an apparently rapid oxidatior that

gis es rise to an initial oxide thickness d0 of about 20 urn Therefore the simple model

presented in Section 11.1 is not valid for dry oxidation with an oxide thickness 20

nm For ultralarge scale integration ULSI the ability to grow thin 20 nm uni
form high-qamahity reproducible gate oxides has become increasingly important We briefly

consider the growth mechanisms of such thin oxides

In the early stage of growth in dry oxidation there is large compressive stress

the oxide layer that reduces the mygen diffusion coefficient in the oxide As the oxide

becomes thicker the stress will be reduced due to the riscous flow of silica and the dif

fusion coefficient will approach its stress-free salue Therefore for thin oxides the value

of D/ may he sufficienth small that wc can eglect the tern Ar in Eq and nbt

x2 d02 Bt 14
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where d0 is equa to V2DC0r/G1 ich is the imt al oxide thicknes ssher tmw is extrap

olated to zero and is the parabolic ate constant defined previous We therefore
expect

the intial growth dry oxidation to follow parabolic form

Deposited dielectric films are used mainly for insulation and passivatlon of discrete devices

and integrated circuits There are three commonly used deposition methods atmospheric-

pressure CVD low-pressure CVD LPCVD and plasma-enhanced chemical vapor depo

sition PECVD or plasma deposition PECVD is an energy-enhanced CVD method in

which plasma energy is added to the thermal energy of conventional CVD system

Considerations in selecting deposition process are the substrate temperature the depo

sition rate and film uniforniith the morphology the electrical and mechanical proper

ties and the chemical composition of the dielectnc films

The reactor for atmospheric-pressure CVD is similar to the one shown in Fig except

that different gases are used at the gas inlet In hot-u all reduced-pressure reactor as

shown in Fig 9a the quartz tube is heated by three-zone furnace and gas is introduced

at one end and pumped out at the opposite end The semiconductor wafers are held ver

tically in slotted quartz boat4 The quartz tube wall is hot because it is adjacent to the

Pressure

sensor

auz Pump

tube

Load Gas

door inlet

Insulated rf input

Glass

cylinder

Plasma

Gas Punsp Gas

inlet inlet

Heated

sample

holder

Schematic diagrams of chemical-s apor deposition reactors as Hot-wall reduced-pres

sure macton Parallel-plate plasma deposition reactor4 radio frequenci
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macc ir con rst oa Co d-ua Ii eac or so as th hoi pitaxial remeti that uses
radio frequency herting

The parallel plate ralial-flon PECID reactor Shown in Fig 9b consists of cyl

drical glass or alumi ium chamber sealed nth aluminum endplates nside are two pal
allel alutuinun electiodes An rf voltage is applied to the upper electrode whereas the

lower electrode is grounded The rf voltage causes plasma discharge between the dec
trodes Wafers are placed on the lower electrode which is heated between 1000 arid 400C
by resistance heaters The reaction gases flow through if discharge from outlets located

along the circumference of the loner electrode The main advantage of this reactor is its

ion deposition temperature IIovevei its capacity is limited especially for large-diam
eter wafers and the wafers may become contaminated if loosely adhering deposits fall

on them

1121 SiHcon Dioxide

CVD silicon dioxide does not replace thermally grown oxides because the best electri

cal properties are obtained with thermally grown films CVD oxides are used instead to

complement the thermal oxides layer of undoped silicon dioxide is used to insulate

multilesel metalhzation to mask ion implantatioi and diffusion and to nciease the thick

ness of thermally grown field oxides Phosphorus-doped silicon dioxide is used both as

an insulator between metal layers and as final passivation laxer oxer devices Oxides

doped with phosphorus arsenic or boron are used occasionally as diffusion sources

Deposition Methods
Silicon dioxide films can be deposited by several methods For low temperature depo
sition \300 500 the films are formed by reacting silane dopant and oiqgen Tue
chemical reactions for phosphorus-doped oxides are

SiH4 09 SiO0 2112 15

4P113 502 2P205 6119 16
The deposition process can be performed either at atmospheric pressure in CVD reac
tor or at reduced pressure in an LPCVD reactor Fig 9a The low deposition temper
ature of the suime oxygen reaction makes it suitable process when films must be deposited
oser layer of aluminum

Fur intemiediate-temperature deposition 500800C silicon dioiade can he formed

by decomposing tetrathylorthosiiicate Si0C01l54 in an LPC\D reactor The compound
abbreviated TEOS is vaporized from quid source The TEOS compound decomposes
as follows

Si0C2H3 Si02 by -products 17

forming both SiO and mixture of organic and organosilicon by-products Although the

higher temperature required for the reaction pres em ix its use over aluminui it is suit

able for polysihcon gates requiring unforrn insulating layer with good step coverage
The good step coverage is result of enhanced surface mobility at higher temperatures
The oxides can be doped by adding small amounts of the dopant hydrides pl ospimines
arsine or diborane similar to the process in epitaxial growth

The deposition rate as function of temperature varies as where F0 is ma acti

vat oii energy The F0 of the silane oxygen reaction is quite about 0.6 for iindoped
oxides an almost rero for phosphorus doped oxide In contrast F0 for the TEOS reactio
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is anal higher ahu .9 eV for risdoped oxide nd uf an prosphorus doting

componuds arc presc it The dependence of the deposit on rate on TEDS partial pres

sure is proportional to mn where is the TEDS partial pressure
and P0 about

30 Pa At low TEDS partial pressures the deposition rate is determined by the rate of

the surface reaction At high partial pressures the surface becomes nearly saturated with

adsorbed TEDS and the deposition sate becomes essentialy independent of TEDS

pressure.4

Recently atmospheric-pressure and low-temperature CVD processes using TEDS

and ozone 0.3 have been proposed3 as shown in Fig 10 This CVD technology pro
duces oxide films with high conformaliti and low viscosity under low deposition tem

perature In addition the shrinkage of oxide fihn during annealing is also function of

ozone concentration as shown in Fig 11 Because of their porosiLv 03-TEOS CVD oxides

are often accompanied plasma-assisted oxides to permit planarization in ULSI

processing

For high temperature deposition 900C silicon dioxide is formed by reacting

dichlorosilane S1C17H2 with nitrous oxide at reduced pressure

900C
SiC12H22NaO Si022N22HC1 18

This deposition gixes excellent film uniformity and is sonietinses used to deposit insu

lating layers oxer polysilicon

Properties of Silicon Dioxide

Deposition methods and properties of silicon dioxide films are listed4 in Table In gen

eral there is direct correlation betsveen deposition temperature and film quality At

higher temperatures deposited oxide films are structuraily similar to silicon dioxide that

has been thermally grown
The lower densities occur in films deposited below 500C Heating deposited sili

con dioxide at temperatures between 600 and 1000 causes densification during which

the oxide thickness decreases whereas the density increases to 2.2 g/cm3 The refractive

index of silicon dioxide is 1.46 at wavelength of 0.6328 ttm Oxides with lower indices

are porous such as the oxide from the siiane-opigcn deposition which has refractive

index of 1.44 The porous nature of the oxide also is responsible for the lower dielectric

strength which is the applied electric field that will cause high current to flow in the

oxide film The etch rates of oxides in liydrofluoric acid solution depend on deposition

Heater
___________ Si substrate vacuum-checked

Dispersion head

Ozonizer Phospho -us Boron TEOS
uurce sourer

Fxperimental apparatus for the D3 TEDS chemical-vapor deposition
C\ system
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Dep tion le nperaturo 400C

Anoeal at

950C

4-

450C
0-

Ozone concentration

Dependence of the shrinkage of the TEOS CVD film on oLone concentration using

annealing Courtesy of SAMCO Company Japan

temperature annealing histosy and dopant concentration Usually higher-quality oxides

are etched at lower rates

Step Coverage

Step coverage relates the surface topography of deposited film to the various steps on
the semiconductor substrate in the illustration of ideal or conformal step coverage shown
in Fig 12a film thickness is uniform along all surfaces of the step The uniformity of the
film thickness regardless of topography is due to the rapid migration of eactants after

adsorption on the step surfaces.6

Figure 12b shows an example of noncouformal step coverage which results hen
the reactants adsorb and react without

significant surface migration In this instance the

deposition rate is proportional to the arrival angle of the gas molecules Reactants arriv

ing along the top horizontal surface come from many different angles and the arrival

Property Theimally grown SiR4 TEOS SiCl2H N2O
at 1000C at 450C at 700C at 900C

Composition Si02 SiO SiC2 Si02CI
Density g/cm3 22 21 2.2 2.2

Refractive index 1.46 1.44 1.46 1.46

Dielectric strength

106 V/cm 10 10 10

Etch rate 1mm
1001 U20HF 30 60 30 30

Etch rate A/mini

buffered HF 440 1200 4n0 450

Step coverage onconformal Conformal Conformal
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Film

Film

--

Step cowrage of deposited films Conformal step coverage Nonconforinal
step

coverage.4

angle aries in two dimensions from to 180 whereas reactants arriving at the top of

vertical wall have an arrival angle 02
that varies from to 90 Thus the film thick

ness on the top surface is double that of wail surface Further down the wail is related

to the width of the opening and the film thickness is proportional to

3narctan- 19

where is the distance from the top surface and is the width of the opening This type

of step coverage is thin along the vertical walls with possible crack at the bottom of

step caused by self-shadowing

Silicon dioxide formed by TEOS decomposition at reduced pressure gives nearly

conformal coverage due to rapid surface migration Similarly the high-temperature

dichiorosilane-nitrous oxide reaction also results in conformal coverage Howeve dur

ing sdane-oxygen deposition no surface migration takes place and the step coverage is

determined by the arrival angle Most evaporated or sputtered materials have step cov

erage similar to that in Fig 12b

PGlass Flow

smooth topography is usually required for the deposited silicon dioxide used as an insu

lator between metal layers If the oxide used to cover the lower metal layer is concave

circuit failure may result from an opening that may occur in the upper metal layer dur
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ing dcposit on Os -3 ped sh is de is Icr it tanh

pcratui becomes ft and los pon cit ire id so out surf is ofte

sed to ilate idjace ne ii l2vcIs Tbs ic ilk Hi sn

Fignrc shows o.ss sections of scan ing electron microscope pliot glap is

of P-glass covering poi silicon step.6 ll sainpi are heated stea ii at 100wi fir 90

nun Figure ida shows samp of ass that contain egligibl small uou it of phos
phorus and does not floss ote tie concasrtv the flu that the corrsponding ar gle

is about 120 Figures 138 Ide and 3d show samples of P-glass wit wgressively

higher phosphorus contents up to 7.2 ssi% weight percent In these samples the decreas

ing step angles of the P-glass layel indicate low flow is creases with osphorus cm
centration glass flow depends on annealing time tempe ature phospl orus

concentration and the ailnealing ambient6

Sn

Sc.anni electron inc ogs aph 000x of nsple ann slcd ii stea ii at 10C fir

20 ninutcs fo the fuluwi 10 Sleight percent of phosphoi us svtC tiC 46
uSC and 72 ut%
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Tin ng as fu ctio of weight percent of phosuhorus as vn ig 13

he approx rinted by

12oo11%
10

If we ant an angle smaller than 45 we require phosphorus concentration Ia

wt% However at concentrations above wt% the metal film e.g alllinirrrr

be corroded the acid products formed during the reaction between the pho ii

in the oxide and atmospheric moisture Therefore the P-glass flow process use

phorus concentrations of 68 wt%

1122 SUcon Nftride

It is difficult to grow silicon nitride by thermal nitridation e.g wi oniL

because of its low growth rate and high growth temperature Hois ilk nitnnr .7

can be deposited by an intermediate-temperature 750C LPCVi iv.

perature 300C plasma-assisted C\7D process.78 The LFVD films arc ii tn

composition Si3N4 with high density 2.93.1 g/cni3 hese films can be

sivate devices because they serve as good barriers to the diffusion of water and x1ii

The films also can be used as masks for the selective oxidation of silicon ben Iic

nitride oxidizes very slowly ìd prevents the underlying silicon from oxidizii

deposited by plasma-assisted GVD are not stoichiometric and have lower dci eIi

glcrn3 Because of the low deposition temperature silicon nitride fthns can be dec
over fabricated devices and serve as their final passivatiou The plasma-deposited

provides excellent scratch protection serves as moistuie barrier and prevents Ii

diffusion

In the LPCVD process dichiorosilane and ammonia react at reduced presnrv ia

deposit silicon nitride at temperatures between 700 and 800C The reaction is

3S1C12H2 4NH3
-750C

Si3N4 6HC1 6H2

Good film uniformity and high wafer throughout the number of wafers pr a--

hour are athantages of the reduced-pressure process As in the case of

tion silicon nitride deposition is controlled by temperature pressure and rear

centration The activation enerr for deposition is about 1.8 eV The de1 ali

increases with increasing total pressure or dichlorosIlane partial pressure anJ li ni

with an increasing ammonia-to-dichiorosilane ratio

Silicon nitride deposited by LPCVD is an amorphous dielectric coritainino

atomic percent at hydrogen The etch rate in buffered HF is ku thai

The film has very high tensile stress of approximately 10iQ dynes/c .1.1

10 times that of TEOS-deposited Si02 Films thicker than 200 nrn ma
the very high stress The resistivity of silicon nitride at room ter vtw ab.a -i

fl-cm Its dielectric constant is and its dielectric strength is hi7

In the plasma-assisted CVD process silicon nitride is formedr c-actina- liii

and ammonia in an argon plasma or by reacting smiane in trogen din .Lr-e Th

tions are as follows

SiH4 NH5
300C SiNH 3H9

2SiII4 9SiNP 3H2
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he products dep strongh on cposit 01 di is die idm flov pa leL late

reactor Fig 95 is used to deposit thc fihi The deposition rate generally incieases with

increasnig temperature power input and reactant gas pr ssur

Large concentrations of hydrogen are contained in plasmavieposited films The plasma

nitnde also referred to as SiN used semiconductor processing generally contains 2025

at hydrogen Films with iow tensile stress 1O dvnes/cmly can oc prepaied by

plasma deposition Film resistivities range fro ii 10 to 1011 fFcin depending on silt cm
tomitrogen ratio whereas dielectric strengths are betsveen 10 and 10 V/cm

1123 LowDiectñcConstant Materias

As devices continue to scale down to the deep subrnicron region they require multilevel

interconnection architecture to minimize the time delay due to parasitic
resistance

and capacitance The gain in device speed at the gate level will be offset by the prop

agation delay at the metal interconnects because of the increased RC time constant as

scown in Fig For example in devices with gate length of 250 urn or less up to 50%

of the time delay is due to the RC delay of long interconnections Therefore the device

interconnection network becomes limiting factor in determining chip performance such

as device speed cross talk and power consumption of ULSI circuits

In order to reduce the RC time constant of ULSI circuits interconnection mater

als with low resistivity and interlayer films with low capacitance are required On the low-

capacitance topic SA/d where is the dielecric permittivity the area and the

45

Gate delay

Sum at delays Al and SmO
40 Sum at delal Cu and low

Interconnect delay Al and
SAl2

Interconnect delas Cu and low

___ eAlSiO

10__

6.50 500 350 250 180 130 100

Minimum feature length mu

Calculated gate and interconnect delay versus technology genc ration The diclectric

constant for the low-k material is 2.0 Both Al and Cu interconnects are ft8 am thick and 43 fim

long
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thct sess of he tlicice iA 111 slot tas to on ste talc hyincrean

ing thick sess ci of the sterlayer du ectr ss ich nkes gap dl is nor difficult

decreasi wi 4ng height sri as ea which jesuits in the icreasc of terconneet rcsi
tance Ther fore saterials witi low dielectric constant wi-f arc required The

equal to thc multiplicetion of and e0 where and are il dielectric constant and the

vacuum permitt vita rcspc cdvcly

Matera Options
The properties of the interlayer dseiecti ic film and hon they arc formed have to meet
the following requirements low dielectric constant ion residual stress high planarizm

tion capability high capability for gap filling low deposition temperature simplicity of

process and ease of integration

substantial numbes of losv-k materials has been synthesized for the internietal

dielectric in ULSI circuits Some of the promising low it mater als are shown in Table

These mates ials can be either inorganic or organic and can he deposited by either CVD
or spin-on techniques.9

Estimate the intrinsic PC salue of rivo parallcl Al wiies 05 0.5 tIm in cross section mm
in length and separated by apohimide 1c2.7 dielectric layei thst is 0.5gm thick The resistiv

ity ofAl is 2.7 p12 cm

RC tm Xi I2.7x1O 1X1O

spacing width 10

0.5x10 4x10 fl
S8X10 x2.jx 2.oi ps

0.axiO4

etcrminant Materials Di elector constant

\sp r-phase deposition polymers Fluarosili ate glass ISC 3.54.0

Pars lene 2.6

Parviene 95

Black diamond C-doped oxide 2.7 3.0

Fluorinated hydrocarbon 2.0 2.4

Teflon-AF 1.93

Spin on polyniers FISQ/MSQ 2.8 3.0

Polyiimde 2.7 29

SiLk arornatie 27

hydrot irbon polymerl

PAP polsarsleue ethers 2.6

luori nted siorphous carb

Xerogcls poroi iilh 2.0
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114 High-LJieect ortart Materials

High naterials are required for LSI Crc its especially for dvnan rae don ess

incmosy DRAM The storage capacitor in DRAM has to aintam certain value of

capacitance for proper operation e.g 40 IF For given capacitance eA/d usually

minimum is selected to meet the conditions of the maximum allowed leakage current

and the minimumrequired breakdowr voltage The area of the capacitor can be increased

usmg stacked or trench structures These structures are considered in Chapter 14

However for planar structure area is reduced with increasing DRAM density

Therefore the dielectric constant of the film must be increased

Several high-k materials have been proposed such as barium strontium titanate BST
and lead zirconium titanate PZT They are shown in Table In addition there are

titanates doped with one or snore acceptors such as alkaline earth metals or doped with

or or more donors such as rare earth elements The tantalum ozide Ta203 has dielec

tric constant in range of 20 30 As reference the dielectric constant of Si3N4 is in

range of 67 and that for SiQ is Ta205 film can be deposited by CVD process

using gaseous TaC15 and as the starting materials

DRAM capacitor has the following parameters capacitance 40 IF cell size 128 nm2

and dielectric constant 3.9 for silicon dioxide If we replace Si02 with Ta205 25 without

changing thickness what is the equivalent cell area of the capacitor

3.9x1.28 25x

Equivalent cell sire 1.28 0.2 m2

Materials Dielectric constant

Binary Ta205 25

T102 40

Y2O 17

Si3N4

Paraelectric pero skite SrTiO3 STO 140

Ba1 Sr Ti03BST 300 500

Bai1Zro.3BZT 300

Pb LaZr59Ti5O5PLZT 8001000

PbMgflNb 3OPMN 10002000

Ferroelecisic pero skite PbZr0 47T 5O3PZT 1000
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Using polysilicon as the gate electrode in \IOS devices is significant development in

MOS technoIoc One important reason is that polvsilicon surpasses aluminum for eIec

trode
reliability Figure 15 shows the maximum time to hreakdowui for capacitors with

both polvsilicon and aluminum electrodes0 The polvsilicon is clearly superior especially

for thnmer gate oxides The inferior time to bieakdown of aluminum electiode is due to

the migi ation of aluminum atoms into the thin oxide under an electrical field Polysilicon

is also used as diffusion source to create shallow Junctions and to ensure ohmic con

tact to crystalline silicon Additional uses include the manufactuse of conductors and high
value resistors

mix pressuie reactor Fig 9a operated between 600 and 650C is used to deposit

polysihcon by proly zing silane according to the following reaction

SiH4 Si 2H2 K23

Of the two most common low pressure processes onc operates at pressure af 25-430
Pa using 100% silane whereas the other process involves diluted mixture of 20%30%
silanE in niti ogen at the same total

pi essure Both processes can deposit polysihcon on

hundreds of wafers per run with good uniformity thickness within 5%
Figure 16 shows the deposition rate at four deposition temperatures At low silane

partial pressure the deposition rate is proportional to the silane pressure higher silane

10
Polysilicon electrode

io

10 MV/cm
AlT300C
electrode

10

102

dsio
10 20 50 100

ci nm
Maximum time to breakdown sersus oxide thickness for polysilicon electrode and an

aluniinuin electrodej
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603

60

30

Silanc partial pressuro Ia

Effect of silaie conccnration on the polysilicon deposition rate.4

concentrations saturation of the deposition rate occurs Deposition at reduced pressure

is generally limited to temperatures between 6000 and 650C hi this temperature range
the deposition rate varies as exp 1k where the actis ation energy is e\ which

is essentially independent of the total pressure iii the reactor At lugher temperatures

gas-phase reactions that rest it in rough loosels adhering deposit become significant

and silane depletion wi11 occur causing poor uniformits At temperatures much lower

than 600C the deposition rate is too slow to be practical

Process parameters that affect the polvsilicon structi to arc depositior temperature

dopants and the heat cycle applied following the deposition step columnar structure

results when poi silicon is deposited at temperature of 600 650C This structure is

comprised of polyciystalhne grains ranging in size from 03 to 0.3 pm at preferred ori

entation of 110 When phosphorus is diffused at 950C the structure changes to cs
tallite and grain size increases to size between 0.5 and hO pm When temperature is

increased to 1050C during oxidation the grains reach final size of 13 tam Although

the initially deposited film appears amorphous ulien deposition occurs below 600C

growth characteristics similar to the poiycrvstalline-giain columnar structure are

observed after doping and heating

Polysilicon can be doped by diffusion ion implantation or tue addition of dopant

gases during deposition referred to as in situ doping The implantation met sod is most

ommonly used because of its lower processing teniperatures Figure 17 shon the sheet

resistance of single crystal
silicon and of 500 nm polysilico doped with phosphomus and

antimony using ion implantation.1 The ion implantation process is considered in Chapter

13 Implant dose annealing temperature and annealing time all influence the sheet resis

tance of implanted polysilicon Carrier traps at ti grain boundaries cause veiy high

resistance in the lightly implanted polysil con Fig 17 illustrates resistance drops rapidly

approaching that of implanted single ci stal silicon as the carrier traps become saturated

with dopants
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Sheet resistance versus ion dose into 500 urn polysihcon at 30 keV1

1L41 PhysicaVapor Deposition

The most common methods of physical-s apor deposition PYD of metals are evapora
tion c-beam evaporation plasma spray deposition and sputtering Metals and metal corn.

pounds such as Ti Al Cu TiN and TaN can be deposited by PVD Evaporation occurs

when source material is heated above its melting point in an evacuated chamber The

evaporated atoms then travel at high velocib in straight-line trajectories The source can

be molten by resistance heath3g by rf heating or with focused electron beam Evaporation

and c-beam evaporation were used extensively in earlier generations of integrated cir

cuits but they has been replaced by sputtering for LLSI circuits

Tn ion-beam sputtering source of ions is accelerated toward the
target

and impinged

on its surface Figure 18a shosss the standard sputtering system The sputtered material

deposits on wafer that is placed facing the target The ion current and energy can be

independently adjusted Since the target and wafer are placed in chamber that has lower

pressure more target material and less contamination are transferred to the wafea

One method to increase the ion density and hence the sputter-deposition rate is to

use third electrode that provides more electrons for ionization Another method is to

use magnetic field such as electron cyclotron resonance Ed to capture and spiral

electrons increasing their ionizing efficiency in the
vicinity of the sputtering target This

technique refei red to as magoietron sputtering has found widespread applications for

the deposition of aluminum and its alloys at rate that can approach .Lmmin
Long-throw sputtering is another technique used to control the angular distribution

Figure 18b shows the long throw-sputtering system In standard sputtering configura
tions there are two primary reasons for wide angular distribution of incident flux at the

surface the use of small target to substrate separation d1 and scattering of the flux

by the working gas as the flux travels from the target to the substrate These two factors

are linked because small d6 is needed to achieve good throughput uniformity and film

properties when there is substantial gas scattering solution to this problem is to

sputter at cry lovv pressures capability that has been des eloped using variety of sys
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Targe

Target Target

p/ Collimator

Sobstrate Sohitrat- Substrate

Standard sputtering long-throw sputtering and sputtering with

collimator

tems which can sustain the magnetron plasma under more rarefied conditions These

systems allow for sputtering at woriting pressures of less than Pa At these pressures

gas scattering is less important and the target-to-substrate thstance can be greatly
increased

From simple geometrical argument this allows the angular distribution to be greatly

narrowed which permits more deposition at the bottom of high-aspect features such as

contact holes

Contact holes with large aspect ratio are difficult to fill with material mainly because

scattering events cause the top opening of the hole to seal before appreciable material

has deposited on its floor This problem can he overco ne by collimating the sputtered

atoms by placing an array of collimating tubes just abme the wafer to restrict the deposit

ing flux to normal Sputtering with collimator is shown in Fig 18c Atoms whose

trajectory is more than from normal are deposited on the inner surface of the colli

mators

1142 ChemicaVapor Deposition

CVD is attractis for metallization because it offers coatings that are conformal has good

step coverage and cars coat large number of wafers at time The basic CVD setup is

the same as that used for deposition of dielectrics and polysilicon see Fig 9a Low-pres

sure CVD LPCVD is capable of producing conformal step coverage over wide range

of topographical profiles often with lower electrical
resistivity

than that from PVD
One of the major new applications of CVD metal deposition for integrated circuit

production is in the area of refractory-metal deposition For example tungstens low elec

trical resistivity- 5.3 i.tfh cm and its refractomy nature make it desirable metal for use

in integrated circuit fabrication

CVDW
Tungsten is used both as contact plug and as first-level metal Tungsten can be deposited

by using WF6 as the source gas since it is liquid
that boils at room temperature

WF6 can be reduced by silicon hydrogen or silane The basic cF emistiy for CVD-W is

as follows

WF6 3H2 6HF hydrogen reduction 24

2WF6 3Si 2W 3SiF4 silicon reduction 25

2WF6 3S1H4 2W 3SiF4 6H9 silar reduction 26
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Si tact tie selccti\ piocess star froi si icc tion wess This

process urovides nucleation
layer of glown Si hut not or Si0 The hy ogen redue

tion pr ccvi can deposit Vi
rapidly on the nucleatio laycr form

rig the ug fime hydro

gen reduction process provides exce lent cor formal coverage of the topography This

process Iiowesem does rot have perfect selectvi and the PF gas by-product of the
reaction is responsible for the croachm eat of tho oxide as cli as for the rough sur
face of deposited filnis

The silane reduction prr cess gives high deposition rate and nuch smaller grain
size than that obtained with the hydrogen reduction process In addition the problems
of encroachment and rough surface are eliminated because there is no HF by-proth
uct generation Usually silane reduction process is used as the first step in blanket

deposition to serve as nucleation layer and to reduce junction damage After the silane

reductioi hydrogen reduction is used to grow the blanket layer

CVD TiN

TiN is widely used as diffusion barrier-metal layer in metallization and can he deposited

by sputtering from compound target or by CVD The CVD TiN can provide better
step

coverage than PVD methods iii deep submicron technoioi CVD TiN can be

deposited using TiC14 with NH3 H/N2 or NH3/1I

6TiC14 8NHJ TiN 24HC1 N2 27

2TiC14 N2 4F2 2TiN 8HC1 28

2TiC1I4 2NH3 TiN 8HC1 29
The deposition temperature is about 400-700C for NH3 reduction and is higher than

700C for the N2/H2 reaction The higher the deposition temperature the better the TIN
film arid the less Cl incorporated in TiN 5%

1143 Aumniim MetaUization

Aluminum and its alloys are used extensively foi metallization in integrated circuits The
Al film can be deposited by PVD or CVD method Because aluminum and its alloys

have low resistisities l1f-cm for Al and up to 3.5 tf-cm for its alloys these metals

satisfy the low-resistar cc requirements Alun mum also adheres xvell to silicon diodde
However the use of aluminum in

integi ated circuits with shallow junctions often cre
ates problems such as spiking and eletromigration We consider the problems of alu
minum metalliration and their solutions in this section

Junction Spiking

Figure 19 shows the phase diagram of the Al-Si system at atni.iS The phase diagram
relates these tivo components as function of temperature The Al Si system exhibits

eutectic characteristics that is the addition of either component lowers the systems melt

ing point below vi at of either metal Here the minimum melting temperature called

cutectie temperature is 57 7C corresponding to 11 Si and 88 7% Al composition
The melting points of pure aluminum and pure silicon are 660C and 1412C respec
tiveh Because of the euteetiL characteristics during aluminum deposition tire temper
ature on the silicon substrate must br limited to less than 577C

The inset of Fig 19 also shows the solid solubihity of silicon in aluminum For exam
ple the

solubility of silicon in alumi mum is 0.25 wt% at 400CC wt% at 450C and
0.8 wt% at 500C Therefore wheren er alumin in contacts sihcon the silicon will us-
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solve into the aluminum during annealing The amount of silicon dissolved will depend

not oniy on the solubility at the annealing temperature but also on the volume of aim

minum to he saturated with silicon Consider long aluminum metal line in contact with

an area ZL of silicon as shown in Fig 20 After an annealing time the silicon will difi

fuse distance of approximately VI5 along the aluminum line fi om the edge of the con-

tact where is the diffusion coefficient given by 4x 10 3cxpO 92/liT for silicon diffusion

in deposited aluminum films Assuming that ths length ol alumnu is is eompletels sat

urated with silicon the volume of silicon consumed is then

Vol 2DtHZSl .30

Psi

where Psi mid Ps are the densities of alummu and silicon rcspectirely and is the sol-

uhihty of silicon in aluminum at the anneaCng temperature.113 If the coilsumptic takes
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Al

Si02

Si

Diffusion of silicon in alumiuum metallization.5

place uniformly over the contact area where ZL for uniform dissolution the depth

to which silicon would be consumed is

31

For 500C 30 mm ZL 16 jim2 rim and Lm
Find the depth assuming uniform dissolution

The diffusion coefficient of silicon in aluminum at 500C is about 10 crn2/s thus

is 60 pm The density ratio is 271233 L16

At 500C is 0.8 wt% From Eq 31 ue hme

6010.8% 1.16 0.35

16
Aluminum will fill depth of 035 pm from which silicon is consumed If at the contact

point there is shallow junction xhose depth is less than the diffusion of silicon into alu

sninum can short-circuit the Junction

In practical situation the dissolution of silicon does not take place uniformly but

rather at only few points The effective area in Eq 31 is less than the actual contact

area hence is much larger Figure 21 illustrates the actual situation in the pn junc
tion area of aluminum penetrating the silicon at only the few points where spikes are

formed One way to minimize aluminum spiking is to add silicon to the aluminum by

coeraporation until the amount of silicon contained by the alloy satisfies the solubility

requirement Another method is to introduce barrier metal layer between the aluminum

and the silicon substrati Fig 22 This barrier metal layer must meet the following require

ments it forms low contact resistance with silicon it will not react with ali minum and
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SiO

fl_-n ioction

Si 110

Schematic view of au niinun films
contacting

silicon otc the aluminum
spilurig ii the

silicon

Ic 11

Ii

ii ild

Os

Bariiei Ic Bariier

tal Ed nietal

tional view of MOSFET isitli barrier metal between the aluminum and sil

icon and compo te gate electrode of silicide and polysihcon

its depos don and formation are compatible with the overall process Barrier metals such

as titanium nitride TIN has been evaluated and found to be stable fbi cor tact anneal

ing temperatures up to 550C for 30 mm

Electromigralior
In Chapter we discussed scaled-dovsn devices As the device becomes smaller the cor

responding current density becomes larger High current densities can cause device fail

ure due to electroniigration The tea ii electronigration refers to the transport of mass

i.e atoms in metals under the influence of currei occurs by the Ira isfer of mr men-

turn from the electrons to the positis metal Ions When high current passes througi

thin metal conductors in integrated ercuits uctal ions in some regi ns will
pile up and

voids will form in othei regions The pileup can short-circuit adjace conductors whereas

tF voids can result in an open hrcuit

The mean fine to failure MIT of conductor due to cleetioin gration cm he related

to the current density and the actia ation energy Ea

MTF1 cvpI 32kT
Experimentalib value OfEariO.5 e\ is obtamedhr deposited aluniiriim This indicates

that low-ternperatui grain-houndar diffusion is the primary vehicle of material trans

port since 1.4 eV would eharacterlie the self-diffusion of single-crystal aluminum

The electromigratior resistance of aluminum conductors can be inc eased by using sev

eral tee niqucs Thes tee imqnes cli de alovi ig vvi copier fb Al vsitf 0.5k Ci

encapsulatii gibe cur ductoi in dielectric corporating oxygen during film deposit on
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11A4 Copper MetaUiztio

It is well known that botl high co ietvity wiring ar low dielectric-constant insula

tois are requirc to lower the RG time delay of the ii tercoi ect network Copper is the

obvious choice for iiew intercor ncctior metallization because it has higher cooductiw

ity and higher electromigration resistance than aluminum Copper can be deposited

PVD CVD and electroclieinical methods Hon ever the use of Cu as an alternative mate.

rial to Al in IJLSI circuits has drawbacks such as its tendency to corrode under standard

chip manufacture conditions its lack of feasible dry-etching method or stable self

passivating oxide similar to Al2O on Al and its poor adhesion to dielectric materialy such

as Si02 and low-k polymers In this section discuss the copper metahlization tech

niques

Several different techniques for fabrication of multilevel Cu interconnects have been

reportedJ78 The first method is conventional method to pattern the metal lines fol

lowed by dielectric deposition The second method is to pattern thc dielectric layer first

and fill copper metal into trenches This step is followed by chemical mechanical pol
ishing discussed in Section 11.4.5 to remove the excess metal on the top surface of dielec

tric and leave Cu material in the holes and trenches This method is also known as

damascene
process

Damascene technology
The approach for fabricating copper/low diele tric interconnect structure is by the

damascene or dual damascene process Figure 23 shon the dual damascene sequence
for an ads anced Cu interconnection structure For typical darnascene structure trenches

for metal lines are defined and etched in the interlaver dielectric ILD and then fol

lowed by metal deposition of TaN/Cu The TaN layer serves as diffusion barrier layer

and prevents copper from penetrating the ion -k dielectric The excess copper metal on

the surface is removed to obtain planar structure with metal inlays in the dielectric

For the dual damascene process the vias and trenches iii the dielectric are defned

using two lithography and reactive ion etching mE steps before depositing the Cu metal

Fig 23ac Then Cu chemical mechanical polishing process is used to remove the

metal on the top surface leaving the planarized wiring and via imbedded in the insula

tor9 One special benefit of dual damasccne is that the via plug is now of the same mate
rial as the metal line and the risk of via electromigration failure is reduced

If replace Al with Cu wire associated with some low-k dielectric di 9.6 instead of Si09 layer

what percentage of reduction of RC time constant will be achieved The resmstivi of Al is 27

9Q cm and the resistivity of Cu is 1.7 uQ-cmn

17

2.7 39

11A5 ChemicaMechanica Poshng

In recent years the development of chemical-mechanical polishing CMF has become

increasingly important for multilevel interconnection because it is the only technology

that allows global planaiization i.e to make flat surface across the whole wafer It
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Dielectric
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SIN
Dielectric

Si

Dielectric

Si3N

Si3N3

TaN

Id

Process sequence used to fabricate Cu line-stud structure using dual damascene

Resist stencil applied Li reactive ion etching dielectric and resist patterning trench and

via definition and Cu depositions
followed by chemical mechanical polishing CN

that allows global planarization i.e to make flat surface across the whole wafer it

offers many ackantages over other types of technologiesbetter global planarization er

large or small structures reduced defect density and the avoidance of plasma damage

Three CMP approaches are susmnariLed in Table

The CMP process consists of moving the sample surface against pad that carries

slurry between the sample surface and tl pad Abrasive particles in the slurry cause

mechanical damage the sample surface loosening the material for enhanced chemi

cal attack or fracturing off the pieces of surface into slurry where they dissolve or are

swept away The process is tailored to provide an enhanced material removal rate from

Method Wafer facing Platen movement Slurry feedind

Rotary CMP Down Rotary against rotating ssafer carrier Dripping to pad surface

Orbital CMP Down Orbital against rotating wafer carrier Through the pad surface

Linear CMP Down Linear against rotating wafer carrier Drppiiig to pad ss
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hgh points oi surfaces th affect
ig

the plararization becau IT it Ti cal actions

are isotropic Vechamcal grinding alone theoretically may thieve the denied pla
narization but is not desirable because of cx ensive associated damage to the material

surfaces There are three main parts of the procesv the surface to be polished the pad_
the key media enabling the transfer of mechanical action to the surface being polished

and the sluriy which providcs both chemical and mechanical effects Figure 24 shows

the CMP setup

The oxide remoxal rate and the removal rate of layer underneath the oxide called stop layer

are Jr and Ode respectively To remove tim oxide and 0.01 im stop layer the total removal time

is 55 mm Find the oxide removal rate

001

iv 0.ir

Li
o.5 0.2 tim mm

iv

11A6 Silicide

Silicon forms many stable metallic and semiconducting compounds with metals Seseral

metal suicides show low resisivity and lugh thermal stability making them suitable for

ULSI application Silicides such as TiSi2 and CoSi2 have reasonably low resistivities and

are generally compatible with integrated-circuit processing Suicides become important

metallization materials as devices become smaller One important application of silucide

ms for the MOSFET gate electrode either alone or with doped polysilicon polycide above

the gate oxide Table shows comparison of titanium silicide and cobalt silicide

Metal silicides have been used to reduce the contact resistance of the source and

drain the gate electrodes and the interconnections The self-aligned nietal suicide tech

nology salicide has been proven to be highly attractive technique for improving the

performance of submicron devices and circuits The self-aligned process uses the sill

cide gate electrode as the mask to form the source and drain electrodes of MOSFET
e.g by ion implantation considered in Chapter 13 This process can minimize the over

laps of these electrodes and thus reduce the parasitic capacitances

Wafer carCer
fl Polishing siurmy

Sluri supply

Polishing pad

Rotating platen

schematic of CMP polisher
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Properties TiS12 oSi2

Resistiviq 13 16 22 28

Silicide/metal ratio 2.37 336

Suicide/Si ratio .0 0.97

Reactive to natis odde Yes No

Silieidation temperature DC 800 850 550900

Film stress dyne/rio2 1.5 1010 1.2 10

Figure 25 shows the polycide and salicide process typical polycide formation

sequence is shown in Fig 25a For sputter deposition high-temperature high-purity

compomid target is used to ensure the quality of the suicide The most commonly used

suicides for the polycide process are WSi9 TaSi2 and MoSi2 They are all iefractory ther

mally stable and resistant to processing chemicals self-aligned siliiJe process is illus

trated in Fig 25b In the process the polysilicon gate is patterned without any suicide

ar sidewall spacer silicon oxide or silicor nitride is formed to prevent shorting the

gate to the source and drain during the silicidation process metal layer either Ti or

Go is blanket-sputtered on the entire structure followed by silicide sintering Silicide is

formed in principle only where the metal is in contact with Si wet chemical wash

then rinses oil the unrcactcd metal leavmg only the silicide This technique eliminates

Sidew all

spacer

MSiQ
Ti

ii cii

Polvsilieon

iii iii

Sidewall

iv iv

Polycide and salieide processes Poly ride structure gate oxide ii polysilicon
and

suicide deposition iii pattern polyeide and iv lightly doped drain LDD implant sidewall

formation and S/Id implant Salicide structure gate patterning polysulicon only LDD
sidewall and 5/1 implant ii motal Ti.Co deposition iii anneal to form saicide and io

selectl\ wet etch to remove unreactcd metal
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the need to patter the composite polycde gate ructure adds hcide to the

source/drain area to reduce ti contact resista ice

The suicides are promising materials for ULSI circuits because of theh low resis

tivity arid excellent thermal stability Cobalt silicide has een widely investigated recently

because of its lowest
resistivity

and high-temperature thermal stability Howeven cobalt

is sensitix to natix oxide as well as an oiqgen-contained enviror inent arid large riount

of silicon is consumed during silicidation

Calculate the thickness of the cobalt suicide For desired sheet resistance of 06 ti/sq the resis

tivity is 18 jti cm

The resistivity is equal to the product of the sheet resistance and the film thickness

Then

18x106 3x10 cm300nm
0.6

Modern semiconductor device fabrication requires the use of thin films Currently there

are four important types of filmsthermal oxides dielectric layers polycrystalline sili

con and metal films The major issues related to film formation are low-temperature pro

cessing step coverage selective deposition uniformity film quality planarization

throughput and large-wafer capacity

Thermal oxidation offers the best quality for the Si-Si02 interface and has the low

est interface trap density Therefore it is used to form the gate oxide and the field oxide

LPCVD of dielectrics and polysilicon offer conformal step coverage In contrast PVD
and atmospheric-pressure CVD generally result in noncomformal step coverage CMP
offers global planarization and reduces defect density Conformal step coverage and pla
narization are also required for precise pattern transfer at the deep-subinicron lithogra

phy level Pattern transfer technology is discussed in the next chapter

To minimize the RC time delay due to parasitic resistance and capacitance the sili

cide process for ohmic contacts copper nietallization for interconnects and low dielec

tric-constant materials for interlayer films are extensively used to meet the requirements

of the multiles ci interconnect structures of ULSI circuits In addition we have investi

gated high-dielectric-constant materials to improve the gate insulator performance and

to increase the capacitance per unit area for DRAM
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FOR SECTION 11 THERMAL OXIDATION

p-type 100-oriented silicon wafer with resistivity of 10 Q-cns is placed in wet oxi

dation system to grow field oMde of 0.45 pm at 1050C Determine the time required to

grow the oxide

After the first oxidation as given in Prob window is opened in the oxide to grow

gate oxide at 1000C for 20 minutes in dry oxidation Find the thicknesses of the
gate

oxide and the total field oxide

Show that Eq 11 reduces lox2 Bt for long times and to B/At ri foi short

times

Determine the diffusion coefficient for dry oxidation of 100-oriented silicon samples

at 980C and atm
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1OR SECTION 1L2 DIELECTRIC DEPOSITION

In plasma-deposited silicon nitride that contains 20 at% hy roge
and has silicoin

to-nitrogen rato SI/N of 12 find andy io the ipirical bun là of N\II\ If flue

ariation of film resistivity with Si/N ratio is gisen 10u exp-33.3y for 0.8

where yls the ratio find the resistivity of the flint in

The dielectric constants of Si02 S13N4 and Ta.205 crc about 3.9 7fl and 25 respectively

What us the capacitance ratio for the capacitors with the TaO5 and oxide utride/oxide

dielectrics for the same dielectric thickness provided the oxide/nitride/oxide has thickness

ratio 111 for the oxide to the nitride

In Prob if BST with dielectric constant of 500 is chosen to replace Th205 calculate

the area reduction ratio to maintain the same capacitance if the tu films have the same

thickness

In Prob calculate the equis alent thickness of the Ta905 in terms of Si09 thickness if

both have the same capacitance Assume the actual thickness of Ta205 is St

in silaiw-nxygen reaction to deposit nndnped Si02 film the deposition rate is 15

nm/mm at 425C What temperature is required to double the
deposition

rate

The P-glass lion process requires temperatures ahos 1000C As device dimensions

become smaller in VLSI we must use lower temperatures Suggest methods to obtain

smooth topography at 900C for deposited silicon dioxide that can be used as an insula

tor betneen metal layers

FOR SECTION 1L3 FOLYSILICON DEPOSITION

Why is silaoe more often used for polysilicon deposition than silicon chloride

Explain why the deposition temperature for polysilicon films is moderately low usually

between 600650C

FOR SECTION 1L4 METALLIZATION

An c-beam evaporation system is used to deposit aluminum to form MOS capacitors If

the flatband voltage of the capacitance is shifted by 0.5 because of beam radiation

find the number of fixed oxide charges the silicon dioxide thickness is 50 nm Row can

these charges be removed

metal line 20 ini ._ 0.25 inm has sheet resistance Q/sq Calculate the resis

tance of the metal line

Calculate the thickness of the TiSi2 and CoSi2 where the initial Ti and Co film thickness

are 30 nm

Compare the advantages and disadvantages of TiSi2 and CoSi2 for salicide applications

dielectric material is placed between the tu parallel metal lines The length cm
width 028 jnn thickness 0.3 lam and spacing 0.36 Jim Calculate the RG

time delay The metal is Al with resistivity of 2.67 JaD-crn and the dielectric is oxide with

dielectric constant 3.9 Calculate the RC time delay The metal is Cu with resistivity

of 1.7 Jail-cm and the dielectric is organic polymer with dielectric constant 2.8

Compare the results in and How 1nuch can we decrease the RC time delay

Repeat Prob 17 and if the fringing factor for the capacitors is The fringing fac

tor is due to the spreading of the electric-field lines beyond the length and the width of

the metal lines

To avoid electromigration problems the maximum allowed current density in an alu

minum runner is about I9 A/cm2 If the runner is mm long Ein wide and nomi

nallu sin thick and if 20% of tli runner leiugtu passes ou cr steps and is only 0.3 nn
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iick ierc an the to resist ce of tF it ccci ii ti resistici 1th crc Fir

the maximun Itagc that can be applied across the ur net

To use Cu for icing one ust everco seseral obstacles tli difiusio of through

Si02 adhesion of Cu to Si and corrosion of Cu One wai to use conic these obstacles

is to use cladding/adhesion layer e.g Ta or TiNI to protect the Cu wires Consider

cladded Cu wire with square cross section of 0.5 qm 0.5 ian and compare it with

lay ered TiN/Al/TiN wire of the same size with the top and bottom TiN layrs 40 nm and

60 urn thick respectiveth What is the maximum thickness of the cladding layer if the

resistance of the cladded Cu wire and the TiN/Al/TiN wire is the same
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Lithography and Etching

12.1 OPTICAL UTHOGRAPHY

12.2 NEXT-GENERATION LITHOGRAPHIC METHODS

12.3 WET CHEMICAL ETCHING

12.4 DRY ETCHING

12 MICROELECTROMECHANICAL SYSTEMS

SUMMARY

Lithography is the process of transferring patterns of geometric shapes on mask to

thin layer of radiation-sensitive material called resist covering the surface of semi

conductor wafer These patterns define the various regions in an integrated circuit such

as the implantation regions the contact windows and the bonding-pad areas The resist

patterns defined by the lithographic process are not permanent elements of the final device

but only replicas of circuit features To produce circuit features these resist patterns must

be transferred once more into the underlying layers comprising the device The pattern

transfer is accomplished by an etching process that selectively removes unmasked por

tions of layer.2 brief description of the pattern transfer has been given in Section 4.1

Specifically we cover the following topics

The importance of clean room for lithography

The most widely used lithographic methodthe optical lithography and its

resolution-enhancement techniques

Advantages and limitations of other lithographic methods

Mechanisms for wet chemical etching of semiconductors insulator and metal

films

P1asmaassisted etching also called dry etching for high-fidelity pattern

transfer

Microelectromechanical systems ME MS formed by orientation-dependent

etching sacrificial etching or LIGA lithography electroplating and molding

process

The vast majority of lithographic equipment for integrated-circuit IC fabrication is opti

cal equipment using ultraviolet light 0.20.4 .rm In this section we consider the

exposure tools the masks the resists and resolution-enhancement techniques used for

optical lithography We also consider the pattern transfer process which serves as basis

404 UMC 1223
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for ot er lithog ag us first hr on ide ti darn ro na ec sos It

grapi processes rust hr Ic ncr uLtrarlem rvironment

1211 TieCeanRooii

An IC fabrication faclri requires clean rocessrng room especially in the area used

for lithography need for such cleaui room arises because dust particles in the ar

can settle on semiconductor wafers and lithographic masks and can cause defects in the

devices hich result in circuit failure For example dust particle on semiconductor

surface can disrupt if single-crystal growth of an epitaxial film car sing the formation

of dislocations dust
particle incorporated into the gate oxide can result in enhanced

conductivii and cause device failure due to low breakdown voltage The situation is even

more critical in the lithographic area When dust particles adhere to the surface of pho
tornask they behave as opaque patterns on the ask and these patterns will be trans

ferred to the underlying layer along with the circuit patterns on the mask Figure shows

three dust particles on phutoinask.3 Darticle may rcsuit in the formation of pinhole

in the underlying layei Particle is located near pattern edge and may cause con
striction of curi cat flow in metal runner Particle can lead to short circuit between

the two corducting regions and render tEe ciicuit useless

In clean room the total number of dust particles per unit rolurne must he tightly

controlled along with the teniperature and hun idity Figure shows the particle-size dis

tribution curves for various classes of clean rooms We hare two systems to define the

classes of clean room.4 For the English system the numerical designation of the class is

taken from the maximum allors able number of particles 0.5 pm and larger per cubic foot

For the metric system the class is taken from the logarithm base 101 of tIme inarlir urn

allowable number of particls 0.5 pm and larger per cubic meter For example class

100 clean room English system has dust count of 100 particles/ft3 with
particle

diam

eters of 0.5 qm and larger whereas class 3.5 clean room metric system has dust

count of 10 or about 3500 particles/m3 with particle diameters of 0.5 .tm or large Since

iou Di avs iii is hich lust particles can intei fer is ith photomask patte as
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10

MC __
10_
101

102

101

100

________________________________ ________________________________

001 0.1 10

Particle S17C pin

Particle-size distribution curse for English and metric ciasses of clean iuouis

100 particles/ft3 3500 particles/nr ciass 100 us English system corresponds to class

3.5 in the metric system
Since the number of dust

particles
increases as particle size decreases more strin

gent conti ol of the clean room environment is equired when the minimum feature lengths

of Cs aie reduced to the deep-submicron range For most IC fabrication areas class

100 clean room is required that is the dust count must be about four rders of magni

tude lower than that of ordiumy room air however for the lithography area class 10

clean room or onc with lower dust count is reo ii ed

If we expose 200 in saafer for nnnute to an air stream under laminar-flow condition at

30 rn/mm how many dust particles
will land on the afer in class 10 clears room

For class 10 clean room there are 350 particles 0.5 gin md larger per cubic meter

The air volume that goes oser the wafer in minute is

02m
30 in mm it minute 0942

Tue nnmhei of dust particles 0.5 gin and larger contained in the air ohmic is

351 0.942 330 particles
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wre re there are It IC chips on the afer mrtc1 co nt amounts to om part on

each of 52% of the cups Forlunatels only fraction of the particles thaI land adhcre to the

nafer surhice and of those only fraction are at circuit location critical nough to cause fail

ore owever the calculation indicates the importance of the clean room

1LL2 Exposure Toos

he pattern transfes process is accomplished br using lithographic exposure tool The

performance of an exposure tool is determined by three parameters resolution regis

tration and throughput Resolution is the minimum feature dimension that can be trans.

ferred with high fidelity to resist film on semiconductor wafer Registration is measure
of hos accurately patterns on successive masks can be aligned or overlaid with respect
to previously defined patterns on the wafer Throughput is the number of wafers that

can be exposed per hour for given mask level

There are basically two optical expcsure methods shadow printing and projectIon

printing.rt Shadow printing may have the mask and wafer in dii ect contact with one another

as in contact printing or in close proximity as in proximity printing Figure 3a shows
basic setup for contact printing where resist-coated wafer is brought into physical con

tact with mask and the resist is exposed by nearly collimated beam of ultraviolet light

through the back of the mask for fixed time The intimate contact between resists and
mask provides resolution of .tm However contact printing suffers major draw
back caused by dust particles dust particle or speck of silicon dust on the wafer can

be imbedded into the mask when the mask makes contact with the wafer The imbed
ded particle causes permanent damage to the mask and results in defects in the wafer

with each succeeding exposure
To minimize mask damage the proxiinityT exposure method is used Figure 3b shows

the basic setup It is similar to the contact printing method except that there is small

gap bb tn between the wafer and the mask during exposure The small gap how
ever results in optical diffraction at feature edges on the photornask that is wF cmi light

Contact Proximih

Light

source

Hg arc lanip

Lens

Pot _____Substrate

Gap

Schematic of optical shadow printing techniques contact printing li prorimitir

printing
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passes by ie edges at opaue ask feature nges are for so ght pen
etrates into the shadow region As esult tI esoiutioi is degraded to the 25 jim unge

In shadow printing tF minimum hnewidth itical dimension CD that can

he printed roughly

when is the wavelength of the exposure radiation and is the gap betvveen the mask

and the wafei and includes the thickness of the resist For .k 0.4 jim and 50 Jim
the CD is 45 jim If we reduce to 0.25 jim wavelength range of 0.203 pin is in the

deep-UV spectral region and to 15 jim CD becomes pm Thus there is an advan

tage in reducing both and However for given distance any dust particle with

diameter larger than potentially can cause mask damage

To avoid the mask damage problem associated with shadow printing projection-print

ing exposure tools have been developed to project an image of the mask patterns onto

resist-coated wafer many centimeters away from the mask To increase resolution only

smallportion of the mask is exposed at time The small image area is scanned or stepped

over the wafer to cover the entire wafer surface Figure 4a shows 11 wafer scan pro

jection system.67 narrow arc-shaped image field mm in width serially transfers the

slit image of the mask onto the wafer The image size on the wafer is the same as that

on the mask

Tile small image field can also he stepped over the surface of the wafer by two-dimen

sional translations of the wafer only whereas the mark remains stationar After the expo
sure of one chip site the wafer is moved to the next chip site and the process is repeated

_____ /m
HI

___

/L\ /I

Image partitioning techniques for projection printing annual-field wafer scan 11

step-and repeat M.1 reduction
step

and repeat and M.1 ieduction step-and-scan.6
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iirc 4J ai ar itio ing af ii an iv ep-a il-

wit iF at dcmagnilicatio iatio for 10 nes reduct On
on the wafhr respecti\ eh ie demagnification ratio is an important facto mi ab 1-

ity to pioduce hot tin lens and the mask frorm whici we wish to print The optical

systems are easier to design and fabricate thai 10 or 51 reductio systems hut it

is niuch more uifficult to produce defect- ee masks it 11 than it is at 101 or

demagiiificaton ratio

Reduction
pi ojection lithography ca also print larger wafers without redesigning

the stepper lens as long as the field size tie the exposuie area cute the wafer per se
of the lens is large enough to contain one or more IC chips Whe the clnp size exceeds

the field size the lens further partitioning of the image on the reticle is imecessaly In

Fg 4d the image field on the reticle can be narrow arc-shaped for M1 step-and-scan

projection lithography For the step-and scan system we have two-dimensional transla

tions of the wafer with speed mmd one dimeus onal translation of the mask with 41 times

that of the wafer speed
The resolutiop af projection system given by

NA

where is again the exposure wavelength k1 is process dependent factor and NA is

the nunierical aperture which is given by

NA hsinO

with if the index of refraction in the
iiriage medium usually air where if and tF

half-angle of the cone of
light converging to point image at the wafer as shown5 in Fig

Also shown in the figure is the depth of focus DOF which car be expressed as

where k2 is another process-dependent factor

Equation indicates that resolution can be improved ic. smaller in by eitl er reduc

ing the wavele igth or increasing NA or both Howevei Fq indicates that the DOF

Best focusing plane

Mask
Object plane Lens

Vsafer Image plane

Simple unage system.5
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ci grades mu Si 11 ore rapidly
by ncreasing thsr by dec easing Fhis explans the

trcnd ton ard shorter-wavelength sources in optical hthographv

The high-pressura mercury arc lamp is widely used in exposure
tools because of its

high intensity and ehabihty The mere ny-arc spectnirn is composed of several peaks

as sho in Fig The terms G-Iine H-line and I-hue refer to the peaks at 436 rim

405 nm and 365 nm respectively I-line lithography with 5.1 step-andrepcat projection

can offer resolution of ani with resolution enhancement techniques see Section

121.6 Advanced exposure tools such as the 248 urn lithographic system using KrF

excirner laser the 193 nm lithographic system using an ArF excirner laser and the 157

lithographic system using F2 excirner laser have been developed for mass produc

tion with resolution of 0.18 180 nrn 0.1 pm 100 nm and 007 70 nm
respectively

1u00

Mid UV
213

100

.5

405

-g

10
334

200 300 400 500

11 d\ elenhh rim

Typical high pressure mercury-arc lamp spectrum
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Masks

\Irsks sedfo- rfrcturing an ualls -cii ctn IC CS in IC st rnsk

inakirg tc usc comfun 1-a1dd desigs CAD sxstcin in which desigrers can corn

pleteb describe thc rcuit patterns electrically Fe dgital data educed by thc CAD
system then dnves

patti ni generator which an lectron-ham lithographii em
see Section 12.9 that transfers the patterns directly to electro i-sensitized mask he
mask consists of fused silica substrate covered with chrorninurn layer The circuit pat
terr is first transferred to the electron-sensitized layer electron resist which is trans

ferred once more into the underlsing chrommum layei for the finished mask The details

of pattern transfei are considered in Section 12.1.5

The patterns on mask represent one level of an IC design The composite layout

is broker into mask lesels that correspond to ti IC process sequence such as tF isola

tion region on one level the gate region on in other and so on Tvpical1 520 differ

ent mask levels are required for complete IC process cycle

The standard-size mask substrate is fused silica plate cm square 0.6 cm
thick The size is needed to accommodate the lens field sizes for 41 or 51 optical expo
sure tools whereas the thckness is cquircd to minimize pattern placer mat errors due

to substrate distortion The fused silica plate is nceded for its ion coefficient of thermal

expansion its high transmission at shorter ss axelengths and its inechameal strength Figure

shows mask on which patterns of geometric shapes have been formed few sec

ondary-chip sites used for process evaluation are also included in the mask
One of the major concerns about masks is the defect density Mask defects can be

introduced during the mannfacture of the mask or during subsequent lithographic pro
cesses Even small mask-defect density has profound effect on the final IC yield The

yield is defined as the ratio chips per wafer to the total number of chips per wafer

As first-order appi-oumation the yield for given masking lesel can be expressed as

YueDA

Mak as seen naked eye

Magnified

Seconders chip Siti

Magnified

riniao chip site

An integrated-circuit photoniask De\ in Icaturs
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whe is the avt rage in her of it lefects per unit area and ca Jan
IC chip If remains the same for all mask levels e.g 10 excis then the final

yield becomes

Figure shows the mask-limit yield foi 10 level lithographic process as function

of chip size for various values of defect densities For example forD 0.25 defectlcmi

the yield is 10% for chip size of 90 mm and it drops to about 1% for chip size of

180 mm2 Therefore inspection and cleaning of masks are important to achieve high yields

on large chips Of course an ultraclean processing area is mandatory for lithographic pro

cessing

121A Photoresst

The photoresist is radiation-sensitive compound Photoresists can be classified as pos
jOve and negative depending on how they respond to radiatiun For positive resists the

exposed regions become more soluble and thus more easily removed in the development

process The net result is that the patterns formed also called images in the
positive

resist am the same as those on the mask For negative resists the exposed regions become

less soluble and the patterns formed in the negative resist are the reverse of the mask

patterns

Positive photoresists consist of three components photosensitis compound base

resin and an organic solvent Prior to exposure the photosensitive compound is insolu

ble in the developer solution After exposure the photosensitive compound absorbs radi

ation in the exposed pattern areas changes its chemical structure and becomes soluble

in the developer solution After des elopment the expeised areas are rernoved

Negative photoresists are polymers coinbinec with photosensitive compound After

exposure the photosensitive compound absorbs the optical energy and converts it into

Chip edge mm
24 10 12 14

100

60
0.025

40

01

20

ax

10

0.25

0.5

10

20 40 60 80 100 120 140 160 180 200

Chp site 11

yield for 10-mask lithographic process with vaiioin defect densities per level
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chemical energy to mit ate po yir er nkng re to on his so on ca sos cro nk
of the polymer molecules The cross linked poti iner has higf or molecular weigh and

becomes insoluble in the developer sok tion After development tic inexposod areos

are removed One major drawback of negative photoresist is that in the development

process the whole resist mass swells by absorbing developer solse it This swelling action

limits the resolution of negative photoresists

Figure 9a shows typical exposure response curve and image cross section for pos
itive resist The response curve describes the percentage o1 resist remaining after expo
sure and dexelopinent versus the exposure energy Note that the resist has finite solubili

in its developes even without exposure to radiation As the exposure energy increases

the solubility gradually increases until at threshold energy Er the resist becomes com
pletely soluble The sensitivity of positive resist is defined as the energy rcquu ed to

produce complete solubility in the exposed region Thus Er corresponds to the sensi

tivity In addition to Er parameter the contrast ratio is defined to characterize the

resist

where is ft energy obtained by drawing the tangent atE7 to reach 100% resist thick

ness as shown in Fig 9a larger yimplies higher solubility of the resist with an incre

mental increase of exposure energy and results in sharper images

Positi resist Negative resist

100 100

150 TN 20
Exposure eneixp niJ/cmi Exposure erergy mJ/cm2

Exposure-response curve and cross section of the resist image after development

Positive photoresist negative photoresist

UMC 1223
UMC v. AICP



414 Chap ar hography and ch n.j

TIc iage ems sectior Fag Ys illustrates rca ec edges of

photomask image as the correspond edges of the res it images alter development

The cdg of the resist image are gene uPs not the vertically projected positions of

ti mask edges because of diffrecti The dge of the resist image corresponds to the

position where the total absorbed optcal energy equals the threshold energy

Figure Yb shows the exposuae-response curve and image cross section for Sega

tive resist The aegat resist remains completely soluble in the developer solution for

exposure energies ion er thar the thresf old energy Above more of the resist film

remains after development At exposure energies tim ce the threshold energy the resist

film becomes essentially
insoluble in the developer he sensitivity

of negative resist is

defined as the energy required to reta 50% of the original resist film thickness in the

exposed region The parameter yis defined similaily to yin Eq except that F1 and E1

are interchanged The image cross section for the negative resist Fig Yb is also influ

enced by the diffraction effect

Find the parameter yfor the photoresists
shonn in Fig

For the positive resist E1 90 1nJ/cns and F1 4a inJlcmm

1.4

rj 45
For the legative resist E7 n/cm2 and 12 iiiJ/cmm

1.9

For deep lithography e.g 248 and 193 rim we cannot use conventional pho

toresists because these resists require high-dose exposure in deep U\ which will cause

lens damage and lower throughput The chemical-amplified resist CAR has been devel

oped for the deep UV process
CAR consists of photmacid generator resin polymeb

and solvent CAR as sery sensitis to deep UV radiation and the exposed and unexposed

regions differ greatly in the solubility the deseloper solution

12 15 Pattern Transfer

Figure 10 illustrates the steps to transfer IC pattes ns from mask to silicon wafer that

has an insulating Swi2 layer formed on its surface5 The wafer placed in clean room

which typically as illuminated with chow light since photoresists arc not sensitive to

wavelengths greater than 0.5 pm To ensure satisfactory adl esion of the resist the sur

face must be changed from hydrophihc to hydrophobic This change can he made by the

application of an adhesion proniotem uhich can pros dc chemically compatible surface

for the resist The most comnmnor adhesion prom moter for silicon ICs is hcxa-methyleae

di-siloxane çHMDS After the application of this adhesion layer the wafer is held on

sam spin and 23 cc of liquidous resist is applied to the center of wafer The wafer

is then rapidly accelerated up to constant otational speed which is maintained for about
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Fhotomask

Ib

sist

__
Details of the optical lithographic pattern transfer process.8

30 seconds Spin speed is generally in the range of 100010000 rpm to coat uniform

film about ft to 1tm thick as shown in ig lOa The thickness of photoresist is cor
related with its siscosity

After the spinning step the wafer is given soft bake typically at 90 120C for 60 120

seconds to remove the solvent from the photoresist film and to increase resist adhesion
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to the afcr TF vafer alignod with re pect to mask in an tic lit ograp iic system

and the resist is exposed to UV light as shown in Fig lob positive photoresst is

used the exposed resist is dissolved in the developer as shown ii the left side of Fig
lOc The photoresist development is usually done by flooding the wafer with the devel

oper solution The wafer is then rinsed and dried After development postbaldng at

-100 180C may be required to increase the adhesion of the resist to the substrate The

wafer is then put in an ambient that etches the exposed insulation layer hut does not attack

the resist as shown vi Fig lOd Finally the resist is stripped e.g using solvent or plasma

oxidation leaving behind an insulator image or pattern that is tim same as the opaque

image on the mask left side of Fig Oe
For the negative photoresist the procedures described are also applicable except

that the unexposed areas are removed The final insulator image right side of Fig lOe

is the reverse of the opaque image on the mask

The insulatos image can be used as mask for subsequent processing For example

an ion implantation can he done to dope the exposed semiconductor region but not the

area covered by the insulator The dopant pattern is duplicate of the design pattern on

the photomask for negative photoresist or is its complementary pattern for
positive

photoresist The complete circuit is fabricated by aligning the next mask in the sequence

to the previous pattern and repeating the lithographic transfer process

related pattern transfer process is the liftoff technique shown in Fig 11 posi

tive resist is used to form the resist pattern on the substrate Fig ha and llb The film

e.g aluminum is deposited over the resist and the substrate Fig llc the film thick

ness must be smaller than that of the resist Those porttons of the film on the resist are

removed by selectively dissolving the resist layer in an appropriate liquid etchant so that

the oveilymg film is lifted off and removed Fig lid The liftoff technique is capable

of high esolatien and is used extensively for discrete devices such as high-power

hr

If If If

Resist
Mask

Resist

___________________

Substrate Substrate

Deposit

Substrate Substrate

Liftoff
process

for patter transfer
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MFS Es ones no as del ti ab For Itrala ge-sc rath in wi ich

di etching the efe red techn que

121.6 Resution Enhancement Techniques

Optical hthography has been continuously challenged to provide better resolution greater

depth of focus .DOF and wider exposure latitude in IC processing These challenges

have been met by reducing the wavelength of the exposure tools and developing new

resists In addition many resolution enhancement techniques have been developed to

extend the capability of optical lithography to cxcii smaller feature lengths

An importantresolution enhancement technique is the phase-shifting mask çPSM
The basic concept is shown9 in Fig 12 For cons entional mask the electric field has

the same phase at eveiy aperture clear area in Fig 12a Diffraction and the limited res

olution of the optical system spread the electric field at the svafer as shown by the dot

ted lines Interference between waves diffracted by the adjacent apertures enhances the

field between them Because the intensity is proportional to the square of the electric

field it becomes difficult to separate the two images that are projected close to one another

The phase-shift layer that covers adjacent apertures reverses the sign of the electric field

as shown in Fig 12b Because the intensity at the mask is unchanged the electric held

of the images at the wafer can be cancelled Therefore images that are projected close

to one another can be separated 1800 phase change can he obtained by ising trans

parent layer of thickness 2ll where is the refractive index and is the

navelength which covers one aperture as shown in Fig 12/i

Another resolution-enhancement technique is the optical proximity correction OPC
which uses modified shapes of adjacent subresolution geometry Ic improve imaging

capability For example square contact hole nith dimensions near the resolution limit

Conventional mask Phase-shifting mask

Glass

Chrome

Phase shifter

at wafer

at wa er

The principle of phase-shift technology Cons entiona tech nologv 14 phic c-st if

technology.5
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nd prirt
earli circle Modifying the ontact-hol patter witf fc it onal geomet

rics at the corners will help to prnt riore accurate square hole

Why is
optical lithography so widely used and what makes it such promising method

The reasons are that it has high throughput good resolution low cost mid easc in operation

However due to deep-subinicron IC process requirements optical lithography has

some limitations not yet solved Although we can use PSM or OPC to extend its useful

span the complexity of mask production and mask inspection can not be easily resolved

In addition the cost of the masks is veiy high Therefore we need to find postoptical

lithography to process deep-submicion or even nanometer ICs

Various types of next-generation lithographic methods for IC fabrication are discussed

in this section We consider electron-beam lithography extreme UV lithography X-ray

lithography and ion-beam lithography We also consider the differences among these litho

graphic methods

1221 EectronBeam Lfthography

Electron-beam lithography is primarily used to produce photomasks Relatively few tools

are dedicated to direct exposure of the resist by focused electron beam without mask

Figure 13 shows schematic of an electron-beam lithography systemJ The electron gun
is device that can generate beam of electrons with suitable current density tung

Election gnu

Pattern Alignment coil

generator

Ffrstcondenser

_____ Blanking plates

Computer
control

Second ndesisei

Limiting aperture

Final lens coils

El truii resist

Substrate---
Mechanical stage

Schematic of an electron-beam machine.0
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mionk -ci is OCS or ii cvi de 1B
fr the ection indcire enses scd tc fo the ectr Icc oa xxi sz

025 ci in diameter Bean -blani mgplctcs that ir tie electr ii beam on id off ai

beam deflection cils ar computc co trolled and op iated VHz or higher ates

direct the focused electron beam to any location the sear feld on the substrate Because

the scan field typically cm is ucb smaller than Lie si bstrate diamctei precision

mechanical stage is used to position the substrate to he patterned

The advantages of electron-heux lithography md ide the ge reration of submicron

resist geometr es highly automated and precisely coy trolled operation greatel depth of

focus than that available Li om optmal ithography and dir ct patte hug on senncon

doctor wafer without using mask The disadvantage is that electron beam lithographic

machines have low throughput approximately 10 waleis per hc ir at less than 0.25 un
iesolution This throughput is adequate fbi the production of photoinasks foi situations

that require small numbers of custom circuits and for design verifieat on lower for

maskless direct writing tire machine must have the higl est possible
ti roughput and tl crc

fore the largest beam diameter possible wsktent with the miriioum dexic me-isions

There are basically two ways to scan the focused electron beam raster scan and sec

tor scan In raster sean systeni resist patterns are written by beam that mores di ough

regular modevertiealh oriented as shown in Fig 14a The beam scans sequc itiailv

over every possible iocatioi on the mask vi is blanked turm ed off where no exposure

is required All patterns on the area to he written must he subdivided into individual

addresses and giren patterr must hare nunimuni inereniental interval that or only

divisible by the beam address size

In the vector sean system as shoun in Fig 14b the beam is directed only to the

requested pattern features and lumps from feature to feature rather than scanning the

wboli chip as in raster scan For many chips the average exposed regimi is nniy
20% vi

the chip area so we can save time by using vector sean system

HWlIlIIHHHlHH
_________________ Beam sire Beam sire

Raster scan \Teetor scan ___________________
J_J_J_J__L_ii___l.___L__J__J___t___ .1

Hb HH
Raster scan writing scheme vector sc wit ig schemes id si

aj
of Ii

tron beam round variable cell proj ction

UMC 1223
UMC v. AICP



420 Chapter 12 Lithography and Etching

Figure 14c shows several types of electron bea ii eriplo od for c-bean ithography

Gaussian spot beam round beam variable shaped beam and cell projection In vari

ablc-shaped beam system the patterning beam has rectangular cross section of vari

able size and aspect ratio II offers the advantage of exposing several address units

sirnultameously Therefore the vector scan method using variable-shaped beam has lugher

throughout than the cons entional Gaussian sport beam It is also possible to pattern

complex geometric shape in one exposure with an electron beam system this is called

cell projection as shown in the far right of Fig 14c The cell projection technique2 is

particularly suitable for highly repetitive designs as in an MOS memory cells since sev

curl memory cell patterns can be exposed at once Cell projection has not yet achieved

the throughput of optical exposure tools

SCALPEL System

new approach for electron-beam technolory is the electron-beam projection lithogra

phy An example is the SCALPEL Scattering with angular limitation projection electron

beam lithography system SCALPEL combires high resolutioi with the wide process

latitude inherent in electron-beam lithography depth of focus about 203D inn com
pared with pm for KrF lithography and the high throughput of projection system
SCALPELs masks are expected to be considerably less expensive than optical masks which

require optical proximity correction arid phase-shift masks for the 100 nm generation

because SCALPEL adopts 4x projection reduction

The system has an initial design for mm field which would be capable of deliv

ering throughput of 200 mm wafers at rate of 30 per hour As shown in Fig 15
SCALPEL uses scattering mask to conduct the reduction projection lithography through

scanner The mask is uniformly illuminated by parallel beam of 100 keV electrons

Incident

electrons

Scattering

mask

Lens

SCALPEL
aperture

Lens

Image on wafer

Basic SCALPEL principle of operation showing contrast generation by differentiating

more or less-scattered electrons.ii
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ra rca ur ev isoec of iat di ferertetes it from xc

us atte npts at pi oecti eloctron hea lithography is thc mask desig The mask is

comprise of thin 100450 inn ion -atom c-number memb anc SiN and thin 3060
nm high atomic-numbei patter layer CrAV

Although the mask is almost completely clectron transpam ent at the energies used

100 keVi contrast is gun rated Dy utiliLumg thu difibrence in electromi-scatteting char

acteristics betwee the membrane ir patterned materials The membi ane of low-atomic

numbem material scatters eectj-ons weakly with small angles whereas the pattern la

of high-atomic number material scatters most electrons strongly with high angles

SCALPEL aperture in the back-focal plane of the projection optics blocks the strongly

scattered electrons forming high-contrast aerial image on the wafei

Electron Resist

Electron resists are polymers The behavior of an electron-beam resist is similar to tf at

of photoresist that is chemical or physical change is induced in the resist by irradi

atioo This change allows the resist to be patterned For pnsitive electron recist tF

polymer-electron interaction causes chemical bonds to be broken chain scission to form

shorter molecular fragments as shown4 in Fig 16a As result the molecular weight is

reduced in the irradiated area which can be dissolved subsequently in developer solu

tion that attacks the low-molecular-weight material Common positive electron resists

include poly-mnethyl methaciylate PMMA and poly-butene-1 sulfone PBS Positive

electron resists can achieve resolution of 01 tm or hettem

For negative electron resist the irradiation causes radiation induced polymer link

ing as shown in Fig 16b The cross hrmldng creates complex three-dimensional struc

ture with molecular weight higher than that of the nonirradiated polymer The

nonirradiated resist can be dissolved in developer solution that does not attack the high-

molecular-weight material Poly-glycidyl methacrylate-co-ethyl aciylate COP is common

Positis resist

Chain scission

Negative resist

Cross link

hI

Schematic of positive and negative resists used in electron-bcam lithography
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era lye alec on esist COP like most at se ores si so sue is devel

opinent so the re olution is limited to about un

The Proximity Effect

optical lithography he resolution is limited by diffraction of light In electron beam

1ithograFy the resolution is not limited by diffraetior tbecanse tue wavelengths dssoci

ated with electrons of feu keV and higi er mergies arc less man 0.1 urn but by elec

tron scattering \Vhen electrons penetrate the resist film and underlying substrate they

undergo collisions These collisions lead to ener losses and path changes Thus the inci

dent electrons spread out as they travel through the material until either all of their energy

is lost or they leave the material because of hackscattering

Figure 17a shows computed electron trajectories of 100 elections ith initial energy
of 20 keY incident at the origin of pm PMMA film on thick silicon substrate.15

The electron beam is incident alor the z-axis and all trajectories hare been projected

onto the vz plane TE is figure shows qualitatively that the electrons are dstributed in an

oblong pear-shaped olurne with diameter on tha same order of nagnitudc as the elec

tron penetration depth 3.5 pm Also there are many electrons that undergo backseat-

20 1ce brarn

3- Si-

LL_LLJ

Dose

_________

Forss ard

scittermg

_________________

//__
Backscattering

inn

Emulated trajectories of 00 eleetroims in PMMA fot 20 keV eledron beam dli

Dose distribution for fotsvard scattering and hackscateriisg at the resist substrate interface
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tmnacollisio is aid ave bacvard si bsta he Are stfl ii

and leave the matens

Figure Tm shows the normalized distri ut ons of the forward scattering and backseat

tering electrons at the resist-substrate interf ace Because of the backscattering elect is

effectively can irrad ate several micrometers sway from the center of the exposure beam

Since the dose of esist is given by the sum of the rradiatio is from all surrounding areas

the electron-beam irradiation at one location will affbct the irradiation in neighboring

locations This phei omenon is called the proximity effect The proximity effect places

limit on the minimum spacings between pattern features To correct for the proximity

effect patterns are vided into smaller segments The icident electron dose in each

segment is adjusted so that the integrated dose from all its neighboring segments is the

correct exposure dose This approach further decreases the throughput of the electron-

beam systembecause of the additional computer time required to expose the subdivided

resist patterns

1222 ExtremeUftraviolet Lithography

Extreme-ultraviolet EUV lithography is promising next-generation lithographic tech

noloi to extend the inimmum linewidths to 30 nm without throughput 1055m Figure 18

shows schematic diagram of an EUV lithographic system laser-produced plasma or

synchrotron radiation can serve as the EUV source of 1014 nm EUV light The

EUV radiation is reflected by mask that is produced by patterning an absorber mate

rial deposited on multilayer-eoated flat silicon or glass-plate
mask blank EUV radia

tion is reflected from the nonpatterned regions i.e nonabsorbing regions of the mask

through 4x reduction camera and imaged into thin layer of resist on the wafer

Since the EUV radiation beam is narrow the mask must he scanned by the beam to

illuminate the entire pattem field that describes the circuit mask layer Also for 4x four-

mirror i.e the one-paraboloid two-ellipsoid and one-plar mirrors reduction camera

the wafer must be scanned at one-fourth the mask speed in direction opposite to the

mask movement to reproduce the image field on all chip sites on the wafer surface

Laser plasma source or EU\ light 1014 ore

synchrotron radiation

Paraboloid

teflection ask

Ellipsoid

Plane

Ellipsoid

Wafer

Ire

Schematic representation
of an extreme-ultraviolet EUV lithography system5
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rec non st ci is cm ured to pe in ti ci ip-site align ic it ax Ii out ie vahr
and mask stage novemer ts and ti exposure dose dur ng the scam nmg process

BUY Lthographv is capable of pr nting SO-rim iti PMk resist
using

13 radiatior However ti production of EUV expos cc tools has number of chah

lenges Since UV is strongly absorbed in all materials the lithography process must be

performed in vacuun The camncra must usc reFective-lens eements aria the mnisrors

must be coated with multilayer coatings that produce distributed quarter-wave Bragg refiem

torn In addition the mask blank must also bc multilayer coated to maximize its
reflectivity

atr-10 l4nm

1223 XRay Lithography

X-ray lithographyT XRL is potential candidate to succeed optical lithography for the

fabrication of integrated circuits at 100 mn The synchrotron storage ring the choice

of X-ray source for high-volume manufacturing It can provide large aniount of colli

mated flux arid can easil accommodate 1020 exposane tools

XRL uses shadow printing method similar to optical proximity printing Figure 19

shows schematic XRL system The X-ray wam eiength is about urn and the printing
is through lx mask in close proximity 1040 tm to the wafer Since

ray absorption

depends on the atomic number of the material and most materials have low transparency
at nm the mask substrate must be thin membrane 12 j1m thick made of low
atomic-number material such as silicon carbide or silicon The pattern itself is defined

in thin 0.5 pm relatively high-atomic-number material such as tantalum tungsten
gold or one of their alloys which is supported by the thin membrane

Masks are the most difficult and critical clement of an XRL system and thc con
struction of an X-rar mask is much more complicated than that of photomask To avoid

ahsorptior of the X-ravs between the source and mask the exposure generally takes place
in helium environment The

rays are produced in vacuum which is separated from

the helium by thin vacuum window usually ofbeiylllum The mask substrate will absorb

25%35% of the incident flux and must therefore be cooled An X-ray resist inn thick

EWosure tool

Cap

Xray mask Resistcoated

\mafer

Eel emetic representation of proxirnits ray lithographa svstemT
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II if se ie ire in co ci

St ate create sf ig us as ireflect is gs ne lece

We car se ectron ss res ts as -rar resists ecause ra absorbed

an ato ii the ato goes to er excited tate ith the eimssioi of as lectrori he excite

atom returns to Is ground state by emittmg an X-r iy asang different was clengt than

the incider ra iay is absorbed bs anothe osn and rise piocesepeas Since

all the
pu causes ras it the isslo of elect ons resist film under X-ray irradiati sri

is eqi ivale Ito one bemg irradiated large umber of secondaiy electrons from any

of the other processes Or cc the resist fibs is irradiated cC ai cross linking or cC am scis

sion irill occul dctynding tile type of rcsst

l224 onBeam Lithography

Ion-beam lithograpi can icC ieve higher resolution than optical uay or electron-bcam

lithographic techniques because ions hare higher mass and therefore scatter less than

electrons Thc most important application is thc rnpaii of masks for optical hthograph
task for rihich commercial systems are available

Figure 20 shows the computer-simulated trajectories of 50 11 ions implanted at 60 ke\

ir to PMMA and various substrates.8 Note sat the spread of the on beam at depth of

0.4 im is oniv 0.1 Lm in all cases compare with Fig 17a for electrons The backseat

tering is completely absent fdr the silicon substrate and there is only small amount of

hackscattering for the gold substrate However ion-beam lithography nsay suffer from

random or stochastic space-charge effect causing broadening of the ion beans

Thc re are tu types of ion-beam lthography systems scanning focused-beans sys
tern and mask beani system The Conner system is similar to the electron-beam machine

Fig 13 in hsieh the ion source can he Cam or The latter system is similar to an

optical
hx reduction projection step-and repeat system uhich projects 100 key light ons

such as through stensil mask

1225 Comparison of Venous Lthographic Methods

The lithographic methods discussed above all hare 100 nni or better resolution cons

parison of various lithographic technologies is shown iii Table However each method

Data ltm

02 0.2 02 02 0.2 02

0.20

PMM
0.40

Au Si

0.60

PMMk

30 ___________________ ____________________

Tralectories of 60 keV 11 ions tras chug through MA into Au Si and P\1MA

UMC 1223
UMC v. AICP



426 Chapter 12 Lithography and Etching

Optical

248/193 cm SCALPELa EUV X-ra Ton beam

Exposure Source Laser Filament Laser Synchrotron Mulficusp
Tool

plasma

Diffraction Yes No Yes Yes No
limited

Optics Refractive Refractive Refi active No optics Full-field

refractis

Step and Yes Yes Yes Yes Stepper
scan

Throughput of 40 30 35 20 30 30 30

200 mm
wafers/hr

Mask Demagoification 4X 4X 4X 1X 4X

Optical Yes No Yes Yes No

proximity

correction

Radiation path Transmission Transmission Reflection Transmission Stencil

Resist Single or Single Single Surface Single Single

Multilayer Imaging

Chemical Yes Yes No Yes No

amplified

resist

SCALPEL Scattering with angular limitation projection electron-beam lithoraph EUF extreme ultraviolet

has its own limitations the diffraction effect in optical lithography the proximity effect

in electron-beam lithography mask fabrication complexities in X-ray lithography diffi

culty in mask blank production for EUV lithography and stochastic space charge in ion

projection lithography

For IC fabrication many mask levels are involved Howeveg it is not necessary to

use the same lithographic method for all levels mix-and-match approach can take advan

tage of the unique features of each lithographic process to improve resolution and to max
imize throughput For example 41 SCALPEL or EUV method can be used for the

most critical mask levels whereas 41 or 51 optical system can be used for the rest

Accordi
ig to the Roadmap of Semiconductor Industry Association IC manufactur

ing technology will reach the 50 nm generation around 2010 With each new technology

generation lithography has become an even more important key driver for the semi
conductor industry because of the requirements of smaller feature size and

tighter over

lay tolerance In addition lithography tool costs have become higher relative to the total

equipment costs for IC manufacturing facility Currently the technology development
of next-generation lithography is conducted by multinational research projects or by indus
trial partners

\et chemical etching is used extensixely in semiconductor processing Starting froiv the

sawed semiconductor wafers chemical etchants are used for lapping and polishing to give
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optin at dci e-frce rfhce tot ien oxi Ia 10 Cr epi xia grout ie

semiconductos wafers are he callv cleaned to emose conta nination nit results xi

handlmg and storng Wet cF ersilcal etchings are especialic suitable for blanket etches

i.e over the whole nafer surface of po vsiiicon oxide nitride metals and II

compounds
The mechanisms for wet chemical etching invols tin cc essential steps as illustrated

in 21 the reactants are transported by diffusion to the reacting sw face chemical

reactio is occur at the surface and the products from the surface are removed by diffu

sion Both
agitation

and the temperature of the etc iant solution will influence the etel

rate which is the amount of film removed by etching per unit time In IC processing

most wet chemical tchings proceed by immersing the wafers in eherr ical solution or

by spraying the wafbrs with the etchant solution For immersion etching the wafer

immersed in the etch solution and mechanical
agitation is usualh required to ensure etch

uniformity and consistent etch rate Spray etching as gradually replaced immersion

etching because it greatly ii creases the etch rate and uniformity by constantly suppit ng
fresh etchant to the wafem suface

For semiconductor production lines highly uniform etch rates are important Etch

rates must he uniform across wafei from nafer to wafei fron run to run and for ary
variations in Feature sizes and pattern densities Etch rate uniformity is given by

maximum etch rate minimum etch rateEtch rate uniformity 100%
maximum etch rate minimum etch rate

Calculate the Al aserage etch rate and etch rate unifonnit on 200 mm diameter silicon nafer

assuming the etch rates at the center left right top and hottom of the wafer are 750 812 765
743 and 798 nm/mm respectively

condiZor

Basic nice mum in net chcnac tel ing
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Al average etch rate C50 812 i68 713 796 773.6 nm/mm

itch rate uniformwi 812 43 812 43 I0QU/ 1.4

1231 Siflcon Etching

For semiconductor materials wet chemical etci ing usually proceeds by oxidation fol.

lowed by the dissolution of the oxide by chemical reaction For silicon the most com
inonly used etchants are mixtures of itric acid HNO3 and hydrolluoric acid HF in

water or acetic acid CH3COOH Nitric acid oxidizes silicon to form SiO layer The
oxidation reaction is

Si 411N03 SiO 2H20 4N0

ydrofluoric acid is used to dissolve the Si02 layer The reaction is

Si02 6HF H2SiF6 2H20 10

Water can be used as diluent for this etchant However acetic acid is preferred because

it reduces the dissolutior of the nitric acid

Some etchants dissolve given ciystal plane of single-ciwstal silicon much faster than

another plane this results in orientation-dependent etching.2 For silicon lattice the

111-plane has more available bonds per unit area than the 10- and 100-planes there

fore the etch rate is expected to be slower for the 111 plane commonly used ori

entation-dependent etch for silicon consists of mixture of KOFI in water and isopropvl

alcohol For example solution with 19 wt KOH in deionized Dl water at about

90C removes the iO0-plane at niuch higher rate than the ii 10- and 111-planes
The ratio of the etch rates for the 100- 110- and 111-planes is 100 161

Orientation-dependent etching of 00-oriented silicon through patterned sili

con dioxide mask creates precise V-shaped grooves1 the edges being lll-planes at an

angle of 54.7 from the 111-surface as shown at the left of Fig 22a If the window in

the mask is sufficiently large or if the etching time is short h-shaped groove will be

formed as shown at the right of Fig 22a The width of the bottom surface is gh en by

W2lCOt 54.7

or Wb wI2 11

where W0 is the width of the window on the wafer surface and is the etched depth If

110-oriented silicon is used essentially straight-walled grooves with sides of 111-planes
can be formed as shown in Fig 22b We can use the large orientation dependence in

the etch rates to fabricate device structures with submicron feature lengths

1232 SiLicon Dioxide Etching

The wet etching of silicon dioxidei commonly achieved in dilute solution of HF with

or without the addition of ainmonium fluoride NH4F Adding NH4F is referred to as

buffered IF solution BHF also called buffered-oxide-etch BOll The addition of

NH4F to HF controls the pI alue ieplenishes the depletion of the fluoride ions
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to-

Orientation-dependent etching Through window patterns on 100-oriented sili

con through window patterns on 110-oriented silicon.00

thus maintaining stable etching performance The overall reaction for S102 etching is the

same as that in Eq 10 The etch rate of Si09 etching depends on etchant solution etchaut

concentration agitation and temperature In additional densith porositn mcrostrueture
and the presence of impurities in the oxide also ir fluence the etch rate For exan pie
high concentration of phosphorus in the oxide resu ts in rapid increase in the etch rate

and loosely structured chemical-vapor deposition C\TD or sputtered oxide exhibits

faster etch rate than thermailt grown oxide

Silicon dioxide can also he etched in vapor phase HF Vapor-phase hF oxide-etch

technolo%J has potential for suhnoicron feat re etching because the process cai be well

controlled

1233 Siflcon Nitride and Poysilicon Etching

Silicon nitride films are etchabie at room temperature in concentrated FIF or buffered

hF and in boiling H3F04 solution Selective etching of nitride to oxide is done with

85% H3P04 at 180C because this solut on attacks silicon dioxide veiy slowly Toe etch

rate is typically 10 nm/mm for silicon nitride but less than nm/mon for silicon dioxide

However photoresist adhesion problems are encountereu wnen etching nittide with noil

ing H3P04 solution Better patterning can be achieved by depositing tl in oxide layer

on top of the nitride film before resist coating The resist pattern is transferred to the

oxide layer which then acts as mask for subsequent nitride etching
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Etching polysil rn is si rilar to etching ngl-ciystal Si ICOn 4or cei the ch rate

is considerably faster because of grain hour daries The etch solution is usually bodied
to ensure that it does not attack the inderlying gate oxide Dopant concentrations and

temperature may affect the etch rate of polysihcon

12 34 Auminum Etching

Aluminum and aluminum alloy films are generally etched in heated solutions of phos
phoric acid nitric acid acetic acid and DI water The typical etchant is solution of 73%

H3P04 4% -1N03 35% CH3COOII and 19.5% DI water at 3080C The uet etch

ing of aluminum proceeds as follows HNO3 oxidizes aluminum and H3P04 then dis

solves the oxidized aluminum The etch rate depends on etchant concentration

Material Etchant composition Etch rate nm/mm

SiO 28 ml of HF
170 ml of HF Buffered 1fF 100

113g of NH4F

15m1 ofHF

lOmI of HNO3 Petch 12

300 ml of H20

SbN4 Buffered HF 0.5

Al H3P04 10

4rnl of HNO3
3.5 ml of CH5COOH 30

73m1 of H3P04

19.5 ml of HO
Au 4gKI 1000

gofl2

4Oml of H90

Mo ml ofH3PO4 500

2nd of HNO3
ml of CH3COOH

150 ml of H90

ml ofHNO3
Pt 7mlofHCl 50

ml ofHO

34 of KH2PO4

13.4 of KOH 160

33 of K3FeCN6

H20 to make liter
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mpe at tati wa ci ar puhti ii or iv

crample the ctcl rat rcduced when copper add to hr uminui

Wet etching of ii sulating ar meta films is uuallr dc with tie similarchen icals

that di.ssols these ale als in dk form and ins ols theii conversion into soIr ble Slits

or complexes Generally film materials will be etched more rapidl1 than their bulk

terparts Also tfe etch iates are higher for films that have poor microstructure built-

in stress or departure from stoichiometiy or that has bee irradiated Sonic useful

etchants for insulating and metal films are listed iii Table

1215 Gallium Arseiiide Etchmg

wider ariet of etches has been investigated for gallium arsenide howevei few of them

arc truly isotropic.2 This is because the surface activities of the 111-Ga and 111-As
faces are veiy different Most etches give polished surface on the arsenic face hut

gallium face tends to show crystallographic defects arid etches more slowly The most

colimlonly used etchants are the I9SO4 lIQ_IIO and II3PO -H2O-HO systems For

an etchant with an 811 volume ratio of 119S04H2091190 the etch rate is 0.8 am/mm

for the 111-Ga face and 1.5 pm/inirl for all other faces For an etehant with 50 vol

ume ratio of H3PQ4HOH the etch rat is 04 frm/nin for 11-Ga face arid 08

pin for all other faces

pattern-transfer operations resist pattern is defined by lithographic process to

as mask for etching of its underlyii layer Fig 23a.22 Most of the layer materials e.g

SiO2 Sis4 and deposited metals are amorphous or polycrystailine thin films If they

are etched in wet chemical etchant the etch rate is ger erallv isotropic i.e the latcral

and vertical etch rates are the same as illustrated in Fig 23h If is the thickness of

the layer material and the lateral distance etched ur derneath the resist mask we can

define the degree of anisotropy A1 by

A1
lI _1 12

Rrt

uhere is the time and R1 and are the lateral and vertical etch rates respectively For

isotropic etching and A1

The major disadvantage of wet chemical etching for pattern transfer is th under

cutting of the layer underneath the mask resulting in loss of resolution in the etched

pattern In practice for isotropic etching the film thickness should be about one-third

or less of the resolution required If patterns ale required with resolutions much smaller

than thc film thickness amsotropic etching i.e A1 must ho used In practice

tile value of is chosen to be close to unity Figure 23c shows the limiting case where

A1 corresponding to cor

To achieve high-fidelity transfer of the resist patterns required for ii traiargc-scale

integration processing A1 thy etching methods have been des eloped Dry etching

is synonymous with plasma-assisted etehir whch denotes scs eral techniques that use

plasma in the form of low-pressurc discharges Ui-v-etch nethods include plasn etching
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Resist

mask

Insulator

film

Semiconductor

Comparison of wet chemical etching and dry etching for
pattern transfer

22

teactive ion etching filE sputter etching magnetically enhanced filE MERlE reac

tive ion beam etching and high-density plasma HDP etching

12A1 Pasma Fundamentas

Plasma is fully or partially ionized gas con posed of equal numbers of positive and neg
ative charges and different number of unionized molecules Plasma is produced when

an electric field of sufficient magnitude is applied to gas causing the gas to break down

and become ionized The plasma is initiated by free electrons that are released by some

means such as field emission from negatively biased electrode The free electrons gain

kinetic energy from the electric field In the course of their travel through the gas the

electrons collide with gas molecules and lose their energy The energy transferred in the

collision causes the gas molecules to be ionized Lu to flee electrons The free elec

trons gain kinetic energy from the field and the process continues Therefore when the

applied voltage is larger than the breakdosvn potential sustained plasma is formed

througtiout the reaction chamber

The electron concentrations in the plasma for dry etchings me relatively low typi

cally on the order of 1P_10u cm At pressure of Torr the concentrations of gas

molecules are 1Oti1O7 times higher than the electron concentrations This results in an
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cr0ge gas mpcrat ir tie ra go 50 ot oç Tile efo tho ulas us assis ccl dry

ching is ow temperature process

The electron dnsitis in RIE system md 1-3p system raoge from 1010 nd 10 1012 ciu
respectively Assuming the ElF chamber pressure is 200 mTorr and HDP chamber pressure is

mToar calculate the ionization efficiency in RIE reactors and HDP reactors at room temperature
The ionization efficiency is the ratio of the electron densib to the density of molecules

PV uRT

where is the pressure in atm atm 760000 liTorr tile volume in liters the

number of moles the
gas constant 0.082 literatni/mol-Kl and the absolute temperature

in respectively

For FL system

n/V P/FT 200/760000/0.082 300 1.06 110 mol/hiter

lO6x1O5x602xIO2 1000

6.38 10u cm
Ionization effecieney 10 10/ 38 iO

-1.56 10 156 1Of

For IIDP system

n/V P/RT 5/760000/O.082 300 2.66 lO mol/hter

-2.66 10 602 1023 1000

1.6 1l1fi1cmn

Iomzatmon effeciency 10 1012V1.6 10
625 10.- 625 10

Therefore HDP has much higher ionization efficiency than RIE

1212 Etch Mechanism Pasma Daagnostics and End-Point Contro

Plasma etching is process in hich solid film is removed by chemical reaction with

ground-state or excited-state neutral species Plasma etching is often enhanced or induced

by energetic ions generated in gaseous discharge The basic etch mechanism plasma
diagnostic and end-point control are introduced

briefly in this section

Etch Mechanism

Plasma etching proceeds in five steps as illustrated in Fig 24 the etchant species is gen
erated in the plasma the reactant is then transported by diffusion through stagnant gas
layer to the surface The reactant is adsorbed on the surface chemical reaction along
with physical effects such as ion bonlbardrncnt follows to form volatile compounds the

compounds are desorbed from the surface diffused into the bulk gas and pumped out

by the vacuum system.23

Plasma etching is based on the generation of plasma in gas at low pressure Two
basic metf ods are used phx sical methods and chemical ilethods former ch des

sputter etching and the latter includes pure chemical etching In physi al jtching positive
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na flong ga

Genercon of ctcliant species

Di funon to surface

Stagnant gas 1aer

Reaction

Film

Basic steps in dry-etching processing23

ions bombard the surface at high speed small amounts of negative ions formed in the

plasma cannot reach the wafer surface and therefore play no direct role in plasma etch

ing In chemical etching neutral reactis species generated by the plasma interact with

the material surface to form volatile products Chemical- and pF ysical-etch mechanisms

have different characteristics Chemical etching exhibits high etch rate and good selec

tivity i.e the ratio of etch rates for different materials produces loss ion-bombard

ment induced damage but yields isotropic profiles Physical etching can yield anisotropic

profiles but it is associated with low etch selectivity and igh bombardment-induced dam

age Combinations of chemical and physical etching give anisotropic etch profiles rea

sonably good selectivity and moderate bombardment induced damage An example is

tbe RIE si hicb uses physical method to assist chemical etching or creates reactive ions

to participate in chemical etching

Plasma Diagnostics
Most processing plasmas emit radiation ii that range from infrared to ultraviolet sim

ple analytical technique is to measure the
intensity

of these emissions versus wavelength

with the aid of optical emission spectroscopy OES Using observed spectral peaks it is

usually possible to determine the presence of neutral and ionic species by correlating these

emissions with previously detennined spectral series Relative concentrations of the species

can be obtained by correlating changes in intensity with the plasma parameter The emis

sion signal derived fror the primamy etchant or by-product begins to rise or fall at the

end of the etch cycle

EnthPoint Contr

thy etching differs from the wet chemical etching in that dry etching does not have

enough etch selectivity to the underlying layer Therefore the plasma reactor must be

equipped with monitor that indicates when the etching process is to bi tennis ated
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ai en pon detec ioi svst ase intrf
rrnetry of the vafer surface is used

to continuously nor itor etch rates and to deterrni ie the end poi Dun
ig etching the

intensi of laser Ight ref ected off thin film surface oscillates Th oscillation oceni
because of the phase interference between the

light reflected from the outer and inner
interfaces of the etching layer This layer must therefo be

optically transparent or semi
transparent to observe the oscillation Figure 25 shows

typical signal from sili

cide/polycrystallme Si gate etch The period of the oscillation is related to the change
in film thickness by

Ad2c/271

where Ad is the change in film thickness for one period of reflected light is tF wave
lengtl of the laser light and fi is the refractive index of the etching layer For example
Ad for polysilicon is 80 nm measured by using helium-neon laser source for which

632.8 nm

12 43 Reactive PasmaEtching Techniques and Equipment

Plasma reactor teclmolo in the IC industiy has changed dramatically since the first applI.
cation of plasma processing to photoresist strippng rca tor for plasma etching con
tains vacuum chambes pump system power supply generators pressure sensors gas
flow control units and end-point detector Table shows the similarities and differences
in the types of etching equipment that are commercially available comparison of pres
sure operating ranges and ion energies for different types of reactors is shown in Fig 26
Each etch tool is designed empirically and uses particular combination of pressure elec
trode configuration and tpe and source frequency to control the two primaiy etch mech
allisms chemical and ph sical Higher etch rates a1id tool automation are required for

most etchers used in manufacturing

Reactive Ion Etcher RIE
RIE has been extensively used in the microelectronic industiy In

parallel-plate diode

system radio frequency rf capacitive-coupled bottom electrode holds the wafer This
allows the grounded electrode to has

significantly larger area because it is in fact the
chamber itself The larger grounded area combined with the lower operating pressure

Siicmde/prly si1icon etch

eiperiinerital curve

Tb Suicide

Etch time darbitrary unin

The relative reflectance of the etching surface of composite silicide/polv Si laye Tb
end

point of the etch is indicated by the cessation of the reflectance oscillation
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Etch tool configure ion Ftch moe anis Pressur range Torr

Barrel etching Chemical 0il0

Downstream plasma etching Chemical 0.1-40

eactie ion etching EIE Chemical aud physical 0011

Magnetic enhanced RIE Chemical and physical 0011

Magnetic confinement triode IIIE Chemical and physical 00010.1

Electron cnelotron resonance

plasma etch Chemical and physical 00010.1

Inductively coupled plasma or Chemical and physical 00010.1

transformercoupled plasma

Surface wave coupled plasma Chemical and physical 00010.1

on helicon plasma etching

1000

Low-pressure Single-wafer

100

batch lIfE RIE

10 Low
pressure

high-density plasma

ECR ICP
\ethcersers

1-

10 100 1000

Pressure mTorr

Comparison of ion energy assd opeiating pressure ranges for different zpes of plasma

reactors

500 mTorr causes the wafers to be subjected to heasy bombardment of energeic

ions from the plas na as result of the large negative self-bias at the wafer surface

Tue etch selectivity of this system is relatively low compared with traditional barrel-

etch systems because of strong physical sputtering However selectivity can be improved

by choosing the proper etch chemistry for example by polymerizing the silicon surface

with fluorocarbon polymers to obtain selectivity of SiO2 over silicon Alternatively tn-

ode-configuration RIE etch as shourn in Fig 27 can separate plasma generation from

ion trai sport on energy is controlled through separate bias on the wafer electrode

thereby minimizing the loss of selectivity and the ion-bombardmentinduced damage

oBserved in most traditional BIE systems

Electron Cyclotron Resonance Plasma Etcher

Most parallel-plate plasma etchers except tnode RIE do nol provide the ability to con

trol plasma parameters such as electron energy plasma densgy and reactant densi jude-
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Li

Staler

Schematic of triode reactive on etch reactor The inn
energy

is separately controlled

by bias voltage on the bottom electrode rf radio frequency

pendently As result ion-bombardment--induced dairiage becomes serious problem
The electron cyclotron resonance ECR reactor combines microwave power with stat

magnetic field to force electrons to circulate around the magnetic field lines at an angu
lar frequency When this frequency equals to the applied microwave frequency reso
nance coupling occurs between the electron ci esgy ar the applied electric field that

results in high degree of dissociation and ionization for ECR compared with 10

for fifE Figure 28 shows an ECR reaction chamber configuration Microwave power
is coupled through microwave window into the ECR source region The magnetic field

is supplied from the magnetic coils The ECR plasma systems can also be used in thin

film deposition The high efficiency in exciting the reactants in ECR plasmas allows the

deposition of films at room temperature without the need for thermal activation

Other High-Density Plasma Etchers

As feature sires for ultralarge-scale integration ULSI continue to decrease the limits

of the conventional RIE system are being approached In addition to the ECR system
other types of high density plasma HDP sources such as the inductively coupled plasmaIC source the transformer-coupled plasma CP source and the surface avecou
pled plasma SWP sources have been developed These etehers have high plasma den
sty iou 10u c1n and ow processing pressure 20 mTorrl In addition they allow

the wafer platen to be powered independently of the source providing significant decou
pling between the ion energy wafer bias and the ion flux plasma density primarilydriven

by source power The primaiy processing adrantages of HDP sources are better criti

cal dimension CD control higher etching rates and better selectivity

In addition IIDP sources provide low substrate damage because of independent
biasing of the substrate and the side-electrode potentials and high anisotropy because
of lou pressure yet high active species density Howevey because of their complexity
and higher cost the systems may not be ased for Tess crirical applications such as spacer

etching or pianarization.24 Figure 29 shows TCP plasma reacton high density low-

pressure plasma is generated by flat spiral coil that is separated from the plasma
dielectric plate on the top of tli actor The wafer is ocated vas from fr coil so it

is not affected by the electroinagneti field
gei crated by the en Th we is little plasma
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\cro\sa\es .24cC Ic

Microa see wiudoa

Main

magnetic coil

Plasma

chamber

Quart

Reaction

chainbc

Electiostatic chuck rf 1356 MHz

Schematic of an electron cyclotron resonance reactor.24

Dielectric plate

rf

Schematic of transfnrmer-coupled plasma reactor

density loss because plasma is generated only few mean free paths away from the wafer

surface Therefore high-density plasma and high etch rates are achieved

Clustered Plasma Processing
Semiconductor wafers are processed in clean rooms to minimize exposere to ambient

particulate contairsination As device dimensions shnnk particulate contamination becomes

more serious problem To minimize particulate contamination clustered plasma tools

uses wafer handler to pass wafers from one process cha saber to another in vacuum
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cnviror it Ti stc ed na processi too can se oughput 30

shows the mu tilayer ix etal intei cor ect TiW7A1Cu/T etc iing prom ss with clust cd
tools in sn AICu etch chamber TiW etch chamber and strip passivation chamber
The clustered tools provide an econom advantage avmg high oF

ip yield because
the wafe is exposed to less ambient contamination and is handled less

12 44 Reactwe Pasma Etchnq Apphcahons

Plasma etching has rapidly evolved from simple and hatch resist stripping to large
and single-wafer processing The et bing system cm tmues to be improved from the con
ventional RIE tool to the high-density plasma tool for pattern transfer of deep-submicron
devices Besides the etching tool etch chemistiy also plays critical role in the perfor

mar cc of etch process Table lists some etch chemistries for different etch processes

Developing an etch process usually means optimizing etch rate selectivith profile con
trol critical dimension damage etc by adjusting large number of process parameters

Silicon Trench Etching
As device feature size decreases corresponding decrease is needed in the wafer sur
face area occupied by the isolation between circuit elements and the storage capacitor
of DRAM cell This surface area can be reduced by etching trenches into the silicon

substrate and flung them with suitable dielectric or conductive materials Deep trenches

usually with depth larger than pun are used mainly for forming storage capacitors
Shallow trenches usually with depth less than am are often used for isolation

Chlorine-based arid bromine-based chemistries have high silicon etch rate and high
etch selectivity to the silicon dioxide mask The combination of HBr NF3 SF6

gas mixtures is used to form trench capacItor with depth of sam It is also used for

shallow trench isolation etching Aspect ratio dependent etching i.e variation in etch

rate with aspect ratio is often observed in submicron-deep silicon bench etching caused

A1Cu etch chamber

TiW etch chamber
Strip passivation chamber

c
o
rn

load-lock

chamber

Cassette loadiunload

chamber

Cluster reacti\ ion etch tool for iultilai er metal Ti\ /AICu/TiW interconnect

etching.2
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Matervil bei ig etched cEnt che nhstr\

Deep Si trench IIBr/NF5/02/SF5

Shallow Si trench ITBr/C12/O

Daly Si IIBrC12O IBr/O 3C13 Cl2 S1T

Al BCT2/Cl2 SIC14/C17 IIBr/CI

A1SiCu BCI3/C12/r\

SF5 only /C12

Ti\V SF5 only

\VSi TiSi9 CoSi2 CCI2F2/\F3 CF4/C12 CI/N9/CF6

Si02 CF4/CHFJAt C7F5 C3F5 CF5/COC5F5 C119F2

CFIF3/02 CH2F9 CH2CIIF

by limited inn and neiitra ti ansport within thc trench Figure 31 shows the dependence

of average slicon trench etch rate on aspect ratio Trenches with large aspect ratios are

etched more siowiv than trenches with small aspect ratios

Polysilcon and Polycide Gate Etching

Polysihcon or polycide i.e lowrcsistance metal suicides over polyslicon is usually used

as gate material for MOS devices Anisotropic etching and high etch selectivity to the

gate oxide are the most important requirements for gate etching For example the selec

tivity required in 1G DRAM is more than 150 i.e the ratio of etch rates for polycide

and gate oxide is 15011 Achieving high selectivity and etch anisotropy at the same time

is difficult for most ionmnhanced etching processes Iheieforc multistep processing is

used in which different etch steps in the process are optirnired for etch amsotropy and

selectivity On the other hand the trend in plasma teclmoloi for anisotropic etching and

high selectivity is to utilize low-pressure higlnderisity plasma using relauvely low power
Most chlorine-based and bromine-based chemistries can be used for gate etching to achieve

the required etch anisotropy and selectivity

05

025 0.25 grn

i0040 50

Sspct ratk

Dependence of average silicon trench etch rate on aspect
ratio
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Die1cetr Lb

fatten ig
of clectiics epcc a11 si car xidc an1 Jiw de is ev pro

SS in na fac of ode senuic du de use ofti hig er hond

in iergies deTect ic etching requ res aggressvc lon-ei hanced fT or ne based plasma
chemisti-y vert1ca1 proP es are ach eyed sidewall passivation typically by introducir

carbomcoutainiig fluorine spec es to the plasma CF Cl F3 C45 High lot

bombardme st energies are required to remove tlis polymer layer fron the oxide as eli

as to mix the reactive species uto the oxidc surface to form SIFX products
low-pressure higi deusitv plasma is advantageous for aspect rstiocieper dent etch

ing Howerer the HDP generates ighteinperatur elections and subse uentl gener
ates high degree of dissociatiois odious and radicals It generates far more active radiceis

and ions than or MERlE plasmas In particular high concentration ss orsens
the

selectivity to silicon Various methods were tr ed to enhance the selectivities in the

high-density pIasma First parent gas with high /F ratio sucf as C9F6 C4F5 or
has been tried Also other methods to scavenge radicals has been developed.25

Interconnect Metal Etching

Etching of metallization laxer very important stcp in IC fahricaton Aluminum

copper and tungsten are tF most popuFsr satenals us for inte vonnection These matc
rials usually require anisotrop etching The eaction of aluminum with fluorine results

nonvolatile AIF3 which as vapor pressure of only Torr at 1240C Chlorine-based

e.g Cl/BCl3 mixture chomistiy has been widely used for aluminum etching Chlorine

has cry high chemical etch rate with alumir urn and tends to produce ass undercut during

etching Carbon-containing gas e.g CHF3 or N2 is added to form sidewall passivation

during aluminum etching to obtain
ani.sotropic etching

agS1rh

kriVm%
lit

211
Il sd pac aC iii hi fo lii

aft on ova tn not oi od

UMC 1223
UMC v. AICP



442 Chapter 12 thography aid Etchtig

ReJst

Etch stoplawi

Resist

_________

totes connect

Various process sequences for dual damascene process

Exposure to the ambient is another problem in aluminum etching Residue chlorine

on the Al sidewall and the photoresist tends to react with atmosphere water to form HC1
which corrodes aluminum An in-situ exposure

of the wafer to CF4 discharge to exchange

Cl with and then to an oxygen discharge to remove the resist followed by immediate

immersion in deionized water can eliminate Al corrosion Figure 32 shows 0.35 Jam

TiN/AlIfi lines and spaces on wafer maintained at ambient for 72 hours No corrosion

is present even after prolonged exposure to the ambient

Copper has drawn much attention as new metallization material in ULSI circuits

because of its low resistivity -.1.7 Jaohm-cm and superior resistance to electromigration

compared with Al or Al alloys Flowever because of the low volatility of copper halides

plasma etching at room temperature is difficult Process temperatures higher than 200C

are required to etch coppers films Therefore the damascene process is used to form

Cu interconnection without dry etching Damascene processing involves the creation of

interconnect lines by first etching trench or canal in planar dielectric layer and then

filling that trench with metal such as aluminum or copper In dual damascene process

ing Fig 33 second level is involved where series of holes i.e contacts or vias are

etched and filled in addition to the trench After filling the metal and dielectric are

planarized by chemical-mechanical processing CMP The advantage of dainascene pro

cessing is that it elinnnates the need for metal etch This is an important concern as the

industry moves from aluminum to copper interconnections

Low-pressure CVD LPCVD tungsten has been widely used for filling contact

holes and first-level metallization because of its excellent deposition conformability Both

fluorine- and chlorine-based chemistries etch and form volatile etch products An impor

tant tungsten etch processes is the blanket etchback to form plug The blanket

LPC\ is deposited on top of TiN barrier layer as shown in Fig 34 two-step

process is usually used First 90% of the is ctcl ed at high etch rate and then the
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li\ Earner layer

Before etchbaclc kftei 2A etclilack

Formation of tungsten plug in contact hole by depositing blanket Ion
-pressure chemi

cal-vapor deposition and then
using reaction ion etching etchback

etch rate iS reduced to remove the
reirlaining with an etchant that has high W-to

TIN
selectivity

There has been rapidly growing interest in nricroelectromechal2ical sstems MEMS
since the late i980s when spinning micromotor made from polysihcon was fabricated

on silicon
chip.2627 The manufacture of silicon MEMS adopted many of the highly devel

oped technologies of silicon integrated circuits This approach has enabled MEMS prod
ucts to be produced at iow cost by using batch fabrication just as for ICs in addition to

the IC fabrication process some nen specialized techriqucs have been dee1uped for

MEMS We consider three specialized etching techniques hulk microniachining sur
face micrornachining and the LIGA process

125.1 Buk Micromachnng

In bulk snicromaehining the device e.g sensor or an actuator1 is shaped by etcl ing
large single-crystal substrate The films are patterned on the bulk to define the isolation

and transducer functions Orientation-dependent wet chemical etching technique pro-
mdc high-resolution etch and tight dimensional control Often bulk- nicromachined
device uses two-sided processing creating self-isolated stiucture with one side evposed
to the measured variables such as mechamical or chemical

signals while the other side

is enclosed in clean package Two-sided structures are vely robust for operation in envi
ronments hostile to microelectronic devices Simple mechanical devices such as diaphragm
pressure sensors membranes and cantilever-beam piezoresistise acceleration sensors are
fabricated commercially by this technique Figure 35 illustrates fabrication process of

simple silicone rubber membrane26

12 52 Surface Micromachinng

Surface-inicromachined devices are constructed enthely from thin films There are sev
eral differences and trade-offs between structures made from bulk and thin film materi
als Typical dimensions for bulk-micromachioed sensors are in the millimeter range but

surface-micro nachined devices are of rometer thm rusions Surface micro iach
fling
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3N4

Fabrication process of simple silicone nibbcr membrane Nitride deposrtion and pat

terning KOH etching silicone rubber spin coating snf id nitride remo\al on hack side

permits the fabrication of structurally complex devices by stacking and patterning layers

or building blocks of thin films whereas multilayered bulk devices are difficult to construct

Free-standing and movable parts can be fabricated using sacrificial layers Figure 36

illustrates how sacrificial etching techniques can be used to create an electrostatic micro-

motor with well-defined submicron tolerance between the rotor and the center hub.27

12 53 UGA Process

LIGA is German acroi ym for lithographic galvanoformung ahformung.29 It consists

of three basic processing steps lithography electroplating and molding The LIGA pro

cess is based upois X-ray radiation from synchrotron The process can produce microstruc

ture with lateral dimensions in the micrometer range and structural hc ights of several

hundred micrometers hom variety of materials Its potential applications coser micro

electronics sensors microoptics micromechanics and bioteclmology

An example of LIGA process is shown in Fig 37 thick X-ray resist ranging from

300 pm to more than 500 pin in thickness is deposited on substrate with an electrically

conductive surface Lithographic patterning is done with extended exposure from highly

collimated X-ray radiation through an X-ray ma.sk as shown Fig 37a The flosser-shaped

trench structure is formed in thi thick resist after developer treatment Fig 3Th Metal

is tF en electroplated on die exposed bottom conductive surface filing the trench space

and covering the top surface of the resist Fig 37c The metal structure is formed after

removing the resist Fig 37d This structure can be used repeatedly as mold insert for

injection molding to form multiple plastic replicas of the origh aiplating base Fig 37e
The plating base replicas in turn can be used to electroplate many metal structures as

the final products as shown in Fig 37f and

The distinct ads antage of the LIGA process is the ability to create three-dimensional

structures as thick as bulk-micromachined devices while retaining the same degree of

design flevibility as surface micromachining Howes er the initial synchiiotron radiation

process is very costly step and the mold-separation steps may result in degradation of

tIme original mold insert
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The continued growth of the semiconductor industry is direct result of the capability
of transferring smaller and smaller circuit patterns onto semiconductor wafers The two

major processes to transfer patterns are lithography and etching

Currently the vast majority of lithographic equipment are optical systems We have

considered various exposure tools masks photoresists and the clean room for optical

lithography The primaty factor limiting resolution in optical lithography diffraction

However because of advancements in excimer lasers photoresist chemistry and reso
lution enhancement techniques such as the PSM and OPC optical lithography will remain

the mainstream technologii at least to the 100 nm generation

Electron-beam lithography is the techiiologi of choice for mask mairing and nanofab

rication in which new device concepts are explored Other lithographic plocessing tech

nologies are EU\ X-ray and ion-beam
lithogi aphy Although all these have 100 mn or

better resolution each process has its own limitation proximits effect in electron-beam

lithography mask blank production difficulties in EUV lithography nask-fabiication

plexity in X-ray lithography and stochastic space charge in on-beam lithography
At the present time no obvious successor to optical lithography can he identified

unambiguously Flowrnei mix-and-match approach can take advantage of the unique
features of each lithography process to improve resolution and to maximize throughput

Wet chemical etching is used extensively in semiconductor processir It is pai tic

ularly suitable for blanket etching We have discussed net chemical etching processes
for silicon and gallium arsenide insulators and metal interconnections \yet chemical

etching was used for pattern transfer However the undercutting of the layer undei neath

the mask has resulted in loss of resolution in the etched pattern

Dry etching methods are used to achieve high-fidelity pattern transfer Diy etching

synoiyinous 1tl1 plasma-assisted etching \Vo have cons dereu plasma fui dameutals

and various thy-etching systems which have grown from relatively simple parallel-plate

configurations to complex chambers with multiple-frequency generators and variety of

process-control sensors
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Tie challenges for future etching teclinolo ale high etc sclcl stY better crith

cal-dimensioned control low aspect itio dependent etching and low plasma-induced

dariag Low pressure higb-densi plasma reactors are necessary to meet these require

ments As processing evolves from 200 mm to 300 mm and even larger wafers contin

ued improvements are required fin etch uniformitywithin the wafer New gas chemistries

must be developed to provide the improved selectivity necessary for advanced integra

tiori schemes

Microelectromechanical system MEMS is an emerging field MEMS has adopted

the lithographic and etching technologies from IC fabrication Specialized etching tech

niques have also been developed for MEMS bulk micromnachining using an orientation-

dependent etching process surface micromachining using sacrifical layers and the LIGA

process using X-ray lithography with highly collimated radiation

For more detaileo discussion on lithography see ta Nalcaiiiura Lithugiaphy in Cliasig and

S7e Eds LLSI Technology McGraw-Hill New York 1996 Rai-Choudhurg Handboolk

Ilicrolithography Micronsachining and Vlicrofabrication Vol SHE Washington DC 1997

McGillis Lithography Sac Ed VLSI Technology McGraw-Hill New York 1983

For more detailed discussion on etching see Liu Etching in hang and Sac

Eds ULSI Technology McGiaw Hill New York 1996

Fl Disffalo and Monkoweki Particulate Contamination and Device Penn m000e Solid State

lechnol 27 109 119841

Tseng and Janmen Cleanroosn Teclmnologis in Chang and See Eds ULSI

Technology MaCran-Hill New lork 1996

Fl King Fri iciples of Optical Lithograph1 in Einspruch Ed VLSI Electronics Vol

Academic New murk 1961

Bruuing Tutorial on Optical Lithography in Duane ci at EdsSeunconductor

Technology Electrocheniical Soc Penningston 1982

Watts and II Bruning Review of Fine-Line Lithographic Techniques Present and Future

Solid State Technol 24 399 1981

Till and Luxon Integrated Circuits Materials Devices curl Fabrication Princeton IlaIl

Engiewood Cliffs NJ 1982

Fl Levensun Viswanathan and Simpson Improving Resolution in Photo1ithograph

with Phase-Shift Mask IF.FE Trans Electron Devices ED-29 1828 1982

10 Kern et al Practical Aspects of Microfahrication in the 100-nm Region Solid State Technol

272 127 d984

Reynolds An Overview of c-Beam Vask-Making Solid State Technol 22.8 87 1979

19 Someda et al Electron-Beans Cell Projection Lithography its t.ccuracy and Its Throughput

tar Sri Technol B12 3399 1994

13 Liddle et al Time Scattering with Angular Limitation in Projection Electron-Beam Lithography

SCkLPEL S1stemJpn Appi Phys 34 6663 1995

14 Brown Venkatesan and Slagner los Beam Lithography Solid State Technol 24 60

1981

15 Kser and Viswanathan Monte Carlo Sisnulatinn of Spscially Distributed Beams in

Electioss-Beamn Lithography Var Sci Technol 12 1305 1975

16 Cisarles Gwyn et aI Extreme Itraviolet Lsthogsaphy-Wlstte Paper Sematech Next Generation

Lithographs \Vnrkshop Colorado Springs Dec 710 1998

17 Silverman Proximity X-Ray Lithography White Paper Sensatecli Next Generation Litimography

Workshop Colorado Sprng Dec 10 1998
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13 Karapip uis et br Beau cxpr sore Pro iles oi ins or Sosistl itioss ri

ftchnol 19 l2P 1981

19 Robbins and Schwarts Cher neal Ftc ir of boon the Syste NO 120

11C211300 Elsctrochern Soc 107 103 19601

20 Bean Snisotiopic Etching in Sihun IEEE Trans Electron Dcvirss ED23 1185 1978

21 lids and Ito Selective Etcliog of GallOns Arserude C0stdin H2s04-H50 Sstein

Elect rochein Soc 118 768 1971

22 Douglas ldvanccd Process Technology for VLSI Circuits Solid State Technol 24 65 1981

23 Mocha and 14 Hess Plasma Etch ng in Thompson od Wulison Fds
Microcircuit Processing Lithography and Mn1 Etching American Chemical Socien Washington

1984

24 Armacost ci Plassoa-Etchng Processes for ULSI Senoconductor Circuits IBMJ lIes Dec
43 39 1999

25 Jung et Ads anced Pbaco Technology iii Microelectronics Thin Solid Ethos 341 112 1999

26 1-I Mastrangelo and Tang Semiconductor Sensor Technology in Sac Ed

Scsniconducroc Sensors Wiley sew sork 1994

27 Fan Tm and Muller IC-Prucesscd Electrostatic Micromotors in IEEE lot Electron

DeUces Meeting IEDM 666 1988

28 Yang et MEMS Therniopeoomatic Si ic000 Robber Meribrane Valve Seos Actoato

A64 101 1998

29 Wi Lhrfeld et Fabrication of Microstructures Using the Process Proc IEEE Micro Robots

and Teleoperators Workshop Hannis MA Nos 1987

FOR SECTION 12J OPTICAL LITHOGRAPHY

For class 100 clean room find the number uf dust
particles per cubic meter with parti

cle sizes between 0.5 and .tm between and tam and above am
Find the final ield for nine mask lcvel

process in which the average fistal defect density

per ens2 is 0.1 for four levels 0.25 for fnur levels and 1.0 for one level The chip area is

50 mm2

An optical lithographic system has an exposure power of 0.3 mVi7cm2 The requised

exposure energy for positive plsotoresist is 140 mJ/cm2 and for negative photoresist is

mJ/crn2 Assuming negligible times for loading and smloadmg wafers compare the wafer

throughput for posER phntoresist and
negative photoresist

For an ArF-cxcimer laser 193 nm optical lithographic systeus with NA 0.65 k1 0.60

and is 0.50 what are the theoretical resolution and depth-of-fncus for this tool What

can we do in practice to adjust NA is0 and is2 parameters to unprove resolution What

paranleter does the
phase-shift mask FSM technique change to improve resolution

The plots in Fig aae called response curves in microlithography \Vhat are the advan

tages and disadvantages of using resists with high salues Cons entional resists can

not be used for 945 ann or 193 urn lithography Why not

FOR SECTION 122 NEXTGENERATION LITHOGRAPHIC METHODS

Explain uhy shaped beam promises higher throughput than Gaussian beam in

beans lithography How can aligmnent be performed for c-beaus lithographs Why is

alignment in X-ray lithography so difficult What are the potential advantages of ray

lithography oser c-beam lithography
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\Vh has he operating tar Se of optical lit icgraphic syste us cv sIx om xmntv pri t_

rug to projection printil and finally to 5.1 procctinn step and-rep at Is it possn
ble to build stp-and-sean X-ray lithographic system Why or why not

FOR SECTION 123 WE1 CHEMICAL ETCHING

If the mask and the substrate can out be etched by particular etchajit sketch the edge

profile of an isotropically etched feature iii film of thickness h1 for etching just to

completion 100% ox eretch and 200% overetch

100-oriented silicon crystal is etched in KOH solution through 1.5 pm 15 pm
windoss defined in silicon dioxide The etch rate normal to 100-planes is 0.6 pin/ruin

The etch rate ratios ame 100161 for the m100.11011t-planes Shun the etched profile

after 20 seconds 40 seconds and 60 seconds

Repeat the
previous problem 710-oriented silicon is etched with thin SiO mask in

KOR solution Show thc etched
pattern profiles on 110-Si

100-oriented silicon wafer 150 mm in diameter is 625 jim thick The wafer has

1000 p.m 1000 p.m ICs on it The IC chips are to be separated by orientation-dependent

etching Describe two niethods for doing tins and calculate the fraction of the surface

area that is lost in these process

FOR SECTION 12A DR ETCHING

The average distance traveled by particles betiveen collisions is called the mean free path

A/ Au 10 fPcin where is pressure in Torr Jo typical plasmnas of interest the

chamber pressure ranges from Pa to 150 Pa What are the corresponding density of
gas

molecules cm and the mean free path

Fluorine atoms etch Si at rate gixen hr

Etch Rate nm/ruin5 2.86x10 3F xT2e RT

where is the concentration of atoms cm the temperature and Ea and

the actuation energy 2.48 kcal/mol and gas constant 1.987 cal-K respectively If

ii is 1015 calculate the etch rate of Si at room temperature

Repeat the
previous problem Si09 etched by atoms could also be expressed by

Etch rate nm/mm 0.614 10
ins

nhere is 10hcnr3 and is 3.76 kcat/nioi Calculate the etch rate of SiO and

etch selectivity of Si02 oxer Si at room temperature

multiple-step etch process is required fin etching polysilicon gate with thin gate oxide

how do you design an etch process that lies no micronsasking has an anisotropic etch

profile and is selective to thin gate oxide

Find the etch selectivity required to etch 400-nm polvsibcon layer without removing

more than nm of its underlying gate oxide assuming that the polysilicon is etched with

process having 10% etch-rate uniformity

pin Al film is deposited oxer flat field oxide region mid patterned with photoresist

The metal is then etched with mixture of BC13/C12 gases
at temperature of 70C in

Helicon etcher The selectivity of Al ox er photoresist is maintained at Assuming 30%

overeteh what is the minimum photoresist thickness required to ensure that the
top

metal surface is slot attacked

In an ECR plasma static magnetic field forces electrons to circulate around the mnag

netic field lines at an angular frequency which is gix en by

qB/rn
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vlie II ectioiiic charge as elcctio nas usc fre scs

lb CI what the
requi

ed magnetic field

\Vlrit are the major distinctons beecsi the traditional reactive br etci ag and high den

sitr plasma etchn EC1I ICP etcY

Describe hos to eliminate the corrosion issues in Al lines after etching with ch1orine-

based plasma
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13.1 BASIC DIFFUSiON PROCESS

13.2 EXTRINSIC DIFFUSION

133 DIFFUSION-RELATED PROCESSES

134 RANGE OF IMPLANTED IONS

13.5 IMPLANT DAMAGE AND ANNEAUNG

lab IMPLANTATION-RELATED PRDLESStS

SUMMARY

Imp irit doping is the intioduction of controlled amounts of impurity dopants into semi

conductors The practical use of impurity doping has been mainly to change the electri

cal properties of the semiconductors Diffusion and ion implantation are the two key

methods of impurity doping Until the early 1970s impurity doping was done mainly by
ff sion at elevated temperatures as shown in Fig Ia In this method the dopant atoms

are placed on or near the surface of the wafer by deposition from the gas phase of the

dopant or by using doped-oxide sources The doping concentration decreases monoton

ically from the surface and the profile of the dopant distribution is determined mainly

by the temperature and diffusion time

Since the early 1970s man doping operations have been performed by ion implan
tation as shown in Fig lb this process the dopant ions are implanted into the semi

conductor by means of an ion beam The doping concentration has peak distribution inside

the semiconductor arid the profile of the dopant distribution is determined mainly by the

ion rims and the implanted ion ener Both diffusion and ion implantation are used for

fabricating discrete devices and integrated circuits because these processes generally com
plement each other For example diffusion is used to form deep junction e.g twin

well in CMOS whereas ion implantation is used to form shallow junction e.g
source/drain junction of MOSFET

Specifically we coser the following topics

The mos ement of impurity atoms in time ciystal lattice under high temperature

and high concentration-gradient conditions

Impurity profiles for constant diffusivity and concentration-dependent

diffusivity

The impact of lateral diffusion and impurity redistribution on device

oh aractcis tics

he process and advantages of ion implantation

distiibutions
ystal

lattice and how to icmme lattice damages
caused ion impla tation
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Comparison of diffusion and ion-implantation techniques for the selective intro

duction of dopants into the semiconductor substrate

Implantation-related processes such as masking high-ener implantation and

high-current implantation

Diffusion of impurities is typically done by placing semiconductor wafers in carefu liv

controlled high-temperature quartz-tube furnace and passing gas mixture that contains

the desired dopant through it he temperature usually ranges between 8000 and 1200C

for silicon and 600 and 1000C for gallium arsenide Time number of dopant atoms that

diffuse into the semiconductor is related to the partial pressure of the dopant impurity

in the gas mixture

For diffusion ii silicon boron is the most popular dopant for introducing p-type

impurity whereas arsenic and phospf orus are used extensively as n-type dopants These

three elements are ighh soluble silicon as they have solubilities above 1020 cmn3

in the diffusion temperature range These dopants can be introduced in several ways

including solid sources e.g BN for boron As503 for arsenic and P905 for phosphorus

liquid sources BBr3 AsCL and FOCI.3 and gaseous sources B2H6 AsH5 as PH3
However liquid sources are most commonly used schematic diagram of the furnace

and gas flow arrangement for liquid source is shown in Fig This arrangement is sim

ilar to that used for thermal oxidation An example of the chemical reaction for phos

phora dffusion using liquid source is

4P0C13 3O 2P205 6Cl2
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tricfuce
Qu2Itl ihe

Vei

The schematic diagram of typical opentube diffusori system

The P2O forms glass on silicon wafer and is then reduced to phosphorus by silicon

2P205 5Si4P5SO2
and the phosphorus is released and diffuses into the silicon ard Cl2 vented

For diffusion in gallium arsenide the high apor pressure of arsenic requires spe
cial methods to prevent the loss of arsenic by decomposition or evaporation.2 These meth
ods include diffusion in sealed ampules ith an overpressure of arsenic and diffusion in

an open-tube furnace with doped-oxide capping layer e.g silicon nitride Most of the

studies on p-type diffusion have been confined to the use of zinc in the forms of Zn-Ga
As alloys and ZnAs2 for the sealed-ampule approach or ZnOSi02 for the open-tube

approach The n-type dopants in gallium arsenide include selenium and tellurium

1311 Diffusion Equation

Diffusion in semiconductor can be visualized as atomic movement of the diffusimt dopant
atoms in the ciystal lattice by vacancies or interstitials Figure shows the two basic atomic

diffusion models in solid
Li The open circles represent the host atoms occupying the

equilibrium lattice positions The solid dots represent impurity atoms At elevated tem
peratures the lattice atoms vibrate around the equilibrium lattice sites There is finite

probabihi that host atom acquires sufficient eneri to leave the lattice site and to become

an interstitial atom thereby creating vacancy When neighboring impurityatom migrates

0000 0000
0000 0000s00 0000
0000 0000

Atomic diffusion mechanisms for two-dimensiona1 lattice Vacancy mechanism
interstitial mnechaiiism

UMC 1223
UMC v. AICP



Ctai.te 13 mpurty ape

the aca site as ill istratec Fig 3a ii ecf an is ails eanc 1I
ii ste stt al atori ores Iron one pace to another without occupyr atrice site

Fig 3b the med ai ism is interstitial diffusion An atom smaller than tIc hos stow oftei

mores interstitially

The basic diffusion process of impurity atoms is similar to that of charge carriers elec

trons and holes discused Chapter ccordinglv we defne 1lnx is ie ivrhe

of dopant atoms passing through unit area in unit time and as the dopant concen

tration per unit volume From Eq 27 in Chapter we have

FD2
where we have substituted for the carrier concentration and the proportionality con

stant is the diffusion coefficient or diffusivity Note that the basic driving force of the

diffusion process is the concentration gradient dC/dr The flux is proportional to the con

centration gradient and the dopant atoms will move diffuse away from high-con

centration region toward lower-concentration region

If we substitute Eq into the one dimensional continuity equation Eq 56 given

in Chapter under the condition that no materials are formed or consumed in the host

semiconductor i.e we obtain

dt dx dx a5j

When the concentration of the dopant atoms is low the diffusion coefficient can be con
sidered to be independent of doping concentration and Eq becomes

dC 32C

dt

Equation is often referred to as Fickl diffusion equation

Figure shows the measured diffusion coefficients for low concentrations of sari

ous dopant impurities in silicon and gallium arsenide.4 The logarithm of the diffusion

coefficient plotted against the reciprocal of the absolute temperature gives straight line

in most of the cases This implies that over the temperature range the diffus on coeffi

dents can be expressed as

DDoexp

where D0 is the diffusion coefficient in cm2/s estrapolated to infinite temperature and

is the actirafo ener in e\

For the interstitial diffusion model Ea is related to the energies required to move

dopant atoms from one interstitial site to another The values of Ea are found to be between

0.5 and eV in both silicon and gallium arsenide Fom the vacancy diffusion model

is related to both the energies of motion and the energies of formation of va andes Thus
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CC

2000 12X 10Xrn
Cu

Cu

10 to

10-6 \a 10

10 io-
Mn

1000/TIK I000/TK

Diffusion coefficient also called diffusiviti as function of the reciprocal of tempera
ture for silicon and gallium arsenide45

foi acancy diffusion is larger than that for interstitial diffhsion usually between and
eV

For fast diffusants such as Cu in Si and GaAs si own ir the uppe portion of Fig
4a and 45 the measured actiration energies are less than eV and nterstitial atomic

movement is the dominant diffusion mechanism For slow diffusants such as As in Si

and GmAs shoun the lower potion of Pg 4a al La is larger flian and vacancy
diffusion is the dominant inechanism

13.12 Dffuson Profiles

The diffusin profile of the dopant atoms is pendent on the initial and boundaiy con
ditions In this subsection we consider two important eases namely constantsurfacc
concentration diffusion and constanttotal dopant diffusion In the first case impurity
atoms are transported from vapor source onto the semicond ictor rface and diffused

into th semiconductor wafers Fhe viper source naintaji onstant lere of surface
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106 th flu ad

doai depos ed or to tr maco uctor su ad fi ec ir tot ac

infers

ConstanE Surface Concentration Diffuso

The hi a1 Locditou at

Ci

which states that the dopant mcentration in the host semiconductor is intiaIly zero The

bounda ry condtions are

C0 8a

and

CrytO 8b

where is 1051 rface concentration atx ii itch is independent of tinia Ti Sec

ond boundai condition states that at large distances from re surface there are no impu

nty atoms

The solution of thc diffusion eq ation Eq that satisfies tie inthal and bound

ary conditions is gis en by

CxtC9erfc
f2yDt

here erfc is the complemcntaiy error function and is the diffusion iengtn The

definition of erfc and some properties of the function are summarired in fable The

diffusion profile for the constantsurfiace-concentration condition is shown in Fig on whore

we plot on both linear upper and logarithmic lower scales the normalized

tration as function of depth for three values of tile diffusion lcngth \/ corresponth

ing to three consecutive diffusion times and fixed for given diffusion temperature
Note that as the time progresses the dopant penetrates deeper into the semiconductor

The total number of dopant atoms per unit area of the semiconductor is given by

QtS Cx.tdr 10

Substituting Eq into Eq 10 vielos

1.13 CDt

This expression can be interpreted as follows Tile quantity Qt represerts the area under

one of the diffusion profiles of the linear plot in Fig 5a These profiles can be approxi

mated triangles u5th height C5 and base This leads to Qt uhich is

close to the cxact result obtained from Eq 11

related qua itity is the gradient of the diffuson profile dC/dx The gradient can

be obtained by differentiating Eq

dC C5 /4Dt

dx rcDt
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crfx dy

erfc erfx

erf0j

erf

erfx forx

e2
erfe fora

1jJr

erfx

c1erfx
c1x

Jo erfcy dy rerfcx fc

erfc xdx

For boron diffusion in silicon at 1000C the surfacc concentration is maintained at 10 cm 3and

the diffusion time is hour Find Qt and the gradient at and at location where the dopant
concentration reaches io crn

The diffusion coefficient of boron at 1000C as obtained from Fig is about

10u crn9/s so that the diffusion length is

x1O 4x3600848x10 6em

Qt 1.13C Dt 1.13 1019 8.48 10 9.5 iO atoms cm2

dc 10 936.7x10 cm
dx Dt x8.48x10

When 101 cm3 the cosresponding distance
x1

is given b3 Eq or

a1
2JDt ec 2.75 466 10 cm 0.466

1019

t_3.5x1020cmn1
dx

049C
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__
iTh 1.0 irn

iO i0

/fq 10pm

102 0.5Ltm 10

0.5 un

10 t0

0.1cm

101

io

Diffui on depth 1iffusinn depth jnn

Diffusion profiles Noirnslized complenientary error function versus distance for suc

cessive diffusion times Normahzed Gaussian function versus distance

Cons tantTotal-Dopant Diffusion

For this ease fixed or constant amount of dopant is deposited onto the semiconduc

tor surface in ti in layer and the dopant subsequently diffuses into the semiconductor

The initial condition is the same as in Eq The boundary conditions are

Cx tdrS 3a
and

13b

uhere is the total amount of dopant per unit area

The solution of the diffusion equation Eq that sat sfies the above conditions is

Cxt expI 14
4Dt

UMC 1223
UMC v. AICP



460 Chapter 13 mpunty Dopng

This pression is he Gauss diitr butter Since the dopan wi sime Fe semri

conductor as time hws eases to keep the total dopant constant the rface concentra

lion must decrease lns is indeed the case since the surface concentration is given by

Eq l4withx ft

15
\JrvDt

Figure 5b shows the dopant profile for Gaussian distribution where we plot
the normalized concentration CIS as function of the distance for three increasing
diffusion lengths Note the reduction of the surface concentration as the diffusion time

increases The gradient of the diffusion profile is obtained by differentiating Eq 14

and is

dC
/4Jt___Cxt 16

dx 2JDt3/2 2Dt

The gradient or slope is zero at and at and the maximum gradient Occurs

at

integrated-circuit processing two-step diffusion process is commonly used in

which precleposition diffused layer is first formed under constantsurface-concentration

condition This step is followed by drive-in diffusion also called redistrthntion diffu

sion under constanttotal-dopant condition For most practical cases the diffusion length
VDt for the predeposition diffusion is much smaller than the diffusion length for the

drive-in diffusion Therefore we can consider the predeposition profile as delta func

tion at the surface and we can regard the extent of the penetration of the predeposition

profile tc be negligibly small compared with that of the final profile that res alts from the

drive-in step

Arsenic was predeposited by arsine
gas

and the resulting total amount of dopant per unit area is

10i4 atoms/cm2 How long would it take to drive the arsenic in to junction depth of

Assume background doping of 10n atoms/em3 and drive-in temperature of 1200C For

As diffusion D0 24 cm2/s and F0 08 eV

D0 cap
La 24 ew 2.602 10 ii cm2/s

kT 8.614x10 x1473

x2.1084Dtln 1.04x10 21ln11.106X10

CJi5 3jt

logt 10.09t 8350

The solution to the above equation can be determined by the cross point of equation log

andy 10.09t 8350

Therefore 1190 seconds 20 minutes
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Evaluaflon of Ditto ad ayers

The results of diffusion process can be evaluated by tinec asure nents he juic

to deptf the si eet resistance and if dopant profile of the diffused layer The junctios

depth can be delineated by cutting groove into the semiconductor and etching the sur

face with solution 100 cm3 HF and few drops of 11N03 for silicn1 that stains

the p-type region darker than the n-type region as illustrated in Fig 6a If R0 is the radius

of the tool used to form ti groove then the junction depth is given by

where and are indicated in the figure In addition if F0 is much
largel

thar and

then

a2 b2
un 18

2R0

The Junction depth as illustrated in Fig 6/i is the position here the dopant
concentration equals the substrate concentration GB or

Gx GB 19

Thus if the junction depth and GB are known the sui face concentration and the inipu

rity distribution can be calculated provided the diffusion profile follows one or the other

simple equation derived in Section 131.2

The resistance of diffused layer can be measured by the four-point probe tech

nique described in Chapter The sheet resistance is related to die junction depth x1

the carrier mobility which is function of the total impurity concentration and the

impurity distribution Gx by the following expression7

20
qJ /iGxdx

____ ogch

ha

Junction-depth measurement Grooving and staining position in whirl dopant
and substrate concentration are equal
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gsen ditfi nip die age ci St rifa hr is flour relaied to ties ir

face cot cc stiation aid ti bstiate doping concentra on or assumed diffusion

ile Design cuis ci relation and have been ca en ated for sin pie difibsion pro
files such as the erfc or Gaussan list jtion.5 To ise these eui es correctly we must
be sure that the diffusion

profiles agree with the assumed pr files For low c000entra
tion and dp diffusir1 t1e difhn1on poies generally uan he sepresented by the afore

mentioned sunpie func ior however as we discuss in the next section for high
concentration and shallow diffusions the diffusion profiles cannot be iepresei ted by these

simple functions

The diffusion
profile can he measured using the capacitance-voltage technique

described iii Chapter Ihe majority carrier profile which is equal to the impurity pro
file if impurities are fully ionized can he determined by measuring the reverse-bias capac
itance of pn junction or Schottky barrier diode as function of the applied voltage

more elaborate method II secondaiy-ion mass spect oscope SIMS technique which

measures the total impurity profile In the SIMS technique an ion beam sputters mate
rial off the surface of semiconductor and the ion component is detected and lrass ana
lyzed his techniq me has high sensitivity to many elements such as boron and arsenic

and it is an ideal tool for providing the precision needed for profile measurements in high-

concentration or shallon -junction diffusions

The diffusion profiles described in Section 13.1 are for constant diffosivities These pro
files occur when the doping concentration is lower than the intrinsic-carrier concentra
tion nT at the diffusion temperature For example at 1000C ty equals lO
cm for sii con and 1ff7 eni for gallium arsenide The diffusivitv at iow concentra

tions is often referred to as the intrinsic difmnsimty Doping profiles that have concen
trations Psi than are in the intrinsic diffusion region as indicated in the left side

of Fig In this region the resulting dopant profiles of sequential or simultaneous dif

fusions of mm- and p-type impurities can be determined by superposition that is the dif

fisions can be treated independently hlowes er when the impurity coneentiation including
both the substrate and the dopant is greater than n1T the semiconductor becomes extrin

sic amid the diffusivity is considered in be extrinsic In the extrinsic diffusion region the

diffusmvity becomes concentration dependentJ In the extrinsic diffusion region the dif

fusion profiles are more complicated and there are interactions and cooperative effects

among the scquer tial or simultaneous diffusions

1321 Cor centrat on Dependent Dffusvity

As mentioned previously svhen host atom acquires sufficient energr from the lattice

vibration to leave its lattice site acancy is created Depending on the charges associ

ated with sacancy we can have neutral vacancy V0 an acceptor vacancy dou

blecharged acceptor acancy donor vacancy and so forth We expect that the

acaney density of gis en charge state i.e the nu nbc of vacancies per unit olume
C1 as temperature dependence similar to that of tile carrier density see to Eq 28

is Chapter 21 that is

cexp1ETEi 21
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Intrinsic Extrinsic

diffusion diffusion

0.1 __t _____

001 01 10 10 100

n/n Ti

Donor-impurity diffusivity versus electron concentration shouing regions of intrinsic and

extrinsic diffusion

where C1 is the intrinsic vacancy density is the Fermi level and E1 is the intrinsic Fermi
level

If the dopant diffusion is dominated by the vacancy mechanism the diffusion coef

ficient is expected to be proportional to the vacancy density At low doping concentra
tions n1 the Fermi level coincides with the intrinsic Fermi level F1 The vacancy

density is equal to C1 and is independent of doping concentration The diffusion coeffi

cient which is proportional to C1 also is independent of doping concentration At high
concentrations the Fermi level will move toward the conduction band edge for

donor-type vacancies and the term E1/lcT becomes larger than unity This

causes to increase which in turn causes the diffusion coefficient to increase as shown
in the right side of Fig

When the diffusion coefficien varies with dopant concentration Eq should be
used as the diffusion equation instead of Eq in which is independent of We con
sider the case where the diffusion coefficient can be written as

DS 22

where is the surface concentration is the diffusion coefficient at the surface and
is parameter to describe the concentration dependence For such case we can write

the diffusion equation Eq as an ordinaiy differential equation and solve it numerically

Figure shows the solutions for constantsurface-concentration diffusion with

different values of For we have the case of constant diffusivity and the profile

is the same as that shown in Fig 5a For the diffusivity decreases as the concen
tration decreases and increasingly steep and box-like concentration profiles result for

increasing Therefore highly abrupt junctions are formed when diffusions are made
into background of an opposite imps rity type The abrupt less of the ping ofile
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004 Ia

04 14
2.8 3.2 3.6 4.0

Normalized diffusion profiles for extrinsic diffusion where the diffusion coefficient

becomes concentration dependent1

sesults in junction depth viitually independent of the oackground concentration Note

that the junction depth see Fig is given by

x1 1.637 forD Cy1
x11.1 forD C2y2 23

x1 O.873t forD C3y3
In the case of the diffusivity increases wiff decreasing concentration which leads

to concave profile as opposed to to the convex profiles for other cases

1322 Difluson Profiles

Diffusion in Silicon

The measured diffusion coefficients of boron and arsenic in silicon have concentration

dependence with yn Their concentration profiles are abrupt as depicted in curve

of Fig For gold and platinum diffusion in silicon yis close to -2 and their concen
tration profiles have the concave shape shown in curve of Fig

The diffusion of phosphorus in silicon is associated with the doubly charged accep
tor vacancy and the diffusion coefficient at high concentration raries as C2 We would

expect that the diffusion profile of phosphorus resembles that shosvn in curse of Fig
loweven because of dissociation effect the diffusion profile exhibits anomalous behavior

Figure shows phosphorus diffusion profiles for various surface concentrations after

diffusion into silicon for hour at 1000C 2When the surface concentration is loss cot-
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Phosphorus diffusion profiles2 for various surface concentrations aftei diffusion into sili

con for hour at 1000C

responding to the intrinsic diffusion region the diffusion profile is given by an erfc curve
As the concentration increases the profile begins to deviate from the simple expres

sion curves and At very high concent-ation curve the profile rear the surface

is indeed similar to that sF own in curve of Fig However at concentration kink

occurs and is followed by rapid diffusion in the tail region The concentration ac cor

responds to Fermi level 0.11 eV below the conduction hand At this energy level the

coupled impuri-vacancy pair PV2j dissociates to and an electron Thus the

dissociation generates large number of
singly charged acceptor vacancies which in

turn enhances the diffusion in the tail region of the profile The diffusivity in the tail region
is over 10 12cm2/s which is about two orders of magnitude larger than the intrinsic dif

fusivity at 1000CC Becanse of its higf diffusivity phospl urns is commonly used to form

deep Junctions such as the intubs in CMOS

Zinc Diffusion in Gallium Arsenide

\Ve expect diffusion in gallium arsenide to he more complicated than that silicon bccause

the diffusion of impurities may involve atomic movements on both the gallium and rsenic

sublattices Vacancies play dominant role in diffusion processes gallium arsenide
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Diffusion profiles3 of zinc in GaAs after annealing at 1000C for 27 hours The differ

ent surface concentrations are obtained by maintaining the Zn source at temperatures in the

range 6000 800C

because both p- and n-type impurities must ultimately reside in lattice sites Houeer
the charge states of the vacancies have not been established

Zinc is the most extensively studied diffusant in gallium arsenide Its diffusion coef

ficient is found to vary as C2 Therefore the diffusion
profiles are steep as shown 13

in

Fig 10 and resemble curve of Fig Note that even foi the case of the lowest sur

face concentration the diffusion is in the extrinsic-diffusion region because for GaAs

at 1000C is less than 1018 cm As can be seen in Fig 10 the surface concentration has

profound effect on the junction depth The diffusivity varies linearly
with the

partial

pressure of the zinc vapor and the surface concentration is proportional to the square

root of the partial pressure Therefore from Eq 23 the junction depth is linearly pro

portional to the surface concentration

In this section we consider two processes in which diffuson plays an important role and

the impact of these processes on device performances

133i Lateral Diffusion

The one-dimensional diffusion equation discussed previously can descnbe satisfactorily

the diffusion process except at the edge of the mask window Here the impurities will

diffuse downu ard and sideways ic laterally lu this case we must consider two-dimen

sional diffusion equation and use numerical technique to obtain the diffusion profiles

under different initial and boundary conditions
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ire II tows ii dop mc fo co sta

face conc ntra ion difiuson co dt Os ss ng at th dlf mdcpe dc

centr itiouj4 At the hi right gure ra ion of the dops eo scent ation on
0.3 to 10 wherc the surface coneentrat coriespot ds the fc stri

bution given h1 Eq The coot mrs are ii effect uiap of he location of the lunctions
created by diffusing into various ackground concent at or For example at C/Cs 104
Ic. the background doping is 10 times lower thus sue ac concentrat os ne see
from this constai t-concentrat on cu ti at the ei cal penetration about 2.8 iv
whereas the lateral penctration is abo it 2.3 pin i.e the penetIation along th diff is on

mask-semiconductor interface Therefore the lateral penetration is ahout 80% of the

penetration in the vertical direction for concentrations three oi more ordeis of magni
tude helow the surface concentration Similar results are ohtained hr eonstanttota

dopant diffusion condition The ratio of lateral to vertical pe ietratio is about 75% For
concentration dependent diffusivities the ratio is foui to he reduced slightly to abo it

65%70%
Because of the lateral diffusion efflict the nctmon consists of central plane Sr

flat reon wath approxmately cylindrica edges wi radius of cumaturc
r1 as shoum

in Fig 11 In addition if the diffusion mask contains sharp eo ners the shape bf the rc
tion near the corner will be roughly spherical because of lateral diffusion Sn cc the dcc
triwfield intensities are higher or cylindrical and spherical Junction regions ii avalanche

breakdos voltages of such regions can he suhstantia ly loner than that of plane
tion having the same background doping This junct on curvature effect was discussed

in Chapter

133.2 mpurity Redistribution Durrng Oxidation

Dopant impurities near the silicon surface will be redistributed during therma wddaton
The redistribution depends on several factors \Vhen two sol phases are brought together
an impunty in one solid will redistribute between the two solids until it reaches eqnilih
rium This is similar to our previous discussion on impurity rcdistribution in cista1 growth

Diffusion mask

3.OL_
7/2 Dt

Diffusion contours at the edge of ide v2ndoiv here the radius of ciii saturc
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from the melt The ut of the equilibriuw concentration of the imp arity in he ii icon

to that in the sihcox doxide is called the segregation coefficient and is defined as

equilibrium concentration of impurity in silicon

24
equilibrium concentration of impurity in Si02

second factor that influences impurity distribution is that the impurity nay dif

fuse rapidly through the silicon dioxide and escape to the gaseous ambient If the diffm

sivity of the impurity in silicon dioxide is large this factor will be important third factor

in the redistribution process is that the oxide is growing and thus the boundary between

the silicon and the oxide is advancing into the silicon as function of time The relative

rate of this advance compared with the diffusion rate of the impurity through the oxide

is important in determining the extent of the redistribution Note that even if the seg

regation coefficient of an impurity equals unibc some redistribution of the impurity in

the silicon will still take place As indicated in Fig of Chapter 11 the oxide layer will

be about twice as thick as the silicon layer it replaced Therefore the same amount of

impurity will now be distributed in larger volume resulting in depletion of the impu

rity from the silicon

Four possible redistribution processes are illustrated6 in Fig 12 These processes can

be classified into two groups In one group the oxide takes up the impurity Fig 12a and

-sSi02 Si02

Si Si

1.0 1.0-
k1 tel

Slow difiusant Fast diffusant in

Si02 e.g
Si02 eg in H2

ambient

1.0 1.0

xl.tm

5102 Si02

Si Si

1.0 1.0

k1 kl
Slow diffusant in

Fast diffusant th

e.g

.i02
eg Ga

l.im Inn

Four different cases of impurity redistribution in silicon due to thermal oxidation.6
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fo an ii tfe othei Ii ide uje thc purt 7c id forf
each case si hat appens deper ds ow apidh ti len ur ty ca diffuse thro gh th

oxide Iii group the shcon irface is dep eted of impurities an example is boron with

approximately equal to 0.3 Rapid diffusion of the impunty through the silicon dioxi Ic

increases the aniount of depletion are example is boron-doped silicon heated in hydro

gen ambient because hydrogen in silicon dioxide enhances the
difibsivity of boron lu

group is greater than unity so that the oxide
rejects

the impurity If diffusion of the

impurityr di rough the silicon dioxide is relatively slow the impurty piles up near the sil

icon surface an example is phosphorus with approximately equal to 10 When diffu

sion through the silicon dioxide is rapid so much impurity may escape from the solid to

the gaseous ambient that the overall effect will be depletion of the impuvity an exam

ple is gallium with in approximately equal to 20
The redistributed dopant impurities in silicon dioxide are seldom elect acally active

Howex er redistrib ihon in silicon has an important effect on processir and device per
formance For example nonuniform dopant distribution will modify the interpretation

of the nicasucerneuts of interface-trap pioperties see Chapter and the change of the

surface concentration will modify the threshold voltage and device contact resistai cc see

Chapter

Ion implantation is the introduction of energetic charged particles into substrate such

as sihcon Implantation energies are between keV and MeV resultmg in ion distri

butions with average depths ranging from 10 nm to 10 pin Ion doses vamy from 1012

ions/cm2 for threshold oltage adjustment to 1018 ions/cm2 for the formation of bunied

insulating lay er Note that the dose is expressed as the number of ions implanted into

cm2 of the semiconductor surface area The niain advantages of ion implantation are its

more precise control and reproducibility of impurity dopings and its lower processing

temperature compared with those of the diffusion process

Figure 13 shows schematically medium-energy ion implantor.tm The ion source has

heated filament to break up source gas such as BF3 or AsH3 into charged ions or

As An extraction voltage around 40 k\ causes the charged ions to move out of the

ion-source chamber into mass analyzer The magnetic field of the analyzer is chosen

such that only ions with thc desired mass-to-charge ratio can trax el through it without

being filtered The selected ions then enter the acceleration tube where they are accel

erated to the implantation energy as they move from high voltage to ground Apertures

Equipment Neutral beam trap Beam trap
and Neutral

Schematic of mnediuni current ion implantor
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ensure that tie ion beam is wel ho ted pessure re rnplantor ptbe ow
1O Pa to minimize on scattering gas molecules The ion beam is ien scanned over

the afer surface using electrostatic deflection plates and implanted into the semi
conductor substrate

The energetic ions lose their energies through collision with electrons and nuclei in

the substrate and finally come to rest at some depth within the lattice The ayes age depth

can be controlled by adjusting the acceleration energy The dopant dosc can be controlled

by monitoring the ion current during implantation The principle side effect is the dis.

ruption or damage of the semiconductor lattice due to ion collisions Therefore sub

sequent anr ealing treatment is needed to remove these damages

134i on Dstrbuton

The total distance that an ion travels in coming to rest is called its range and is ilius

tratedi in Fig 14a The projection of this distance along the axis of incidence is called

the projected range Because the number uf collisions per unit distance and the
energy

lost per collision are random ariables there will be
spatial

distribution of ions having

Semiconductor

Vacuiini

Jonbeam

Log ion concentratior

0.6 oR5

ussiar
Ion beam

115

Schematic of the ion rang and projected iangc Two-dimensional distribu

tion of the implanted ions
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hc sai ic ass and the sa utia ergv TI tatis Ca tuat ons in ic rojcctc

ange called the rojectcd siraggle here is also statistical fluctuatioi alorg an

axis perpendicular to the axis of mcider ce Called the lateral straggle

Figure 145 shows the ion distribution Along the axis of incidence the implanted

impurity profile can be app oMmated by Gaussian distribution function

xRnx exp 25
-J2rcc7 2a1

where is the ion dose per unit area This equation is similar to Eq 14 for constanttotal

dopant diffusion except that the quantity 4Dt is replaced by and the distribution is

shifted along the x-axis by Thus for diffusion the maximum concentration is at

whereas for ion implantation the maximum concentration is at the projected range R5
The ion concentration is reduced by 40% from its peak value at R5 cxv by one
decade at by two decades at and by five decades at 4.8

Along the axis perpendicular to the axis of incidence the distribution is also Gaussian

function of the form exp p/2a2 Because of this distribution there will be some lat

eral implantation7 Howerer the lateral penetration from the mask edge on the order

of is considerably smaller than that from the thermal diffusion process discussed in

Section 13.3

13 42 on Stoppilig

There arc two stopping reechanisms bi which an energetic ion on entering einieori

ductor substrate also called the target can be brought to rest The first is by transfer

ring its energy to the target nuclei This causes deflection of the incident ion and also

dislodges many target nuclei from their
original lattice sites If is the energy of the ion

at any point along its path we can define nuclear stopping power SE dE/dx to

characterize this process The second stopping mechanism is by the interaction of the

incident ion with the cloud of electrons surrounding the targets atoms The ion loses energy
in collisions with electrons through Coulombic interaction The electrons can be excited

to higher energy levels excitation or they can be ejected from the atom ionizationl

We can define an electronic stopping power SE dE/dx8 to characterize this process
The average rate of energy loss with distance is gis en superposition of the abos

two stopping mechanisms

SnESeE 26

the total distance traveled by the ion before coming to rest is then

dx 1E0
dE

27SnESeE
where F0 is the initial ion energy The quantity has been defined previously as time range

We can visualize the nuclear stopping process by considering the elastic collision

between an incoming hard sphere energy E0 and mass and target hard sphere ini
tial energy zero and mass M2 as illustrated in Fig 15 When the spheres collide mnomen
tum is transferred alorg the centers of the spheres The deflection angle and them elocities

v1 and v9 can he obtained from the requirements for conservatior of momentum and
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Collision of hard spheres

energy The maximum energy loss is in head-on collision For this case the energy loss

the incident particle M1 or the energy transferred to M2 is

4M1M2
F0 28

M1M22
Since M2 is usually of the same order of magnitude as M1 large amount of energy can

bc transferred in nuclear stopping process
Detailed calculations show that the nuclear stopping power increases linearly with

energy at low energies similar to Eq 28 and SE reaches maximum at some inter

mediate energy At high energies SE becomes smaller because fast particles may not

have sufficient interaction time with the target atoms to achieve effective energy trans

fer The calculated values of for arsenic phosphorus and boron in silicon at vari

ous energies are shown in Fig 16 solid lines where the superscript indicates the atomic

weight.8 Note that heavier atoms such as arsenic have larger nuclear stopping power
that is larger energy loss per unit distance

The electronic stopping power is found to be proportio ial to the velocity of

the incident ion or

SgL kV 29

where the coefficient kg is relatively weak function of atomic mass and atomic number

The value of kg is approximately 1O eV2/em for silicor and io cv 1cm for gal
lium arsenide The electronic stopping pon er in silicon is plotted in Fig 16 dotted line

Also shown in the figure are the crossover erergies at which SgE equals SE For boron

which has relatively low ion mass compared with the target silicon atom the crossover

energy is only 10 keV This means that over most of the in plantation energy range of

keV to Me\ the main energy loss mechanism is due to electronic stopping On the

other hand for arsenic with relatively high ion mass the erossoxer energy is 700 keV

Thus nuclear stopping dominates over niosi of the energy range For phosphorus the

crossos er energy is 130 ke for an F0 less than 130 keV nuclear stopping will dominate

for higher energies electronic viopping will take over
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1500

2sSi

Nuclear

Ilectronic

1000

700 keV

500

130 keV

.lO keV

200 400 600 800 1000

Energy keV

Nuclear stopping power SE1 and electronic stopping power SE for As and in

Si The points of intersection of the curves correspond to the energy at which nuclear and den
tronic stopping are equal.4

Once S1E and SçE are known we can calculate the range from Eq 27 This in

turn can give us the projected range and projected straggle with the help of the follow

ing approximate equations15

Rn 301M2/3M

.I/M1M2
ci 31MM2

Figure 17a shows the projected range R5 the projected straggle and the lateral

straggle ok for arsenic boron and phosphorus in silicon.9 As expected the larger the

energy loss the smaller the range Also the projected range and straggles increase with

ion energy For given element at specific incident energy and are comparable
and usually within 20% Figure 17h shows the corresponding values for by drogen zinc

and tellurium in gallium arsenide If we compare Fig 17a with Fig 17b we see that

most of the popular dopants except hydrogen have larger projected railges in siT con
than they have in gallium arsenide

Assume 100 keV boron implants on 200 mm silicon wafer at dose of 1014 ions/cm2 Calculate

the peak concentration and the required ion beam current for minute of implantation
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10. 10
Si Cas

ci

Sc // As

__//tB/BSc

_____0.1 0.1

-c Te.8 //

//Te
if/7

0.01 0.01 ._________
Zn

Te

// zn//
Zn

As/
As

___________ ___________ .._.__...1_..._.l.__.t....I.._I..1.J.J

1Il.0Il1

10 100 1000 10 100 1000

Energy keY Energy keV

Projected range projected straggle
and lateral straggle for and As in Si and

Zn and Ic in GaAs

From Fig 17a we obtain 0.31 and 007 pm for the projected range and project strag

gle respecti ely

xR1
From Eq 25 nx exp

2a

dn 2xR r-5-R 21
exp -0

dx 2a 2a

The peak concentration is at and nx 2.85 T0 ions/cm3

oi
The total number of implanted ions 10 xl 1.57 10 ions

The required ion current
1.6 10 xl 57 io17 419x104

60

042 mA
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42 br Channe

The pro ect range aid straggle oft Gaussia dis ribution discussed emouslv give

good dese
ip ion of the mplanted or amorpliou os Ii ie gram polvc stalline sub

strates Both silicon ai gallium ai sewda bchaxe as if they were amoihous semicon
dutor prm ded the ion beam is msore itcd ro th low-Hdcx eisral1ograpi ic recio
eg.11 In this situatios the doping pr file described by Eq 25 is folloned closely
near the peak and extended to one or two decades below the peak same Tbs is illus

trated 16
in Fig 18 However even for misorentation of 70 from the 111-axis there

still is tail that saries exponentially with distar cc as exp s/i as here 2t is txpically on

the order of 0.1 tm
The exponential tail is related to the ion-channeling effect Cliannelng occurs en

incident ions align with major ciystallographic drection and are guided between rows
of atoms in crystal Figure 19 illustrates diamond lattice viewed along 110-direc
tion20 Ions implanted in the 110-direct on 5wil follow

trajcetories that will not bring
them close enough to target atom to Ii se sgiiificant amounts of energy 1n nuclear cdi

lisions Thus for channeled ioi the only energy loss iv echanism is electronic stopping
and the range of channeled ions can be significantly larger than it would be in an amor
phous target Ion channeling is particularly cntieal fbr low-energy implant and heavy

10 6P Ions/cm2

1020

160 keV

10

Gaussian

Exponential tail

117111
0.2 0.1 0.6 01

Depth 1lnn

linpuriti profile obtained in purposely iiiisoriental target Ion beans is incident

from the 111 -axis16
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Model for diamond structure iiewed along 1lOaxis

Channeling can be minimized by several tecliniquen blocking amorpF ous surface

layer misorientation of the afer and creating damage layer in the wafer surface The

usual blocking amorphous layer is simply thiu layer of grown silicon dioxide Fig 20a
The layer randomizes the dii ection of the ion beam so that the ions enter the wafer at

different angles and not directly
down the cr stal channels Misorientation of the wafers

540 off the major plane also has the effect of preverting the ions from entering the

channels Fig 20h With this method most implantation machines tilt the wafer by
and then apply 22 twist from the flat to pros cut channeling Predamaging the wafer

surface with heavy silicon or germanium implant creates randomizing layer in the wafer

surface Fig 20c This method however increases the use of the expensi ion implantor

loris Tons Ions

000000000 000000000
o0o0o0o0o0o0o0o0o Oxide o0o0o0o%0o0o0o Damage
00000000 00000000 crlstal

Crystal Crystal

Crystal

Implant through an amorphous oxide layer misorient the beam direction to all

crystal axes and predamage on the crystal surface
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135l Impant Damage

When energetic ions enter se iiicondt ctor substrate they Jose their energy in scnes

of nuclear and electronic collisions and finally come to rest The eleetronieenergy loss

can be accounted for in terms of electronic excitations to higher energy levels or the

generation of electromhole pairs However electronic collisions do not displace semi
conductor atoms from their lattice positions Only nuclear collisions can transfer suffi

cient energy to the lattice so that host atoms are displaced resulting in implant damage
also called lattice disorder.21 These displaced atoms may possess large fractions of the

incident energy and they in turn cause cascades of secondary displacements of nearby

atoms to form tree of disorder along the ion path When the displaced atoms per unit

volume approach the atomic density of the semiconductor the material becomes amor

phous
The tree of disorder for light ions is quite different from that for heavy ions Mud

of the energy loss for light ions e.g Bk in silico is due to electronic collisions see

Fig 16 which do not cause lattice damage The ions lose their energies as the pcne
trate deeper into the substrate Eventually the ion energy is reduced below the crossover

energy 10 keY for boron where nuclear stopping becomes dominant Ther.fore most
of the lattice disorder occurs near the final ion position This is illustrated in Fig 21a

We can estimate the damage by considering 100 keY boron ion Its projected range
is 0.31 tm Fig 17a and its initial nuclear energy loss is only eV1A Fig 16 Since

the spacing between lattice planes in silicon is about 2.5 this means that the boron ion

will lose 7.5 eV for each lattice plane because of nuclear stopping The energy required

to displace silicon atom from its lattice position is about 15 eV Therefore the incider

boron ion does not release enough energy from nuclear stopping to displace silicon atom
when it first enters the silicon substrate When the ion energy is reduced to about

Semiconductor surface

Disorder

cluster

Heavy
ion Le
As

.5OA

Implantation disorder caused by light ons and heavy ions.2
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ke\ at dep cf 1L00 thr eneigy oss due flue ca Stppigy cases to 15

e\ each attice palm i.e Y/ suf icient create lattice disorch Assuming
that one atom dsplrced per lattice plane

for the remaining ion range we am 600 alt

tice atoms displaced i.e 1500 A/2.5 If each displace torn moves to ighl1 23 from

its original position the da
image

volume is gixen by V0 25A21500A 10 alrn3

The damage density is 600/V0 1020 cin uhicb is only 0.4% of the atoms Thus

high doses of light ions are needed to create an anmorplious layer

For heavy ions the energy loss is primarily due to nuclear collisions therefore we

expect substar tial damage Consider 00 ke\7 arsenic ion with projected range of 0.06

pm or 60 nm The average nuclear em ergy loss over the entire ener range is about 1320

eV/nrn Fig 16 This cans that the arsenic ion loses about 330 eV for each lattice plane

on the average Most of the energy is given to one primary silicon atom Each
primary

atom will subsequently cause 22 displaced target atoms i.e 330 eV/l5eV The total num
ber of displaced atom is 5280 Assuming range of 2.3 nm for the displaced atoms the

damage volume is VD 2.5 nm2 60 nm 10 iS con3 The damage densiT is then 5280/Vu

uS 102i cm or about 10% of the total number of atoms in VD AS result of the heavy-

ion implantation the material has become essentially amorphous Figure 21b illustrates

the situation where the damage forms disordered cluster over the entire projected range
To estimate the dose required to corn ert cm stalline material to an amorphous form

we can use the criterion that the energy density is of the same order of magnitude as

that needed for melting the material i.e 1021 keV/cm3 For 100 keV arsenic ions the

dose required to make amorphous silicon is ti en

1021 key crn3R
1013 ions cm 32

A0

For 100 key boo on ions the dose required is 10i4 ions/cm because for boron is

five times larger than for arsenic Horvever in practice higher doses 1016 ions/cm2

arc required foi boron implant into target at room temperature because of the nonuni

form distribution of the dam age along the ion path

1352 Anneahng

Because of the damaged region and the disorder cluster that result from ion implanta

tion semiconductor parameters such as mobilgi and lifetime are scm erehs degraded In

addition most of the ions as implanted ai not located in substmtutio mal sites To activate

ic implanted ion and to restore mobility and other material parameters we must anneal

the semiconductor at an appropriate combination of time at temperature
In conventional annealing we use an open-tube batch-furnace stem snnmlar to that

for thermal oxidation This process requires long time and high temperature to remove

the implant damages Hon ever conventional annealing may cause substantial dopant dif

fusion and cannot meet the requirement for shallow junctions and narrow doping pro
files Rapid thermal annealing RTA is an annealmg process that employs arietv of

energy sources with wide range of times from 100 seconds down to nanosecondsall

short camnpared irith the conventional annealing RTA can activate the dopant fully with

minimal redistribution

Conventional Annealing of and

Annealing characteristics depend on the dopant ripe and the dose involved Figure 22

shows the annealing hehav ors of boron and phosp morus implantation into silicon sub

strates0 The substrate is held at room temperature during implantation At given
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1000

3tii

25C

900

Boron

800

Phosphorus

700

600

500 ._L.LL.LLi I. _LUSLLLLI

10 iO 101 1010

Dose ions/eia2

Annealing temperature versus dose for 90% activation of boron and phosphorus.11

ion dose the annealing temperature is defined as the temperature at which 90% of the

implanted ions are activated by 30 minute annealing in conventional annealing fur

nace For boron implantation higher annealing temperatures are needed for higher doses

For phosphorus at lower doses the annealing behavior is similar to that for boron However
when the dose is greater than 1015 cm the annealing temperature drops to about 600C
Tins phenomenon is related to the solid-phase epitaxy process At phosphorus doses greater
than lO cm the silicon surface layer becomes amorphous The smgie-crystal semi
conductor underneath the amorphous layer serves as seeding area for recrystallization

of the amorphous layer The epitaxial-growth rate along the 00 direction is 10 nm/mm

at 550C and 50 nm/mm at 600C with an activation enerry at 24 eV Therefore 100 500

nm amorphous layer can be reciystallized in few minutes During the solid-phase epi
tavial process the irnpuri7 dopant atoms arc incorporated into the lattice Sites along with

the host atoms sus full aetvation can he obtained at relatively low temperatures

Rapid Thermal Annealing
The machine for RTA with transient lamp heating is shown in Fig 23 The tempera
ture measured 22 from the heated wafer is usually from 600 1100C waler is heated

quickly under atmospheric conditions or at low pressure under isothermal conditions

Typical lamps in RTA system are tungsten filaments or arc lamps The processing chan1-

ber is made of either quartz silicon carbide stainless steel or aluminum and has quartz
windows through which the optical radiation passes to illuminate the wafer The wafer
holder is often made of quartz and contacts the wafer in minimum number of places

measurement system is placed in control mop to set wafer temperature The RTA

system interfaces with gas-handling system and computer that controls system oper
ation Typically wafer temperature in RTA system is measured with noneontact opti
cal pyrometer that determines temperature from radiated infrared ener
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Reflector Lar ps

/XX\
\Quartzinds

Gas inlet

pYrometer

Rapid thermal annealing system that is optically heated

comparison between conventional furnace and RTA technologies is shown in Table

To achieve short processing times using RTA trade-offs must be made in tempera
ture and process uniformity temperature measurement and control and wafer stress and

throughput In addition there are concerns over the introduction of electrically active

wafer defects during the very fast l000_300eC/s thermal transients Rapid heating with

temperature gradients in the wafers can cause wafer damage in the form of slip disloca

tions induced by thermal stress On the other hand conventional furnace processing brings

with it significant problems such as particle generation from the hot walls limited ambi

ent control in an open system and large thermal mass that restricts controlled heating

times to tens of minutes In fact requirements on contamination process control and

cost of manufacturing floor space have resulted in the paradigm shift to the RTA process

Determinant Conventional furnace Rapid thermal annealing

Process Batch Single-wafer

Furnace Hot wall Cold-wall

Heating rate Low High

Cycle time High

Temperature monitor Furnace Wafer

Thermal budget High Low

Particle problem Yes Minimal

Uniformity amid repeatability High Low

Throughput High Low
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this seetio we car sidei few implartat on rd ited processes Soc as iultiple implan

tation maski
tilt-angle implantation hgh-energy implantation and high-curicnt

implantation

136i Muftiple mpantation and Masking

In many applications doping profiles other than the simple Gaussian distribution are

required One such case is the preimpiantatior of silicon with an inert ion to make the

silicon surface region amorphous This technique allows close control of the doping pro
file and permits nearly 100% dopant activation at lou temperatures as discussed previ

ously In such case deep amorphous region may he required To obtain this type of

region we must make series of implants at varying ion energies and doses

Multiple iii plantation can also be used to form flat doping profile as shown in Fig
24 Here four boron implants into silicon are used to provide composite doping pro
file.23 The measured carrier concentration and that predicted using range theory are shown

in the figure Other doping profiles unavailable from diffusion techniques can be obtained

by using various combinations of impurity dose and implantation energy Multiple implants

have been used to preserve stoichiometry during the implantation and annealing of GaAs

This approach whereby equal amount of gallium and nrtype dopant or arsenic and

type dopant are implanted pi mr to annealing has resulted in higher carrier activation

To form pn junctions in selected areas of the semiconductor substrate an appro

priate mask should be used for the implantation Because implantation is low-temper
ature process large variety of masking materials can be used The minimum thickness

of masking material required to stop given percentage of incident ions can be estimated

from the range parameters for ions The inset of Fig 215 shows profile of an implant in

1018

Predicted composite

ia7

/I
///

120

10u 24 lceV 220 keV
59keV

CA

10s
Si

CA

02 04 0.6 08 10

listance inn

Composite doping profile using multiple implants.23
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9As
InC

ORd
0.01.L

10 100 1000

keV

Minimum thickness 24of Si09 Si3N4 I- and photoresist to produce

masking effectiveness of 9999%

masldng material The dose implanted in the region beyond depth shown shaded
is given by integration of Eq 25 as

x-R
S1 eap dx 33

2ir

From Table we can derive the expression

e2dyerfcx 34

Therefore the fraction of the dose that has transmitted beyond depth is given by
the transmission coefficient

ec

Once is given we can obtain the mask thickness from Eq 35 for any given

and

The values of to stop 99.99% of the incident ions 1O are shown in Fig 25

for Si09 Si3N and photoresist as masldng materials uias Mask thicknesses given in tF is
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gir rc hero pl osp ri ad irscni rip anted si oi The as id

eases als cai he us gi de lip cli ii gal an inc ride dopants

arc shon in ii parcnth ses Since both and vary approv mately mccclv energy
he mann mm ickiess of the masking meteria also icreases ncarv with cnerg In

certain applicatioi instead of totally stopping the beam the masks can be used ci atten

uators vs hidi can pi eve an au orpli ius surrac lIyer tc tile nu idcnt ion oeau to rr in

imive the channeling effect

When boron ions are implanted at 200 ke\ uhat thickness of SiO mmiii be requircd to mask 99.996%

of the implanted ions 0.53 gm 0.093 inn

The complementary erro function ir iq 35 can be approximated if the argo tent is

large see Table

To
2r

where the parameter it is given by il R/\ Fo 10 ri can so ye the above quation

to give
2.8 Thus

3.96 53 3.96 0093 0.898 pn

1362 TiltAnge on Impantation

In scaling devices to submicron dimensions it is important also to scale dopant profiles

vertically \Ve need to produce junction depths less than 100 urn including diffusion clur

ing dopant activation and subsequcnt processing steps Modem device structures ich

as the lightly doped drain LDD requhe precise control of dopant distriba tionc verti

cally and laterally

It is the ion velocity perpendicular to the surface that determines the projected range

of an implanted ion distribution If the wafer is tilted at larg angle to the ion beam
then the effectix ion energy is greatly reduced Figure 26 illustrates this for 60 keY arsenic

ions as function of the tilt angle showing that it is possible achieve exIt candy shah

Iou distributions usrng high tilt angle 86h In tilt-angle ion implantation we shou

consider the shadow effect inset in Fig 96 for the patterned wafer lower tilt angle

lends to small shadow area For example if the height of patterned mask is 0.5 pm
with vertical sideim all 70 incident ion beam will induce 61 nm shadow This shadow

effect may introduce an unexpected series resistance in the devic

13 63 HghEnergy nd HighCorrent mpantation

High-energy implantors capable of energies as high as 1.55 MeV arc available and have

been used for number of nove applications The maiorityof these depend on the abil

ity to dope the semiconductor to many micrometers in depth without the eed for long

diffusion times at high temperatures High-energy implantors can also be used to pro
duce lovv-resistivity buried layers or example buried layer ii .83 tan beiov the sur

facc for CMOS device can be achieved by ugh-energy implantation

P1gb-current implantors 10-20 mA operating in 2530 keY ra ige are ro

uelv used for the predepositio step diffusfo tec alogy because in amount total
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dopani can be cc itrolled precisely viter if predeposit the dopd it npuntles can

be driven in by high-ten perature diffusion step at the same time that iii plant damage
at the surface region is annealed out Another application is the threshold voltage adjust

ment in MOb devices precisely controlled amount of dopant e.g boron is implanted

through the gate oxide to the channel region25 Fig 27a Because the projected range
fboron iii silicon and silicon oxide are corrparable if we choose suitable incident erier
the ions will penetrate just the thin gate oxide not the thicker-field oxide The thresh

old voltage will vary approximately linearly with the implanted dose After boron implan
tation polysthcon can be deposited and patterned to form the gate electrode of the

MOSFET The thin oxide surrounding the gate electrode is removed and the source and
drain regions are formed as shown in Fig 27b by another high-dose arsenic implantation

High-current implantors with energies in the 150200 keV range are now available

major use for these machines is to form high-quality silicon films which are insulated

60 ke As Si

Ion beam

86 70 45
Mask Mask

-so.j
Substrate

10 20 30 40 50 60 70 80

Depth nsa

60 keV arsenic implanted into silicon as function of beam tilt angle inset shows the

shadow area for tilt-angle ion implantation

Accelerated boron ions ol on

Gate oxide

p-type silicon
bic id

Threshold voltage adjustment using boron ion smplantation.2
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substrati b1 ipla ye cre tmg at ewe iug ayer of sih de

This separat on by plantation oxvgel SIMOX key 501 silicon-on insulator

tech lology

The MOX process ses high-energy beai typically in ti 150 to 200 keY

range so that the oiqigen ior have projected ranges of 100 200 mm Additionally heary
dose lO furs/cia2 is used to prouuce an insulatmg layer of Sf02 tnat is 100500

nni thick The usc of SIMOX material leads to sgnificant reduction of source/drain capac

itances in MOS des ices Moreoser it reduces coupling between devices and thus allows

tighter packing without the problem of latchup As result it is widely proposed as the

material of choice for advanced high-speed CMOS circuits

Diffusion and ion implantation are the two key methods for impurity doping We first

considered the basic diffusion equation for constant diffusivity We obtain the comple
mentarv error function crfc and the Gaussian function for the constantsurface-con

centration case and constanttotal-dopant case respectively The results of diffusion

process can be esuluatcd by measurements of the junction depth the sheet resistance

and thu dopant profile

When the doping concentration is higher than the intrinsic carrier concentration o1

at the diffusion temperature the diffusivity becomes concentration dependent This depen
dence has profound effect on the resulting doping profile For example arsenic and boron

diffusivity in silicon vaiy linearly with the impurity concentration Their doping profiles

are much more abrupt than the erfc profile Phosphorus diffusivity in silicon varies as

the square of concentration This dependence and dissociation effect give rise to phos

phorus diffusivitv that is 100 times larger than its intrinsic diffusivity

Lateral diffusion at the edge of mask and impurity redistribution during oxidation

are two processes in which diffusion can have an important impact on device performance
The former can substrantially reduce the breakdown voltage and the latter will influ

ence the threshold oltage as well as the contact resistance

The key parameters for ion implantation are the projected range and its standard

deviation also called the projected straggle The implantation profile can be approx
imated by Gaussian distribution with its peak located at R2 from the surface of the semi
conductor substrate The ads antages of ion implantation process are more precise control

of the amoui of dopant inure reproducible doping profile and lower processing tem

perature compared with the diffusion process
We considered and for various elements in silicon and gallium arsenide and

discussed the channeling effect and ways to minimize this effect however implantation

may cause severe damage to the ciystal lattice To remove the implant damage and to

restore mobility and other device parameters we must anneal the semiconductor at an

appropriate combination of time and temperature Currently the rapid thermal anneal

ing RTA is preferred to conventional furnace annealing because RTA can remove implant

damage without thermal broade ling of the doping profile

Ion implantation has wide applications for advanced semiconductor devices These

include multiple implantation to form nos el distributions çbf selection of masiting

materials and thiclmess to stop given percentage of incident ions from reaching the sub

strate tilt-angle implantation to form ultrashallow junctions high-energy implan
tation to form buried layers and high-current implantation for predeposition and

threshold voltage adjustment and to forn an insulating layer for 501 applicato
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16 Gibbons Ion Implantation us Keller Ed Handlook on Semiconductors 119 North
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FOR SECTION 131 BASIC DIFFUSION PROCESS

Calculate the junction depth and die total amount of dopant introduced after boron
pee-

deposition performed at 950CC for 30 minutes in neutral ambient Assume the substrate

is il-type silicon with N0 1.8 10 vim3 and the harms surface cnsscenfrabori is ty

18 10a0 cm
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ft sarspic Piob ected to neutial drive in at u0C 11 60 iii sutes calcu

ate th diffusion urofile and the junctior depth

Assume tile measured phosphorus profile can be represented by Gaussian function

th diffusivmty 2.3 10 cm2/s The measured surface concentration is 10
ato us/cm3 and the measured junction depth is JIm at substrate concentration of

10n Calculate the diffusion time and the total dopant in the diffused layer

To avoid wafer vs
arp

due to sudden reduction in temperature tile temperature in dif

fusion furnace is decreased linearly from 1000C to 500C in 20 minutes What is the

effective diffusion time at the initial diffusion temperature for phosphorus diffusion in

silicon

For low-concentration phosphorus drive-in diffusion in silicon at 1000C find the

percentage change of surface concentration for 1% variation in difftision time and

temperature

If arsenic is diffused ioto thick slice of silicon doped with i0 boron atoms/cm3 at

temperature of 1100C for hours what is the final distribution of arsenic if the surface

concentration is neld Lived at 10u atoms/em3C What axe the diffusion length and juno
lion depth

FOR SECTION 13.2 EXTRINSIC DIFFUSION

If arsenic is diffused into thick slice of silicon doped with 10 boron atoms/cm3 at

temperature of 900C for hours what is the final distribution of arsenic if the surface

concentration is held fixed at 10 atoms/cm3 What is the junction depth Assume

D0e D0 45.8 cmtm/s Ec 4.05 eV 1.6V

Explain the meaning of intrinsic and extrinsic diffusion

FOR SECTION 13.3 DIFFUSION RELATED PROCESSES

Defoe the segregation
coefficient

Assume that the Cu concentration in Si02 layer is 10i3 atoms/cm3 after vapor phase

decomposition and is measured with atomic absorption spectometmy Thc Cu concentra

tion in the Si layer is 10 atoms/cm3 afci RF/H203 dissolution Calculate the segrega

tion coefficient of Cu in Si02/Si layers

FOR SECTION 13.4 RANGE OF IMPLNTED IONS

In 200 mm afer boron-ionimplantation sI stem assume ttie beam current is 10 JIA

For the p-channel tiansistor calculate the unplant moe required to reduce threshold volt

age from .1 to 0.5 Assume that the implanted acceptors
fornl sheet of

negative

charge just helms the Si surface and the oxide thickness is 10 nm

Assume that 100 mm diameter GaAs vs afer is uuiformnl1 implanted with 100 keV /ine

ions for minutes with constant ion beam current of 10 itA What are tile iOn dose per

unit area and the peak ion concentration

silicon p-n junction is formed by implanting boron ions at 80 keV through window in

an oxide If the boron dose is 1013 cm and the n-type substrate concentration is l0
can3 find the location of the metallurgical junction

threshold-voltage adjustment implantation is made through 25 urn gate
oxide The

substrate is 100 oriented type silicon with resistivity of 10 0-cm If the incremnen

tal threshold voltage due to 40 ke\ boron implantation is what is the total implanted

dose per unit area Estimate the locatior of the peak horo concentration

For tile substrate in Prob 14 what percentaze of tile total dose is in the silicon
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FOR SECTION 13.5 IMPLAN DA AGE ND ANNEALING
If 50 ke\ boron ion is implanted into the silicon substrate calculate the damage density

Assume silicon atom density is 5.02 10 atoms/emi the silicon displacement eneri is

15 e\ the range is 25 nm and the spacing between silicon lattice plane is 0.25 nm

Explain why high-temperature RTA is preferable to law-temperature FA for defect-free

shallow-junction formation

Estimate the implant dose required to reduce p-channel threshold voltage by if the

gate oxide is nm thick Assume that the implant oltage is adjusted so that the peak of

the distribution occurs at the oxide-silicon interface Thus half of the implant goes into

the silicon Further assume that 90% of the implanted ions in the silicon are electrically

activated by the annealing process These assumptions allow 45% of the implanted ions to

be used for threshold adjusting Also assume that all of the charge in the silicon is effec

tisely at the silicon-oxide interface

FOR SECTION 136 IMPLANTATLONRELATED PROCESSES

We nould like to form 0.1 tm deep heasily doped junctions for the source and dratmi

regions of submicron MOSFET Compare the options that are available to introduce

and activate dopant for this application Which option would you recommend and why
When an arsenic implant at 100 keV is used and the photoresist thickness is 400 nm find

the effectiveness of the resist mask in pres enting the transmission of ions 0.6 .Lm
0.2 im If the resist thickness is changed to tim calculate the maslng efficiency

With reference to Ex what thickness of Si02 is required to mask 99.999% of the

implanted ions
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14.1 PASSIVE COMPONENTS

14.2 BIPOLAR TECHNOLOGY

143 MOSFET TECHNOLOGY

14.4 MESFET TECHNOLOGY

145 CHALLENGES FOR MICROELECTRONICS

SUMMARY

Microwave photonic and power applications generally employ discrete devices For exam

pie an IMPATT diode is used as rnicrowae generator an injection laser as an optical

source and thyristor as highpower switch However most electronic systems are built

on the integrated circuit IC winch is an ensemble of both active e.g transistor and

passive devices e.g resistor capacitor arid inductor formed on and within singlecrys

vii semiconductor substrate and interconnected by metallization pattern ICs have enor

advantages oser discrete devices connected by wire bondings The advar tages

includes reduction of the interconnection parasitics because an IC with multilevel

metallization can substantially reduce the erall wiring length full utilization of semti

conductor wafers real estate because devices can be closely packed within an IC chip

and drastic reduction in processing cost because wire bonding is timeconsuming

and erronprone operation

In this chapter we combine the basic processes described in previous chapters to

fabricate active and passive components in an IC Because the key element of an is

the transistor specific processing sequences are developed to optimize its performance

We consider three major technologies associated with the three transistor families

the bipolar transistor the MOSFET and the MESFET

Specifically we cm er the following topics

The design and fabrication of IC resistor capacitor and inductor

The processing sequence for standard bipolar transistor and advanced bipolar

devices

The processing sequence for MOSFET with special emphasis on CMOS and

memory devices

The processing sequence for high performance MESFET and monolithic

microwave IC

The major challenges for future microelectronics including ultrashallow june

tion ultratlun odde new intel connection materials low power dissipation

and isolation
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Figure lustrates interrelationship betu en the inaji procc is steps used for

IC fabrication Polished wafers with specific resistivity and orientation are used as the

starting material The film fo mation steps include thermally grown oxide films deposited

polysilicon delectric and metal films Chapter 11 Film formation is ohen followed by
lithography Chapter 12 or impurity doping Chapter 13 Lithograph is generally fol.

lowed by etelniig wnich in turn is often followed by another impurity doping or film for
mation The final IC is made by sequentially transferring the patterns from each mask
level by level onto the surface of the semiconductor is afer

After processing each wafer contains hundreds of identical rectangular chips or dice
typically between and 20 mm on each side as shown in Fig 2a The chips are sepa
rated by sawing or laser cutting Figure 2b shon separated chip Schematic top views

of smgle MOSFET and single bipolar transistor are shown in Fig 2c to give some

perspective of the relative size of component in an IC chip Prior to chip separation
each chip is electrically tested Defective chips are usually marked with dab of black

ink Good chips are selected and packaged to provide an appropriate thermal electrical

and interconnection envircnment for electronic applications

IC chips nay contain from few components transistors diodes resistors capaci

tors etc to as mauy as billion or more Since the invention of the monolithic IC in

1959 the number of components on state-of-the-art IC chip has grown exponentially
We usually refer to the complexity of an IC as small-scale integration SSI for up to 100

components per chip medium-scale integration MSI for up to 1000 components per
chip large-scale integration LSI for up to 100000 components per chip very-large-
scale integrated VLSI for up to JO components per chip and ultra large-scale inte

gration ULSI for larger numbers of components per chip In Section 14.3 we show
two ULSI chips 32-bit microprocessor chip which contains over 42 million compo
nents and Ghit dynamic random access memory DRAM cup which contains over

billion components

Film

Mask set fonnation

Lithography

Etching

i__i.IF_L Wafer

out

Schematic Hon diagram of integrated-circuit fabncation
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Sourcc

-50 i000 clips

corn jonents OSFLI

lOps

toliwii

0.5 to 0.755 mm thick

ollector

Base mittci

Size comparison of siafer to individual components Semiconductor afes ChipMOS and bipolar transistor

14i The hitegratedCircuft Resistor

To form an IC resistor we can deposite resistive layer on silicon substrate then pat

tern the layei lithography and etching We can alsc define window in silicon diox

ide la\ er growis thermally on silicon substrate and then implant or diffuse impurities

of the opposite conductivity type into the afer Figure shows the top and cross-sec

tional views of tim resistors formed by the latter approarh one has meandr shape and

the other has bar shape
Consider the bar-shaped resistor first The differential conductance do of thin la er

of the p-type material that is of thickness dx parallel to the surface and at depth as

shomin the B-B cross section is

dG qp0pidx

where is the width of the bab is the length of the bar neglect the end contact

areas for the time being is obihity of hole and px is the doping concentiation

Tha total conductance of the entir implanted region of the bar is given by

GJ5ldG qf ftpxalr

where
x1

is the junction depth If the value of

j.
t5

which is function of the hole cots

centration and the distribution of px aie known the total conductance cm be em ah

ated from Eq We car svri

here qj ft0 prcli is the cond icta nu of so iarc resst nit em that iv

when
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SiO

LA
Si09 rX

cross section

Integrated-circuit resistors All narrow lines in the large square area have the same width

and all contacts are the same SiZe

The resistance is therefore given by

________
where hg usually is defined by the symbol and is called the sheet resistance The sheet

resistance has units of ohms but is conZentionally specified in units of ohms per square

Many resistors in an integrated circuit are fabricated simultaneously by defining dif

ferent geometric patterns in the mask such as those shown in Fig Since the same pro
cessing cycle is used for all these resistors it is convenient to separate the resistance into

two parts the sheet resistance R0 determined by the implantation or difflixion pro
cess and the ratio L/W dctermined by the pattern dimensions Once the val ie of is

known the resistance is
gis en by the ratio LIW or the number of squares each square

has an area of Wx in the resistor pattern The end contact areas will introduce addi
tional resistance to the IC resistors For the type shown in Fig each end contact cor

responds to approximately 0.65 square For the meander-shape resistor the electric-field

lines at the bends are not spaced uniformly across the width of the resistor but are crowded
toward the inside corner square at the bend does not contribute exactly square but

rather 0.65 square
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Find tIe val of resistor 90 ii lo ig nd 10 tIn vi such as ic bar siaped rcsstor

The sheet resstai is /J

The resistor contains squares The two end contacts correspond to 13 fl The value

of the resistor is 13x kCl/L 10.3 ku

1412 The ntegratedCircuit Capacitor

There are basically two pes of capacitors used in integrated circuits VOS capacitors

and pn junctions The MOS metal-oxide-semiconductor capacitor can be fabricated

by using heavily doped region such as an emitter region as one plate the top metal

electrode as the other plate and the intersening oxide layer as the dielectric The top

and cross-sectional views of MOS capacitor ares iown Fig 4a To form MOS capac
itol thick oxide layer is thermally grown on silicon substrate ext window is litho

graphically defined ar then etched in the oxide Diffusion or ion imp antation is used

to form -region in the window area whereas the surrounding thick oxide serves as

mask thin oxide layer is then therma ly grown in wi dow area buoy ed by met
allization step The capacitance per unit area is given by

C5 F/cm2

where is the dielectric permittivity of silicon doxide the dieiectric constant /t is

3.9 and is the thin-oxide thickness To increase the capacitance further insulators with

higher dielectric constants are being studied such as Si3N and Ta205 with dielectric

constants of and 25 respectively The MOS capacitance is essentially independent of

the applied voltage because the lower plate of the capacitor is made of heavily doped
material This also reduces the series resistance associated with it

pn junction is sometimes used as capacitor in an integrated circuit The top and

cross sectional views of an nt-p junction capacitor are shown in Fig 4b The detailed

Metal

electrode

vi$iiiFiti9ilF

Si09 _______ Si02

Integrated MOS capacuor 15 Integrated junction capacitor
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fab ication process is considercd in Section 14.2 causc his structure forms par of

bipolar transistor As capacitor the device is usuall7 reverse biased that is the p-region

is ieserse-biased with respect to tF ii-region The capacitance is not constant but varies

as V5 1/2 uhere is the applied reserse xoltage and is the built-in potential

The series resistance is considerably higher than that of MOS capacitor because the

rug on has lngliei resistivity than dues the region

What is the stored charge and the number of electrons on an MOS capacitor with an area of

lam2 for dielectric of 10 mu thick Si02 and mu thick TaiOv The applied oltage is

fur both cases

xAx3.9xS.85x10 F/cmx4xlO8cm2
5V 6.9x104C

1x1oCcni

or

6.9 104C/q 4.3 lO electrons

Changing the dielectric constant from 3.9 to 25 and the thickness from 10 nm to urn we
obtain 885 10 il and 8.85 10 11

C/q 5.53 106 elections

141.3 The bflegratedCrcuft Inductor

IC inductors have been widely used in 111-V based monolithic microwave integrated cir

cuits MM1C With the increased speed of silicon devices and advancement in multi

level interconnection technology IC inductors have started to receive more and more

attentions in silicon-based radio frequency rI and high-frequency applications Many
kinds of inductors can be fabricated using processes The most popular method is the

thin-film spiral inductor Figure 5a and shows the top-view and the cross section of

silicon-based two-le ci metal spiral inductor To form spiral inductor thick oxide is

thermally grown or deposited on silicon substrate The first metal is then deposited and

defined as one end of the inductor Next another dielectric is deposited onto the metal

via hole is defined lithographically and etched in the oxide Metal is deposited and

the via hole is filled The spiral patterned can be defined and etched on the metal as

the second end of the inductor

To evaluate the inductor an important figure of merit is the quality factor The

is defined as /R where and are the inductance resistar cc and fre

quency respectively The higher the values the lower the loss from resistance hence

the better the performance of the circuits Figure 5c shows the equivalent circuit model

is the inherent
resistivity

of the metal and C2 are the coupling capacitances between

the metal lines and the substrate and and R52 are the resistances of the silicon

substrate associated with the metal lines respectively The increases linearly with fre

quencl initially and then drops at higher frequencies because of
parasitic resistances and

capacitances

There are some approaches to improve the value The first is to use lou-dielec

tric-constant materials to reduce the The other is to use thick film metal

or low-resistivity metals e.g Cu Au to replace Al to reduce the R1 The third approach
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\Ietal

s
u
b
2

Schematic view of spiral inductor on silicon substrate Perspective view along

A-A An equivalent circuit model for an integrated inductor

uses an insulating substrate eg Si icon-on-sapphire silicon-on-glass or quartz to

reduce RUl loss

To obtain the exact value of thin-film inductor complicated simulation tool such

as coniputer aided design must be employed for both circuit simulation and inductoi

optimization The model for thin-film inductor must take into account the resistance of

the metal the capacitance of the oxide line-to-line capacitance the resistance of the sub

strate the capacitance to the substrate and the inductance and mutual inductance of

the metal lines Hence it is more difficult to calculate the integrated inductamice com

pared with the integrated capacitors or resistors However simple equation to estimate

the square planar spiral inductor is given as3

1n2r 1.2 10 tmu2r
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where p0 is the permeability or vacuam 4Ex 10 H/u is en es the rum
ber of turns and is the radus of the spiral in meters

For an integrated inductor mth an inductance of 10 oH what is the required radiuc if Flue nurn
ber of turns is 20/

According to the Eq

lOX 10
2.08 10 in 208

1.2x10 6x202

For IC applications especially foi VLSI and UiS the size of bipolar transistors must
be reduced to meet the high-density requirement Figure illustrates the reduction in

the size of the bipolar transistor in recent years.4 The may differences in bipolar tm-an

sistor in an IC compared with discrete transistor are that all electrode contacts are located

on the top suiface of the IC wafei and each transistor must be
electrically isolated to

prevent interactions betneen devices Prior to 1970 both the lateral and vertical isola

tions were provided bypn junctions Fig 6a and the lateral p-isolation region was always

reverse biased with respect to the n-type collector In 1971 thermal oxide was used for

lateral isolation resulting in substantial reduction in device size Fig 6h because the

base and collector contacts abut the isolation region In the mid-1970s the emitter extended

to the walls of the oxide resulting in an additional reduction in area Fig 6c At the pre
sent time all the lateral and vertical dimensions have been scaled down and emitter stripe

widths have dimensions in the submicron region Fig 6d

Lsf

Fnitfer

flmrA
Jcü

EmitterfBe5

Aiea 3000 Jim5 1500 lLm 800 un Jim9

Er9itter Emitter Emitter

-Thermal

Reductio of the horizontal and vertical dimensions of bipolar transistor Junction
isolation lu Oxide isolation and Scaled oxide isolation.4
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The majority of bipolar transistor used in Cs are of the iup ii type because the ighe

mobility of minoiity carriers electrons in the base region results in Figher-speed pci
formance than ca be obtained with p-n-p types Figu shows perspective view of

an n-p-.a bipolar transistor in w4c lateral isolation is psovided by oxidr vval ard

tical isolation is provided by the n-p junction The lateral oxide isolation approach reduces

not only the device size but also the
parasitic capacitance because of the smaller dielec

tric constant of silicon dioxide compared with 11.9 for silicon We consider the major

process steps that are used to fabricate the device shown in Fig
For an n-p-n bipolar transistor the

starting material is p-type lightly doped
cin 11- or 100-oriented polished silicon wafer Because the junctions are

formed inside the semiconductor the choice of crystal orientation is not as critical as for

MOS devices The first step is to form buried layer The main purpose of this layer is

to minimize the series resistance of the collector thick oxide 0.51 tam is thermally

grown on the wafer and window is then opened in the oxide precisely contro led

amount of low-eneray arsenic ions 30 ke\ 015 cm is implanted into the window

region to serse as predeposit Fig 8a Next high temperature .-.1100C drive in

step forms the nthuried layer which has typical sheet resistance of 20 lIIJ

The second step is to deposit an n-type epitaxial layer The oxide is removed and the

wafer is placed in an epitaxial reactor for epitaxial growth The thickness and the doping
concentration of the epitaxial layer are determined by the ultimate use of the device Analog

circuits with their higher voltages for amplification require thicker layer 10 nu and

lower dopings F..5 1015 cnr whereas digital circuits with their lower voltages for switch

ing require thinner layers ..3 ..Lml and lugher dopings .-2 lO cm Figure 8b shows

cross-sectional view of the device after the epitaxial process Note that there is some

outdiffusion from the buried layer into the epitaxial layer To minimize the outdiffusion

low-temperature epitaxial process should be employed and lowdiffusivity impurities

should be used in the buried layer e.g As
The third step is to form the lateral oxide isolation region thin-oxide pad 5O nm

is thermally grown on the epitaxial layer followed by silicon nitride deposition -. 100 nm
If nitride is deposited directly onto the silicon without the thin-oxide pad the nitride may
cause damages to the silicon surface duriug the subsequent high-temperature steps Next

the nitride-oxide layers and about half of the epitaxial layer are etched using photoresist

Si07

SiOr //

si hstrate

clmansfop

epi

base

ilft
oil icr

ir ad hue

Perspective own of an oxide-isolated bipolar transistoi
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tiplai

Sb2

substrate

epitaxial laer

buried
laer

_--Photoresist

r1
Boron chanstop implant

ci

Ceoss-sectional viea of bipolar ti ansistor fabrication i3uried-Iayer implantation

cli Epitaxial la er Photoresist mask ci Chanstop implant

as mask Fig 8c and Sd Boron ions are then implanted into the exposed silicon areas

Fig 8d
The photoresist is removed and the wafer is placed in an oxidation furnace Since

the nitride layer has very low oxidation rate thick oxides will be grown only in the areas

not protected by the nitride layer The isolation oxide is usually grown to thickness such

that the top of the oxide becomes coplanar with the onginal silicon surface to minimize

the surface topography This oxde isolaton process is called local oxidation of silicon

LOCUS Figure 9a shows the cross section of the isolation oxide after the removal of

the nitride layer Becaue of segregation effects most of the implanted boron ions are pushed
underneath the isolation oxide to form -layer This is called channel stop or

chanstop because the high concentration of p-pe semiconductor will prevent surface

ins ersion and eliminate possible high-conductivity paths om channels among neighbor

ing buried layers

The fourth step is to form the base region photoresist is used as mask to pro
tect the right half of the device then boron ions _JOh2 cm are implanted to form the

base regions as shown in Fig Oh Another lithographic process removes all the thin-pad

oxide except small area near the center of the base region Fig 9c
The fifth step is to form the emitter region As shown in Fig Dc the base contact

area protected photores st mask then alow-encray high-arseniedose ir2

implantation forms the mm emitt and the is -collector contact regions The photoresist
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chan stop

Boron base implantWWN
oiesist

Photoresist

Arsenic implant

Photoresist

emitter collector

Cross-section views of bipolar transistor fabncation Oxide isolation Base

implant tc Remoal of thin oxide Emitter and collector implant

is removed arid final metallization step forms the contacts to the base emittei and

collector as shown in Fig
In this basic bipolar process there arc six film formation operations six lithographic

operations four iou implantations and four etching operations Each operation must be

precisely controlled and monitored Failure of any one of the operations generally will

render the wafer useless

The doping profiles of the completed transistor along coordnate perpendicular to

the surface and passing through tF emitter base ar collector are shown in Fig
The emitter profile is abrupt because of the conceiitratiomdependent diffusivity of arsenic

The base doping profile
beneath the emitter can be approximated by Gaussian distri

bution for limited-source diffusion The collector doping is given by the epitaxial dop

ing level -2 lO cin for representative switching transistor howeves at larger depths
the collector doping concentration increases because of outdiffusion from the buried layer

1422 Dieectric soaüon

In the isolation scheme described previously for the bipolar transistor the device is iso
lated from other devices by the oxide laser around ts pci iphers and is olated from it

common substrate by junction buried layer In high-voltage applications different
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n-p transistor doping profiles

approach called dielectric isolation is used to form insulating tubs to isolate number

of pockets of single-crystal semiconductors In this approach the device is isolated from

both its common substrate and its surrounding neighbors by dielectric layer

process sequence for the dielectric isolation is showmi in Fig 11 An oxide layer is

formed inside 100-oriented n-type silicon substrate using high-ener oxygen ion

implantation Fig ha Next the wafer undergoes high-temperature annealing pro
cess so that the unplanted oxygen will react with silicon to form the oxide layer The dam

age resulting from implantation is also annealed out in this process Fig lIb After this

we can obtain an silicon layer that is fully isolated on an oxide silicon-on-insu

lator SOflJ This process is called SIMOX eparation by irnplanted oxygen Since the

top silicon so thin the isolatios region is easily formed by the LOGOS process illus

trated in Fig Sc or by etching trench Fig lie and refilling it with oxide Fig lid
The other processes are almost the same as those from Fig 8c through Fig to form

the p-type base -esnitter and collector

The main advantage of this technique is its high breakdown voltage between the emit

ter and tIme collector which can be in excess of several hundreds volts This technique is

also compatible with modern CMOS integration This CMOS-compatible process is very

useful for mixed high-roltage and high-density IC

14L3 Sf-Ahgned DoubePoysihcon Bpoar Structure

Th0 process shown in Fig 9c needs another lithographic process to define an oxide region

to separate the base and emitter contact regions This gives rise to large inactive device

area within the isolated boundary which increases not only the parasitic capacitances but

also the esistance that degrades the transistor performmnce The most effective way to

reduce these effects is by using the self-aligned structure
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Process sequence for dielectric isolation bipolar device using silicon-on-insulator for

high-voltage application IC Oxygen ion implantation iS Annealing at high temperature to

form the isolation dielectric Trench isolation formed by dr -etching process Base
emitter and collector formation

The most widely used self-aligned structure is the doubie-polysilicon structure with

the advanced isolation provided by trench refilled with polysilicon5 shown in Fig 12

Figure 13 shows the detail sequence of the steps for the self-aligned double-polysilicon

np-n bipolar structure.6 The transistor is built on an n-zpe epitaxial layer trench of

5.0 rm in depth is etched by reactive ion etching through the n-subcollector region into

the substrate region thin layer of thermal oxide is then grown and serves as the screen

oxide for the channel stop implant of boron at the bottom of the trench The trench is

then filled with undoped polysilicon and capped by thick planar field oAde

The first poly silicon layer is deposited and heavily doped with boron The polysil

icor called poly will he used as solid-phase diffusion source to form the extrinsic

base region and ti abase electrode This layer is covered with cheinical-sapor depusihon

opoly Metal

Poly

Gross section of self aligned double
poly silicon bipolar trar sistor with ads anced

trench isolation
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Process sequence for fabricating douhle-poysilicon self-aligned n-p-n
transistors6
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CVD ox adnitdc ig 3a he vitte ask sed opi ti rn the rm ter an

regions and drz etch process is used to produce an opcning in tIe CV oxde id poly

Fig 13b thermal oxide is then grown orci the etc ied stiuctun and
relatirely

thick oxide approximately h-0.4 tln grown on the vertical sidewalls of the heavily

doped poiy The tiuckness of this oxide detei mines the spacing betrreen tie edges of the

base and emitter contacts The extrinsic hasc regions are also formed during the tiler

mal-oxide growth step as result of the outdiffusion of boron from the poly into the

substrate Fig 13c Because boron diffuses laterally as nell as vertically the extrinsic

base region will he able to make contact with the intrinsic base region that is formed next
under the emitter contact

Following the oxide-grow step the intrinsic base region is formed using ion implan
tation of boron Fig 13d This serves to self-align the intrinsic and extrinsic base regions
After the contact is cleaned to removi oxide layei the second polysilicon layer is

deposited and implanted with As or ii polysilicon called poly is used as solid-

phase diffusion source to form the emitter region and the emitter electrode shallow

emitter region is then formed through dopant outdiffusion from poly rapid thermal

anneal for the base and emitter outdiffusion steps facilitates the formation of shallow emit

ter-base and collector-base junctions Finally Pt film is deposited and sintered to form

PtSi over the n-poiysilicon emitter and the p-polysilicon base contact Fig 13e
This self-aligned structure allon the fabrication of emitter regions smaller than the

minimum lithographic dimension When the sidewall-spacer oxide is grown it fills the

contact hole to some degree because the thermal oxide occupies larger volume than

the original volume of pob silicon Thus an opening gm wide will shrink to about 0.4

gm if sidewall oxide 02 gm thick is grown on each side

At present the MOSFET is the dominant device used in ULSI circuits because it can

be scaled to smaller dimensions than other types of devices The dominant technology

for MOSFET is the CMOS compleinentaiy MOSFET technology in which both n-char

nel and p-channel MOSFETs called NMOS and PMOS respectively are provided om

the same chip CMOS technology is particular attractive for ULSI circuits because it has

the lowest power consumption of all IC technology

Figure 14 shows the reduction in the size of the MOSFET in reccnt years In the

early 1970s the gate length was gm and the corresponding device area was about

6000 gm2 As the device is scaled down there is drastic reduction in the device area
For MOSFET with gate lcngth of 0.5 gin the device area shrinks to ess than 1% of

the early MOSFET We expect that device miniaturization will continue The gate length

will be less than 0.10 gin hi the early twenty-first century We consider the future trends

of the devices in Section 14.5

143i The Basic Fabrication Process

Figure 15 shows perspective view of an n-channel MOSFET prior to its fi eal metal

zation.7 The top layer is phosphorus-doped silicon dioxide P-glass that is used as an

insulator between the polysihcon gate and the gate inetalhization and also as gettermg
layer for mobile ions Compare trig 15 with Fig for the bipolar transistor and note

that MOSF ET is considerably simpler in its basic structure Although both devices use
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Reduction in the area of the MOSFET as the gate length minimum feature length is

reduced

glass

--

fl Source JjTTfL4 isdrain /J

p-Si100 Chanstop

gate Field oxide

Perspective view of an n-channel MOSFET.7

lateral oxide isolation there is no need for vertical isolation in the MOSFET whereas

buried-layer -p junction is required in the bipolar transistor The doping profile in

MOSFET is not as complicated as that in bipolar transistor and the control of the dopant

distribution is also less critical We consider the major process steps that are used to fab

ricate the device shown in Fig 15

To process an n-channel MOSFET NMOS the
starting

material is ap-type lightly

doped 10s cm3 1OO-oriented pohshcd silicon wafer The 1OO-orientation is pre
ferred over 111 because it has an intcrfacmtrap density that is about one-tenth that of

111 The first step is to form the oxide isolatso region using LOCOS technoloi The
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proce 55 seq ter ce for this step is im lar if at ti bipo ar ti isisto thi i-pad oiudc

35 ni is thermally grown followed by silicon nitride 50 nm depost on Fig
16a TTF actis device area is defined photoresist mask anda hoon chanstop layer
is then implanted ti rough the composite nitride-oxide layer Fig 16b The nitride layer
not covered by the photoresist mask is subsequently removed by etching After stripping
the photoresist the wafer is placed in an oxidation irnace to grow an oxide called the

field oxide where the nitride layer is removed and to drive in the boron implant Ihe
thickness of the field oxide is typically 0.51 tam

The second step is to grow the gate oxide and to adjust the threshold voltage see
Section 6.2.3 The composite nitride-oxide layer over the active device area is removed
and thin-gate oxide layer less tF an 10 nm is grown For an enhancement-mode n-chan
nel device boron ions are implanted in the channel region as shown in Fig 16c to increase

the threshold voltage to predetermined value 0.5V For depletion-mode ii-

channel device arsenic ions are implanted in the channel region to decrease the thresh
old voltage 0.5V

The third step is to form the gate polysilicon is deposited and is heavily doped by
diffusion or implantation of phosphorus to

typical sheet resistance of 2030 This

resistance is adequate fin MOSFETs with gate lengths larger than tm For smaller

Photores iii

SiOi
Boron field

implant

Active device area

Boi on channel in plant

Cross-sectional view of MOS fabrication sequence Formation of Si02 Si3N4 and

photoresist layer Borom implant Field oxide Gate
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devices polycidc composite layer of metal ilicidc and poh 1k on ml iS \4 polyeioe

can be used as the gate laterials to reduce the sheet resistance to about Q/

Fhe fourth step is to form the source and drain After the gate is pattemed Fig 16d
it serses as mask for th arsenic implantation -30 ke\ 10n cn2 to fo an the

source and drain Fig 17a which are self-aligned with respect to the gate7 At this stage

the only oxeriapping of the gate is due to lateral straggling of the implanted ions for 30

ke\ As is only urn If low-temperature processes are used for subsequent steps to

minimize lateral diffusion the
parasitic gate-drain and gate-source coupling capacitances

can be much smaller than the gate-channel capacitance

The last step is the rnetallization phosphorus-doped oxide P-glass is deposited

over the entire wafer antI is flowed by heating the wafer to give smooth surface topog

raphv iFig 17h Contact windows are defined and etched in the P-glass metal layer

such as aluminum is then deposited and patterned cross-section view of the completed

MOSFET is shown in Fig 17c and the corresponding top view is shown in Fig 17d

The gate contact is usually made outside the active device area to avoid possible dam

age to the thin-gate oxide

Arser ic implant

Source 1rain

Flowed Pg1ass

Contact nietallization

Gate

______________Draii

________________________ ______ Actise desce

Source area

NMOS fabrication sequence Source and drain glass deposition Cross

section of the \4OSFET hi Top vien of the MOSFET
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1432 Memory Devces

Memories are devices that can store digital information or data in terms of bits binaiy
dig Is Various memory chips have been designed and fabricated using NMOS technol

ogy For most large nemories the random access me nory RAM organization is pre
In RAM memory cells are organized in matrix structure and data can be

accessed he stored retrieved or erased in random ordeb independent of their phys
ical locations static random access memory SR can retain stored data

indefinitely

as long as the power supply is on The SRA is basically flip-flop circuit that can store

on bit of information SRAM cell has four enhancement-mode MOSFETs and two

depletion-niode MOSFETs The depletion-mode MOSFETs can be replaced by resis

tors formed in undoped polysilicon to minimize pouer consumption
To reduce the cell area and pouer consumption the dynamic ram dom access memn

my DRAM has been developed Figure Se shows the circuit diagram of the one-tran

sistor DRAM cell in which the transistor serves as switch and one bit of information

can be stored in the storage capacitor The voltage level on ie capacitor determines the

state of the cell For exaniple 1.5 may he dcfined as logic and defined as logic

The stored charge will be removed typically in few milliseconds mamnly because of

the leakage current of the capacitors thus dynanuc memories require periodic refresh

ing of the stored charge

Figure 18b shows the layout of DRAM cell and Fig l8c shows the correspond

ing cross section through AA The storage capacitor uses die channel region as one plate
the polysihicon gate as the other plate and the gate oxide as the dielectric The row line

is metal track to minimize the delay due to parasitic resistance çR and parasitic capac
itance the RC delay fEe coluimi line is fbrmed by diffusion The internal drain

region of the MOSFET serves as conductive link between the inversion lay ers under
the storage gate and the transfor gate The diain region can be eliminated by using the

double-level polysilicon approach shown in Fig 18d The second polysilicon electrode

is separated from the first polysilicou capacitor plate by an oxide layer that is thermally

grown on the first-lend polysilicon before the second electrode has been defined The

charge from the column line can therefore he transmitted directly to the area under the

storage gate by the continuity of inversion layers under the transfer and storage gates
To meet the requirements of high-density DRAM the DRAM structure has been

extended to the third dimensior with stacked or trench capacitors Figure 19a shows

simple trench cell structure.9 Time advantage of the trench type is that the capacitance
of the cell could be increased by increasing the depth of the trench without increasing
the surface area of cilicon occuuied by the cell The main dfficulties of making trerch

type cells are the etching of the dx ep trench which needs rounded bottom corner and
the growth of uniform thin dielectric film on trench walls Figure 19b shows stacked

cell structure The storage capac tai cc ncreases as result of stacking storage capac
itor on top of the access transistor The dielectric is formed using the thermal oxidat or
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or nitiide ethds betwer to po con platc st ci cd el

cess is easer tila the tierich type process

Figure 20 shows Gb DRAM chip is nemoiy ch uses iS pm desigr rules

ench capacitors ar its peripheral circuits an in CMOS wlìich are considered ir Section

1433 The rnernor ci ip has an area of 390 mm2 14.3 mm 27.3 urn that contains

over billion components and operates at 2.5 This Gb DRAM is ounted in an 88
pin ceramic package which can provide adequate heat dissipahon

Both SRAM and DRAM are volatile memories ti at is the lose their stored data

when power is switched off Nonvolatile memories on the other hand can retain their

data Figure 21a shows floating-gate nonvo atile incmoiy which is basically corn en-

tional MOSFET that has modified gate electrode The composite gate has regular
control gate and floating gate which is smrounded insulators When large posi
tive voltage is applied to the control gate charge will be injectcd from the channel region

through the gate oxide into the floating gate When the applied voltage is removed the

injected charge can be stored in the
floating gate for long time To reinos this charge

large iiegative voltage must be applied to the contiol gate so that the charge ruth he

injected back into the channel region
Another version of the nonvolatile memory is the metal-nitride-oxide-semiconduc

tor MNOS type shown inn Fig 2lb When positise gate oTtage is applied electrons

can tunnel through the thin oxide
layer -2 urn1 and be captured by the

traps at the oxide-

nitride interface and thus become stored charges there The equiralent circuit fdr both

pes ofnonvoiatile memories can he represented by two capacitors in senes foi the gate

structure as illustrated in Fig 21c ihe charge stored in the capacitor causes shift

in the threshold voltage and the device remains at the higher threshold oltage-state logic
For well-designed memory device the charge retention time can be over 100 years

ii.y

....

Sou erenc
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Si3N4

p-subs

1Gate

C21

Source Drain

Substrate

Nonvolatile memory devices Floating-gate nonvolatile memory MNOS non

volatile memory Equis alent circuit of either type of nonvolatile memory

To erase the memory e.g the store charge and return the device to lower threshold

voltage state logic gate voltage or other means such as ultraviolet light can be used

The nonvolatile semiconductor memory NVSM has been extensively used in portable

electronics systems such as cellular phones and the digital cameras Another interesting

application is the chip card also called IC card

The top photo in Fig 22 shows an card The diagram at the bottom of Fig 22

illustrates the nonvolatile memory device that stores the data that can he read and writ

ten through the bus to central processing unit CPU In contrast to the limited vol

ume kbytes inside conventional magnetic tape card the size of the nonvolatile memory
can be increased to 16 kbytes 64 kbytes or even larger depending on the applications

e.g you can store personal photos or finger prints Through the IC card read/write

machines the data can be used in numerous applications such as telecommunications

card telephone mobile radio payment transactions electronic purse credit card pay

television transport electronic ticket public transport health care patient-data card

and access control The card will play central role in the global information and ser

vice society of the future

1433 CMOS Technoogy

Figure 23a shows CMOS inverter The gate of tl upper PMOS device is connectcd

to the gate of the lower NMOS device Both devices are enhancement-mode MOSFET5
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An integrated/circuit IC card The data stored in the N\JSM can be accessed through
the bus of the central processing unit CPU There are several metal pads connecting to the

read/write machine Photography courtesy of Retone Information System Co LTD

with the threshold voltage VTp less than zero for the PMOS device and greater than

zero for the NMOS device ctypically the threshold soltage is about 1/4 1/Dp When the

input voltage is at ground or at small positive values the PMOS device is turned on

the gate-to-ground potential of PMOS is which is more negative than VTP and

the NMOS device is off 1-lence the output voltage V0 is very close to logic When
the input is at VDD the PMOS with I/ 0is turned oft and the NMOS is turned on

V1 V51 Therefore the output voltage V0 equals zeio logic The CMOS inverter

has unique feature in either logic state one device in the series path from VDDto ground
is nonconductivc The current that flows in either steady state is small leakage current

and only when both devices are on during swtching does significant current flow through

the CMOS inverter Thus the average pori er dissipation is small on the order of nanowatts

As the number of components per chip increases the power dissipation becomes major

limiting factor The low povv er consumption is the most attractis feature of the MOS
circuit

Figure 23b shows layout of the CMOS inserter and Fig 23c shows the wice err is

section along the A-A line In the processing p-tub also called ap eli is first implanted

and subsequently driven into the n-substrate The p-type dopant concentration must be

high enough to overcompensate the background doping of the substrate The subse

quent processes for the n-channel iVOSFET in the p-tub are identical to those described

previously For the p-channel MOSFET 11B or 49BF2 ions are implanted into the

substrate to form the source arid drain regions channel implar of vi inns may be

used to adjust the threshold voltage and -chaiistop is formed underneath the field

UMC 1223
UMC v. AICP



512 Chapter 14 integrated DeViceS
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tub

ci

Complemeutasy MOS CMOS inaerter a1 Circuit diagi am Circuit layout

Cross section along dotted A-A line of

oxide around the p-channel device Because of the p-tub and the additional steps needed

to make the p-channel MOSFET the number of steps to make CMOS circuit is essen

tially double that to make an NMOS circuit Thus we have trade-off between the com

plexity of processing and reduction in poss er consumption
Instead of the p-tub described aboxe an alternate approach is to use an n-tub formed

in type substrate as shown in Fig 24a In this case the n-type dopant concentration

must be high enough to overcompensate for the background doping of the p-substrate

i.e N1 NA In both the p-tub and the n-tub approach the channel mobility will be

degraded because nobility is determined by the total dopant concentration Na N0
recent approach using two separated tubs implanted into lightly doped substrate is

shown in Fig 24b This structure is called twin tub Because no overcompensation is

needed in either of the twin tubs higher channel mobility can be obtained

All CMOS circuits have the potential for troublesome problem called latchup that

is associated with parasitic bipolar transistors to see how this problem can occul see

Chapter An effective processing technique to eliminate latdhup problem is to use the

deep-trench isolation as shown in Fig 24c In this technique tench with depth

deeper than the well is formed in the silicon by anisotropic reactive sputter etching An

oxide layer is thermally grown on the bottom and walls of the trench which is then refilled

by deposited polysilicon or silicon dioxide This technique can eliminate latchup because

the n-channel and p-channel devices are physically isolated by the refilled trench The

detailed steps for trench isolation and some related CMOS processes are now considered
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WelhFormation Technology
The well of CMOS can be single uefl twin well or retrograde well The twin-

well process exhibits some disadvantages e.g it needs high temperature processing above

1050C aiid long diffusion time longer than hours to achieve the required depth
of 23 p.iri In this process the doping concentration is highest at the surface and decreases

monotonically with depth To reduce the process temperature and time high-energy

implantation is used implanting the ion to the desired depth instead of diffusion from

the surface Since the depth is determined by the implantion energy we can design the

well depth with different implantation energy The profile of the well in this case can

ha peak at certain depth in the silicon substrate This is called retrograde well

Figure 25 shows comparison of the lmpuriJ profiles in the retrograde well and the con
ventional thermal diffused well2 The energy for the ii- and p-type retrograde wells is

around 700 key and 400 ke\ respectively As mentioned above the advantage of the high-

energy implantation is that it can form the well under low-temperature and short-time

conditions hence it can reduce the lateral diffusion and increase the device density The

retrograde well can offer some additional advantages over the conrenfional well because

of high doping near the bottom the well resistivity is lower than that of the conventional

well and the latchup problem can be minimized the charistop can be formed at the

same time as the retrograde well implantation reducing processing steps and time

higher well doping in the bottom can reduce the chance of punchthrough from the drain

to the source
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ilctrogradeu p-well implanted impurity concentration profile Also shown is conven
tionally diffused well2

Advanced Isolation Technology
The conventional isolation process Section 14.3.1 has some disadvantages that make it

unsuitable for deep-subinicron 0.25 tarn and smaller fabrications The high-tempera
ture oxidation of silicon and long oxidation time result in the encroachment of the chanstop

implantation usually boron for n-MOSFET to the active region and cause shift The

area of the active region is reduced because of the lateral oxidation In addition the field-

oxide thickr ess in submicron-isolation spacings is significantly less than the thiclmess of

field oxide grown in wider spacings The trench isolation technology can avoid these prob
lems and has become the mainstream technology for isolation Figure 26 shows the pro
cess sequence for forming deep larger than pm but narrow less than j.irn

trench-isolation structure There are four steps patterning the area trench etching and
oxide growth refilling with dielectric materials such as oxide or undoped polysilicon and

planarization This deep trench isolation can be used in both advanced CMOS and bipo
lar devices and for the trench-type DRAM Since the isolation material is deposited by
CVD it does not need long-time or high-temperature process and it eliminates the

lateral oxidation and boron encroachnient problems
Another example is the shallow trencI depth is less than tm isolation for CMOS

slioun in Fig 27 After patterning Fig 27a the trench area is etched Fig 27b and
then re-filled with oxide Fig 27c Befo xi refilling chanstop implantation can be per
formed Since the oxide has over filled the trench the oxide on the nitride should be

removed Chemical-mechanical polishing CMP is used to remos the oxide on the nitride
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Polxsilicoa 400 nm

Process sequence for fanning deep narrow-trench isolation structiue Trench

mask patterning Trench etching and oxide growth Polysilicon deposition to fill the

trench planarizatioll

Chanstop

Photoresist

__________________ Nitride _______ _______
Oxide

Sm substrate

_________ _________ CVD oxide
CVD oxide Nitride

___ ___foxide

shallow trench isolation for CMOS Patterning with photoresist on nitride/oxide

films Dr etching ar chanstop implantation Chemical vapor deposition CVD oxide to

refill ci Planar suiface after chemical mechanical polishing CMP
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and to gel flat surfac ig 27d se to its high es stance to polishing thc nit ide

acts as stop-laye for the CMP process After the polishing tie nitride layer and the

oxide layel can be removed I13PO and HF respectively This initial ph narization step
at the beginning is helpful for the subse jucnt polysihicon patterning arid planarizations

of the multilevel interconnection processes

GateEngineering Technology
If we use rC-polvsihcon for both PMOS and NMOS gates the threshold voltage for PMOS
VTP 0.5 to 1.0 has to be adjusted by boron implantation This makes the chan
nel of the PMOS buried type shossn in Fig 28a The buried-type PMOS suffers serri

ous short-channel effects as the device size shrinks to 0.25 im and less The most noticeable

phenomena for short-channel effects are the roll-off drain-induced barrier lowering

DIBL and the large leakage current at the off state so that even with the gate voltage
at zero leakage current flows through source and drain To alleviate this problem one
can change polysllicon to -polvsilicor for PMOS Due to the work function differ

ence there is 1.0 eV difference from n- to -polysilicon one can ootairs surface

p-type channel device without the boron V1 ad1ustment implantation Hence as the tech

nolo shrinks to 0.25 tm and less dual-gate structures are required i.e -polysihicon

gate for PMOS and
-polysilico for NMOS Fig 28h comparison of for the sur

face channel and the buried channel is shown in Fig 29 We note that the of surface

channel rolls off
slovvly in the deep submicron regime compared with the buried-chan

nel device This makes the surface char nd device with the
polysilicon suitable for deep

submicron device operation

Liolmlv dopedBoron in plant drain structure
bured ci anne

poly
Si gate

buried channel surface channel

pola Si gate poly Si gate Highly doped

ll -WelU

surf be channel surface channel

conventional long-channel CMOS structure with single-polysilicon gate

Advanced CMOS structures with dual-polysilicon gates
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0.2

Surface char ml

poiys licuu gate

02
Buried channel

-polysilicori gate

0.6

0.5 1.0

The roll-off for buried type channel and for sus face type
channel The drops

very quicidy as the channel length becomes less than 0.5 tam

To form the -polysilicon gate ion implantation of BF is commonly used However

boron penetrates easily from the pols1licon through the oxide into the silicon substrate

at high temperatures resulting in shift This penetration is enhanced in the pres

ence of F-atom There are methods to reduce this effect use of rapid thermal anneal

ing to reduce the time at high temperatures and consequentlyc the diffusion of boron

use of nitrided oxide to suppress
the boron penetration since boron can easily combine

with nitrogen and becomes less mobile and the snaking of inultilayer of polysilicon to

trap the boron atoms at the interface of the two layers

Figure 30 shows microprocessor chip Pentium that has an area of about 200

mm2 and contains 42 million components This ULSI chip is fabricated using 0.18 p.m

CMOS technology with six level aluminum metallization

144 BCMOS Technoogy

BiCMOS is technology that combines both CMOS and bipolar device structures in

single IC The reason to combine these two differert technologies is to create an IC chip

that has the advantages of both CMOS and bipolar devices As we kuon that CMOS exhibits

advantages in power dissipation noise margin and packing density whereas bipolar shows

advantages in switching speed current drive capability and analog capability As result

for given design rule BiCMOS can have higher speed than CMOS better perfor

mance in analog circuits than CMOS lower power-dissipation than bipolar and higher

consponent density than bipolar Figure 31 shows the comparison of BiCMOS and

CMOS logic gates For CMOS inverter the cui rent to drive or to charging the next

loading CL is the drain current 1ru For BiCMOS invertei the current is hf9Ifls where

is the current gain of the bipolar transistor and is tI base current of the bipolar

transistor and is equal to the drain current of in the OS Since is much larger

than the speed cart be substantially enhanced

BiCMOS has been widely used in many applications In the early days it was used

in SLAM At the present time BiC OS technology has bee successfully developed for

transceiver am splifier and oscillator applications in wireless-communication equipment
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OlSiliCOI rout

coilcet

p-base contact

\y_ p-sustrate

Buried lacer Buried lawi

Optimized BICMOS device stiucture Key featuies include self-aligned and buried

layers for improved packing density separately optimized and p-well twin-well CMOS
formed in an epitaxial layer with intrinsic background doping and polysilicon emittei for

improved bipolar performance3

buried mask the collector deepnrnask the base p-mask and the poly-emitter mask

In other processing steps the -region for base cor tact can be formed with tire -i nplant

in the source/drain implantation of the PMOS and the n-emitter can he formed with

the soui ce/drain iniplantation of the NMOS The additional masks and longer process

ing time compared with standard CMOS are the main drawbacks of BICMOS The addi

tional cost should be justified by the enhanced performances of B1CMOS

Recent advances in gallium arsenide processing techniques in conjunction with new fab

rication and circuit approaches have made possible the development of silicon like gal
lium arsenide IC technology There are three inherent advantages of gallium arsenide

compared with silicon higher electron mobility which results in lower series resistance

for given device geometry higher drift velocity at given electric field which improves
device speed and the ability to be made semiinsulaling which can provide lattice-

matched dielectric-insulated substrate However gallium arsenide also has three disad

vantages very short minority-carrierlifetime lack of stable pasnvating native oxide

and crystal defects that are many orders of magnitude higher than in silicon The short

minority-carrier lifetime and the lack of high quality insulating films have prevented the

development of bipolar devices and delayed MOS technology using gallium arsenide Thus

the emphasis of gallium arsenide 1C technology is in the MESFET area in which our

main concerns are the majority carriers transport mid the metal-semiconductor contact

typical fabrication sequencal4 for high-performance MESFET is shown in Fig 33

layer of GaAs epitaxially grown on serniinsulating GaAs substrate followed by an

n-contact layer Fig 33a mesa etch step is performed for isolation Fig 33b and

metal layer is evaporated for the source and drain ohmic contacts Fig 33c channel

recess etcl is followed by gate recess etch and gate evaporation Fig 33d and After

liftoff process that removes the photoresist shown in Fig 33e the MESFET is com

pleted Fig 33f
The n-contact layer reduces the source and drain ohmic contact resistances Note

that the gate is offset ton ard the source to irlinimize the source resistance The epitax

ial layer is thick enougf to minimize the effect of surface depletion on the source an

drain resistance The gate electrode has maxinal cross-sectional area with mir imal foot
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ice layers
substrate

tve active layer

______________ _____________
Photoreejit

Mesaetch

for isolation

evaporation

hotoresistOhmic contact

Photoresist Photoreiist

Channel recess

etch

etch and gate

Gate recess

evaporation _________________________________________

Gate

I7Jrajn

Completed

ice

MESFFT
ii1anaAssubstra

AuGeNi ohmic contact

Fabrication sequence of GaAs MESFET4

print which provides ion gate resistance and mimmalgate length In addition the length

LCD is designed to be greater than the depletion width gate-drain breakdown

representative fabrication sequence for MESFET integrated circuit is shown
in Fig 34 In this process sourco and drain regions are self-aligned to the gate of each

MESFET relatively light channel implant used for the enhancement-mode switching

UMC 1223
UMC v. AICP



ant
FET ella ne Photni esist

TiWN

T-gate

formation

Self -aligend ii

implant with

subsequent anned

Photoi esist

Ohmic contacts

Vgate

First-level

Interconnects

hotoresist

Contact vias

m
id

e

TiPdAu

Second-level

midePolie
Switch Load

Fabrication process for MFSFET direct coupled FET logic DCFL with active loads

Note that the source and drain regions are self aligned to the gate
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din and heavier in plas is used fo he deplcton-mode Jo dcmce gate lecess
is usually not used for such digital IC fabrication because the uniformity of each depth
has beei difficult to control leading to an unacceptable xariat on of the threshold volt

age This process sequence can also be used for mouolitl ic microwave nterated cir
cuit MMIC Note that the gallium arsenide MESFET processing teclmology is similar

to the silicon-based MOSFET processing technology
Gallium arsenide ICs with complexities up to the large-scale integration level -10000

components per chip have been fabricated Because of the higher drift velocity .-20%
higher than silicon gallium arsenide ICs will have 20% higher speed than silicon ICs
that use the same design rules However substantial improvements in crystal qualiri and

processing technology are needed before gallium arsenide can seriously challenge the

preeminent position of silicon in ULSI applications

Since the beginmng of the integrated-circuit era in 1959 the minimi in device dimen
sion also called the minimum feature length has been reduced at an annual rate of about

13% i.e. reduction of 30% every years According to the prediction by the

International Technology Roadmap for Semiconductors6 the minimum feature length
will shrink from 130 nm 0.13 tnh in the year 2002 to 35 nm 0.035 tm around 2014
as shown in Table Also shown in Table is the DRAM size The DRAM has increased
its memory cell capacity four times every years and 64 Gbit DRAM is expected to be
available in year 2011 using 50 nm design rules The table also shows that the wafer size

will increase to 450 mm 18 in diameter in 2014 In addition to the feature size reduc

tion challenges come from the device level material level and system level discussed

in the following subsections

145i Chaflenges for ntegratien

Figure 35 shows the trends of power supply voltage VDD threshold voltage and gate
oxide thickness versus channel length for CMOS logic technology.17 From the figure
one can find that the gate oxide thickness will soon approach the tunneling-current limit

of nm VDD scaling will slow down because of nonscalable VT i.e to minimum VT of

about 0.3 due to subthreshold leakage and circuit noise immunity Some challenges
of the 180 nm technology and beyond are shown8 in Fig 36 The most stringent require
ments are as follows

Yearofthe first 1997 1999 2002 2005 2008 2011 2014

product shipment

Feature size dim 250 180 130 100 70 50 35

DRAM size bit 256M IC SG 64G
Wafer Sian rmu 200 300 300 300 300 300 450
Gate oxide nm 1.9 2.5 1.31.7 0.91.1 1.0

Junction depth mm 50100 4270 2543 2033 1530

DFAM dynamic random acer memom
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Trends of power supply voltage VDD threshold soltage and
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versus channel length for CMOS logic techno1oes Points are collected from data published
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Ultrashallow Junction Formrior
As mentioned in Chapter tIe short-channel effect ha1 pens as the ch nnel length is

reduced Tins problem becomes critical as the device dimension is scaled down to 100

mu To achies an ultrashallow junction with low sheet resistance ion -energy less than

key implantation technoio with high dosage must be employed to reduce tile short-

channel effect Thhle shows the required junction depth vei sus the technology gener
ation The requirements of the junction for 100 urn are depths around 2033 nni with

doping concentration of 1020 1cm3

Ultrathin Oxide

As the gate length shrinks below 130 nm the oxide equivale it thickness of gate dieiec

tric must be reduced around urn to maintain the performance Flowever if only SiO
with dieiectric constant of 3.9 is used the leakage through the gate becomes veiy high
because of direct tunneling For this reason thicker high-k dielectric materials that have

iower leakage current are suggested to replace oxide Candidates for the short term are
silicon nitride with dielectric constant of Ta905 25 and Ti02 60100

Suicide Formation

Suicide-related technolo has beconie an integral part of submicron devices for reduc

ing the parasitic resistance to improve device and circuit performance The conventionai

Ti-silicide process has been widely use in 350250 nm technology However the sheet

resistance of TiSi2 line increases with decreasing line width which limits the use of TiSL
in 100 nm CMOS applications and beyond CoS12 or NiSi processes will replace TiSi2 in

the technology beyond 300

New Materials for Interconneef on
To achieve high-speed operation the fiG time delay of the interconnection must be
reduced In Fig 14 of Chapter 11 we have shown the delay as function of feature size.9

It is obvious that the gate delay decreases as the channel length decreases meanwhile
the delay resulting from interconnect increases significantly as the size decreases This

causes the total delay time to increase as the dimension of the device size scales down
to 250 nm Consequently both high-conductivity metals such as Cu and low-dielectric-

constant low-k insulators such as organic polyimide oi inorganic F-doped oxide mate
rials offer major performance gains Cu exhibits superior performance because of its high

conductivity 1.7 fri2-cin compared with 2.7 ld-cni of Al and is 10 100 times more
resistant to electromigration The delay using the Cu and ion-k material shon signif
icant decrease compared with that of the conventional Al ar oxide Hence Cu with the

low-k material is essential in multilevel interconnection for future deep submicron

technology

Power Limitations

The power required merely to charge and discharge circuit nodes in an IC is propor
tional to the number of gates and the frequency at wl ich they are switched clock fre

quency The power can be expressed as t/2CV2 nf when is the capacitance per
device is the applied voltage is the nuwber of devces per chip andJis the clock

frequency The temperature rise caused by this power dissipation in an IC package is

limited by the thermal conductivity of the package material unless auxiliary liquid or gas

cooling is used The maximum allowable temperature rise is limited by the bandgap of

the semiconductor 1O0C for Si with handgap of cY Fo surf temperature
rise the maximum pou er dissipation of typical high performance package is about 10

UMC 1223
UMC v. AICP



Char 14 Integrated Ce nes

As result we ius mit either the iaytrium ock rate the umb

up As an exarnole in an contaimng 100 MOS devices witf 1k

running at 20 0Hz clock rate the maximum number of gates we can have is aho 10T

if we assume 10% duty cycle is is design constraint fixed hi basic riaterial parametci

SOl Integralion
Mentioned in Section 14 2.2 was ti isolation of the SOT wafei Recently SOT technol

ogy has received more attention The advantages of the SOT integration become sigmf

tcant as the minimum feature length approaches 100 urn From the process point of view
SOT does not need the complex well structure and isolation processes In addition shal

low junctions are directly obtained through the SOT film thickness There is no risk of

nonuniform interdiffusion of silicon and Al in the contact regions because of oxide iso
lation at the bottom of the junction Hence the contact barrier is not necessary From
the device point of view the modern bulk silicon device needs high doping at if drain

and substrate to elimmate short-channel effects and punch-through This high doping
results in high capacitance when the junction is revei sed bias On the other hand in SOT
the maximUm capacitance between the Junction and substrate is the capacitance of the

buried insulator whose dielectric constant is three times smaller than that of silicon 3.9

versus 11 Based on the ring oscillator performance the 130 nni SOT CMOS technology

can achieve 25% faster speed or require 50% less power compared to similarbulk tech

nology2 SHAM DRAM CPU and rf CMOS have all been successfully fabricated using

SOT technology Therefore SOT is key candidate for the future system-on-a-chip tech

nology considered in the following section

For an equivalent oxide thickness of 1.5 rim what will be the physical thickness when high-k mate

rials nitride if/fl Ta5O5 25 or Ti09 80 are used

For nitride

1eQ Erntñde

i.5 drtjtCde

dnii2e 1.5 2.69 nm

Using the same calculation we ubtain 62 nrn for Ta205 and 10.77 nm for Ti02

152 SystemOnAChip

The increased component density and improved fabrication technology have helped the

realization of the system-on-a-chip SOC that is an IC chip that contain complete
electronic system The designers can build all the circuitry needed for complete elec

tronic system such as camera radio television or personal computer PC on sin

gle chip Figure 37 shows the SOC application in the PCs mother board Components
Ti chips in this case once found on boards are becoming virtual components on the

chip at the
right.21

There are two obstacles in the realization of the SOC The first is the huge com
plexity of the design Since the component board is presently designed by different com
panies and different design tools it is difficult to integrate them into one clip The othes
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1/S ia p1 axed sig ti

Pt piogi snniahle logic devici
110 pins

________________

CPt H11 gi rnhiil

Lcpggj Control

ASIC MS

I1Opads

Board components irtual components

stein-on-s-chip of conventional personal computer soother board.25

is the difficulty of fabrication In genes the fabricating processes of the DRAM are sig

nificantly different from those of logic IC e.g CPU Speed is the first phority for the

logic whereas leakage of the stored charge is the priori for memory Therefore snul

tilevcl interconnection using five to six levels of metals is essential for logic IC to improve
the speed Howevei DRAM needs only two to three levels In addition to increase the

speed silicide process must be used to reduce the series resistance and ultrathin gate
oxide is needed to increase the drive current These requirements are not critical for the

memory
To achievc the SOC goal an embedded DRAM technoloi is introduced i.e to merge

logic and DRAM into single chip with compatible processes Figure 38 shows the schematic

cross section of the embedded DRAM including the DRAM cells and the login CMOS
devices.21 Some processing steps are modified as compromise The trench-type capaci

-______

sdll Deep
well

n-xsell p-well

Deep trench p-substrate

Schematic cross section of the embedded DRAM
including DRAM cells and logic

MOSFETs There is no height diffore in the trench capacin cell because of the DRAM cell

structure MI to MB ase metal interconnections and Vito 114 are via holes 22
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toi stead of stacked pe is sed so that there to hcight dif evince DR k\
cell structure In addit on multiple gate ode tkicknesses cx ton same wafer to aecorn

modate multip upply voltages and/or combine memoiy and ogie circuits or ie chip

In this chapter we considered proeessng technologies for passive components actixe

devices and IC Three major IC technologies based on the bipolar transistoi the MOS
FET and the MESFET were discussed in detail It appears that the MOSFET will be

the dominant technology at least until 2014 because of its superior performance corn

pared with the bipolar transistor For 100 urn CMOS technology good candidate is the

combination of an SOT-substrate with intercormechons using Cu and low-k materials

Because the rapid reduction in feature length the technology will soon reach its prac
tical limit as the channel length is reduced to about 20 nrn What will be the device beyond
the CMOS is the question being asked by research scientists Major candidates include

many innovative devices based on quantum mechanical effects This is because when the

lateral dimension is reduced to below 100 urn depending on the materials and the tem
perature of operation electronic structures will exhibit nonclassical behaviors TI oper
ation of sr ch devices will be on the scale of single-electron transport This approach has

been demonstrated by the single-electron rnemoiy cell The realization of such systems
with trillions of components will be major challenge beyond CMOS.23

For detailed discussion on IC process integration see Liu and Lee Process Iistegratnn

in Chang and SLe Eds Technology McGraw-Hill New York 1996

Tachikawa Assembly and Packaging in Chang and Sic Eds ULSI Technology

McGrau -Hill New York 1996

Lee The Design of CMOS Radio-Frequency integrated Circuits Cnnhiidge Univ Press

Cambridge U.K 1998 Ch

Rise Isoplanar-S Scales Down for New Heights in Performance Electronics 53 137 1979

Chess et al suhinscrometer High-Performance Bipolar Technology iEEE Electron Device

Leff 108 364 1989

Li et al An Advanced High-Perfo snance Trench-Isolated Self-Aligned Bipolar Technology
IEEE Trans Electron Devices 3410 2246 1987

Bessle Tin and Plummer Eds Quick Reference Manual for Semiconductor

Engineering Wiky Neri York 1985

Hunt Meinosy Design and Technolo in Howes and Morgan Eds Large Scale

Integration Wile New York 1981

Sharma Semiconductor Memories_Technology Testing and Reliability IEEE New lork 1997

10 Hamann Chip Cards The Application Revolution IEEE Tech Dig mt Electron Decices sleet

15 1997

11 Rung Momose and Nagakuho Deep Trench Isolation CMOS DevIces IEEE Tech Dig
Jul Electron Decices eJect 237 1982

12 Bran Chezzn audI Primblmç Trends in Advanced CMOS Process Technology Proc

iEEE 1646 1986

13 Higuchi et al.Performance and Structure of Scaled Down Bipolar Devices Merge with

CMOSFETs IEEE Tech.Dig Int Electron Decices Meet 694 1984

14 HnlIis and Murphy Homogeneous Field Effect Transs ii Sic Ed. Hugh-

Speed Semiconductor Decice Wiley New Ynrk 1990
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.15 Singh et al GaAs Low Power Integrated Circuits for High Speed Digital Signal Processor
IEEE Trans Electron Devices 36 240 1989

16 International Technology Roar/snap for Semiconductor ITRS Semiconductor md Assoc San Jose

1999

17 Taur and Nowak CMOS Devices below 0.1 p.m How High Will Performance Go IEEE

Tech Dig mt Electron Devices Meet 215 1997

18 Peters Is the 0.18 p.m Node Just Roadside Attraction Semicond mt 22 46 1999

19 Bohr Interconnect ScalingThe Real Limiter to High Performance ULSI IEEE Tech Dig
mt Electron Devices Meet 241 1995

20 Leobandung et al.Scalability of SOl Technology into 0.13 p.m 1.2 CMOS Generation IEEE

lot Electron Devices Meet 403 1998

21 Martin Electronic Design Automation IEEE Spectr 36 61 1999

22 Ishiuchi at al Embedded DRAM Technologies IEEE Tech Dig list Electron Devices Meet
33 1997

23 Luiyi Xu and Zaslavsky Eds Future Trends in Microelectronics Wiley New York 1999

PROBLEMS DENOTES DIFFICULT PROBLEMS

FOR SECTION 14.1 PASSIVE COMPONENTS

For sheet resistance of kQ/U find the maximum resistance that can be fabricated on

2.5 2.5-mm chip using jIm lines with .tm pitch i.e distance between the centers

of the parallel lines

Design mask set for pF MOS capacitor The oxide thickness is 30 nm Assume that

the minimum window size is 10 p.m and the maximum registration errors are jim

Draw complete step-by-step set of masks for the spiral inductor with three turns on

substrate

Design 10 nH square spiral inductor in which the total length of the interconnect is

350 jim the spacing between turns is j.tm

FOR SECTION 14.2 BIPOLAR TECHNOLOGY

Draw the circuit diagram and device cross section of clamped transistor

Identify the purpose of the following steps
in self-aligned double-polysilicon bipolar struc

ture undoped polysilicon in trench in Fig 13a the poly in Fig 13b and the

poly2 in Fig 13d

FOR SECTION 14.3 MOSFET TECHNOLOGY

In NMOS processing the starting material is p-type 10 f-cm 100-oriented silicon

wafer The source and drain are formed by arsenic implantation of 1016 ions/cm2 at 30 keV

through gate oxide of 25 nm Estimate the threshold voltage change of the device

Draw the doping profile along coordinate perpendicular to the surface and
passing

through the channel region or the source region

Why is 100-orientation preferred in NMOS fabrication What are the disadvan

tages if too thin field oxide is used in NMOS devices What problems occur if

polysilicon gate is used for
gate lengths less than jim Can another material be substi

tuted for polysilicon How is self-aligned gate
obtained and what are its advantages

What purpose does P-glass serve

For floating-gate nonvolatile memory the lower insulator has dielectric constant of

and is 10 nm thick The insulator above the floating gate
has dilectric constant of 10

and is 100 nm thick If the current density in the lower insulators is given by
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where iO S/cm and the current in the other insulator is negligibly small find the

threshold voltage shift of the device caused by voltage of 10 applied to the control

gate
for 0.25 j.is and sufficiently long time that in the lower insulator becomes

negligibly small

10 Draw complete step-by step set of masks for CMOS inverter shown in Fig 23 Pay par
ticular attention to the cross section shown in Fig 23c for your scale

11 0.5 urn digital CMOS technology has um wide transistors The minimum wire width

is J.tm and the metallization layer consists of um thick aluminum Assume that is

400 cm2/V-s is 10-nm VDD is 3.3 and the threshold voltage is 0.6 Finally assume

that the maximum voltage drop that can be tolerated is 0.1 when J.tm2 cross section

aluminum wire is carrying the maximum current that can be supplied by the NMOS tran

sistor How long wire can be allowed Use simple square-law long-channel model to

predict the MOS current drive resistivity of aluminum is 2.7 10 a-cm

12 Plot the cross-sectional views of twin-tub CMOS structure of the following stages
of

processing n-tub implant p-tub implant twin-tub drive-in nonselective

source/drain implant selective nsource/drain implant using photoresist as mask and

P-glass deposition

13 Why do we use ppolysilicon gate for PMOS
14 What is the boron penetration problem in p-polysilicon PMOS How would you elimi

nate it

15 To obtain good interfacial property buffered layer is usually deposited between the

high-k material and substrate Calculate the effective oxide thickness if the stacked
gate

dielectric structure is buffered nitride of 0.5 nm and Ta2O5 of 10 nm

16 Describe the disadvantages of LOGOS technology and the advantages of shallow-trench

isolation technology

FOR SECTION 14.4 MESFET TECHNOLOGY

17 What is the purpose for the polyimide used in Fig 34f

18 What is the reason that it is difficult to make bipolar transistor and MOSFET in GaAs

FOR SECTION 14.5 CHALLENGES FOR MICROELECTRONICS

19 Calculate the RC time constant of aluminum runner 0.5 jim thick formed on ther

mally grown SiO2 0.5 Jim thick The length and width of the runner are cm and Jim

respectively The resistivity of the runner is 10 a-cm What will be the RC time con
stant for polysilicon runner R0 30 c2/E of identical dimension

20 Why do we need multiple oxide thicknesses for system-on-a-chip SOC
21 Normally we need buffered layer placed between high-k Ta205 and the silicon sub

strate Calculate the effective oxide thickness EOT when the stacked
gate

dielectric is

Ta2O5 25 with thickness of 75A on buffered nitride layer and thickness of

10 Also calculate EOT for buffered oxide layer 3.9 and thickness of
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List of Symbols

Symbol Description Unit

Lattice constant

Magnetic induction Wb/m2

Speed of light in vacuum cm/s

Capacitance

Electric displacement C/cm2

Diffusion coefficient cm2/s

Energy eV

Bottom of conduction band eV

EF Fermi energy level eV

Eg Energybandgap eV

Top of valence band eV

Electric field V/cm

Critical field V/cm

Maximum field V/cm

Frequency Hzcps
FE FermiDirac distribution function

Planck constant J.s

hv Photon energy eV

Current

Collector current

Current density A/cm2

Jth Threshold current density A/cm2

Boltzmann constant J/K

kT Thermal energy eV

Length cm or

m0 Electron rest mass kg

Electron effective mass kg

Hole effective mass kg

Refractive index

Density of free electrons cm
Intrinsic carrier concentration cm

continued
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Symbol Description Unit

Doping concentration cm
NA Acceptor-impurity density cm

Effective density of states in conduction band cm
ND Donor-impurity density cm

Effective density of states in valence band cm
Density of free holes cm
Pressure Pa

Magnitude of electronic charge

Qe Interface-trapped charge charges/cm2

Resistance

Time

Absolute Temperature

Carrier velocity cm/s

v8 Saturation velocity cm/s

Vth Thermal velocity cm/s

Voltage

Vb Built-in potential

VEB Emitter-base voltage

Breakdown voltage

Thickness cm or

Base thickness cm or

S0 Permittivity in vacuum F/cm

Semiconductor permittivily
F/cm

Eo Insulator permittivity
F/cm

or /s Dielectric constant

Lifetime or decay time

Angle rad

Wavelength l.tm or

Frequency of light
Hz

Permeability in vacuum H/cm

Electron mobility
cm2/Vs

Hole mobility
cm2/Vs

Resistivity Q-cm

Schottkey barrier height on n-type semiconductor

Bp Schottkey barrier height on p-type semiconductor

qm Metal work function eV

co Angular frequency 2irf or 2tv Hz

Ohm
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Appendix

International System of

Units SI Units

Quantity Unit Symbol Dimensions

Length1 meter

Mass kilogram kg

Time second

Temperature kelvin

Current ampere

Light intensity candela Cd

Angle radian rad

Frequency hertz Hz 1/s

Force newton kg-rn/s2

Pressure pascal Pa N/m2

Energy1 joule N-m

Power watt J/s

Electric charge coulomb As

Potential volt J/C

Conductance siemens A/V

Resistance ohm V/A

Capacitance farad C/V

Magnetic flux weber Wb Vs

Magnetic induction tesla Wh/m2

Inductance heniy Wb/A

Light flux lumen Lm Cd-rad

It is more common in the semiconductor field to use cm for length and eV for energy cm 10-2 eV

1.6 10J
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Appendix

Unit Prefixes

Multiple Prefix Symbol

1018 exa

iO peta

1012 tera

1O giga

106 mega
i0 kilo

102 hecto

10 deka da

10_i deci

10_2 centi

10 milli

10 micro Ji

iO- nano

10_12 pico

iO femto

10_is atto

Adopted by International Committee on Weights and Measures Compound prefixes should not be used

e.g notsbutp
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Appendix

Greek Alphabet

Letter Lowercase Uppercase

Alpha

Beta /3

Gamma

Delta

Epsilon

Zeta

Eta

Theta

Iota

Kappa
Lambda 51

Mu

Nu

XI

Omicron

Pi

Rho

Sigma

Tau

Upsilon

Phi

Chi

Psi
Vt

Omega
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Appendix

Physical Constants

Quantity Symbol Value

Angstrom unit 10 nm io pm 107cm 109m

Avogadro constant 6.02214 1023

Bohr radius aB
0.52917

Boltzmann constant 1.38066 10_23 J/K CR/Nay

Elementaiy charge 1.60218 10
Electron rest mass m0 0.91094 10kg
Electron volt eV eV 1.60218 109J

23.053 kcallmol

Gas constant 1.98719 callmol-K

Permeability in vacuum 1.25664 10 H/cm 4it 10-s

Permittivity in vacuum 8.85418 10 F/cm 1/c2
Planck constant 6.62607 iO Js

Reduced Planck constant 1.05457 iO Js h/2r

Proton rest mass 1.67262 102kg

Speed of light in vacuum 2.99792 10 coils

Standard atmophere 1.01325 lO5Pa

Thermal voltage at 300 kT/q 0.025852

Wavelength of eV quantum 1.23984 Im

OC o3
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Appendix

Properties of

Important Element

and Binary Compound
Semiconductors at 300

Lattice

constant Bandgap Mobilityb cm2IV-s

Semiconductor eV Banda Dielectric constant

Element Ge 5.65 0.66 3900 1800 16.2

Si 5.43 1.12 1450 505 11.9

Tv-Tv SiC 3.08 2.86 300 40 9.66

ITT-V A1Sb 6.13 1.61 200 400 12.0

GaAs 5.65 1.42 9200 320 12.4

GaP 5.45 2.27 160 135 11.1

GaSh 6.09 0.75 3750 680 15.7

TnAs 6.05 0.35 33000 450 15.1

TnP 5.86 1.34 5900 150 12.6

TnSb 6.47 0.17 77000 850 16.8

TT-vT cds 5.83 2.42 340 50 5.4

CdTe 6.48 1.56 1050 100 10.2

ZnO 4.58 3.35 200 180 9.0

ZnS 5.42 3.68 180 10 8.9

TV-VT PbS 5.93 0.41 800 1000 17.0

PbTe 6.46 0.31 6000 4000 30.0

aj indirect direct

bThe values are for drift mobilities obtained in the purest and most perfect materials available to date
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Appendix

Properties of Si

and GaAs at 300

Properties Si GaAs

Atoms/cm3 5.02 1022 4.42 10
Atomic weight 28.09 144.63

Breakdown field V/cm .-3 iO iO

Crystal structure Diamond Zincblende

Density g/cm3 2.329 5.317

Dielectric constant 11.9 12.4

Effective density of 2.86 iO 4.7 1O
states in conduction

band Nccm3
Effective density of 2.66 10s 7.0 1018

states in valence

band Nvcm3
Effective mass conductivity

Electrons m/m0 0.26 0.063

Holes rn/rn0 0.69 0.57

Electron affinity 4.05 4.07

Energy gap eV 1.12 1.42

Index of refraction 3.42 3.3

Intrinsic carrier 9.65 10 2.25 10

concentrationcm3

Intrinsic resistivity a-cm 3.3 10 2.9 108

Lattice constant 5.43102 5.65325

Linear coefficient of 2.59 10 5.75 10
thermal expansion

AL/LxT

Melting point 1412 1240

Minority-carrier lifetime 10 .1o8

Mobility cm 2/Vs

au electrons 1450 9200

ji holes 505 320

Specific heat Jig -C 0.7 0.35

Thermal conductivityW/cm-K 1.31 0.46

Vapor pressure Pa at 1650C 100 at 1050C

10_6 at 900C at 900C
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Appendix

Derivation of the

Density of States

in Semiconductor

To calculate the electron and hole concentrations in the conduction and valence bands

respectively we need to know the density of states that is the number of allowed energy

states per unit energy per unit volume i.e in the units of number of states /eV/cm3
When electrons move back and forth along the x-direction in semiconductor mate

rial the movements can be described by standing-wave oscillations The wavelength
of standing wave is related to the length of the semiconductor by

where is an integer The wavelength can be expressed by de Broglie hypothesis

p%

where is the Planck constant and is the momentum in the x-direction Substituting

Eq into Eq gives

Lphn
The incremental momentum dp required for unity increase in is

Ldph
For three-dimensional cube of side we have

L3dpdpdp h3
The volume clp dp dp in the momentum space for unit cube is thus equal

to h3 Each incremental change in corresponds to unique set of integers nt nt
which in turn corresponds to an allowed energy state Thus the volume in momentum

space for an energy state is h3 The figure shows the momentum space in spherical coor

dinates The volume between two concentric spheres from top dp is 4vp2dp The

number of energy states contained in the volume is then 24rp2dp/h3 where the fac

tor accounts for the electron spins
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540 Appendix Derivation of the Density of States in Semiconductor

The energy of the electron here we only consider the kinetic energy is given by

2m

or p-j2mE

where is the total momentum with components ps and in Cartesian Coordinates

and is the effective mass From Eq we can substitute for and obtain

NEdE 82dp dE

and NE4
where NE is called the density of states

Pz

dp

Py
px
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Appendix

Derivation of

Recombination Rate for

Indirect Recombination

schematic diagram showing the various transitions that occur in the recombination

through recombination centers is shown in Fig 12 of Chapter If the concentration of

centers in the semiconductor is the concentration of unoccupied centers is given by

N1-F where is the Fermi distribution function for the probability that center is

occupied by an electron In equilibrium

iet_EkT
where is the energy level of the center and EF is the Fermi level

Therefore the capture rate of an electron by recombination center Fig 12a of

Chapter is given by

Ra nN1F
We designate the proportionality constant by the product vha so that

Ra

The product Vthn may be visualized as the volume swept out per unit time by an elec

tron with cross section If the center lies within this volume the electron will be cap
tured by it

The rate of emission of electrons from the center Fig 12b is the inverse of the elec

tron capture process The rate is proportional to the concentration of centers occupied

by electrons that is NF We have

Rb eNF
The proportionality constant is called the emission probability At thermal equilibrium

the rates of capture and emission of electrons must be equal Ra Rb Thus the emis

sion probability can be expressed in terms of the quantities already defined in Eq

VthOfllF

Since the electron concentration in thermal equilibrium is given by

EF /kTnne
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542 Appendix Derivation of Recombination Rate for Indirect Recombination

we obtain

EE.IkT
vhcrne

The transitions between the recombination center and valence band are analogous

to those described above The capture rate of hole by an occupied recombination cen

ter Fig 12c is given by

VhapNF

By arguments similar to those for electron emission the rate of hole emission Fig 12d is

RdeNlF
The emission probabilitye of hole may be expressed in terms of Vth and by con

sidering the thermal equilibrium condition for which Rd

EE/kT
vhone 10

Let us now consider the nonequilibrium case in which an n-type semiconductor is

illuminated uniformly to give generation rate GL Thus in addition to the process shown

in Fig 12 electron-hole pairs are generated as result of light In steady state the elec

trons entering and leaving the conduction band must be equal This is called the prin
ci pie of detailed balance and it yields

GLRaRb 11

Similarly in steady state the detailed balance of holes in valence band leads to

GLRRd 12

Under equilibrium conditions that is GL Ra Rb and Rd However under state

state nonequilibrium conditions Ra Rb and Rd From Eqs 11 and 12 we obtain

GL Ra Rb Rd 13

We can get the net recombination rate from Eqs and

VthaflcPNtpflflfl

nje_EtTn njet_EkT
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Appendix

Calculation of the

Transmission Coefficient

for Symmetric Resonant-

Tunneling Diode

To calculate the transmission coefficient we consider Fig 13a of Chapter where the

five regions II III IV are specified by the coordinates x1 x2 x3 x4 The Schrodinger

equation for the electron in any region can be written as

i12345
2m1 dx

where is the reduced Planck constant the effective mass in the ith region the

incident energy and and the potential energy and the wave function in the ith region

respectively The wavefunction ip call be expressed as

i1xAi exp jk1xB1 expjk1x

where A1 and B1 are constants to be determined from the boundary conditions and

k1 iJ2mE V1 Since the wavefunctions and their first derivatives i.e

i1 m1 at each potential discontinuity must be continuous we obtain the

transmission coefficient for identical effective mass across the five regions

1Esinh2LBH2
where

E2coshf3LB cos kL 2E Eosinhf3LB sinkLw

and

2mEo_E V2mE
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544 Appendix Calculation of the Transmission Coefficient for Symmetric Resonant-Tunneling Diode

The resonant condilion occurs when and thus The resonant-tunneling energy

levels can be calculated by solving the transcendental equation

F2
2E E0

tan kLWtanhPLB

As first-order estimate of the energy levels one can use the results of quantum well

with infinite barrier height

h2
2m Lw

For double-barrier structure with finite barrier height and width the energy level for

given will be lower however it will have similardependence on the effective mass

and well width that is increases with decreasing or
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Appendix

Basic Kinetic

Theory of Gases

The ideal gas law states that

PV RT NavkT

where is the pressure -V is the volume of one mole of gas is the gas constant 1.98

callmol-K or 82 atm-cm3/mol-K is the absolute temperature in Nay is the Avogadro

constant 6.02 1023 molecules/mole and is the Boltzmann constant 1.38 i0 J/K

or 1.37 10_22 atm-cm2/K Since real gases behave more and more like the ideal gas as

the pressure is lowered Eq.1 is valid for most vacuum processes We can use Eq.1 to

calculate the molecular concentration the number of molecules per unit volume

nIL___
kT

7.25 1016 molecules/cm3 2a

where is in Pa The density Pd of gas is given by the product of its molecular weight

and its concentration

Pd molecular weight

The gas molecules are in constant motion and their velocities are temperature

dependent The distribution of velocities is described by the Maxwell-Boltzmann distri

bution law which states that for given speed

dn 3/2 mv2
exP_J

where is the mass of molecule This equation states that if there are molecules in

the volume there will be dn molecules having speed between and dv The aver

age speed is obtainable from Eq

Vay
$vfdv

Jfdv
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546 Appendix Basic Kinetic Theory of Gases

An important parameter for vacuum technolo is the molecular impingement
rate that is how many molecules impinge on unit area per unit time To obtain this

parameter first consider the distribution function for the velocities of molecules in

the x-direction This function can be expressed by an equation similar to Eq

ldn 1/2 mv
2kTJ V1

exp 2kT

The molecular impingement rate is given by

OJ0v1dn%

Substituting dn1 from Eq and integrating gives

2rm
The relationship between the impingement rate and the gas pressure is obtained by using

Eq

P2ycmkT_1/2

2.64x10201 9a

where is the pressure in Pa and is the molecular weight

UMC 1223
UMC v. AICP



Appendix

Answers to

Selected Problems

Answers are provided for odd-numbered problems which have numerical solutions

CHAPTER CHAPTER

2.35 6.78 iO 100 9.6 iO 1.867 V5 0.52 cl 4.86 i0 V/cm

110 7.83 i0 111 atoms/cm2 At 300 V5 0.714 0.97

52% simple cubic 74% fcc 1.47 iO V/cm

34% diamond For ND io cm
643 plane 1.187 1016 0.834

11 0.583 eV 77 0.569 eV 300 0.557 eV
ND 3.43 io cm3

373
2.5 1017 cm

13 72.7 1154
11 NA 2.2 1015 cm ND 5.4 1015 cm

15 2.26 1016 cm
13 0.79

17 9.3 10 cm 0.26 eV io cm3
0.26 eV

15 8.78 10 C/cm2

19 1015 cm ND 1015 cm 0.93 1017
17 cross-sectional area is 8.6 iO cm2

iO 0.27 10191019 19 587 42.8

21 For 0.5 V51 1.1 and 3.4 10V
CHAPTER depletion widths 3.82 10 and 1.27 10

3.31 io a-cm Si 2.92 108 I-cm GaAs Cifi

167 cm2/Vs
CHAPTER

3.5 iO cm 400 cm2/Vs
0.995 199 10

0.226 Q-cm
0.904 J.tm 2.54 1011 cm

N5ON
aIE 1.606 10A 1.596 105A

11 259 V/cm 1.041 107A J3 160

13 An 1011 cm3 1015 cm3 13 87.6 cm2/V-s /i 1186 453
1011 cm

15 50000
19 px 101 0.9eP 31.6 j.tm

17 131.6

23 0.403 7.8 i0
21 1.715 104A Ic 1.715 10A

25 1.35 10 cm/s 9.5 106 cm/s 100 V/cm
1.35 10 cm/s 9.5 106 cm/s 10 V/cm

23 fT 1.27 GHzfa 1.275 GHz
2.55 MHz
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548 Appendix Answers to Selected Problems

25 029 0.0091 C-
27 3.96 10 cm 44.4 cm2 11

13 138V9Ops
CHAPTER

15 V0.64VP 52mW
0.15 pm 17 35.6 mW mW 5f
0.59 1.11 i0 V/cm

2.32 102 CHAPTER 10

11 7.74 10-2V Atx C5 1016 cm atx 0.9

15 3.42 2.55 10-2 Cs 1.5 1017 cm
17 3.45x1OS 0.75g

19 1011 cm2 6.56

21 1.7 1012 cm2 24 cm

23 0.4571.tm
11 30%1%

25 0.83
15 2.14 1O cm at 900C

29 49 nm 17 4.68 iO cm/s

31 0.134 to 0.226 19 5.27 10 atoms/cm2

33 3.1 10-11

35 4.34

CHAPTER 11

44mm

CHAPTER 0.83 0.46 1011 a-cm

0.54 eV 0.352 0.0093

0.64V Vb 0.463V 0.142 1m 757C

6.54 i0V/cm 13 2.1 1011 cm2

0.605 4.81 15 71.1 nm for TiSi2

0.108 j.tm 17 0.93 ns 0.42 ns 0.45

-.2.06V 19 72 0.18

11 0.152 .Lm 0.0496 jm
13 5.8 nm CHAPTER 12

15 44.5 nm 0.93 2765 578 157

wafers/hr for
positive resist 120 for negative

CHAPTER resist

11.25 nH Wb 1.22 Jim 0.93 Jim 0.65 p.m

18.9 nm 6.13 i0 F/cm2 11 Etch from the top wafer area lost 127 cm2

137 318.5
etch from the bottom wafer area lost is small

74.8 2.2 i0 V/cm 19 GHz
13 224.7 nm/mm

1016 cm 10 ps 2.02

17 433.3 nm

11 meV 11 meV CHAPTER 13

CHAPTER
0.15 p.m 5.54 10 atoms/cm2

1.57 mW
25 mm 3.4 Jl2 atoms/cm2

40.58 cm 36.6%
16.9%

3.83 nA
32.3 nm

UMC 1223
UMC v. AICP



Appendix Answers to Selected Problems 549

11 6.7 0.91 peak concentration

13 0.53
2.2 1021 cm

15 99.6%
0.565 9.98

21 0.927tm
11 740pm

15 1.84 nm

CHAPTER 14 19 1.38 ns 207 ns

781 21 17.3 16.7

13 turns
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Index

100 plane 24 26 376 428 Aluminum Al 18 20 21 171 Arsine AsH3 356 453 469

450 179 370 378 379 384 As see Arsenic

110 plane 24 301 428 388 390 392 393 395 As203 453

111 plane 24 376 428 431 396 401 402 428430 AsC13 453 469

450 440 442 448450 452 AsH3 see Arsine

100 direction 181 182 347 alloy 430 a-Si TFT 210 211 212

479 497 500 504 528 alloying with copper 395 Aspect ratio 439 440 441 448

110 direction 475 arsenide AlAs Asymmetric thyristor 163 164

111 direction 25 79 334 corrosion 442 166

347 silicon diodes 236 Atmospheric windows 256

111 surface 181 182 spiking 394 395 Atmospheric pollution monitor-

111-axis 475 AlGa1_As 152 299 333 358 ing 298

3D integration 182 361 362 Atmospheric pressure 354 358

298 CVD 400

Abrupt junction 9193 95 96 AlGa1_N 292 Atmospheric-pollution monitor-

101 103 104 114 118 Ammonia 384 401 ing

119 120124 128 129 Ammonium fluorideNH4F Atomic number 421 424

Absorption 282287 306 428 Attenuation 296

314316 319 328 330 Amorphous Si a-Si solar cell Attenuator 483

331 325 326 328 Auger recombination 78 79

coefficient 286 287 314 Amorphous silicon 210 286 81

315 330 325 Automobile industiy

Acceptor 17 37 38 41 45 46 Amorphous surface layer 476 Avalanche breakdown voltage

Acceptor vacancy 462 483 120 128 467

Accumulation 171 174 177 Amplifier 517 Avalanche multiplication 85

220 Amplifying circuit 146 117 118 127

Acetic acid 428 430 Analog circuits 497 517 Avalanche noise 317

Activation energy 114 384 Angular frequency 297 Avalanche photodiode 317

389 395 455 479 Anisotropic etching 325 431 318 328 331

Active mode 131135 138 440 441 449

139 142 144 146 151 profiles 434 B2H6 453

153 167 reactive sputter etching 512 Backscattering 422 423 425

Air mass 319 Annealing 452 466 470 477 Ballistic collector transistor

Air mass 1.5 319 320 479481 485 488 BCT 155 156

Air molecules 360 Anode 156 157 161 164 Ballistic devices 279

Air traffic control beacons 255 Antimony Sb 389 Ballistic electron 275

AICu etch chamber 439 Antireflection coating 314 315 Bandgap 17 19 3133 3537

A1F3 441 317 318 320 328 4246 124 246 247

AIGaAs 246 247 248 250 Ar 25 334 376 288 292 295 298 311

251 253 307 309 310 Arc lamps 479 24 325 537

330 Area defect 349 365 Bandgap narrowing effect 44

AIGaAs/GaAs heterojunction Argon 25 Band-to-band recombination

248 253 Aromatic diamine 294 60 80

A1GaInN 292 Arsenic 66 333 343 344 345 Barium strontium titanate

AlInAs/GaInAs HBT 275 346 356 357 359 360 BST 387

A1N 292 365 366 379 453 478 Barrierheight 226 227

A1Sb 537 483 497 498 499 505 230234 236 242 246

506 511 528 248 251253

551
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552 Index

Barrier metal layer 392 Bridgman technique 345 Charge density 174 183 184
Barrier-lowering effect 202 347 204 222 223

Base 156 157 158 162 163 Buffered HF solution BHF Charge distribution 228 229

164 165 166 167 381 384 428430 Charge neutrality 90 94 100

region 134 137 138 140 Buffered-oxide-etch BOE Charge sheet 248 249

141 144 146 147 428 Charge-coupled device CCD
151 153 155 167 168 Built-in electric field 149 155 170 185 186

transport factor 136 137 Built-in potential 91 92 94 Charge-sharing model 199 223

151 156 167 95 99 105 125128 Chemical etching 426-428
width modulation 146 148 227 234 243 252 494 431 432 434 443 449
width modulation effect 148 Bulk micromachining 443 448 Chemical vapor deposition

Basic fabrication steps 84 85 Bulk punch-through effect 202 CVD 87 354 358 365
BBr3 453 Buried layer 469 483 485 376381 384 386 387
BC13 440 441 450 497500 504 518 519 391 392 396 400 401
Be 346 361 Buried-type PMOS 516 429

Beam-blanking plates 429 Chemical-amplified resist 414

Beryllium 424 C2F6 441 Chemical-mechanical
polishing

BF3 469 C4F8 441 CMP 11 396398
BiCMOS 205 209 223 C5F8 441 442 514

inverter 517 Cadmium 346 357 Chemical-vapor deposition

Bidirectional thyristor 161 162 Camera 510 525 CVD Si02 376 391
167 Cantilever-beam piezoresistive CHF3 440 441

Binary compound 19 20 22 acceleration sensor 443 Chip card 510 527

Biotechnology 444 Capacitance 493497 500 Chromium 111 411

Bipolar junction transistor 506 507 524 525 Circuit symbol 131 132

BJT 130 152 154 168 voltage technique 103 462 Clean room 405407 414 438
Bipolar technology 489 496 voltage characteristics 101 447 449

527 528 102 178 Clear air turbulence detection

Bipolar transistor 11 Capture cross section 64 255

13 130 131 132 135 Carbon 333 351 353 Cleaved ends 301

137 142 146 147 Card telephone 510 Clustered plasma processing
151157 165168 Carrier drift 47 48 77 80 81 439

489491 49 496499 Carrier generation 60 311 312 Clustered tools 439

501 503505 517 518 Carrier injection 60 68 CMOScomplementaiy MOS
528 529 Carrier lifetime 297 312 313 FET 11 14 15

Bits 507 331 169 200 205209
BN 453 Carrier mobility 461 212215 220 223 465
Body-centered cubic BCC 21 Carrier transport 311 483 485 489 500 503
Bphr model 28 Cathode 156 157 161 164 509 512516 518 519
Boron 195 196 222 CdS 537 524 526529

335338 346 353 358 CdTe 537
inverter 205208 215 220

367 379 380 453 455 Cell projection 448 510 511 517 529

462 464 469 472 Cellular phones 214 255 logic gates 517

477479 481488 498 510 technology 200 205 220
499 501 503 505 514 Central processing unit 10 13 221 503 510 517
516 517 529 510 526 525 527 529

Boron implantation 195 CF4 440442 Cobalt silicide 398 400
Boron trioxide B203 346 Chain scission 421 Cold wall reactor 379

Bow 347 349 Channel conductance 187 190 Collector 155158 166

Bragg reflector 424 192 193 198 222 -emitter leakage current 145

wavelength 308 330 Channel length 187 199202 Collimating tubes 391
Breakdown region 242 Channel resistance 190 204 Color bands 282
Breakdown voltages 118120 Channel width 187 218 Columnar structure 389

122 128 155 160 Characteristic impedance 256 Common-base configuration
262264 281 405 500 257 280 133 136 143
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Index 553

Common-base current gain Coulombic interaction 471 Dc Brogue wavelength 309

145 148 157 167 168 Coupled impurity vacancy pair 539

Common-base cutoff frequency 465 Deep UV lithography 414

148 Covalent boning 27 Defect 332 333 335 349 351
Common-emitter configuration CRAY 11 361 363 368 431 449

143148 152 155 167 Critical angle 292 295 300 density 210 397 400 411
168 330 449

Complementary error function Critical dimension 408 439 free zone 352

457 483 Critical dimension CD con- Degenerate energy levels 28

Complementary MOSFET see trol 437 Degenerate semiconductors

CMOS Critical field 119 120 122 39 44 299

Compound semiconductor 17 262 Degree of anisotropy 431

19 22 Critical layer thickness 362 Degrees of freedom 48

Computer aided design CAD 363 365 366 Density 371373 375 380

411 495 Crystal defect 349 384 387 390 394 397

Concentration-dependent diffu- Crystal growth techniques 17 400 401 402

sivity 452 462 499 24 45 332 343 345 367 Density of states 3436 39 40
Conduction band 2946 Crystal lattice 452 454 485 44 46 231 232 309
Conduction band discontinuity Crystal plane 17 22 310 538 540

154 247 Crystal puller 334 Denuded zone 352 353

Conductivity 17 18 32 41 44 Crystal purification 341 Depletion 172178 186189
76 81 82 190 311 312 Crystal structure 17 19 22 25 194 195 199 200 202

Conductor 17 3234 44 45 204 213 214 219221
Confinement factor 300 301 Cubic lattice 349 approximation 174 178

306 330 Current density 231234 252 capacitance 84 100 101
Conformal step coverage 381 equations 59 60 115 116 127 128

382 391 400 Current gain 131 135137 147

Constant-surface-concentration 141 142 144 145 148 case 172

diffusion 457 458 460 151 153155 157159 layer 84 92 94104 110
463 467 485 165168 206 209 115 121 122

Constant-total-dopant diffusion Current transport 231 234 127129

456 459 460 467 471 251 layer width 92 94101 104
485 Current voltage characteristics 110 121 128 129

Constant-field scaling 202 84 88 104 106 108 233235 239 240
Contact holes 391 112 113 127 128 137 244 252

Contact imaging sensors CIS 138 143 145 156 158 mode 243 248 252 253

195 210 221 160162 165 mode device 243 248
Contact plug 391 Cutoff frequency 131 148 252

Contact printing 407 149 153155 165 166 region 84 89 9194 97
Contact resistance 469 485 168 237 244 245 250 99102 104106
Continuity equation 47 6668 251 273 277 279 109111 115 118

80 82 137 168 338 Cutoff mode 142 149 119 127 128

Contrast ratio 413 CVD see chemical vapor depo- Depth of focus 449

Conversion efficiency 264 sition Developer 412414 416 421

Coplanar waveguide stripline for GaAs 356 444

256 for silicon 355 Device building blocks

Copper Cu 18 111 431 441 Czochralski crystal 26 334 352 Device leakage 199

442 456 478 Czochralski technique 25 DH laser see double het

halides 442 26 333 334 339 341 erostructure laser

interconnect 11 345 346 365 367 DI water 428 430

metallization 396 400 Diac diode ac switch 161

polyimide interconnect 396 Damage layer 426 162 166

Correction factor 54 Damascene process 442 Diamond structure 17 22

CoSi2 398 399 402 524 Dangling bonds 65 210 Diaphragm 443

Coulomb force 49 Data communication 255 Diborane 356
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554 Index

Dichlorosilane 355 380 382 Distributed bragg reflector Effusion oven 358 360 368

384 laser 308 Einstein relation 58 59 319

Dichiorosilane nitrous oxide Distributed feedback DFB Elastic collision 472

382 308 328 Elastic forces 362

Dielectric constant 384387 Distributed feedback laser 308
Electrically erasable pro-

396 401 402 537 D-MOSFET 218 grammable read-only
Dielectric isolation 499501 Donor 17 3739 41 45 46 memory EEPROM
Dielectric layers 369 370 400 Donor concentration 230 238 216218
Dielectric

permittivity 229 247 252 Electrochemical anodization
Dielectric relaxation time 266 Donor vacancy 463 370

Dielectric strengths 385 Dopant profile 460 461 483 Electrochemical methods 396

Diethyizine ZnC2H52 357 Doping distribution 336 338 Electroluminescence phe
Diffraction 447 339 366 nornenon

effect 414 426 Double barrier structure 271 Electromagnetic spectrum 282
Diffusion 15 8690 93 Double charged acceptor 283

101 104 107 108 110 vacancy 463 Electromigration 392 442

112115 117 123 127 Double drift IMPATT diode Electron affinity 73 124 170
129 427 433 434 262 195 226 252

452469 471 481 Double-heterostructure DH Electron bombardment 195

483486 487 laser 299 300 303307 Electron cyclotron resonance

barrier 392 309 310 330 ECR 390 436438

capacitance 101 115 129 Drain 186194 197200 202 Electron gun 417 419

147 205 209213 216223 Electron mobility 49 50 81
coefficient 58 83 338 373 -induced barrier lowering 82 519

377 393 394 455 DIBL 200 202 516 Electron resist 411 418 421
464 DRAM see dynamic random 422

constant 138 140 149 167 access memory Electron temperature 275 277
current 5759 69 70 82 Drift current 53 57 82 187 281

83 Drift region 219 262264 281 Electron-beam lithographic sys

equation 454 455 457 459 Drift velocity 48 49 56 59 70 tern 411 418422 426
463 466 485 75 76 78 80 81 83 447 449

in silicon 453 458 464 487 519 522 Electron-hole pair generation

length 69 82 106108 114 Dry etching 10 442 447 449 111

115 129 138 139 Dry oxidation 86 Electronic industry 13
165 457 460 Dry oxygen 370 373 374 376 14

length of electrons 107 Dual damascene process 396 Electronic purse 510

process 57 452 453 455 Dust particle 405408 449 Electronic stopping 471473
460 461 466 469 Dynamic random access mem- 475

471 485 486
ory DRAM 11 13 Electronic ticket 510

profiles 457 459 462 14 387 400 439 490 Electronic-grade silicon 333

464466 507509 522 526 527 Electrostatic micromotor 444

Diffusivity 51 58 59 82 Element serniconductor 18 19
Digital cameras 214 510 Earths crust 19 22

Digital circuits 497 Early effect 146 Embedded DRAM 526 528

Digital video disk Early voltage 146 Emission lines 308

Dipole layer 268 269 E-beam evaporation 390 402 Emission processes 109

Direct exposure 418 Edge dislocation 349 362 365 Emission spectra of LEDs 293

Direct recombination 60 63 366 Emission wavelengths 289
65 Effective density of states 36 298 310

Direct tunneling 524 39 46 Emitter 146157 165167

Dislocation 349354 362367 Effective mass 3032 34 37 efficiency 136 137 141
405 46 73 75 76 79 232 142 151 153 154

Dislocation loop 364 235 236 166 167

Dissociation effect 465 485 Effective
segregation coeffi- End-point control 405

Dissolution of silicon 394 cient 338 340 Energy barrier thickness 270
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Index 555

Energy momentum diagram Fermi level 17 3436 3943 Gain factor 306 330

30 31 46 GaInAs/AlInAs material 276
Enhancement-mode MOSFET Ficks diffusion equation 455 277

249 507 510 Field oxide 369 376 379 395 GaInAs-AlGaAs DH 307

Epitaxial film 405 401 GaIn1_N 289 292

Epitaxial growth 10 Field transistor 197 222 GaInP/GaAs tandem cell 328

rate 480 Field-effect transistor FETs Gallium arsenide GaAs
technique 104 332 354 250 251 1820 27 31 32 3639

367 Film formation 490 499 4345 54 59 60 76 78
Epitaxial layer 237 238 243 Film thickness 414 431 435 79 227 230 232 237

252 497 498 501 519 Fixed charge 182 196 223 243 246 247 251253
Epitaxial process 357 361 365 Fixed-oxide charge 180 182 265 266 269 271 272
Epitaxy 333 357 366 183 187 194 274 276 279281
Equilibrium segregation coeffi- Flash memory 216 218 289292 295 298 304

dent 335 336 346 Flat doping profile 481 332 333 343345 344
Equivalent circuit 115 116 Flat-band condition 171 173 345347 354 356363

146148 494 495 509 179 180 182184 192 365368 370 453455
510 194 221 222 462 466 469 473 475

Erfc see error function Flat-band voltage 179 481 483 485 519 522
Error function 457 458 462 182184 194 222 537 556

463 467 482 485 Flat-diode configuration 290 Gallium arsenide etching
Etch anisotropy 440 Flat-panel display 294 431

Etch chemistry 436 Flip-flop structure 215 Gallium chloride 356 357

Etch mechanism 433 434 436 Floating dot 217 218 Gallium phosphide GaP 289
Etch rate 380 427431 434 Floating gate 216 509 510 290 292 293 537

435 438443 450 528 Gallium-arsenic system 343
Etch selectivity 434 436 439 Float-zone process 332 339 344

440 448 450 341 365 367 GaN 283 284

Etch solution 427 430 Float-zone silicon 342 GaP 19 20

Etching 427444 447451 Flow control 334 358 Gas source 334

equipment 435 Focused electron beam 390 Gas thyTatron 130

operations 499 Forward breakover 157 159 GaSh 260 280 537 538

temperature 392 160 Gate 156 160166 168 172
EUV exposure tool 424 447 Forward-blocking state 160 180 186189 193197
Evaporation 394 402 Four-point probe method 54 199 200 202 205
Exclusive NOR 274 275 351 210212 215223
Exclusive OR 27.7 Free-carrier flux density 126 capacitance 189

Exhaust system 334 Frenkel defect 349 length 237 238 245 250
Exposure response curve 413 Frequency locking circuit 259 251

Exposure tools 404 408 410 Frequency response 130 146 oxide 505509 522524
417 420 424 447 149 155 165 167 168 526528

Extreme-ultraviolet EUV Full width at half maximum oxide thickness 522 523
lithography 423 FWHM 271 293 527

Extrinsic 285 311 312 Full-color displays 293 turn-off 164 166

base regions 503 Full-color indicators 293 Gaussian distribution 460 462
diffusion 452 462464 466 Fused quartz 17 471 481 485 499

487 Fused silica 411 Gaussian
spot beam 420

photoconductor 312 Fused-silica crucible 346 GaIn1_AsP1_ 287 297 298

semiconductor 53 GaIn1AsSb1 298

stacking fault 349 351 Ga 425 431 Ge0 3Si07 on silicon 363

transition 285 Ga0 471n0 53As 246 Generation lifetime 109

Eye response 288 293 Ga0 51In049P 326 Generation-recombination cen

Ga1_InAs 363 368 ters 109 124 151

F-doped oxide 524 GaAs see gallium arsenide Generation-recombination

Fermi distribution 34 35 40 GaAs1_P 19 20 rates 178
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Germanium Ge 260 278 field-effect transistor 361 annealing 181

279 314 326 537 interface atom 28 37 39

Gettering 351 353 Heterostructure 246 chloride HC1 24 333

GeSi1_ 362 363 laser Hydrogenation treatment 211

G-Iine 410 Hexa-methylene-di-siloxane Hydrophilic surface 414

Global planarization 370 397 HMDS 414 Hydrophobic surface 414

400 HF 428 429 449 461 487 Hyperabrupt junction 103 104

Gold 21 111 117 424 425 516

446 465 HFET 246 253 IC card 510 511

contact 242 High current implantation 453 IC design 411

doping 209 481 483485 IC processing 417 427 444
silicon photodetector 317 High dielectric-constant materi- 447

Graded base 154 155 als 215 Ideal characteristics 106 127

Graded layer 155 High electron mobility transis- Ideal diode current 323

Graded profile 155 tor HEMT 246 Ideal diode equation 108110
Graded-index fiber 295 296 High energy implantation 453 114

Gradient of the diffusion pro- 481 483 485 Ideal MOS curves 175

file 458 460 High frequency power conver- Ideality factor 112

Gradual-channel approxima- sion equipment 164 IGFET 186 221

tion 188 High injection 109 112 113 Ill-V compound semiconduc
Grain boundaiy 211 349 127 tor 237

Graphite boat 345 High-aspect feature 391 Ill-V nitride LED 292

Graphite crucible 346 354 High-current densities 113 I-line 410

Graphite susceptor 334 351 High-density plasma HDP Impact ionization 78 80 81

357 432 436441 448 IMPATT diode 254 255 261
Greek Alphabet 535 etching 432 262264 267 278281
GRIN-SCH structure 310 High-fidelity transfer 431 Implant damage 452 477 484
Groove 347 348 High-field effects 47 75 485 488

Gross world product GWP High-frequency equivalent cir- Impurity distribution 461
Gunn diode cuit 146 148 468

High-k dielectric materials 524 Impurity redistribution 452
H3P04 430 431 516 High-k materials 387 467 469 485

Half life 343 High-resolution gas spec- Impurity scattering 49 50

Hall coefficient 56 82 troscopy 298 InAs 537

Hall effect 55 56 High-speed laser printing 298 Incandescent lamps 294

Hall field 56 328 Index of refraction 380 381
Hall measurement 55 82 High-voltage direct current 409

Hall voltage 56 82 HVDC devices 164 166 Indirect recombination 60 63
Haynes-Shockley experiment Hi-Jo structure 261 262 65

70 71 81 H-line 430 Indium phosphide InP 19
HDP 433 437 441 HNO3 461 20 244246 251 265
He 376 Hole 2729 3146 266 537

Heater 160 Hole injection 232 233 Inductively coupled plasma

Heavy holes 309 310 Hole ionization rates 119 436 437

Helium 298 317 318 Hole mobility 49 Information display 329

-neon gas laser 298 Homoepitaxial growth 361 Infrared LED 295 328

-neon laser 317 435 Homoepitaxy 333 361 366 Infrared sensors 311

Heteroepitaxial growth 357 Homojunction laser 303 Infrared system 255

Heteroepitaxy 333 362 365 366 Hot carrier injection 181 InGaAsP-InP 296

Heterojunction 84 85 Hot electron device 275 279 InP see Indium phosphide

124129 294 296 297 280 InP/InGaAs structure 153

299 300 304 317 Hydrofluoric acid 428 InP-based HBT 153 154

bipolar transistor 130 Hydrogen H2 318 333 355 Input conductance 148

131 151 153 155 357 384 385 391 392 InSb 537

165 166 168 402 469 474 Insulator 17 18 32 33
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Integrated circuit 14 Ion channeling 475 Lead zirconium titanate PZT
85 169 170 199 202 Ion distribution 471 483 387

205 294 310 369 370 Ion implantation 87 195 Leakage current 187 188 202

376 378 391 392 395 416 452 453 469 471 205 209 214 222 507

398400401404412 483486499 511516524

424 443 448 489493 Ion stopping 471 LED displays 293

511 520 522 Ion-beam lithography 418 425 Lifetime 47 6163 71 82 83

technology 370 447 209 478

capacitor 493 Ionization coefficients 285 287 of minority carriers 138

era 522 Ionization energy 3739 Liftoff technique 416

inductor 494 Ionization integrand 261 LIGA process 443 444 446

manufacturing 205 Ionization rate 79 80 448 449

resistor 491 Isoelectronic center 290 Light activated thyristor 164

interacting p-n junctions Isopropyl alcohol 428 Light bulb 160

148 ITO indium tin oxide 294 Light control 160

Interconnect 87 439 441 442 Light holes 309

447 Junction breakdown 84 88 Light-emitting diodes LEDs
Interconnections 370 385 117 118 121 127 129 282 288

398 401 Junction curvature effect 123 Lightly doped drain LDD
Interface 467 469 488 467 483

trap density 181 400 Junction depth 187 200 460 Limited-source diffusion 499

-trapped charges 181 183 461 464 466 485487 Line defect 349 365

184 491 522 524 Linear rate constant 375 376

Interlayer dielectric ILD 396 Junction spiking 392 Linear region 187191 199

International System of Units 200 223 241 242 249

533 Kinetic energy 48 52 53 73 251

International Technology 78 79 81 Linearly graded junction 93

Roadmap for Kink 213 465 9799 103 120 121 128

Semiconductors 522 Kirchhoffs circuit laws 132 Liquid crystal displays LCD
Interstitial diffusion 455 456 KOH 428 430 444 450 210

Interstitial site 349 367 KrF excimer laser 410 Liquid encapsulant 346 365

Interstitials 454 Liquid encapsulation method

Intrinsic 311 312 315 Lamps 293 294 346

base region 503 Lanthanum hexa-boride LaB6 Liquidus line 343 344

carrier density 34 36 37 419 List of Symbols 531

43 44 114 Lapping 426 Lithographic operations 499

diffusion 462 465 Large-scale integration 490 522 Lithographic step 225

diffusivity 462 485 Laser crystallization of Si 212 Lithography 8587 127

Fermi level 36 40 41 46 Laser interferometiy 435 447449

52 170 Laser printing Lithography process

photoconductor 285 287 Lasing modes 302 Load devices 216 220

semiconductor 3436 Latch-up 212 221 512 513 Load line 146 147 149 150

stacking fault 349 351 Lateral diffusion 452 467 485 Load transistors 215

transitions 285 287 506 513 Local oscillator 259 264 279

vacancy density 463 Lateral oxide isolation 497 504 Local oxidation of silicon

Inversion 172178 187 189 Lateral straggle 471 473 474 LOGOS 498

190 192194 204 211 Lattice 19 2123 27 30 45 LOGOS process 500

218 220 221 537 Logic circuits 205

case 172 173 constant 2123 45 124 Long through sputtering 390

layer 173 174 178 187 189 125 391

192 193 204 211 scattering 49 50 81 Longitudinal field 245 249

mode 142 -matched 333 361 362 Longitudinal modes 302 307

staggered structure 210 366 Long-wavelength cutoff 312

Ion beam 452 462 470 473 -mismatched semiconduc- 314

475 476 483 484 488 tors 365 Lorentz force 55 56
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Loss 292 302 306 308 315 Metal 32 Minimum feature length 11
318 319 323 film 369 370 384 400 406 504 522 525

Low dielectric constant 386 interconnect 439 447 Minimum linewidth 408 423

401 semiconductor contact Minority carrier 42 178 186
Low-k polyimide 396 224226 228 229 209

Low pressure 354 231 237 251 252 Minority carrier current 233
CVD LPCVD 378 442 semiconductor device 261 234

reactor 388 Metallization 370 379 390392 Minority-carrier lifetime 351

Low-angle grain boundaries 394 396 400 401 489 Minority-Carrier Storage 114
364 366 499 503 506 529 115 127

Low-dielectric-constant low-k Metallurgical-grade silicon 333 MISFET 186

insulators 524 Metal-nitride-oxide-semicon- Misorientation 475 476

Low-dielectric-constant materi- ductor MNOS 509 Mix-and-match approach 426
als 494 Metalorganic chemical vapor 447

Low-k materials 386 deposition MOCVD Mixers 151

Low-resistivity metals 494 10 357 365 Mobile ionic charge 180 182

Metalorganic compound 357 183

Magnetic field 335 365 Mobile radio 510

Magnetic tape card 510 Metalorganic molecular-beam Mobility 59 70 75 76 8083
Magnetically enhanced RIE epitaxy MOMBE 361 153 155 187 190

MERlE 432 Metal-oxide-semiconductor 210212 220 461 478

Majority carrier current 42 MOS structure 485 537

233 234 Metal-semiconductor contact MOCVD 357 358 361 365

Mask 439 444 446450 13 MODFET 224 225 246251

beam system 425 Metal-semiconductor interface Modulation bandwidth 297

blank 423 424 426 447 Modulation frequency 315

thickness 482 Metal-semiconductor photodi- Modulation-doped field-effect

Masking 453 481483 485 ode 313316 transistor MODFET
488 Metal-Si02--Si 175

Maskless direct writing 419 Metal work function 226 227 Mole fraction 355

Mass action law 105 252 Molecular beam
epitaxy

Maximum output power 322 Metric system 405 406 MBE 10 271 354
331 Microelectromechanical

sys- 357361 363 365 367
Maximum power 322324 331 tems 443 368

Maximum time to breakdown Microelectronics 435 443 449 Molecular impingement rate

388 Microelectronic industry 435 358

MBE see molecular beam epi- Micromechanic 444 Molecular weight 358360
taxy Microoptic 444 367 368

Mean free path 57 360 361 Microprocessor 10 11 12 Molecular-beam
epitaxy 354

367 15 357 359 361 365

Mean free time 48 49 51 57 Microprocessor chip 490 517 Monolithic IC
Mean time to failure MTF 518 Monolithic microwave inte

395 Microprocessor-based control grated circuits MMIC
Medium-scale integration system 334 494 522

MSI 490 Microstrip 256 257 MOS
capacitors 493

Melting point 344 346 354 Microwave region 254 MOS devices 440 484 485

365 Microwave technology 254 MOS diode 220 221

Membrane 421 424 443 449 255 280 MOS memory cells 420

Memory devices 489 507 510 Midgap 174 MOSFET 10 13

Mercury-arc lamp 410 Miller Indices 2224 44 45 220223 369 395 398
MERlE plasma 441 Millimeter wave band 255 401 452 484 488

MESFET 237241 243245 256 279 MOSFET scaling 169 199
250253 Millimeter wave devices 254 223

integrated circuit 520 Millimeter-wave power ampli- MOSFET technology 489 503

technology 489 519 529 fiers 151 528
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Index 559

MOSi2 399 Open tube 454 478 Phosphoric acid 430

MOST 186 Optical absorption 282 283 Phosphorus 290 335 342

Motor drives 165 285287 315 330 353 366 379 380 383

Multilevel metallization 370 Optical concentration 326 328 384 389 401 453 454

379 Optical diffraction 407 464 465 469 472 473

Multiple implantation 481 Optical emission spectroscopy 478 479 483 485 487

485 434 doped silicon dioxide 379

Multiple-quantum-well Optical fiber 288 295 296 383 401

MQW 310 311 329 298 303 307 308 311 doped oxide P-glass 506

328 329 Photo-acid generator 414

n-channel MOSFET 186 194 Optical fiber communication Photoconductivity method 351

197 199 204206 213 systems 288 296 298 Photoconductor 311313 328

215 216 303 308 309 328 331

Near-infrared region 314 Optical gain 301 302 Photocurrent gain 313

Negative differential mobility Optical lithographic system Photodetector 311 328

265 267 417419 422 424426 Photodiode 312315 317 318

Negative photoresist 411413 447 448 450 328 329 331

416 422 449 Optical proximity Photomask 405 407 411

Negative resistance 260 correctionOPC 417 414416 419 424

261 263 279 Optical reading 298 328 Photon energy 282 283 285

Neutron 342 343 Optical resonant cavity 285 288 312 314

Neutral vacancy 462 Opto-isolator 288 295 311 Photonic application 352 363

Neutron irradiation 209 342 328 Photonic devices 10

343 366 Orangic LED 294 Photoresist 14 15 87

NH3 384 392 Organic semiconductors 294 414416 421 422 429

NiSi 524 Organic solvent 412 435 442 447 449 482

Nitric acid 428 430 Orientation dependent 375 488

Nitrided oxide 517 etching 404 428 429 448 Photoresist adhesion 429

Nitrogen 290 291 329 450 Photosensitive compound 430

Nitrous oxide 380 382 wet chemical etching 443 Physical constants 536

Noise factor 317 318 OR-NAND 277 278 Physical etching 433 434

Nonconformal step coverage Oscillator 151 517 525 Physical vapor deposition 87

381 Oxidation 8587 127 390

Nonequilibrium situation 60 Oxide layer 225 p-i-n photodiode 315 316 331

Nondegenerate semiconductor Oxide masking Pinch-off voltage 241243 253

39 Oxide thickness 187 197 201 Pinch-off point 187 188

Nonvolatile semiconductor 222 223 Planarization 390

memoly NVSM 216 Oxide trapped charge 180184 Planar process 160 225

218 510 222 Planar transmission lines

Notebook computer Oxygen 335 351354 359 256257

n-tub 512 513 529 Oxygen ion implantation 500 Planes 301303 325

Nuclear collisions 477 478 501 Plasma damage 397

Nuclear fusion reaction 318 Oxygen molecule 373 Plasma diagnostic 433

Nuclear spectroscopy 255 Ozone 03 380 Plasma etching 431 433

Nuclear stopping 471473 435436 439 442 449

477 478 P-polysilicon 179 180 195 451

Nuclear stopping power 196 Plasma enhanced chemical

471473 Pb 17 20 32 vapor deposition

Numerical aperture 409 P2O5 453 PECVD 378

n-well 197 206 P-glass flow 382384 402 Plasma nitride 385

Periodic table 18 19 Plasma reaction 385

Ohmic contact 87 224 Phase diagram 343 344 Plasma reactor 211

225 234 236 237 251 of the Al-Si system 392 393 Plasma
spray deposition 390

292 311 324 400 Phase-shifting mask PSM 417 Plasma-assisted etching 404

On condition 149 Phosphine PH3 356 453 431 447
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Platinum silicide PtSi 236 Projected range 470 471 Rapid thermal annealing RTA
Platinum Pt 18 21 464 473475 477 478 478 503 517

p-n junction 14 78 80 483485 Raster scan 419

81 169 174 176 259 Projected straggle 471 473 RC time constant 385 396

261 273 279 288 328 474 485 RC time delay 524

462 486 487 492 Projection printing 407 409 Reactive ion etching RIE
solar cell 320321 331 410 396 432 436

POC13 453 Properties of silicon dioxide Reactor 370 378 379 385
Point defect 349350 365 380 388389

Point-contact transistor Proximityeffect 423 426 447 Real space transfer RST 255

Poissons equation 68 90 174 Proximity printing 424 435 Recombination 47 6061
183 266 268269 437 6367 69 70 8082

Polishing 426 p-tub 511513 529 center 60 6366 82

Polonium 21 Pt film 503 current 292

Poly-butene-1 sulfonePBS Pyrometer 479 rate 60 61 6466 312 541
421 Pull rate 334 335 339 542

Polycide 398400 440 506 Punch through 153 513 518 Recrystallization 479

Polycrystalline GaAs 365 diode 122 Rectification 84

Polycrystalline rod 339 PVD 390393 396 400 Rectifying contact

Polyciystalline silicon 24 199 p-well 206 208 Rectifying metal semiconductor

210 334 339 365 370 Pyramids 325 326 barrier 370

Poly-glycidyl methacrylate-co- Redistribution diffusion 460

ethyl acrylate COP 421 Quality factor 494 Redistribution process 468

Polyimide 521 524 529 Quantum effect devices 254 Reflection loss 292

Polymer linking 413 270 275 281 Reflectivity 301 330

Polymers 421 Quantum efficiency 290 291 Refractive index 292 295 299

Poly-methyl methacrylate 304 312 315 317 318 301 308 330 417

PMMA 436 331
Registration

407

Polysilicon 186 210212 Quantum tunneling 254 259 Reliability 388 401

215216 219 221223 270 Resin 412 414

370 379 380 383 Quantum well thickness 270 Resist 416419 421424 426

388391 395 398402 Quantum-well lasers 309 429 431 432 439
421 Quartz 210212 217 495 442444 449 450

Polysilicon TFT 211 212 215 tube furnace 453 Resistance 224225 234

Population inversion 285 windows 479 236239 244 492495
299301 Quartzite 24 333 497 500 505507 516

Portable electronics system 510 Quaternasy compound 19 20 518520 523524 526
Positive resist 427 430 435 Quaternary 289 295 298 317 528

440 443 445 450 QW lasers 310 heating 390

Power amplifier 264 Resistivity 17 18 33 47 51
Power consumption 202 205 Radar system 255 261 5355 81 339 343 351

214 220 Radiation-damage toleration 353 354 365 367 442

Power limitations 524 213 of silicon nitride 384

Power supplies 164166 522 Radiative transitions 282 283 Resolution 404 407 408 443
523 289 330 447449

Precipitate 351 352 364 366 Radio astronomy 255 enhancement techniques

Predeposition 460 483 484 Radio frequency 435 437 494 404 410

485 527 Resonant circuit 104 257

Pressure sensor 435 443 Radius of curvature 467 Resonant frequency 104 258

Primary flat 347349 Random access memory 490 280

Principal quantum number 28 507 508 522 Resonant tunneling diode

Principle of detailed balance Range 452453 455 466 RTD 254 279 543

542 470475 477 478 481 Response speed 311 314315
Probability of occupying 34 483488 317
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Retrograde well 209 513 523 crystal 334 339 347 354 SiISiGe material 154

Reverse substrate source bias 365 367 S13N4 482 492

195 holder 334 340 SiC 288289 291292 537

Reverse-blocking state 157 Segregation coefficient 338 Sidewall passivation
441

160 340 346 365 468487 SiGe MODFET 250251

Reverse-breakdown region 157 Selective transistor 217218 Silane 355 357 379 380 382

Reverse-breakdown voltage Selectivity 435 443444 447 384 388 389 391 392

160 449 401402

RF heating 379 390 Selenium 346 357 454 Silane oxygen deposition 380

Richardson constant 232 Self-aligned metal suicide 398 382

RIE 432437 439 441 Self-aligned gate process
Silane reduction process 392

Ring oscillator 525 Self-aligned structure 500501 Silicia 19 24 25

Rolling mills 165 503 Silicide 395 398400

Rotation mechanism 334 Semiconductor controlled recti- Silicide formation 523524

RST transistor RSTT 276 fier SCR 156 Suicide process 524 526

Ruby laser 298 Semiconductor industry Suicide sintering
399

10 12 14 Silicon Si 50 54 59 60 63

Sacrificial layers 444 Semiconductor lasers 285 298 75 76 79 81 82 294

Salicide 398 399 402 299 303 314318 320 325 326

Sand 24 333 365 Semiconductor material 1720 328330 332 339

Sapphire substrate 292 24 44 342346 348 349 355

Satellite 318 325 Semiconductor power devices 356 361 363 365 368

Saturation channel current 245 128 441 443 445 447 449

Saturation current 192 Semiconductor surface 450 454 456 458 461

232233 238 249 170175 183 187 193 462 464469 472473

252253 Semiconductor technologies 475479 481 483 488

Saturation current density 108 14 537 538

114 232 252 Semiconductor work function APD 318

Saturation mode 142 144 149 226 231 carbide 424 479

151 160 Semiinsulating GaAs 346 519 crystal 2426 29

Saturation region 187 Semuinsulating substrate 238 dioxide 19 33 45 86 333

190192 200 242243 243 346 370377 379

Saturation velocity 75 76 79 Sensor 407 380 382383 387

81 262264 Separation by implantation of 392 401402 468

Saturation voltage 242 249 oxygen SIMOX 485 469 476 485

Scaling of MOSFET 204 500 etching 428

Scaling rules 202 Series resistance 112 127 237 ingots 335337

SCALPEL system 420 421 323 362 493494 497 nitride 370 384 399 402

426 448 519 526 430 441 454 497

Scanning electron microscope Shadow effect 483 505 524

383 Shadow printing 407 408 424 properties 538

Scanning focused-beam system Shallow trench 514 515 529 reduction process 392

434 436 437 439440 Shallow trench isolation 439 tetrachloride 355356

443 448 450 Sheet charge 182 183 trench etching 439

Schottky barrier 225 231 237 Sheet resistance 461 485 486 Silicone rubber membrane

238 246 248 251253 492 494 497 505 506 443 444449

diodes 227 230232 462 524 528 Silicon-on-glass 495

Sealed ampules 454 Short-channel effects 169 199 Silicon-on-insulator SQl 210

Secondary flat 347349 202 212214 220 223 485

Secondary ion mass spectro- Si 332 334 336 342 343 345 488

scope SIMS 351 462 346 355 356 361 363 Silicon-on-nitride 212

Seed 25 45 334 339 340 368 537 538 Silicon-on-oxide 212

346 347 354 365 367 Si/SiGe 277278 280 Silicon-on-sapphire 495

SiJSiGe HBTs 154 Silicon-on-spine1
212
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Silver 18 Sputtering 390392 Surface potential 173 174
SIMOX 485 500 Stacking fault 349 351 364 178 184 193 200 201

Simple cubic lattice 21 Stainless steel 479 Surface recombination 65 69
Single drift IMPATF 261262 Static random access memory 70 82 153

Single-electron memory cell SRAM 214 215 220 Surface recombination
velocity

SEMC 218 507 69 82

Single-frequency lasers 308 Steel industry Surface states 65 227 252

Si-O bonds 182 Step coverage 379 381 382 Surface wave-coupled plasma
Si02 450 454 482 483 485 391 392 400 SWP source 437

487 488 Step index fiber 295296 Surface-emitting infrared

Si02Si MOS Diode 179 221 Step-and-repeat projection 409 InGaAsP LED 296

Si-Si bond 182 Step-and-scan projection lithog- Switched-mode power supplies

Slurry 397 398 raphy 409 SMPS 164165
Small-scale integration SSI Stimulated emission 299 301 Switching 116 117 127 128

490 Stochastic space charge 425 130 131 146 149151
Smart card 426 447 155157 161 164166
Smart Ic 214 Stoichiometry 481 168

Sn 346 352 361 Storage capacitor 170 214 223 circuit 149 150

Snells law 292
Storage cell 214 218 time 131 149

Sn02 325 Storage time delay 151 transients 149

Sodium 21 182 Strained layer 365 366 Synchrotron 423 426 444

SOT see silicon on insulator epitaxy 361363 366 radiation 423

SOT devices 212 213 superlattice 363364
storage ring 424

SOT integration 525
Stripe geometry laser 308 309 System-on-a-chip 525 526 529

SOl technology 525 528 Strong inversion 173 175 176
Solar cell 318331 178 221 Ta205 493 494 525

Solar constant 319 Submillimeter wave band 255 Tandem solar cell 324328
Solar radiation 318320 328 279 Tantalum 424

329 Substitutional sites 349351 Tantalum oxide Ta205 387

Solar spectral irradiance 319 367 478 TaSi2 399

Solid solubiit 392 Substrate bias 187 194 198 Taylor series 243

Solid-phase epitaxy process 479 201 220 Technology drivers 11 13

Solubility 351352 453 Substrate damage 437 TED 266269 279 281

SOS 212 Substrate doping 173 187 Television 510 525

Source 186190 193195 197 192 195 200 201 220 Tellurium 346 454 473

199202 205206 Subthreshold characteristic Temperature effect 113 306

210213 216220 222 194 202204 210211 Tensile stress 384 385

Space charge 8895 100102 Subthreshold current 194 TEOS 379382 384

107 120121 128 202204 210211 deposited Si02 384

density 229 Subthreshold swing 193 202 Ternary compound 19 20

neutrality 94 222 Terrestrial energy source 318
effect 425

Superlattice 361 363 364 328

region 92 229 Surface concentration Tetraethylorthosilicate 379

Specific contact resistance 224 456458 460 461 Tetrahedron bond 27

234236 463464 466 467 469 Thermal energy 48 57 60 83

Spectrum splitting 323 324 486 487 Thermal equilibrium condition

Spiking 392 394 395 Surface depletion layer 173 175 84 8891 9498 105
Spinning micromotor 443 Surface depletion region 175 125127 129

Spiral inductor 494 495 528 178 188 189 199 221 Thermal oxidation 369371
Spontaneous emission 223 373 400401 453 467

282285 302 305 Surface micromachining 443 468 478

Spontaneous radiation 288 328 444 448 Thermal oxide 369 379 400

Spray etching 427 Surface orientation 347 349 Thermal velocity 48 57 64 75
Sputter etching 432 433 365 83

UMC 1223
UMC v. AICP



Index 563

Thermionic current 273 Transferred-electron diode Twin tub 512 513 529

Thermionic emission 231 232 Transformer-coupled plasma Twin well 206 452

234 235 251 275 279 TCPsource 437 Two zone cathode contact 267

Thermionic emission process Transient behavior 84 114 Types of MOSFET 187 193

47 72 83 116 127 129 195

Thickness 347 349 358 Transient time 116 117

360363 365 366 368 Transistor action 130 131 ULSI 490 496 503 522 527
Thickness variation 347 349 134 528

358 Transit time 149 153 155 chips 490

Thin film transistors TFT 313315 331 circuit 385 386 387 396

209212 215 220 223 Transit time domain mode 255 400 442 503

Thin oxide growth 376 268 269 Ultralarge scale integration

Threshold current density 303 Transmission coefficient 74 75 ULSI 351 377 417

305306 310 328 83 270272 543 431 437

Threshold energy 413 414 Transmutation 342 Ultrahigh vacuum system 365

Threshold field 265 267 Transverse field 188 Ultrahigh-vacuum chamber
Threshold voltage 169 178 Transverse magnetic mode 257 358 359

190200 202 211 213 Traps 389 Ultrapure polyciystalline 339

214 217 218 220223 Tree of disorder 477 Ultrashallow Junction

243 247248 251 253 Trench 500 501 507 513 526 Formation 524

469 484 485 487 488 528 Ultrasonic generations 150

505 509511 516 522 capacitor 439 Ultrathin oxide 489 524

523 528 529 isolation 11 209 221 Ultraviolet 282 283 288 314

adjustment 469 484 487 501 512 514 515 319

control 194 199 523 527 529 U-MOSFET 218

shift 199 217 223
type capacitor 507 526 Unipolar resonant tunneling

Throughput 407 414 418420 type DRAM 514 transistor 254 274 279

423 426 439 447449 Triac triode ac switch 162 Unit cell 1922 45

Thyristor 156166 168 Trichlorosilane SiHC13 24 Unit prefixes 534

206 342 333 355 UV irradiation 217

THz radiation detection system Trimethylgallium 361 UV light 416 423

273 Trimethylaluminum AlCH33
Ti 442 357 358 Vacancy 349 350 367

TiC14 392 Triode-configuration RIE etch 454456 462465

Tilt angle ion implantation 483 436 diffusion 455 456

484 Tris 8hydroxy-quinolinato mechanism 454 463

Tin 441443 aluminum 294 Vacuum level 124 125 170

Ti02 524 525 Tuned
cavity

257 171 179181

TiSi2 399 524 Tungsten 21 391 441443 Vacuum system 225

Titanium nitride TiN 395 filaments 479 Valence-band discontinuity 152

TiW etch chamber 439 thermionic-emission cath- Valence bond 17 27

Top-gate structure 210 211 ode 419 Valence electrons 2729 33 37

Total capacitance 176 178 -silicon Schottky diode 230 Valley current 259 272 273

Total conduction current den- 233 Vapor pressure 344 345 357

sity 59 Tunnel diode 254 259 366

Total internal reflection 292 260 273 278280 Vapor-phase epithxy 354

Trace impurity 351 Tunneling current 235 Vapor-phase HF 429

Transceiver 517 Tunneling effect 117120 Varactor 103 104

Transconductance 148 191 Tunneling phenomenon 73 Variable reactor 103

192 202 222 242245 Tunneling probability 235 Variable-shaped beam 420

249 279 280 Tunneling process 217 218 Vector scan 419 420

Transfer process 404 Turn-off time 116 117 Velocity saturation region 245

Transferred electron devices Turn-off transient 150 151 Vertical isolation 504

254 264 267 281 Turn-on transient 151 Vertical oxidation furnace 377
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564 Index

Via plug 396 Wet chemical etching 404 Yellow light 414

Video recording 298 426428 431 432 434 Yield 411 412 434 439 449

Viscosity
415 443 447 450 Yield strength 351 367

Visible LED structures 290 Wet oxidation 85 86

293 328 WF6 391 Zinc Zn 17 20 32 38 346

VLSI 490 496 White LED 294 328 Zinc diffusion 465

V-MOSFET 218 Wireless-communication equip- Zincblend lattice 22 27

Volatile compound 433 ment 517 Zinc sulfide 317

Volatile memories 503 Work function 72 83 124 175 ZnAs2 454

Volume charge density 183 179 180 183 187 194 Zn-Ga-As alloys 454

184 222 195 199 221 226 227 Zn see Zinc

Volume defects 349 351 365 231 252 ZnO 537

V-shaped groove 218 Work function difference 170 ZnS 537

171 175 179 180 183 ZnO-Si02 454

Wafer 490 522 187 199 ZnSe 291

Wafer shaping 333 347 365 WSi2 399 Zone-refining technique 341

Water molecules 374

Water vapor 374 376 X-ray lithography XRL 424

Wavelength 408 X-ray radiation 444

Weak inversion 173 X-ray resist 424 444
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