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Sec. 2.3 MOS Transistors 19 

2.3.2 MOSFET Operation 

When a voltage greater than V, is applied to a gate. the semiconductor 
surface is invened to ,Hype and a tv!OSFET channel is formed. as shown in 
Fig. 2.11 . For small drain YOltages, the entire channel is inverted and channel 
conductance is proportional to the in\'ersion charges. This area is the linear 
region in which the drain current f.1 is proportional to V,1 and the FET acts 
as a resistor. As V" increases and reaches a point such that (V" + 2<l>R) is 
just larger than the band bending produced by the gate, oltagc, the inversion 
disappears at point X near the drain (Fig. 2.11 b). The channel is then pinched 
off at this point and the corresponding drain voltage is defined as V,1-c,1 because 
for v., > V,1._11 , f,1 remains essentially constant. As shown in Fig. 2.1 l(c) , 
the additional voltage above V,1,.11 is consumed for widening the depletion 
region and the potential at Point X 1 emains constant. Point X move!> toward 
the source as V,1 exceeds V,1,.11 • but the movement is very slight ; hence, /,1 

increases very little. The drain current basically remains at a constant level, 
l ,1,c,,, for V,1 > V,i-:11 , However, for a device with very short channel length, 
a slight movement of the pinchoff point can be a significant portion of the 
entire channel length, thereby causing significant increase of I.,"11 • Other 
short channel effects wi ll be discussed in Sec. 2.5. 

Linear and saturation regions. This section derives the basic t-.lOS­
FET characteristics. [fa MOSFET is biased with sufficient gate voltage to 
cause surface inversion, the free charge in the invcn,ion layer at a distance y 
from the source is 

Q,,(y) '-' Q,(y) Oo(Y) (2. 1-l) 

,,here Q,(y) ts the charge induced in the semiconductor per unit area at Point 
y. Because 

Q,(y) = - co,IVi:' - <l>,(y)] = - c o,{Vi,: ' - 12<1>11 ' V(y)]} (2.15) 

v, > v, v, = v.,.., V0 > V, 

n ' 
n· n 1 X 

n' 
n X 

n • 

p p p 

(al (b) (c) 

Figure 2.11 lllus1rat1on of the operaIIon of a 1'10SFET for \ , > \', • (a) V., << 
V , , ,: (b) V J = V ,,,.: am.I (c) V J> V . ~• (Ref I ) 
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Sec. 2.4 Buried Channel Devices 27 

The discussion of an inverter circuit in Chapter -l will illw,tratc the significance 
of the body effect on ci rcuit performance. 

MOSFET types. All der ivations previously mentioned use 11-channel 
transistors as an example. Similar results can be obtained for p-channel 
devices with reverse polari ty for all terminal voltages and threshold voltage . 
Table 2.1 summarizes important equations for 11- and p-channel MOSF-ETs. 
Jn both cases. the devices are off unles~ a sufficient gate , oltage is applied. 
T his type of device (normally-off) i~ called an enhancement mode device. 
Another type of transistor is normally on unless reverse-polarity V;r (e.g .. 
negative Vg for an 11-channel) is applied to turn it off. These dc,icc~ (nor­
mally-on) arc called depletion mode devices. 

For an 11-cha11 ncl depict ion de, ice. the threshold voltage is made neg­
ative by adding an arsenic ion implantation during device fabrication. A 
total of four different l)pcs of f\lOSFEn re!>ult, as c,hown in Fig. 2.17. The 
corresponding 1-V characteristic~ arc also ~ho,\.n. In 11-channel cases. a pos­
it ive Vg must be applied to turn on an enhancement-mode device. But. a 
negative Vg must be applied 10 turn a depletion-mode device off. A deple­
tion-mode device delivers cu rrent at Vg = 0 and is often used as the load 
device in NMOS logic circuits. In p-channel cases. one appl ies a negative 
V.r: to turn on an enhancement-moc.Jc device. but a pm,it ive \/~ to turn off a 
dcplction-moclc device. I lowcver. c.Jcpletion-mode p-channel devices are 
normally not used in present MOS technologies. In a CMOS ci rcuit . en­
hancement mode p-channel MOSFETs arc often used as load devices. A 
depiction-mode device is commonly made by forming a thin 11-1ype ~urfacc 
layer in the p-substratc for 11-channel cases or a thin /Hype surface layer in 
the 11-substrate for p-channel case~. T hus. l.0urce and drain arc connected 
with the same type of semiconductor layer unless this layer i~ full y depicted 
by applying the appropriate gate voltage. The presence of this surface layer 
however changes normal MOSFET operation from surface-channel conduc­
tion to buried-channel conduction. 

2.4 BURIED CHANNEL DEVICES 

Discussions so far have covered device operations in surface-channel M OS­
FETs in which carriers propagate at the semiconductor surface. Howc,er. 
in some devices such as depiction-mode devices. carriers propagate slightly 
under the semiconductor surface. This type of device is called a buried­
channel device. Fig. 2. 18 shows the cross-section of a buried-channel nMOS 
device. Notice the 11-type layer with the doping concentration NO and junc­
tion depth xi. The device h:is two depiction regions. The bottom region 
originated from the p-11 junction. and the top region is associated " ith the 
MOS capacitor. The depiction width is not uniform because. under the bias 
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Figure S.:ZI Schematic cross-sections of a 3·0 CMOS/SOI inv~rttr: (a) Joim-gatc 
(JMOS) type; and {b) stacked type (Ref. 33. C 1983. IEEE). 

To date. a l.lK gate array\6 and a 256 bit SRAM'' ha\'e been dcm• 
onstrated for 3-0 CMOSiSOl. The 8K bit parallel array multiplier in the 
gate array exhibits complete operation. The 256-bit SRAM 1s configuratcd 
with the NMOS memory cells m the bottom layer and the CMOS peripheral 
circuits in the top layer as shown in Fig. 5.22. Complete mcmor~ operation 
including the intralaycr and interlayer data transfer has been demonstrated. 
Both these circuits were fabricated with a laser recrystallized SOI layer. An 
even larger circuit. a 64K SRAM. was demonstrated"' using ,,-channel loads 
made in a non-crystallized polysilicon SOI layer. The as-deposited polysil· 
icon was hydrogen passivated rather than beam recrystallized for manufac­
turability. Although the p-channel polysilicon FE Ts had low mobility. the 
resultant CMOS configuration provided lower stutic power than that of a 
conventional NMOS RAM with poly load resistors. On the other hand. SOI 
advantages such as latchup free. high density. high alpha pamcle immunity 

also existed in this structure. 
Despite 1he fact that sizable CMOS circuits have been demonstrated in 

two-layer SOI. 3-D VLSI using CMOSfSOI technology has u long wa~ to go 
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Flgu,... 5.22 Circuit dia11ram of a ~-D Slalii: RAM (Rd. 37, , IYi;i,. IEEE). 
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for production. A reliable and high-throughput rccryst.alltiatn>n process for 
SOI layers is needed. Intra- and in1er-layc:r interconnection \\ith planari­
zat1on must be developed. High yield. fa~t turn-.iroun<l and rc<lun<lancc 
circuits are other concerns for VLSI fabrication. 

5.10 BIPOLAR/CMOS INTEGRATION-BiCMOS 

As described in Chapter I. CMOS offers low power \\ hich b attracti\·e for 
VLSI. especially in digital application~. Ho\\cvcr. thc ,pccd of CMOS. 
although comparahle with NMOS. is slower than 11.•h;tt hip1));ir can provide. 
It is particularlv true when hcavv-loiJdml!. or Joni!. intcn:unnccb m:cd tll he 
driven. A bipolar transistor not ·onlv ca~ deliver~a larl!.C current. it also has 
well-controlled turn-on voltage. good noise murgin and small logic ~wini for 
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150 CMOS Process Technology Chap. 5 

ECL (Emitter-Coupled Logic). ECL also provides_ a high speed s_ense am• 
plifier for static RAMs. All these advantages ~ake 1t sunahlc tor _high speed 
circuits and analog applications. Its major d1sadvanlilges arc: high power. 
poor density and limited circuit options. . 

BiCMOS technology is the integration of bipolar and CMOS devices 
on a single chip. The intent is to offer high dens~ty. low power C~OS arrays 
with high speed bipolar drivers. It can also provide analog and dt~ttal syst~m 
integration on the same chip. With BiCMOS. the advantage of high denslly 
and low power in CMOS can be combined with the speed ;idvant~~e offered 
by bipolnr. Other improvements include ECL and TTL (Transistor Tran 
sistor Logic) interface, high speed I/Os. less sensitivity to fan-out and ~utput 
load. reduced clock skew and improved internal gate delay. Because hrpolar 
devices offer more current driving ability. for high speed applications. Bi­
CMOS does not have to be down-scaled as much as CMOS. One-to-two 
micron BiCMOS can offer circuit speed as high as submicron CMOS. Con­
sequently. the 5 V power supply can be maintained _amt submicr~n proce\S 
needs are not as high. The major drawbacks to B1CMOS arc higher cost 
and longer fabrication time. 

5.10. 1 BiCMOS Operation 

Figure 5.23 shows a BiCMOS inverter. When the input ( V;,.) is low. 
both NO and Nl are off but the p-channel device is on and the base of the 
upper npn bipolar rises to V 8 1 and above, turning t_he bipolar on a~d pullin_g 
the V

0
., up to V DD - V oF· When the input (V;0 ) 1s switched to high. Q 1 is 

cut off. and so is N2; but Nl is turned on and the base of the lower 11p11 
bipolar is charged (V .,..,) to V m,• turning the bipolar on and pulling the output 
voltage (V,,) down to V .11c• 

Because the Bi CMOS output does not swing the full rail ( V no to ground). 
the superior noise margin and zero static power dissipation inherent in CMOS 
are not fully maintained. As the output is pulled down. V,,.., goes to Vo,,; 
although V °"' eventually can be discharged below V ,.,.;, it would lake an 
unreasonably long time. For practical cases. the BiCMOS output does not 
go to ground, noise margin is therefore degraded and whe~ it ~rives !o another 
CMOS input gate, power dissipation for the CMOS gate 1s slightly increased. 
The amount of power dissipation depends on the threshold of the 11-channel 
FET in the CMOS input gate. If 1 µA is used to define the threshold voltage 
(Vr.,), the static current dissipated at then-channel FET of the CMOS gate 
can be approximated as 

Iv = 10 i. - (Vr .. - V0 .,)IS, in Amp (5.1) 

where V r .. is the 11-channel FET threshold voltage and S, is the FET subthres­
hold factor in mV per decade as described in Chapter 2 (Eq. 2.36). The 
static power dissipation of the CMOS gate. which is proportional to / o• can 
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81CMOS Inverter 

fl,:un 5.Z3 C1rcui1 sch"m~tic of n BiCMOS mv.,rlcr. 

be reduced by increasing the threshold voltage and decreasing subthreshold 
swing. However. 100 high a threshold voltage results in lower current driving 
ability. hence poorer circuit speed. As an example. if V1,. .. 0.7 V. S, -
JOO m V /decade. then J v .a I µA because V Ht: ~ 0. 7 V. If V 1" is raised 10 

l V, then 10 1 nA. an improvement o{ three orders of magnitude in power 
dissipation. 

Figure 5.24 shows delay time for the BiCMOS invcner plotted versus load 
capacitances (Ci.).39 Notice that the speed improvemen1 is greater as the load 
capacitance becomes larger. This improvement is due to the fact that a bipolar 
device nonnally delivers much more current than a MOS device. Therefore. 
compared to CMOS. bipolar or BiCMOS is less scnsicive to the output load 
capacitance. In first order approXJmatt0n. the slope of the line 1s roughly 

s,. "" r,,.,tC, - Q!(l, C,_) .. Vj / 1 

"' V.,110 for the CMOS case (5.2) 

= V"llc = V.,!(~/8) for the BiCMOS case 
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o e,CMOS Ae • 1 4 pm X 2 6 i,m ( 1 X) 
■ B,CMOS Ae • 1 4 ,.m X 5 2 ,.m ! 2X) 

'b 
f 
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Fan-out 

12 

F~are 5.24 Prop~gation dclav versus load capacuancc ( Rd W) 

where Q is the charge stored at the load capacitor. V., is the output voltage. 
and IL is the output current, which is the drain current (I,,) for the CMOS 
case, and is the collector current(/, ) in the BiCMOS case. Although 111 and 
l e are geometry-dependent. i.e .. I,, x WI L and le x 11: :r. A, .. the bipolar 
current le in general is much larger than the drain current /11 of a FET of 
similar size. So. for gates that need to drive a heavy load ( ""0.5 pF). BiCMOS 
is faster for a factor of two or more. For a very small load ( < 0. 1 pF in this 
example). the BiCMOS circuit is actually slower because it takes time to 
charge additional bipolar junction capacitances. ln integrated circuits. a large 
fan-out normally corresponds to a high load capacitance. Compared 10 bi­
polar for the same fan-out, CMOS has a larger load capacitance to drive due 
to the higher input capacitance. As shown m Fig. 5.24. delays for CMOS 
inverters increase as 1.28 ns/pF and this loadmg effect decreases to 0 . .5~ and 
0.36 ns/pF for BiCMOS inverters with two different emitter areas. Notice 
for fan-out greater than 2. the BiCMOS inverters run faster than the CMOS 
inverter. 

Slightly more complex BiCMOS logic such as NAND and NOR gates 
are shown in Fig. 5.25. Again. only two bipolar devices are used m spite of 
the increase in FET counts. With respect to the total device count and c>.tra 
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81CMOS NAND GA TE 

(a} 

•·i11ul"P S.ic: Schcmauc, £or (al NAND. and (h) t-:OR ll,CMO~ circu,i-

layout area. the penalty of adding bipolar t.lnwrs on a CMO~ log11: c1rcu1t 1s 

reduced as the CMOS circuit component becomes larger. 

5.10.2 Bipolar Device Characteristics 

In this section. one-dimensional bipolar device operation is discussed. 
lmponant device characteristics and relevant process parameters are also 
described to provide a background for the discussion of BiCMOS technology. 

Shown in Fig. 5.26 are the cross-sectional view of an 11p11 bipolar tran­
sistor. its corresponding one-dimensional representation and the impurity 
doping distribution. It is a three terminal device with a heavily doped 11-

type emitter that emits current. a lightly doped 11-type collector that collects 
current and a p -type base region. As shown in Fig. 5.26(b}, it is like two 
p-11 junctions connected back-to-back. but the p region is very narrow. Dur­
ing normal operation, the emitter-base p11 junction is forward biased and the 
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154 CMOS Process Technology Chap. 5 

v, 

81 CMOS NOR Gate 

(b) 

f"11u.., 5.25 Cuntmutd 

collector-base junction is reverse biased. A transistor biased under this con­
dition operates in the so-c.illed active region. Under forward bias, the emitter 
current (/ e) is caused by the diffusion of electrons from the 11 + emitter to the 
p-type base (ltvd and the diffusion of holes from the base to the emitter(/ NJ· 
The current components governed by diffusion are 

/NE= AEqDnB d11~ldx = A"qD,.8 11~(0)/W11 

Ip£= AEqDp£ dp'E;ldx = A,..qDr,. p~(O)IWF 

h - l,vE + In; 

(5.3a) 

(5.3b) 

(5.3c) 

assuming W 8 and W £ are very small so that linear approximation can be 
applied. AE is the emitter area, D,, and D,. are the diffusivitics for electrons 
and holes, n~ and p',; are the excess minority carrier concentrations in the 
base and emitter regions due to injection under forward bias at the emitter-

(()li.<,o, 

·, 

::; • ". pl"9 

. 

n 

·- ,, 
Co1tec10, 

Em ne, 

\ ) 
v.,>o 

tb) 

Col...:tor 

n 

-
FigurT S.26 An 11p11 bipolar 1r.in,i\lor f.tl crO\,-,,,:tion uf Jn "I"' 1ran,i,tur. (h) 
One-d1mc~<1nJI rcpr.~n1a11u11 Jn<J (cl lmpunl\ <lupin~ ,Ji,1nhut1un m un~ ,J1. 
rn<n,,un 
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l'l,:11~ S.27 Excessive minorily c"rricr di,1rihu1ion in a onc-<lim~n~ion.,1111111 lr:on• 
sistor. 

base junction. They are calculated as 

lln(X) = 11n(x) - llnu = 11,11,[exp(qV/1£/kT) - l] at X = 0 

p;,(x) = pra(x) - Pt:.u =- p~Jcxp(qV ulkT) - I I at x = 0 

(5.4a) 

(5.4h) 

where 118 and PE are the minority carrier concentrations. 11110 and p,;., are the 
minority concentrations at equilibrium. and V nr is the forward bias emitter­
base voltage. Figure 5.27 shows the distribution of minority concentrations 
in the base and emitter regions. The slopes of the curves correspond to 
current values. The excess electron concentration reaches zero at the base­
collector junction because the junction is reverse biased and the electric field 
in the depletion region across the junction sweeps carriers away. Notice that 
n11(0) is much larger than p~-(0) because p11 = 11; and the majority carrier 
concentration (i.e .. the doping concentration) in the base is much less than 
that in the emitter. As a result,/ rr << IN£· The ratio of the current injected 
into the base to the total emitter current is defined as emitter efficiency (y,) 
and is expressed as 

'Y, - JN£1(/NE + J,d ;o, l - 1,,rllNF 

= I - [Dpp~O)W11)1[WFD,,t1n(O)) 
(5.5) 

Using Einstein relation (D = ,..kT/q). the above equation can be written as 

'Y, :: 1 - (µpp8 W8 )l(µ,.11FWF) ii! l - R_ff lR\H (5.6) 
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where p,, and 11£ are majority carrier densities in the base and the emitter. 
PsWs is the total majority charge in the base and is called the Gummel 
number. The higher the Gummel number. the lower the emitter efficiency. 
~s£ and R58 are the sheet resistances for both the emitter and base. respec-
11vely. Because typical values of Rst: and R~H are tens and thousands re­
spectively. -r .. is close to but less than unity. 

Not all injected electrons are collected at the collector. Some of them 
are recombined in the base region and the portion which reaches the collector­
base junction is defined as the base transpon factor (T): 

T = INC = (d119/dx)_.. IYH 

l.v£ (d,111/dx)., " 0 
(5.7) 

Solving the diffusion equation for 1111 with boundary conditions. the above 
equation can also be shown as.i,' 

T = (CoshW1/L,.8 ) ' 

= l - W~/(2L:;,,) since W,, << L,.11 
(5.8) 

where LnH is the diffusion length of minority carrier~ in the h.rsc. L,,11 = 
(D,,T,.)' 1 where T,, is the minority lifetime. 

Because the collector-base junction is reverse biased. the total collector 
current (Id is approximately equal to l.w: assuming the junction leakage 
current is negligible. The common b.rse current gain (or) can then be writt~n 
as 

- IL J ,·, I \I 
OI / - -/ / Ty~ it W7, (2L~H))(I R" R\,,) (5.9) 

~ " l:. 

Again. a is typically slightly less than one. 
Based on Eqs. 5.3a and 5.4a. the current driving ability is 

J _ I _ J I _ TA1,qD,,11;[exp(qV111;/kT) - I] 
C - OI E - a \'t·'Y - (5 . 10) • • • ,. PHWH 

The denominator is the Gummcl number. The numerator indicates that the 
current of a bipolar transistor is exponentially dependent on the voltage across 
the emitter-base junction. In reality. because of the IR drop from the base 
contact to the emitter-base junction (Figure 5.26a), the V HE term in the above 
equation should be replaced by V BE - lnR,1. • 

The le_ versus V8 £ curve is known as the Gummel plot. Figure 5.28 
show~ ex~nmental data for le and 18 versus V8 E plotted linearly and semi· 
loganthm1cally. Notice that the curve in Figure 5.28{b) is steep and a tum­
on voltage at about 0. 7 V can be defined. A larger emitter area, a narrow 
ba_s~ and/~~ a lower base doping concentration can increase bipolar currenl 
dnv1ng ab1l11y. However. a narrow base or a low base doping concentration 
can cause significant base width modulation. an undesirable effect similar to 
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the short-channel effect in MOSFETs. This base width modulation. known 
as Early effect. leads to increased output conductance for the bipolar tran­
sistor. 

The base doping concentration should be much higher than the collector 
doping concentration so that most of the depletion width extends to the 
collector region to minimize Early effect and 10 mamtam sufficient collector­
base breakdown voltage (BV nw) and collector-emitter breakdown voltage 
(BVa 0 ). However. a lightly doped collector gives a high collector resistance 
(Re). resulting in a reduced current at a given bias condition. A common 
way to accommodate both high breakdown and low collector resistance is to 
use a heavily doped buried layer (Fig. 5.26a) under the lightly doped collector 
region so that Re can be greatly reduced. 

The common emitter current gain (fl) is defined a, fe l l H and equal~ 
a /( I - a). Depending on a. !l values range from ten:. to hundreds. The 
higher the a. the higher the fl. From Eq. 5 .9. 11 i:. clear that narrow ha,c 
width. low emitter sheet resistance and lo~ Gummel numher in the base can 
all increase the common emitter current gain. Again. the Gummel number 
cannot be too low due to the limitation in output conductance and hreakdown 
voltages. 

While current gains are important DC parameters. 1ransit time (T,) j,; 

important for high frequency operation. T, is the time needed for the carrier; 
to travel across the base region. It can be approximated hy 

where u is carrier velocity and ( ) means average value. Because 

and 

equating Eq. (5. 12) and (5.13). 

(I') - 2D., WH 
and 

T 1 = wi/2D,, 

can be obtained. 

(5. 11) 

(5.12) 

{5.13) 

(5. 14} 

(5. 15) 

The above derivation. based on the concepts of average velocity and 
average minority carrier concentration. is at best an estimation. T, is also 
the time required to remove all minority carriers from the base when the 
emitter-base voltage ( V 8 r,) switches to zero. It is interesting 10 note that 
T,.IT, = jl. The reciprocal or the transit time corresponds to the frequency 
limitation for the operation o f a bipolar transistor. In reality. even before 
the operating frequency reaches ll'T,. current gain decreases at high frequen-
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cies due to additional RC time constants associated with parasitics. The 
cutoff frequency fr, defined as the frequency at which the common emitter 
current gain is unity. is an important parameter for high frequency operation~. 
fr can be expressed as• 1 

(5.16) 

and 

(5.17) 

where C;£ and C;c are the junction capacitances at emitter and collect~r 
junctions and gm is the transconductance defined as 8/cliJV sc· To obtam 
good high frequency response, the parasitic capacitances and resistances must 
be reduced. In addition, the intrinsic base transit time must be decreased. 
Along with the use of the buried layer, a thinner collector layer (small W) 
and/or a heavily doped collector plug under the collector contact can further 
decrease Re (Fig. 5.26a). 

The previous discussion assumes that the carrier concentration injected 
to the base is much less than the majority carrier concentration ( p 8 ) which 
equals the base doping concentration (N,.,8). This assumption is often invalid 
at high current levels in which n8 >> N,18. In such cases, the majority carri~r 
concentration must increase 10 maintain charge neutrality in the base. This 
condition is called conductivity modulation. As a consequence, the effective 
base doping concentration becomes higher. resulting in a smaller emiuer 
efficiency and a reduced current gain. High level injection also occurs al the 
collector and is known as Kirk effect.•! For npn devices. it was assumed that 
minority carriers (electrons) that reached the depletion edge of the reversely 
biased collector-base junction were swept across so that electron density (11) 
in the depletion region was negligible. This assumption is not valid at a high 
current density/(/ .. qnv where 1.1 is electron velocity). Because t' is limited 
by the saturation velocity due 10 scattering. a finite amount of II exists when 
J is large. This electron density /Iv adds to the negatively charged ionized 
acceptors in the depletion region at the base side so that the total charge 
density increases. 

At the collector side, where the depletion region was composed of the 
positively charged ionized donors. the injected electrons decreased the charge 
density and even changed the net charge from positive to negative. In fact. 
the concept of the depiction region is not reflected accurately here due to 
the presence of a large number of carriers. It should be described as a space 
charge region. This modulation of charge density. for a constant collector­
base voltage, must be accompanied by a narrowing of the depletion region 
at the base and a widening of the depletion region at the collector side. 
Consequently, the undepicted (or neutral) base widens. resulting in a reduc­
tion of the current gain at high currents and a poorer frequency response. 

Sec. 5. 10 Bipolar/CMOS lnte<;ration-BiCMOS 1&1 

5.10.3 BiCMOS Process Technology 

BiCMOS technology can be developed in two basic ways: adding bipolar 
on CMOS or adding CMOS on bipolar. Because the discu!>S1on. 1hus far . 
has been concentrated on CMOS technology, the former method will he used 
to build BiCMOS. This method has been used for several recent BiCMOS 
developments. H • -'6 It often compromises bipolar performance to be com• 
patible with existing CMOS and minimize added process steps. In a BiCMOS 
circuit. vertical np11 transistors are needed because they have higher current 
gain compared to a pnp transistor or a lateral device. Furthermore. each 
bipolar transistor should be isolated so that it is not limited to emitter-follower 
type logic only. N-wells are used in CMOS as the isolated collec1ors for the 
vertical 11p11 transistors. Thus. CMOS with 11-well., or twin-tub on p-substrate..,, 
is commonly extended to BiCMOS. 

Because buried-layer is normally used for 11p11 bipolars to reduce col­
lector resistance. a buried-layer mask is defined and followed by a shallow 
arsenic implant (Fig. 5.29a). A p-type epi layer is then grown and 11-wells 
are formed above the 11 + buried layer (Fig. 5.29b). After the standard CMOS 
LOCOS field isolation. another mask and boron implant arc then needed to 
form the 11p11 base (Fig. 5.29c). Subsequent to standard gate oxidation. 
polysilicon deposition and gate definition. the 11 • mask is used 10 implant 
arsenic for the 11MOS S,D. the 11p11 emitter and 11 • contacts for the collector 
and 11-wells (Fig. 5.29d). Similarly. p • mask is used to implam boron for 
the pMOS SID and base contact. Standard contact and metal masks and 
associated process steps finish the entire BiCMOS process (Fig. 5.29e). No­
tice that Masks I and 4 are the additional masks needed for making bipolar 
on a CMOS chip. With buried-layer. it is necessary to grow an epi layer. 
which is often already included in CMOS for latch-up prevention. Boron 
base implant is yet another extra process step. The entire process consists 
of 9 masks: buried layer. 11-wcll, active area. npn base. poly. 11 •. p •. contact 
and metal. This sequence descnhed the hasic BiCMOS proces:. m which 
MOSFETs are not scaled to mm1mile short-channel effects and 111m bipolar~ 
are not high performance devices. 

As discussed in Secs. 5.2 and 5.3. for micron or submicron CMOS. 
additional masks and implants are necessary for FET threshold adjustment 
and punchthrough protection. as well as for the double-level metal. The 
boron implant designed for 11-channel punchthrough protection can also be 
used to form the npn base; however. this compromise does not . m general. 
produce a base well suited for the 11µ11 bipolar To incorporate 11-well and 
11 • buried layer. the BiCMOS subMrate must he a lightly-doped p· I> pe. For 
Jatchup immunity. p • buried•laycr can al~ he included to reduce the substrme 
resistance (shown as a dashed curve in Fig. 5.24c). The p • layer also creates 
a pip• hi-low junction which is known to reduce a-particle induced soft error 

Greenthread Ex. 2065, p. 13 of 47 
Semiconductor v. Greenthread



162 

--•-·-) n· 

.. 

(al 

bur1ed Jaye, 

~s.uM1rat• 

(bl 

(c) 

CMOS Process Technology Chap. S 

) 
• ,h0tor•l41t mad. •t1d 

AJ • 1mpl.l,-.t 
• Stnp ,.-s.11 •nd ,nM1I 

M.,k2 -•II 

• St• nd1td n-well 
fo,m,t,on 

• to,on •mpl•nt for baw 
• G,Uf o•tdatM)n 
• PolyM90><tlOn 

f'li:u~ S.29 An 11-well B1CMOS proc,.-ss. (d) buncd layer fom1J1ton: (bl ~,,. ~rO\\ th 
and 11-wdl formation . (c) active area & hasc formation and pol~· ~•c ddini1ion: 
(d) 11 · ; and (c) p • and contact & metal. 

as described in Chapter 4. This addition requires one more mask. making 
the BiCMOS process three masks more than the twelve masks commonly 
used for today's CMOS processes. Another significant performance im­
provement is the addition of a polysilicon emitter'~-""' which is known to 
increase emitter efficiency, hence current gain. Because polysilicon tech• 
nology has matured in CMOS, it would not be difficult to add to the bipolar 
devices. In fact. for SRAMs using poly-load resistors, the same polysilicon 
layer can be used for the poly emitters. Trench isolation is very attractive 
for this hybrid technology because several different types of devices need to 
be isolated with tight isolation space. Figure 5.30 shows an example of the 
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advanced BiCMOS device structure with trench isolation. 11 • and p • buried 
layer, and a polysilicon emitter. 

5. 10.4 BiCMOS Applications 

St_atk: random access memory. 81CMOS •~ pcnctraung the CMOS 
mar~~! m h1~h speed_apphcations. Because SRAMs are always performance­
sens1_t1ve. B1CMOS 1s attractive for SRAMs requiring higher speed. higher 
dens11y and lo~ver power than what can currently be achieved by either CMOS 
or ECL. While _CMOS cannot compete on speed. pure ECL dissipates too 
much power and 1s very costly. With BiCMOS SRAM. sub-IO ns access time 
and < I W power dissipation are feasible. These characteristics offer Bi­
CMOS an ?P~Ortunity in high performance workstation and superminicom­
pute_r apphcat1ons. One example is a second-level cache to the memory 
architecture that serves as a backup for higher system speeds by supporting 
the first-level (CPU) cache on misses and reducing the need to access the 
main memory, which normally consists of DRAMs with much longer (100-
150 ns) access times. '.°is second-level cache is best implemented by large 
(I Mwords) SRAMs with cache cycle times set at 25 ns. 256K BiCMOS 
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SRAMs with 10- 15 ns access 1ime and low power dissipauon are desirable 
for this unique application. 

Most present BiCMOS SRAMs use convenuonal 6-T CMOS cd_h or 
4-T r~istor load nMOS cells with bipol.ir transistor; onl~ for ,;en'ie amplifier, 
and peripheral circuits.The BIT line and the BIT line from a ':MOS RAM 
cell are connected to a bipolar differential pair of the ~en~c amplifier for high 
speed sensing. The bipolar differential amplifier i_s similar to the CMOS 
amplifier discussed in Chapter 4. The two 11MOS input FETs are now re-
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placed by the two npn bipolar devices shown in Fig. 5.31. The load resis1ors 
can be implemented by pMOSFETs. Compared 10 the CMOS differential 
pair in which the FET drain current was linearly proportional to the gate 
voltage. the bipolar collector current Uri or /e2) is exponentially dependent 
on the base-emitter voltage shown in Eq. 5.10. As a result. the bipolar 
differential amplifier has much higher gain for a very small differential input 
signal. thereby leading to a very fast sense amplifier. 

BiCMOS SRAMs containing CMOS or 11MO:, cell~ have been ma<le al 
256 kbit complexity. H '" Table 5.4 summarizes their charach:nstics and com· 
pares them to high speed ECL RAMs.'" •: 81CMOS accC!.!. times arc Ill ~ 
2 ns. not much slower than ECL speed. the power d1.,sipation i., much les~. 
and the cell sizes are much smaller. The Hitachi ECL uses a Ta:O• capacuor 
and the Fuji1su ECL uses a pnp load cell so that memory cell ,;ize can be 
kept around 500 µm:. BiCMOS technologies for the 256K SRAMs have 
current gain(~) ranging from 80-IO0andf,-'sat 8 ~ 1 GHz. For comparison. 
I Mbit CMOS SRAMs made by - 0.8 µm technology have acccs,; times of 
15- 25 ns." '" with cell sizes of ~60 µm: for 6-T cells. 

BiCMOS SRAM cells have been proposed' ' •x 10 di:crca-;e :m:c,, um.: 
while mamtaining low power of CMOS memory array:. U,ing J hipolar 
transistor to deliver more current can reduce the time Ill charge BIT line 
capacitance during READ operation. hut at the expense of larger cell arc:, 
for the bipolar device. A two-port BiCMOS SRAM cell 1h:1t combined ECL 
level word-line voltage swings and emitter-follower bit line coupling with a 
static CMOS latch was designed and fabricated. '-~ 

As shown in Fig. 5.32. CMOS cross-coupled latch is formed by Ml. 
M2. M3 and M4. The READ Word Line (RWL) act, a!. a power supply for 
the CMOS latch. and the WRITE Word Lme (WWLJ control!> thc pa" 
transistor (M5) JUSI like a CMOS SRAM cell. hut w11h u ~ingle-end.:d WRIT!:.. 
WRITE Bit Lines (WBLs) fo r unselected column~ have w he hia~ed at a safe 
level which does not change the state of the cell residing in the ,elected row. 
The condition of disturbing the unselected cells is more severe when RWL 
is low because of the reduced noise margin as.-;ociated with the small supply 
on the CMOS latch. 

The cell is read by raising RWL. The cminer follower (06) and 07 
form a differential pair for the sense amplifier. For a low output. the 111111 

bipolar device 06 is off and the hit line current 1,., flows through 07. The 
IN, R drop results in a low V.,. For high output. lhc increase of RWL is 
coupled to the base of 06 through the pMOS (M2). 06 is then switching. 
/ 111_ away from Q7'and V., is at logic high. 

An experimental 4K x L bit two-port SRAM'-~ fabricated by a 1.5 µm 
S GHz BiCMOS process offers a READ access time of 3.8 ns. u power 
dissipation of 550 mW. and the cell aren is 650 fA.m ~. approximately 35% 
larger than that of a 6-transistor CMOS cell implemented with the same design 
rules. The memory can offer inlicpcndcnt and simuh;incou~ READ and 
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WRITE. muking it applicable for the design of video. cache. and other ap· 
plication-specific memories. 

Gate array and standard cells. Combining bipolar and CMOS oiler~ 
1/0 flexibility (ECL and lTL compatihlc) and ncw architcctures. in addition 
to high speed and high density in g.11e array applica1iun,. ''' Bipolar pnn idc.:~ 
high driving ability with reduced byout area. making it attrnctive for high 
density gate arrays. Internal CMOS logic with a bipolar buffer results in 
negligible static power dissipation and low propagation delay under loading . 
Because high density gate arrays normally use fan-out of 3- 5 or even larger. 
BiCMOS certainly has an advantage in speed as previously described. For 
large arrays. BiCMOS h.is less clock skew hecause of its high driving ahilit~ 
per unit area: deep clock trees arc not ncclkd in general. Largc signal swing 
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in CMOS often results in noise spike<;. BiCMOS offer, ECL I Os with small 
signal swing. Switching noise can then be better con1rollcd. BiCMOS. 
CMOS RAM cells. ECL buffer,;. macrocells. 11nd analo!! function~ can all he 
integrated in application-specific gate arrays. 

For a standard cell. BiCMOS al~o offers a large dc2rcc of freedom in 

cell design and high speed ECL blocks can be dcveh;pcd ,7nd integrntcd \\ith 
CMOS/BiCMOS logic. Finally. the merge of 111m hipolar Jnd CMOS tran­
sistors can offer high speed and low offset operational amplifier, and com­
parators. As previously described. a bipolar differential pair offcN high gain 
and more precisely controlled input voltages as compared \\llh its CMOS 
counterparts. Compared 10 MOS technology in which threshold voltage i~ 
sensitive to manufacturing process and device dimcn~ion,;. 1he bipolar emitter­
base tum--0n vollagc (V m) is much more precisely controllc..-d and well-matched 
pairs can be more easily ob1amed. Offset voltages of MOS operational 
amplifiers are lypically an order of magnitude larger than those of hipolar 
circuitsN1 because closely matched MOS inpul devices arc difficult to mai...e 
and voltage gains are lower. On the other hand. MOS circuits can be made 
with higher packing dcnsi1y. BiCMOS thus offers the low input orrscts and 
high gains of bipolar circuit components while maintaining high p.icking den­
sity and low power. These components are 1he basic blocl-.s for hi!!h ~peed 
and low power ND and DA converters . BiCMOS certainly prO\ides more 
opportunities in the integration of digitul and analog function~ on a single 
VLSI chip. 

5.10.6 Summary 

In general. about three extra masks and associaled processes are re­
quired for adding bipolar transistors on a CMOS IC. Major gains arc: faster 
speed. higher current driving ability. ECL l /0 compatibility. and more flex­
ibility in analog design. Longer turn-around time and higher costs arc ex­
pected. It is not worth using BiCMOS to replace CMOS for implementing 
digital systems with low or medium performance. For high performance 
digital applications or mixed digital'analog systems. additional values offered 
by BiCMOS justify its extra cost. Moreover. for state-of-the-art CMOS VLSI 
technology, the mask count is about a dozen and the process steps are already 
large; another three masks and additional process steps needed for making 
bipolar devices do not comprise more than 15-20% of the CMOS process 
steps. In addition. as bipolar and CMOS technology approach submicron 
dimensions, they share more processing techniques such as epitaxy. polysil­
icon gate/emitter. trench isolation. and RIE. This technological convergenceM 
further justifies the merging of bipolar and CMOS for high performance 
analog/digital system applications. 
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EXERCISES 

I. In n p-well CMOS. 1he n-type subs1ra1e has a doping concentration of I x HI'' 
cm ' and the p-well concentration is 5 x to•• cm ': calculate source dram 1unc11on 
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capacitances and body effecl coefficients for both u- and p-channel FETs a~summe 
the g.ite oxide is 21KI A for hoth de,·iccs. • 

2. In a standard CMOS pron~. ,pccify the necc,sary ma,king ~4ucncc in correct 
order and also s1a1e the numhcr of masks nc:c:ded for a douhk-1«:,·o:I metal procc~~-

3. To design a retrograde p-well with a well depth of I 1,1,m. how high an implant 
energy must be selected for the boron implant and what should be the minimum 
resist thickness if a resist mask is u-;ed during the high energy implant'.' 

4. Repeat Exercise 3 and assume a retrograde 11-wcll is needed. 
5. Describe the major process steps and masking sequence for a CMOS/SOS and 

compare them with a bulk CMOS prOCl-S~. 
6. In an 11p11 bipolar trJn~istor. the: c:miuc:r ~hc:c:1 rc:~istancc: i~ 511 SU ., : the: intrin~il: 

base shei:t resistance is 5000 H/[J: th,: hase width 1s !I. I f',ffi . the: electron diffu~1on 
length m the base region b lU .,.m: and. the c:le'1ron mobilit~ is IOUO cm ··v-s.:,; 
calculate the common emitter current gain (j3) and maximum frequency ( I -r,). 

7. From the Gummcl plot shown in Fig.. 5.28. calculate: the bipolar transconductance 
(g,.) defined as i)/, av 1tr and compare 1t with the tran-;conductancc (,:., = i)/J 
av.) of the II-Channel MOSFET shown 111 F•!!· 2.13. 

8. ~escribe the additional masking layer; and process steps needed for :tdding 11p11 

bipolar transistor:, to an 1H,ell C'-tOS pr0<.-c:ss 
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contact to poly-gate distance is JO µ.m. calculate the in1rtnsic transistor channel 
conductance (g,,), transconductance(gm)• and total g,1 and gm in which source and 
drain resistances are included (assuming contact resistance is negligible). 

4. Describe punchthrough current and subthreshold current and explain the differ­
ences between them. 

S. Ann-channel MOSFET has 200 A 10 ,. I JJ-m L,,., 0.2 µ.m x, and V, - 0.6 V. If 
the device is biased at V~ = 3 V and V., "" 5 V. calculate the saturntion voltage 
V.,.., and ma:,cirnum electric field £,n• 

6. (a) Write the En, expression for an LOO 11MOSFET and using the £,. value 
calculated in Exercise 5. calculate the decrease of Em if the II LDD length is 0.2 
µ.m. (b) If a FET channel width is JO 11m and the SID sheet rc~i~tance in the LDD 
region is 1000 no. calculate additional SID resistance due to the LDD insertion 
and compare it with the intnnsic FET resistance. 

7. Describe the process sequence for an LDD CMOS process and state qualitatively 
the advantages and disadvamages of an LDD structure. 

8. If n• polysilicon is used for both n- and p-channel FET gates in a CMOS chip. 
what are the threshold voltages for the 11- and p-channcl devices assuming 250 A 
gate oxide, 5 x 101• cm 'substrate doping concentration. and a fix.:d oxide charge 
density of 5 x 10'" cm ~? 

9. For Exercise 8. wha1 are the threshold vol1ages if p polysilicon is used for hoth 
n- and p-channel devices? 

J/ 

r;===============~JrJ 

CMOS ISOLATION 

7 

The preceding chap1er discussed device design for individual 11- and p-channcl 
transistors. Because as many as hundreds of thousands of transistors are 
used in a CMOS VLSI chip. they must be properly isolated so that the 
conduction state for each transistor can be individually controlled. What is 
unique in a CMOS circuit 1s lhe isolation among opposite-type transistors a~ 
well as among similar-type transistors. This chapter start!i with the physics 
and techniques of field isolation in MOS technologies. It then discusses 
isolation in CMOS including physical and electrical isolation. failure mech­
anisms. dependence on process architecture. and new isolation techniques for 
future CMOS. 

7. 1 BACKGROUND 

One important aspect of integrated circuit technology is the art of isolation 
among transistors which are all built in a common silicon substrate. The 
slate (on or off) and conductance of each transistor can only be controlled if 
proper isolation exists among transistors. If not. leakage current paths occur. 
causing DC power dissipation. noise margin degradation. and voltage shift 
on a dynamic node. Crosstalk among tran,;isrors can destroy the logic state 
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of each device. Dynamic RAMs are very sensitive to leakage bccau~ it can 
degrade memory holding time. hence requiring. more refresh cycles. In a 
CMOS circuit. leakage current in the isolation region can escalate latchup. 
an important phenomenon to be described in the next chapter. 

Device isolation is becoming more critical in VLSI because of increased 
transistor counts and decreased isolation space. For a VLSI chip. a ~mall 
amount of leakage per transistor can induce significant power llissip,1tion for 
the entire chip. For example. if a VLSI chip has one million transistors with 
each transistor producing I µA leakage. the total power dissipation for the 
entire chip would increase on the order of a few watts. Because the tr:msistors 
arc closely packed on a VLSI chip. adequc1te isolation between neighboring 
devices is more difficult. 

In MOS technologies. isolation is commonly formed using a thick oxide 
and/or a heavily-doped Si layer in the field region among active MOSFETs 
(Fig. 7.1). The thick oxide is often called field oxide and the heavily-doped 
region is often referred to as channel ~top. This field isolation works well 
for isolating active MOSFETs if only the Si surface in the active channel 
region is allowed to invert. This inversion occurs when the gate voltage 
reaches the threshold voltage of the active MOSFETs. As llescribed in 

Chapter 2, threshold voltage increase~ with the increase of oxide thickness 
or substrate doping concentration according to Eq. 2.11 . Thus. threshold 
voltage in a field region consisting of a thick oxide and/or heavily doped 
region is normally around IO V or more. at least an order or magnitude higher 
than the threshold or active MOSFETs. As a result. surface iO\ersion does 
not occur under the field oxide because the polys1licon or metal lines on the 
oxide is normally at 5 V or below. In normal operations. a conducting channel 
is allowed to form only in the active area. not m the field region 
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Fl&u~ 7. I Schematic of field ,,;olauon w11h self•ahgncd channel stop for MOS 
ICs 

Sec 7. 1 Background 

7. 1 . 1 Test Structures 

This section considers NMOS technology only. Shown in Fig. 7.2 is an 
IC structure consisting of an aluminum interconnect line running between 
two active 12-channel MOSFETs. Both a top-view layout and a cross-sectional 
view are shown. The aluminum line acts as a gate on the thick field oxide 
and the two 11 • diffusions adjacent to it act as source and drain, forming a 
parasitic FET. This FET ts commonly used as a test structure 10 detect 
leakage current in the field region under the aluminum interconnect Imes 
Because polysilicon lines are also used for interconnects in an (C, a similar 
structure as shown in Fig. 7.3 is also possible. Notice the subtle difference 
as the n • regions adjacent to the polysilicon gate do not abut to the field 
oxide. This exact structure in general may not exist in an actual IC layout 
because polysilicon lines normally do not extend over the active (thin oxide) 
area (see Fig. 7.4(a)) unless they are also used for the gate electrode of active 
transistors (Fig. 7.4(b)). Here, the polysilicon line serves as gate electrode 
as well as the interconnect between the two electrodes. In Fig 7.3. the 
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F1pn 7.J Polysilioon-ga1c parasitic MOSFET between two acth·c devices in NMOS 
1tthnology: {a) layou1: and {t,) cross-sectional view. 
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silicon surface under the thin oxide is normally inverted at a very low gate 
voltage ( -s; 1 V) , resulting in ultra shallow .. n •··regions. If the silicon surface 
under the field oxide is inverted, the two transistors are basically shortened 
and isolation between the two transistors is completely broken down. Thus. 
the test structure shown in Fig. 7.3 is a good test vehicle for the case shown 
in Fig. 7.4(b), because leakage current measured from the parasitic FET 
indicates the onset of surface inversion under the field oxide. 

For the layout shown in Fig. 7.4(a). the test structure that has polysilicon 
overlapping the field oxide also tests the worst case because inversion is harder 
to achieve under field oxide that is not covered with a polysilicon line (see 
areas pinpointed by arrows in Fig. 7 .4(a)). The configuration in Fig. 7.4{a). 
which is often seen in a real circuit. is unlikely to have an isolation problem 
if the test structure in Fig. 7 .3 passes the isolation test. 

Another difference between the aluminum and polysilicon gate par.isitic 
FETs is the thicker oxide in the former devices due to an additional oxide 
layer deposited to separate polysilicon and aluminum interconnects. The 
total oxide under the aluminum is typically 1-2 11m. while in the polysilicon 
device. the gate oxide is composed of thermally grown oxide only, which is 

Sec. 7. 1 Background 

l'oly 
9Me 

r r 
Polyiilicon 
lnt♦r<Ollnect 

fi♦ld oxid• 

fb) 

Poly 
g•t• 

Polysili<on 
ga" 

fig11tt 7,4 Poly.ilicon line, J~ tw1,istor g~h:: and interconnect in real NMOS IC 
layouts. 

237 

about 0.5-1 µm. In both cases. the thick field oxide and the doped silicon 
surface underneath inhabit surface inversion unless the gate voltage is raised 
several volts above the 5 V supply. 

7. 1.2 Field Threshold Voltage 

Field oxide threshold voltage (Vu). as cited in th!." literature w evaluah! 
the ~igorousness of field isolation. has often been defined as the voltage 
required to get I-JI.A current in a parasitic FET. This definition is crude and 
as such V TF of >5 V does not necessarily correspond 10 an adequate isolation 
for circuits ~~erat~d at~ V power supply. Actually. the subthreshold swing 
of th~ pa_ras1uc th1ck-ox1de FET is so large (e.g .. S, = 0.5-0.6 V/DEC) that 
the c,rcu,t must operate at 3-..J V below Vff to ensure a < I pA off-state 
current. In other words. Vff• so defined, must be at least 8-9 V for a 5 V 
~ircui_t operation. This condition must be met for minimum isolation spucing 
1n a given technology. because V ,., decreasei. with iS(1lation spacing in a similar 
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way to the short-channel effect observed in active FETs. 1 Even worse. as 
temperature increases. VTF decreases and the subthreshold swing (VJDEC) 
rises.2 For example. VTF reductions as much as 2 V were noted as the 
temperature was increased from 25 to 125°C.1 

Finally, another problem exists if circuits are used in a radiation envi­
ronment, becai..se the threshold shift, caused by radiation-induced oxide charges. 
is proportional to the oxide thickness to a power of between 2 and 3.' The 
resulting threshold shift for a field oxide can be 5 to 10 V depending on the 
total dose of radiation. It is therefore essential to provide an additional 
margin for radiation-hard circuits in which field threshold voltage as high as 
- 20 V may be necessary. A more stringent measure of isolation will be 
discussed in Sec. 7 .3. 

7 .2 MOS ISOLATION TECHNIQUES 

An ideal isolation technique must satisfy all of the following requirements. 
first, leakage current must be negligible between active devi~es. For M?S 
technology, the silicon surface under the field oxide cannot be inverted dunng 
circuit operation. Second, spacing between active devices should be minimal. 
This requirement is particularly important for VLSI isolation. Third. iso­
lation should not consume a significant portion of the active device area or 
result in significant narrow-channel effect as described in Chapter 2. In other 
words, the transition from an isolation area to the neighboring active area 
should be abrupt. Fourth. the isolation process should not adversely affect 
the process parameters required for fabricating the active device. In this 
way. the performance of an active device can be optimal. Finally. a process 
should not be too complicated to control. For some applications. the low 
leakage requirement should be met in high-temperature or radiation envi-

ronments. 

7 .2.1 Window or Moat Isolation 

This method involves etching windows for the active devices in a uniform 
thick oxide. This technique was used before LOCOS~ was invented and was 
an industrial standard. The process is simple if a channel stop is not incor­
porated. Although sufficiently high field threshold voltage can ~ achieved 
with a thick enough field oxide alone, step coverage becomes a senous prob• 
lem. Metal or polysilicon lines at the sharp edge of the oxide steps tend to 
break, especially when they are narrowed down for VLS~ interconne~ts. 
Techniques such as implanting argon ions near the top por11on of the ox~de 
have been used to change·the etching rate for the formation of a sloped oxide 
edge. This method facilitates step coverage, however, at the expense of a 
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larger layout area to accommodate the gradual transition from the active to 
isolation region. Obviously. reduced oxide thickness is most effective to ease 
the step coverage problem. but then a channel stop must be incorporated to 
produce adequate field threshold voltage. 

For p-channel MOS technology. a window isolation structure with self­
aligned channel stop was developed.~ In this structure. a phosphorus implant 
over the entire wafer is performed after the windows are etched into the field 
oxide. The phosphorus-doped active region is compensated by a shallow 
boron implant that goes only through windows patterned in the field oxide. 
The phosphorus implant forms an 11-type channel stop under the field oxide. 
whereas the boron implant through the windows provides adequate channel 
doping for active devices. This process is similar to the retrograde 11-well 
CMOS process as described in Chapter 5. Good device characteristics were 
obtained for MOSFETs with 8-JLm channel length. However. the two im­
plant conditions must be controlled precisely to achieve the exact doping 
compensation for threshold control. A 2 a variation of 0.35 V was found 
in earlier work.~ This control problem becomes more serious for scaled 
devices, which require higher implant doses and lower threshold voltage. 

Similar window isolation has been done for NMOS technologv. Active 
channel regions are first defined by etching windows in a thick field oxide. 
Boron ions arc deeply implanted under the oxide to form a p-type channel 
stop." The boron impuritie!. m the active regions .tre counter doped by a 
shallow phosphorus implant 10 set a low thTl!!.hold voltage. Again. this proc­
ess is like a n:trograde p-well process. The cross scc11onal view of the final 
device structure is shown in Fig. 7.5. Although submicron MOSFETs with 
adequate threshold and punchthrough voltages were m.ide. they had poor 
body effect and high junction capacitance because of exces~ive boron im­
purities in the channel region. Moreover. a significant 2-D fringing field 
effect existed in the devices with narrow channel widths. Figure 7.6 show~ 
the 2-D contours for potentials and carrier concentrations in il narrow-channel 
device with its gate biased slightly above threshold vollage. Only half of the 
channel is shown due to the symmetry of the structure. The cross-scction is 
perpendicular to the direction of current. Even with a precisely-defined field 
oxide edge. both surface potential and electron concentration decrease sic­
nificantly near the edge of the channel. resulting in a reduction of effecti~c 
(or electrical) channel width. This channel-narrowine effect is the ori~in of 
threshold increase and transconductance decrease a; the channel width is 
reduced. 

In spite of the problems previously mentioned. direct window isolation 
provides advantages for isolation in high-density ICs. Compared to LOCOS. 
another isolation technique. direct window (moat) isolation has hecn shown 
10 save 30%-40% of the silicon area. 1 It was pointed out thlll increasing 
doping concentration in short-channel (- I JLm) MOSFETs relaxed the re­
quirement of NA (channel stop) > N,, (channel). where N., repre..ented the 
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dopant concentration.' ' It was therefore possible. using a single boron im­
plant, to form a channel stop under the field oxide and provide punchthrough 
protection in the channel region. 

Another implant was made to adjust threshold voltage after the active 
areas were defined. This technique. however. was not completely satisfactory 
for an optimum NMOS process. Neither channel stop nor channel area can 
have optimized doping distribution by using only one implant. The boron 
implants selected in the work' may have offered suitable punchthrough pro­
tection, but the boron profile was too deep to provide appropriate body effect 
and junction capacitance for the active devices. Also, the dopant concen­
tration for the channel stop might not have been sufficient. 

Another NMOS process that forms channel stops for device isolation. 
but independently dopes channel regions for active devices. has been pro­
posed. 8 After etching windows into field oxide with a patterned photoresist 
layer. a layer of metal is deposited and the portion above the field oxide is 
subsequently lifted off. leaving metal just inside the windows. The metal 
inside the windows acts as an implant mask to block boron ions while they 
are implanted through the field oxide to form channel slops. The channel 
stops are self-aligned to the thick field oxide for high packing density. Mean­
while. the active devices can have an optimum impurity profile. The asso­
ciated liftoff process is. however difficult for VLSI production. 
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The LOCOS (LOCal Oxidation of Silicon) process• is commonly used 
for the isolation of active devices in the MOS IC industry. As shown in Fig. 
7.7. this process uses a pauerned nitride layer together with a thin buffer 
oxide underneath to mask the active area. This pad oxide releases stress 
caused by the nitride layer, and is therefore often referred 10 as SRO for 
Stress-Relief Oxide. The nitride/oxide mask is used to block ions during 
channel stop implantation and the same mask is then used for local oxidation. 
The nitride/oxide masking layer is stripped after LOCOS. The resulting 
isolation structure consists of a semi-recessed field oxide with the channel 
stop naturally self-aligned to che oxide edges. This standard LOCOS process 
can be modified to produce fully recessed field oxide if the Si substrate in 
the isolation region is etched before LOCOS. Normally, the amoum of Si 
etched is roughly half of the desired field oxide thickness so that an isoplanar 
surface is formed after LOCOS. This scheme however adds more processing 
steps and concerns for etch-induced crystal damage and increased oxidation 
encroachment. 
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Applying LOCOS to VLSI isolation is severely limited by field oxide 
encroachment and lateral diffusion of channel-stop dopants into the active 
device area. Oxidant diffuses through the buffer oxide under the nitride. 
hence inducing oxidation near the nitride edges. This lateral oxidation en­
croachment makes the edge of the LOCOS oxide resemble a bird's beak. 
The impurity atoms in the channel stop region also diffuse laterally during 
LOCOS and other subsequent high temperature process steps. Figure 7 .8 
is an SEM micrograph showing the bird's beak structure due to lateral oxi­
dation. As shown in Fig. 7 .9. the lateral oxidation rate is a function of the 
lateral distance from the nitride edge and depends on buffer oxide thickness. 
Both oxidation encroachment and impurity lateral diffusion overtake the 
active area near the channel edges. Hence. the physical channel width Wr 

Sec. 7.2 MOS Isolation Techniques 

Fl«utt 7.8 SEM m,croi;r.ipb lhowing the cross-sc:ct,on of the bird'• beak due 10 

oxide encroachment (Ref. 9. 1981 IEEE). 

035 

030 

.c e o 25 
:t 

~ 0 .20 
<t a: 

~ 0 .15 

~ g 0.10 

0 .0!1 

$tLICON NtTAIOC 

500 1000 1500 2000 

DISTANCE FROM NITRIDE EDGE ( A J 
Firutt 7.9 Lateral oxid:ition ralc as a Cunction of the l:iternl d istance from nitride 
edge for various buffcr1.-d oxide 1hickne1.<es used in the LOCOS process (Ref. 9, 
, 19&1 IEEE) 

243 

Greenthread Ex. 2065, p. 25 of 47 
Semiconductor v. Greenthread



244 CMOS lsolat1on Chap. 7 

becomes less than the designed channel width WJ. The difference (Wd 
WP) becomes a significant portion of w., wh~n devices are_ scaled d~wn for 
VLSI applications. Furthermore. the electrical channel width (W,} 1s even 
less than W because the 2-D narrow-channel effect applies to LOCOS as 
well as othe~ non-planar isolation schemes, such as window isolation. Both 
physical and electrical channel-na~r?wing eff~c_ts increase t?e ~ET thres~old 
voltage and reduce its current dnvmg capabthty. To maintain the desired 
channel width, the corresponding mask dimension must be drawn oversized, 
resulting in wasted layout area. Other considerations are nitnde-induccd 
crystal defects and step coverage on non-planar surface. 

Several methods have been tried to improve LOCOS isolation in terms 
of reducing the bird's beak. Sealed-Interface Local Oxidation (SIL0)9 uses 
a thin ( <300 A) nitride film directly on Si to seal the interface. shuuing off 
lateral oxidant diffusion during local oxidation. As predicted in Fig. 7.9. the 
lateral oxidation rate decreases sharply as the buffer oxide thickness is re­
duced. Consequently, a steeper step angle and reduced bird's beak9 can be 
obtained (Fig. 7. 10). A thicker nitride layer can reduce the bird's beak even 
further, but at the expense of generating more stress. more crystal defects. 
and higher leakage. To achieve low stress and a small bird's beak. a sandwich 
masking layer (Fig. 7 .1 l) consisting of a thin nitride (IOU-200 A)._ an LP~':'D 
(Low-Pressure Chemical Vapor Deposited) oxide (300 A) and a thicker mtnde 
(1000 A) has shown basically defect-free field oxide with encroachment of 
only 25% of the oxide thickness (Fig. 7.12). A conventional LOCOS gen­
erally has lateral encroachment of • 80-100%. 

Another attempt to improve LOCOS 1s the use of the Side WAil Masked 
Isolation (SWAMI) process."' which offers basically defect -free and near-zero 
bird's beak. but at the expense of process complexity. As shown in Ftg. 
7 .13, the process starts with forming and patterning a composite masking 
layer with stress relief oxide (SRO I), and nitride (Nitride I) on active region~. 
The Si substrate is then etched with a sloped sidewall and channel stop 1s 
implanted (Fig. 7. 13a). A second composite nitride oxide layer is then formed 

Flg11rc 7.10 An SE~ micrograph 
showing the cro~-s-s«uon of reduced 
bird"$ beak in a SILO ~1rumuc (Rd 9, 
C- 1981 IEEE). 
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and an LPCVD oxide is deposited (Fig. 7.13b). After RIE etching of the 
CVD oxide, an oxide sidewall spacer is left (Fig. 7. 13c). This sidewall spacer 
is then used as a mask to etch the nitride IL then the mask is stripped (Fig. 
7.13d). LOCOS is then performed with the Si sidewall protected from lateral 
oxidation encroachment by the thin nitride spacer (Fig. 7.13e). All masking 
materials are then stripped and gate oxide is grown (Fig. 7. JJf). The process 
employs two nitride masks. anisotropic oxtde <1nd nitride etching. The slope 
of the sidewall (- 54 ') must be controlled during Si etching. A near 1soplanar 
structure is achieved as shown in Fig. 7 .14 and good elecrrical characteristics 
have been obtained.111 

F~un: 7.12 SEM micrograph showing 
lhe cross-sec1ion of minimum encroach­
mcnl using the sandwtch slr11<:lurc 
shown on F111 7 11 (Rd 9. • 191!1 . 
IEEE) 
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7 .2.3 lsoplan•r Field Oxide 

Another isolation approach involves etching a shallow (several tenths 
of a micron) step in a silicon substrate and filling it with a depositing oxide. 
This isolation has fully recc~d isoplanar configuration and is bird's beak­
frec. It was introduced as BOX for Buried OXide .11 A liftoff technique 
using aluminum11 or molybdenum11 as a stencil was employed for this ap­
proach. As shown in Fig. 7.15. SiO2 was plasma-deposited at 300"C for the 
field oxide. A wet etching before liftoff was done to remove oxide at the 
sidewall of the Si groove. Because the oxide at the sidewall was highly 
stressed, its etch rate was much higher. allowing preferential etching. The 
oxide on the metal stencil was then lifted off by resolving the metal. To fill 
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F,cutt 7.16 SEM micrograph showing the cross-section or isoplanar PHOTOX 

structure (Re£. 13. 0 1982 IEEE). 

in the V-grooves at the step. another oxide was deposited and RIE etched 

to form a planar surface. . . 0 

A similar technique using photores1st to hft off low-tem~ra~~re ( •~ C! 
photo-CVD oxide (Photox) was also proposed for field 1solat1o_n. The idea 
again is to provide a fully isoplanar structure as shown m Fig. 7.16. The 
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planar isolation with fully-recessed field oxide not only eliminates physical 
encroachment and surface topology. but also avoids the electrical 2-D fringing 
field effect illustrated in Fig. 7.6. Fig. 7.17 shows the 2-D contours of po­
tential lines and carrier concentrations for the planar isolauon structure. No­
tice that both potentials and electron concentrations are uniform across the 
entire channel width. indicating negligible electrical channel-narrowing effect. 

Despite all of the advantages of the isoplanar structure. the associated 
liftoff process is. so far. doubtful for production. The use of preferential 
etching can facilitate liftoff. but even then the process may be too complicated 
for manufacturing VLSI circuits. Other processes. such as trench, arc being 
developed for realizing isoplanar isolation. Section 7.4 will discuss these 
techniques. 

Table 7.1 summarizes the various MOS isolation techniques discussed. 
Key process steps. distinct features. and schematics are included. For the 
present MOS IC fabrication, standard LOCOS or improved LOCOS such as 
SILO. is still the dominanl isolation technique. even though scaling isolation 
spacing for VLSI becomes severe. 

7.3 ISOLATION IN CMOS 

Layout density has been a major problem in bulk CMOS because both 11-
and p-channel devices must he made on the same chip and the two devices 
must be properly isolated. The two types of devices must be separated 
physically by at least one well. which is normally formed by diffusion. Be­
cause diffusion is an isotropic process. a large layout space is required to 
accommodate lateral diffusion during well formation. Another problem is 
the implementation of channel stop(s) for CMOS devices. In NMOS tech­
nology. the p-type channel stop can be formed easily under the LOCOS oxide 
to raise field threshold voltage well above the 5 V power supply. In the case 
of CMOS. a p-type channel stop is still necessary to provide isolation among 
n-channcl lransistors. Moreover, it must be spatially restricted to the 11• 

channel area only. Similar requirements apply for 11-ty~ channel slops needed 
in the p-channel area. These additional constraints require extra layout 
spacing between the II· and p-channcl areas unless some sort of self-aligned 
structure can be realized. Even worse. the channel-stop doping concentration 
at the edge of the well drops substantially due to lateral diffusion and the 
compensation between acceptor and donor impurity atoms. As an example. 
Fig. 7.18 shows this effect through 2-D simulation for the twin-tub process.•~ 
The solid curves show the reduction in net impurity concentration at the well 
boundary when both boron and phosphorus implants are used. The dashed 
line represents a case in which only boron implant was usc<l. The doping 
reduction leads to isolation problems associated with the tight spacing b~tween 
an n- and p-channel device. •• 
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In a CMOS circuit. proper isolation must be provided among opposite­
type devices as well as between similar devices. 1' The following scccions first 
describe isolation among similar devices. followed by the discussion of iso­
lation among opposite-type devices. then the enhancement of isolation by 
using retrograde-well technologies and finally. venical isolation between dif­
fusion in the well and the substrate. 

7 .3.1 Isolation Among Similar Transistors 

This section will discuss isolation between two 11-channel lransistors and 
two µ-channel transistors. These similar transistors must be isolated properly 
to avoid leakage current occurring in parasitic FETs. Parasitic FETs are 
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formed by polysilicon or aluminum interconnect hnes on relatively thid.. field 
oxide and adjacent p11 junctions. 

Test devices for isolation between two 11-channcl active transistor., wt:rc 
described in Sec. 7 .1.1. Problems associated with the conventional definition 
of field threshold voltage were discussed in Sec. 7.1.2. ln~tead of defining 
threshold at 1 jJ.A. a stringent way to test field isolation is 10 mea~ure the 
field threshold voltage (Vn), defined as the gate voltage that generates a 
small and acceptable drain current at drain voltage equal to power ~upply 
voltage. i.e .. currently a 5 V V,m- The V n values measured at drain currents 
of 10 pA, 1 nA and 0. I µA in a 20 µm wide FET arc shO\\ n in Fig. 7. 19 .'~ 
The test structures used for this measurement are sho"n in Figs. 7.2 and 7.3. 
The LOCOS field oxide thicknesses for polys11icon and aluminum gate FETs 
are about 0.5 and 1.0 µm . respectively in this example. A boron field implant 
of 4 x 101·' cm 2 at 25 KeV is used for the channel stop formation before 
the LOCOS oxidation The higher current (0.1-1.0 µA) corresponds to a 
threshold similar to the threshold defined at the onset of ~trong inversion. 
This definition is suitable for the ac1ive MOS transistors but not particularly 
useful for paras1t1c FETs in which a very low level of leakage current (IO pA 
- I nA) 1s a serious concern for maintaining isolation. Nouce that the V II s 
arc higher for the aluminum gate because of the associated thid,er field oxide. 
The thicker oxide also gives poorer subthreshotd slope. causing Vu curves 
to separate fun her. The Vu decreases as the channel kngth (11 ... -10-11 • 

separation) is reduced in a way that is analogous to the short-channel effect 
commonly observed in active MOSFETs (sec Chapter 2. Sec. 2.5). This 
effect should be taken into account when setting 11--to-11 layout design rules. 
For the example shown in Fig. 7.19, Vr, values are 10 V or above even at I 
p.m separation between two 11-channel active device~. 

Parasitic FETs among p-channel active devices lire identical 10 those 
shown in Figs. 7.2 and 7.3 except that the doping types are reversec.l. The 
symmetric parasitic pMOSFETs are. m general. harder to turn on because 
the net oxide charge density (Q1r term) is commonly positive. making the V 11 
even more negative. As shown in Fig. 7.20.16 the absolute Vn- values are 
well above 5 V. The test devices used here are fabricated from the same 
CMOS process which made the devices used for obtaining data in Fig. 7. 19. 
The channel stop is formed by a shallow phosphorus implant inside the 11-

well. The very high Vu values in the polysilicon gate devices are not always 
measurable due to dielectric breakdown in the thin oxide region between the 
polysilicon gate and the source. Notice that the aluminum gate devices 
exhibit greater short-channel effect, due to thicker oxide. 

Leakage can also be observed in the parasitic FETs if punchthrough 
between the two n • ( or two p •) regions occurs. Due to the relatively high 
doping concentration in the field region and shallow 11 ... or p+ diffusion 
regions, punchthrough usually does not take place unless the separation be­
tween the two diffusion regions is scaled below I µm . Breakdown is normally 
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limited by avalanche breakdown which. in general. occurs at voltages well 
above 5 V. 

7 .3.2 Isolation Among Opposite-Type FETs 

In addition to physical separation and the precise definition of channel 
stops. electrical isolation between n-channcl and µ-channel active devices is 
just as important. Inadequate isolation leads to leakage between opposite­
type devices. This leakage corresponds to the subthreshold leakage measured 
in parasitic FETs. 

Test structures. Fig. 7.21 shows two parasitic FETs formed at the 
edge of an n-well by aluminum or polysilicon lines. The n • and the n-well 
form source and drain for the parasitic nMOSFET while the p• and p-sub­
strate serve as source and drain for the pMOSFET. Here. the source and 
drain are not symmetrical and the n-well and p-substratc are used as drains 
because a deeper drain junccion and a highly conductive source always pro• 
duce more suhthreshold current. thereby representing a worst case condition 
for isolation. Similar to the test structures described in Sec. 7.3. I. the two 
structures have two differences between them. The field oxide in the alu­
minum gate structure is thicker than that in the polysilicon gate. Also, the 
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n + and p • in the polysilicon gate structure are self-aligned to the polysilicon 
gate instead of butting against the LOCOS edges. This test structure s1m• 
ulates the real CMOS inverter layout shown in Fig. 7 .22." although the actual 
p • and n • are not along the same direction of the polysilicon gate. When 
the gate is biased at 5 V. the n-channel surface under the polysilicon gate 
(indicated by n-CH) is inverted to n-type but is isolated from the n-well by 
the p-substrate as long as the field region in the p-substrate is not inverted. 
Similarly, as the gate is turned to O V. the p-channel surface under the 
polysilicon gate (indicated by p-CH) is inverted to p-type but is isolated to 
the p-substrate unless the field region inside the 11-well is inverted. 

The present test structure serves as a good vehicle to test the field 
inversion problem under the polysilicon lines. However. the true source and 
drain diffusions in the polysilicon gate case are kept further apart than in the 
aluminum gate case (Fig. 7.21). This instance tends to inhibit punchthrough 
and hence does not test the worst punchthrough problem. 

As n•-10-11-well or p • -to-p-substrate spacing is reduced. the magnitude 
of the field threshold voltage for either nMOS or pMOS parasitic FET de­
creases, again similarly to the short-channel effect commonly observed in an 
active MOSFET. This threshold roU-off effect in parasitic asymmetric FETs 
is very serious because of the associated deep drain (11-well or µ-substrate) . 
The deep drain is also more likely to cause drain-to-source punchthrough. 
which is another failure mode in CMOS isolation. Moreover. the two failure 
modes, field inversion and punchthrough. are coupled through 2-D effects. 17 

For worst-case considerations, field inversion must be measured at maximum 
drain bias and punchthrough must be measured at highest gate voltage. 

Modelling. Two-dimensional process and device modelling is carried 
out using the SUPRA and GEMINI programs discussed in Chapter 3. The 
input parameters for the SUPRA program arc adjusted to achieve agreement 
with the measured profiles in the vertical direction. The GEMINI program 
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Figure 7.22 Layout top v,ew m CMOS 
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is basically a Poisson ·s equauon solver. hut is quite a<lequate for isolation 
modelling in which only very low levels of current are concerned. 

Fig. 7.23(a) and (b) show the 2-D impurity distribution and the corre­
sponding potential contours for the n • -to-11-well a luminum gate asymmetric 
parasitic FET. 'H The device is formed using a conventional diffused n-well 
technology. The nominal separation of 11+ diffusion from then-well (that 
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is. the separation of the nitride LOCOS mask and the 11-wcll implant resist 
mask) is 2.4 Jl.lll; the locations of the mask edges are indicated on Fig. 7.23{a). 1' 

Notice the fairly high p-typc field doping level between the ,, - diffusion and 
the well. 

Fig. 7.23(b) illustrates a solution to Poisson's equation for the structure 
depicted in Fig. 7.23(a). The 11-well and panisi1ic gate are biased 10 5 V wilh 
respect to the p-substrate and 11 • source: this instance represents the worst 
case for leakage with a 5 V supply. In this ca~. the parasitic FET is off as 
indicated by the 0 V surface potential in the middle of the channel. The 
suppression of lateral spread of the well-substrate depletion region by the JJ· 
type field dopants can be clearly seen. 

Figs. 7.24(a) and (b) show simulated doping and potential contour~. 
respectively for a p • -to-p-substrate aluminum gate parasitic FET. In this 
case. a device formed using the retrograde 11-well technology is taken as an 
example. The nominal separation of p • diffusion from the p-substrate (that 
is. the separ,llion of the nitride LOCOS mask and the 11-well implant resist 
mask) is 1.2 Jl.lll; the locations of the mask edges are indicated on Fig. 7.24(a). 1

M 

Note that the retrograde well is shallower under the field oxide than under 
the active area. '9 

2(1 and also that the elimination of an 11-well drive-in again 
limits lateral diffusion of the well dopants. The solution 10 Poisson ·s equation 
illustrated in Fig. 7.24(b) is obtained assuming that the p-substrate and par­
asitic gate are biased to - 5 V with respect 10 the 11-well and p • source. again 
representing the worst case for leakage. The potential contours at 0 V or 
below are all well inside the oxide. indicating that the Si surface underneath 
is at positive voltage. This indication means that sufficient voltage margin 
exists before inversion occurs. Also. notice that the depiction region asso­
ciated with the drain junction is mostly extended to the p-substrate rather 
than the n-well. which is much more heavily doped than the p-subs1rate. 
Because the 11-wcll serves as the channel region in this structure and only a 
small portion is taken by the drain depletion region. lateral punchthrough 
between p • -to-p-substrate is less likely 10 happen. 

n•-to-n-weU parasitic FETs. Fig. 7.2S(a) shows field inversion volt­
ages defined by drain currents of 10 pA. I nA . and 0.1 µ.A . measured at a 
5 V drain voltage for both aluminum and polysilicon gate 11 • -10-11-well par­
asitic fETs. 's The threshold lowering effect below 2 ..-.m nominal 11 • to 11-

well separation is clear. The 11-wcll in these devices acts like a deep drain. 
and the associated depletion region extends into the substrate toward the 11 ~ 
source. This extension causes short-channel threshold lowering and drain­
induced barrier lowering similar to normal active devices. 

The thresholds of the thinner g;nc oxide of the polysiheon gate para~i11c 
MOS transistors are lower than those of the aluminum gate devices. and the 
curves corresponding to the different subthreshold drain currents arc closer 
together due to the improved subthreshold swing. As dcscrihed in Chapter 
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2. the subthreshold S\~1rng_ {S,) decrease~ as the gate oxide is thinned. More­
over. thr~shold lowcnng rs less for polysilicon gate FETs. which is again due 
to the thmner gate oxide. At t~e s':1allest 11 • -to-t1-well separations (1- 1.5 
µm ). the larger threshold reduction m the aluminum gate FETi. causes their 
~h~esholds to ?e lower than those of polysilicon gate devices. Consequently. 
'.t _,s. the alummum gate structure~ wh,eh ultimately hmit the minimum sep­
aratmn. Furthermore. the oxide qualilv and 1hicknc~~ control of the alu-
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Chap. 7 

minum gate oxide often make its threshold less reprcxlucihle from run to run . 
and so more safety margin must be given. 

The breakdown voltages of 11 • -to-11-wcll parasitic FETs also indicate 
that the aluminum gate FETs ultimately determine minimum separation. Fig. 
7.25(b) shows that at 1.2 p.m 11 • to 11-well spacing. the polysilicon g.ne 
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Conventional n-well architecture 
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punchthrough voltages measured at IO pA. I nA. nnd 0.1 µA. with V,,\ =-
5 V are all about twice the corresponding values for aluminum gate devices. 
At larger separations. breakdown in the polysilicon gate devices is limited t,y 
the dielectric strength of the thin gate oxide. where the polys1licon overlaps 
the active area in 1he 11-well (indicated asp-CH m Fig. 7.2l(h)) . .ind so 
punchthrough or ,tvalanche lm:akdown cannot be mea~urcd. Ai. compared 
with the symmetric parasittc FETs prev1ou~ly described. punchthrough m 
asymmetric FETs is much more severe because of the deeper dram~ in these 
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N•CHANNEL PARASITIC MOS TRANSISTOR BREAKDOWN VOLTAGES 
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Fipn 7.26 Av.ilanche and punchthrough brcakdo,.·n voltai;es for che s~mmccric 
(n · -10-11 • ) and :isymmetric (11·•10-n-wcll) parasitic 11MOSFETs (Rcr 21. t 19117 
IEEE). 

devices. Fig. 7.26 shows an obvious difference by comparing an 11 1 -to-11' 

parasitic FET to an n •-to-n-well device . ! I 

p •-to-p-substrate parasitic FETs. Field inversion voltages for p + • 

to·p-substratc parasitic FETs are shown in Fig. 7 .27 for both aluminum and 
polysilicon gate devices. 111 Because nominal p • -to-p-substrate separallon 
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represems the separation of the nitride LOCOS mask and the 11-wcll resist 
mask. and the actual p+ in lhe polysilicon device is abut1cd 10 1he polysilicon 
edge ruther than the nitride edge. the actual p • 10 p-substrate separation is 
larger than its nominal value by the length of the poly-overlapping thin oxide. 
Threshold values can only be obtained at 0 .6 ti-m or less. again due to the 
dielectric breakdown in the thin oxide region. At nominal zero separation 
in the polysilicon devices. the actual p" to p-substratc sep.iration is about the 
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same as the length of the poly-overlapping thin oxide. that is. 1.2 11m. For 
the aluminum gate case in which the p ~ is abutted to the LOCOS edge. the 

devices fail to operate. . . 
p+ top-substrate lateral punchthrough is not observ:d until !he ~o~mal 

separation is reduced to 0.6 fLID. As previous!~ d_escnbed. th~s m1mm~m 
punchthrough is mostly due to the fact that the maJonty o~ the dram dcplet1~n 
region is extended into the lightly doped p-substratc. which acts as the dram 
in this structure. Vertical punchthrough between p • top-substrate can be 
a more serious problem especially when the n-well depth is scaled do_wn for 
CMOS VLSI. In general. vertical punchthrough presents a problem 1f leak­
age current nows between a p • and p-substrate through an 11-well. In norm~! 
CMOS operation, the 11-well is at Vdd. the p-substrate is at V., and the p .. 1s 
biased between V dJ and V ,... However. during transient overshoot. the P • 
or p-substrate can become negatively biased, so the condition should be 

considered. . 
Toe problem can be illustrated by usin_g an exa~plc_ of a convc!~t10nal 

but shallow (about I JLm) 11-well with its proftlc shown tn Fig. 7.28(a).·· The 
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corresponding potential distribution is shown in Fig. 7.28(b), m which the p• 
is biased between + 5 V and - 5 V while the 11-well and p-substrate are biased 
at normal operation voltages shown as solid lines.!? As the p • is swept from 
5 V to O V. the p • /,r.well depletion region extends further into the well; 
however. the potential barrier remains even when the well is fully depleted. 
Consequently. no vertical punch through current is present during normal 
operational conditions. The barrier disappears when the p + potential reaches 
- 5 V. thus punchthrough current flows from the substrate up to the p +. 

Punchthrough current can also flow from the p • down co the substrate if it 
is negatively biased (shown as dashed lines). Because most of the well-to­
substrate depletion region is into the lightly-doped substrate rather than into 
the well, the p • -to-substrate potential barrier cannot be lowered significantly 
until the substrate is at a large negative bias ( < - 70 V). The situation is 
altered however if the p-substrate is replaced by a p-epi layer on a p• sub­
strate. Because the heavily-doped substrate prevents the extension of the 
well-substrate depletion region down to the substrate, the depletion region 
is forced up into the well. As a result. the V~u8 needed to lower the potential 
barrier is reduced, thus making it easier to cause vertical punchthrough. As 
shown in Fig. 7.29.12 the VsuB magnitude at the breakdown of vertical isolation 
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decreases as the epi layer is thinned. At 4 11-m nominal (as-grown) ep1 
thickness, isolation breaks down al Vsun of about - 5 V. Therefore. vertical 
isolation may limit the use of the thinnest epi layer. 

7.3.3 Retrograde Well Technologies to Improve 
Isolation 

As discussed in Chapter 5, retrograde wells arc formed by high-energy 
implantation after the LOCOS oxidation cycle. Lateral diffusion 1s greatly 
reduced resulting in a significant saving of layout space. Because a well(s) 
is basically used to separate n- and p-channel transistors, isolation among 
these opposite-type devices are expected to improve. The retrograde p-well 
technology21 was originally proposed to reduce the well depth and corre­
sponding layout area. Although this technology has shown sufficiently high 
field threshold voltages and p • -to-p-well punchthrough voltages. 11-well is 
used as an example to compare the differences between a retrograde and 
conventional well technology in CMOS isolation.1" 1x Moreover. the com­
parison will be restricted to aluminum gate structures. 

To make a fair comparison, conventional n-wells in this comparison are 
formed by minimum diffusion to achieve well depths in the active area as 
shallow as the retrograde wells made by high-energy implantation. The self­
aligned feature of the n•wcll and field implants is preserved in a conventional 
well to achieve rigorous isolation at minimum 11 + to p • spacings. In other 
words, the conventional well technology is optimized to compete with the 
retrograde-well approach. 

The important process s1eps in forming then-wells for both technologies 
are shown in Fig. 7.30.•K;?U Both technologies stan with the definition of 
active areas by nitride masking. Next. the 11-well 1s aligned 10 it . Blanket 
boron field implant is used to form a p-type channel stop for 11-channel 
transistors. The boron impurity concentration inside the 11-well is compcn• 
sated by the phosphorus implant used for the 11-well formation . The major 
difference is that a conventional well is formed prior to LOCOS whereas the 
formation of the retrograde well is done after LOCOS. Because a retrograde 
well is formed by high-energy ions implanting through the field oxide. the 
well depth in the field region is only about half of the well depth in the active 
region. This depth is ideal in the sense of providing a shallow drain for the 
n +-to-n-well parasitic FET. thereby improving isolation. Meanwhile the well 
in the active area is kept relatively deep so that the performance of the active 
transistors in the well arc not significantly degraded. Furthermore. in the 
active area, the implanted impurity profile peaks near the bottom of the well. 
which is desirable for vertical isolation. Al the same time, the profile peaks 
near the Si surface in the field region. which again is ideal for forming a 
channel stop and for preventing p+ •to-p-substrate lateral punchthrough. 
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. Figs. 7.31(a) and (b) show measured and modelled aluminum gate field 
inversion voltages and breakdown voltage~. all defined al 10 pA drain current. 
for 11 • to 11-well parasitic transistors with two different 11-wcll technologies 1, 

At large 11 • to 11-well separations. avalanche breakdown al the well-substrate 
junction occurs before punchthrough takes place. The lower avalanche 
breakdown voltage observed with retrograde wells is attributed to higher well 
doping. As previously described, shallower retrograde wells should have less 
short-channel effects in terms of threshold lowering and drain-induced barrier 
lowering. These expectations are confirmed from the threshold results (Fig. 
7.3l(a)) and punchthrough data (Fig. 7.31(b)). 

fig. 7.32(a) shows field inversion voltages for lateral p • -to-p-substrate 
parasitic devices. •x The ahsolute values are much higher than those for 11 •. 

10-11-well devices. These higher values are due in part 10 the higher field 
doping needed in the 11-well to ensure adequate compensation of the boron. 
They are also partly due to the fixed charge at the Si-SiO2 interface, which 
is likely to be positive and therefore increase the magnitude of the threshold 
voltage of p-channel transistors. It is also clear that short-channel effects 
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are much less severe m these p-channel parasitic devices. particularly for the 
retrograde structures: the thresholds do not fall until the channel length reaches 
about 0.5 µm. This effect is due to the higher channel (11-well) doping in 
these parasitic transistors, and to the drain (substrate) doping being lower 
than the channel (11-well) doping. 

Fig. 7 .32(b) shows breakdown voltages obtained with the same p • to 
p-substrate devices . .snd comparison with Figs. 7.3l(a) and (b) again shows 
the superior performance of these structures.'" In these types of parasitic 
FETs. the p-substrate. which is regarded as the drain, is not only deep but 
wraps around under the p~ source (Fig. 7.21). Thus. the possibility of both 
lateral and vertical leakage paths between the p+ diffusion and the p-substrate 
exists. The limiting values of breakdown voltage for retrograde 11-well struc­
tures is set by well to substrate avalanche breakdown. as in the case of the 
11 + to 11-well transistors. However. with conventional wells. the limit 1s set 
by p • -to-p-substrate vertical punchthrough breakdown. Thus. the maximum 
breakdown voltage shown on Fig. 7.32(b) for these devices 1s not the same 
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as that shown on Fig. 7.3l(b). even though the drain-channel junction is in 
fact the same in both cases. 

The use of retrograde wells for both n- and p-wells has been applied to 
twin-tub CMOS technology and was called quadruple wells to emphasize the 
fact that for each type (11- or p-wdl). two wells were needed. one in the active 
area and another. shallower one in the field r~gion. The two shallow wells 
serve as self-aligned channel stops with the 11• and p-typc impurity concen­
tration tightly restricted on different sides of the well boundary. Fig. 7.33 
shows that the reduction of net impurity concentration occurs only within a 
few tenths of a micron near the mask edge rather than a few microns. as 
observed in a conventional twin-tub structure (Fig. 7. 18). Experimental darn 
show that at a 4 11-m 11 + -to-p • separation, subthreshold leakage in the isolation 
region is <I pA for gate voltages between - 15 V and 2ll V (Fig. 7.34).~

4 

Modelling results suggest that a 2 fLID 11 • -10-p • separation is sufficient for 
pro\iding adequate isolation. 17 

In spite of all the advantages associated with the retrograde well 111 

device isolation. specific concerns for this technology have been cxpres.~ed. 
As discussed in Chapters 5 and 6. the active devices made inside a retrograde 
well generally suffer more from junction capacitance and body effect. The 
former leads to a decrease in speed of about 5-10% in a typical CMOS logic 
circuit. Another major concern is the availability of the high-energy im­
planter and the l.ick of understanding in usmg such a machine in a production 
envirnnment. 
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7.4 NEW ISOLATION TECHNIQUES FOR CMOS 

7 .4.1 Trench Isolation 

Trenches in the Si substrate have been proposed for CM OS isolation.'' ~" 
This isolation technique has several advantages. First. i1 eliminates oxidation 
encroachment (known as bird's beak) in LOCOS. The associated narrow• 
channel effect is then prevented. Second. trenches filled with oxide provide 
a planar surface, thus avoiding a step-coverage problem. Finally. ~hen trenc_hes 
of several microns depth are used in a CMOS chip. they provide a physical 
separation between opposite-type devices. Consequently. isolation can be 
achieved with very narrow 11•-to-p+ spacing. Fig. 7.JS(a) shows the sche­
matic of an n-well CMOS structure with trenches which can be as narrow as 
I JA,m separating the n + and p+. Notice that the trenches here are deeper 
than the n-well to effectively isolate the p-channel device. 

Trench isolation also has several problems associated with it. making 
this technology difficult in production. First. fabrication is very complicated 

6 

n-CHANNEL p-CHANNEL 

n+POLY 

TRENCH 

(a) 

P-SUBSTRATE 

P-SUBSTRATE 

2 3 
pm 

(b) 

4 5 6 

Figan 7.35 Trench LSOlation and po1cn1ial di,mbut1on. (a) Cro~- scetlOIWl nc~ 
of an n-well CMOS with trench isolation; (b) 1he corresponding 2-D cquipo1en11al 
contours; the simulation LS done at Q,. • 5 x 10' ' cm ' . N,. • 6 x 10" cm > 
V.,.

1 
= 3 V, Vr. • 0 V. v,... - - 1 V (Ref. 27. C 19R3 IEEE). 
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because it involves anisotropic etching. conformal oxide or poly deposition. 
and planarization. All these processes become even harder if trenches with 
variable width5 are needed. Second. process-induced damage and deposited 
films always produce fixed charges ( Q1,) inside and at the boundary of the 
trenches. Hence. extra leakage appears along trench sidewalls. Finally. 
sidewall inversion is a major problem that can place a limitation in layout . 
Sidewall inversion is caused by the horizontal parasitic MOS device with the 
well acting as a gate electrode and the trench dielectric as MOS gate oxide 
with thickness equal to the trench width. The voltage across this MOS device 
is 5 V under normal CMOS operating conditions. This 5 V gate voltage. 
and the narrow (e.g .. 1 µm} trench width can easily cause inversion at the 
sidewall outside. but facing the well. In the case of 11-wcll technology. the 
situation is worse because both lightly-doped p-substrate and Q1, (normally 
positive) escalate sidewall inversion. The 2-D potential contours in Fig. 
7.35(b) indicate thal the surface potential at the sidewall opposite the 11-wcll 
exceeds 0.5 V. causing inversion there.~, Once sidewall inversion occurs. 11-

channel devices with 11 • butted to the same sidewall will short along the 
sidewall. An obvious solution is to leave a separation between the 11 • and 
the sidewall or to increase trench width: however. both arc done at the expense 
of layout space. thereby defe.iting the purpose of this technology. More 
appropriate approaches would be to reduce Q1, through helter control in 
trench etching .ind filling. and,or to dope the sidewall surfa<:e to a highc:r 
concentration. i.e .. forming the channel stop at the sidewall. The former 
approach is difficult because it requires extensi,e process rdinemcnts and 
detail characteriz.ition of Q1, at the sidewall. The l.itter approach is effective 
in preventing sidewall inversion as shown in Fig. 7.3b. 

In this example. the Si potential at the sidewall decreases from 0.5 V 
(Fig. 7.36a) to negative voltages (Fig. 7.36b) when the sidewall is boron­
doped to 5 x 1017 cm '. Low subthreshold leakage has been measured from 
an 11-channel MOSFET. with its source and drain abutted to the sidewall. .::< 
However . it is extremely difficult to implement a CMOS structure in which 
only one side of the trench is doped. In the 11-wcll cx,1mplt! sho.,., n in Fi~. 
7.35a. only the sidewall in the JJ-Sullstratc m:eds tu bl.' doped to form a ,, ­
type channel stop. the other side of the trench is in the 11-wcll and should nnt 
be counter-<.loped by p•type impurity ,1toms. The payoff for trench isolation 
technology in CMOS may not be worth the extra complexity and associated 
cost:?<> unless minimum 11 + -to-p + separation is absolutely critical to achieve 
very high packing density. 

7 .4.2 Selective Epi Growth 

Selective epitaxial growth (SEG) has recently hecn dcwloped for CMOS 
isolation_Jo • .1 1 In this technology. Si is first etched away from the well areas 
using an oxide mask. then a layer of insulator is formed at the sidewall. and 
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Flcurc 7.36 2·D potential comour.1 simulated for a tr~nch structure in a p-1~-p,: 
substra1e with N,. 8 x 101• cm ' : (a) no sidewall doping; (b) with sidew31l 
doping. D:ished lines correspond to the doping comour.1 at the s,dcwall. 

finally the well is filled by selective epi growth. Fig. 7 .37 shows the schematic 
of the processing steps for an 11-well CMOS. Here phosphorus ions (P • ) 
are implanted after the sidewall oxide is formed. " The SEG technique is 
then used to grow Si only on the Si substrate. but not on the oxide surface. 
Then+ at the bottom improve venical isolation and lower well sheet resist­
ance. With this etch-and-regrowth technique. doping sidewalls outside the 
n-well are implemented by depositing a boron-doped film at the sidewall and 
driving boron into the sidewall before the formation of the sidewall insulator. 
It is also advantageous to dope the sidewall inside the 11-well to higher 11-type 
concentration, but it is not necessary because the 11-wcll is already highly 
doped and, with the positive Q1,. the n-type Si next to the trench oxide (see 
arrows in Fig. 7.37d) is less likely to invert. In this process. LOCOS is still 
needed to form field oxide with various isolation widths. 

One way to eliminate LOCOS completely is illustrated in Fig. 7 .38." 
A thick oxide layer is formed and windows are etched in the oxide using the 
active-area mask. Selective epi growth is then applied to fill the windows 
followed by an 11-well diffusion. The sidewall doping is difficult to achieve 
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1. 'TllenNI or CVD Oxi. 2. Etctt w,nc1-s 

F",g11tt 7 . .31 SEO process steps for making CMOS "ith variahle isolation widths 
(Ref. 31). 

with this method. A technique to achieve both sidewall doping and variable 
oxide widths can be done by applying SEG twice to form 11- and p-wells 
independently. As shown in Fig. 7.39.'' sidewall doping can be added im­
mediately after Step 5 by depositing a boron-doped film. filling p-type SEG 
epi, and driving boron atoms into p well sidewalls. 

Although the SEG technology appears attractive in CMOS isolation. it 
is still in its infancy. More work needs to be done to understand material 
quality at the sidewall of the SEG growth cpi layer. Obviously. good selectivity 
and a clean substrate are key issues in this technology. 

1. Oxld9 2. Etdl N,w.11 :,.. N-type SEG £pl 4.. Tim ThanMI 

~~~~ 
5. Etch P.w.11 6. P-typt SEG Epl 7. Slrip Thin OJctcle 

Windows lor P.w.11 Formation 

ru~~ 
•Retrograde Walla - posslble by Buried lay• Epita•J or Gra«Md Eplasy Techniques 

Fi«utt 7.39 SEO process steps for independent p· ~nd 11-wcll form~tion (Rd. 
31 ). 
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7.4.3 SOS and SOI Isolation 

Silicon-on-insulator (SOI) CMOS structures eliminate all previously· 
mentioned isolation problems by building n- and p-type islands on an insu­
lating substrate for p- and n-channel transistors, respectively. The SOS and 
SOI process technologies were discussed in Chapter 5, Sec. 5.8 and Sec. 5.9. 
Similar or opposite type transistors are isolated by insulator and possibly by 
air. Field inversion and punchthrough do not exist in an SOI or SOS tech­
nology. but new parasitic transistors inherent in an SOS or SOI structure can 
produce leakage current. 

As shown in Fig. 7.40(a). a silicon island is formed on an insulator 
substrate such as sapphire or oxide.·12 A thin gate oxide is grown and the 
polysilicon line crossing-over the island serves as the gate of the MOS tran­
sistor. Two parasitic devices can be found in this structure. First. the substrate 
contact. the insulating substrate. and the backside of the island form a Mct:il­
lnsulator-Semiconductor (MIS) FET. referred to as a back-channel MISFET. 
Second, the polysilicon gate over the island sidewall forms a sidewall parasitic 
FET in parallel with the active MOS transistor. Both parasitic devices can 
result in leakage current. although the leakage is intra-device rather than 
inter-device in its nature. Because defect density at the Si island and insulating 
substrate is normally high due to lattice mismatch and film contamination. a 
back channel is easily formed because of inversion. Current flowing in this 
back channel cannot be switched off by applying voltage on the poly gate at 
the front surface. Therefore, a residual off-state leakage current is normally 
observed as shown in Fig. 7.40(b).32 Another leakage cunent. edge leakage. 
is also shown in the figure. This leakage component arises from the parasitic 
sidewall FET. For a (JOO) SOS or SOI film, crystal orientation at the sidewall 
is (I 11) which normally results in higher fixed oxide charge ( Q1,) after oxide 
growth. Consequently. threshold voltage at the sidewall is lower than at the 
active transistor. thereby resulling in a leakage component in the subthreshold 
characteristics of the active device. Higher leakage reduces noise margin and 
increases power dissipation in CMOS circuits built on SOS or SOI technology. 

7 .5 ISOLATION DESIGN RULES IN CMOS 

The results shown in Fig. 7 .31 indicate that it is possible to maintain adequate 
isolation between 11 • diffusions and n-wells at about 1.5 µm nominal sepa­
ration by using conventional wells. and down 10 I JI.Ill separation with retro­
grade wells. At the same time. the results in Fig. 7.32 show that p•-to-p­
substrate separations down to 0.6 pm can be achieved with either well type. 
Thus it should be possible to realize full CMOS structures with about 2 J,Lm 
11 + -to-p • separation using conventional n-wells. and about I .6 µ.m separation 
with a retrograde well technology. However, these resulls are obtained with 
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F~tt 7.40 SOS and typical clcclrical performance: (a) lhc 3-D rcprcscnlalion 
or an SOS rsland s1nmurc; (b) the corrc<pond1n11sublhr,eshold charactcns11csshow• 
Ing edge and back channel leakage for both nMOS .ind pMOS (Ref. 32). 
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isolated 11• -to-11-well and p • -to-p-:.uhstrate parasuic tran:.istor:. . To cstahlish 
isolation design rules. it is necessary to tlcmonstratc such ~mall ~parntion~ 
in full CMOS devices. 

Fig. 7.41 shows supply currents drawn by full CMOS structures with 1.8 
µm 11 • -to-p + separations ( 1.2 µm 11 + -to-11-well edge and 0.6 µm p ◄ -10-11-

well edge). 'N Fig. 7.41 (a) shows the measuremem arrangement. The output 
node. connecting the 11 • and p• diffusions closest to the well edge. is either 
shorted to ground (V uv-r = 0) or to the supply line {V0 U'1 = v,,,,). This 
instance simulates an inverter with its output in either a Low or High state. 
Ideally the supply current drawn by the CMOS device )hould he zero in both 
cases. but any leakage due 10 inadequate isolation between 1he 11- and p· 
channel devices will be detected as a component of the supply current. 

Fig. 7.41 (b) shows results for conventional well devices. When V0 n -
V 00. no potential difference exists between the 11 .. diffusion and the 11-wcll. 
so no leakage current flows between them. The limiting mechanism in this 
case isp • to p-substratc breakdown. and according to Fig. 7.32. no breakdown 
should he observed below 20 volts. Clearly. the worst case for leakage is with 
the output node at ground. Under this condition. the full supply voltage 
appeari. between the 11 • diffu:.ion and the: 11-\1.ell . and the mcch,1m~m limning 
the maximum operating voltage is 11 • -to-11-well punchthrough lc.ikugc fhc 
results shown in Fig. 7..tl(h) for Vom· = 0 arc consistent with the punch• 
through breakdown voltages shown in Fig. 7.3l(b). Fig 7.4l(h) shows that 
significant leakage occurs at V v,1 = 5 volts or above. The CMOS device 
shown docs not provide isolation with sufficient safety margin for 5 V op­
eration. Increasing the 11 .. to 11-well spacing to 1.8 µrn (11 • top• separation 

ov 

V ., 0 V V Ix, 

p subslrale n welt 

la) 

Figure 7 .41 Tcs1 s1ructurcs and 1-V curve~ ror a full CMOS isolation structure: 
(a) 1est structure and mea,urcmcnt arrangement; (bl leakage c.-urrcnt Cor convc:n-
1100.il well: and (c) leakage cum:nl Cor retrograde well dcv\CCS (Rd. 18. t: 1987 
IEEE) 
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= 2.4 J.Lm) gives a maximum operaling voltage limited by junction breakdown 
(just over 20 volts. in this case). 

Fig. 7.41(c) shows results for retrograde well devices with 1.8 µm 11•• 

to-p + separation. In these cases. the leakage current remains below 10 pA 
for supply voltages as high as 10 V. providing a good safety margin for 5 V 
operation. Again. the condition with Vou-r = 0 sets 1he lowest breakdown 
voltage. although p•-to-11-well Junction avalanche breakdown occurs al only 
a few volts more th,m the onset of 11 • -10-11-well punchthrough leilkage. 

In a standard LOCOS-isolated CMOS IC. isolation among similar·lYfX 
transistors can be achieved with I µ.m isolation spacing. lsoliltion among 
opposite-type transistors is more involved. however modelling and measure· 
ment results show that it is possible to achieve isolation between an 11- and 
a p-channel transistor with approximately 2.4 p.m isolation spacing. The use 
of retrograde wells can further reduce this isolation dimension to below 2 
µm. At such small isolation dimensions. latchup becomes a major prohlem 
and ultimately may be the factor limiting the isoliltion spacing between an ,,. 
and a p-channel transistor. Latchup in CMOS will he discussed in the next 
chapter. 
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EXERCISES 

I . Suppose !he field oxide under a,, polysahcon lane as 60Ml A and th.: p-lYP<! channd 
slop under the oxide is doped to I x 1017 cm '. cakula1c th.: threshold voltage 
,ind the subthreshold swing factor if the oxide charge density i~ I x I011 i:m •. 

2. If the measured threshold voltage of an alununum-g;ate fic:ld oxide test de, ice i~ 8 
V and the measurement as done at I µA . what is the leakage current when the 
aluminum hne 1s at 5 V (assuming the 5ub1hreshold swmg. 1~ 0.5 V,dec at room 
temperature)? If the lhreshold voltage decreases to 6.5 V when temperature is 
increased to 12s•c. what is the leakage current at .5 V'! 

3. Based on the 1-V relation of .an MOSFET. measured current is proportional to thi: 
electric channel widtlt (W,). Descrihc how one can extract W, hy measuring .i ~rit:, 
of test devices with differ.-nt drawn channc:1 widths. 

4. Using a planar isolation technology such ,1~ fully-recc:s.o;cd LOCOS. assume that 
electrical channel narrowing efkct is negligible. Supposing the difference between 
the actual physical channel width and the drawn channel width is 0.8 µm und the 
transconductance of a minimum size FET must be at least 0.7 mS. what should be 
the minimum drawn channel width? If the physical·separation bee ween two adjacem 
FETs must be 2 11-m to provide proper isolation. what should be the minimum 
drawn separntion? And what is the minimum drawn and actual pitch in the active 
area·.• (Assume that the FET has 1 ... - 200 A. 111. - 500 cm' V-sei:, L. 11 - I µm .) 

S. Based on Figs. 7. I 9 ,md 7 20. obtdm the ~uhthre~hold swrng (S.) for the parasatal· 
11· and p-<:hannel FETs (hoth Al- .ind poly-g.ite de~ace,) with a 2 µm ~.:parnuon 
between the two II or 1wu /1 d1ffus1on regions 
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LIST OF SYMBOLS 

Symbol 

a 

a, 
Ar 
Ii 
P..,. 
P...,. 
c_ 
c. 
c, 
CM 
c. 
c, 
c •• 
c,. 
c,. 
c.,. 
c,. 
c, 
D 
D 
D. 

bipolar common ba~ currenl gain 
electron impact ionizution rate 
hole impaet ionization rate 
cmincr area 
bipolar common emitter current gain 
common emiltcr current gain for un npn bipolar 
common cmiucr current gnin for a pnp bipolar 
oxide c:ipacirance per unir area 
deplc1ion capacira nee per uni I area 
gale capacitance per unir area 
Miller capac11ancc 
s1ray capacitance 
load capacirancc 
gate-to-drain capaci1ancc 
ga1c-10-sourcc capaci1ana: 
gare-to-bulk capacirancc 
overlapping capacitance 
fringing field capacitance 
junction capaci1ancc 
diffusivily 
intrinsic diffusi, iry 
electron d11Tus1on con~1an1 

Appendix 

d 
d_, 

'''"♦ 
E. 
~ 
£ 

£'" 
£.~ 
E .. , .. 
£. 
£, 
£ , 
E, 
£, 
£,. 
£,,. 
eu, 
t,, 
♦,. 

•• ·­
·-• J. 
G 
i:. 
g_ 
I, 

I" 
lrH 
I,. 
I, 
In 
I_,, 
I,(/,.) 

'· (/,.) 
I., 
1 ... , , ... ... 
I. 
J 
,.. 
A 
A, 
I 
I. , . ..., 
L.,. 
v,. 
N,. 

list of Symbols 

l>escrip1ion 

ckpktion width 
maximum <kplcrion ll'idth 
inversion laycr thickn~• 
threshold cncri;r for impact ioniwtion 
threshold cncriy for 0\'crcomini; Si/SiO, cncr!,'.y barricr 
electric fkld 
m3J<imum elcc1ric ficld 
dfec1ive clcc1ric field 
cri1ical electric fi<:ld 
;.c1iva1ion <ncrgy 
rond 1>et ion band edge 
,·:ilcncc band ct.lg.: 
intrinsic cncrgr k•·el 
Fermi level 
quui Ferm, level for electron.< 
quasi Fermi lc,·d for holes 
oxide dielectric constant 
silicon dielectric cons1an1 
bull, po1cn1ial 
,urfare po1cn11al 
"ork funcrion difC.:rcncc: 
"Or~ func1,on or a metal 
uork funcuon of A !1Cm1con<lucmr 
bipolar culoff frequency 
gcncr:ioon rate due 10 1mpac1 ,on,zauon 
MOSFET channel conductancc 
MOSFET 1ransconduci:1ncc 
cm111cr currcnt 
elcc1ron current m,cc1cd from cmmcr 
hok currcn1 1n1ect<'d rrom l>Jsc 
bds< currcnl 
collector C11m:nt 
dcc1ron rnrrcnl ,11 hJ,....•CollcLror 1unc1Km 
substrJIC current 
dr3in current 
ga1c current 
sourcc current 
la1chup trigger currcni 
la1chup holding cum:nr 
ckcrron current dcn~1y 
hole current dcns11y 
&hzman cons1.in1 
domcnsionl<» unll for lamwi t.1,:.,#n ruk, 
ho1 electron meJn free J>Jlh 
chJra<,lc:ri~uc channel l.:ng1h 
MOSFET channd length 
MOSFET dfccti\'C channel length 
clectrnn diffusion length in an npn ha«: 
am:ptor impuri1y density 
donor 1mpun1v dcnsi1v 
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Symbol 

n, 
II 

p 

'·· 
Ir, .. ,, 
,, ,,. 
T, 

,, 
v~, 
v ... 
v,.,.. 
v .. 
V, CV.c) 
V~(V1>) 
V.., (V,,,,) 
v,.,.1 
V, (V .,) 
vw, 
V, 

l:>esmplioct 

in1rinsk frc.: carrier conccn1ra1iun 
fr(c elcc1ron conccntraiion 
cxcc~s clcc1ron densuy ,n an npn b.isc 
dectron dcnmv in an 11p11 base at cqu,hbnum 
rrec hole conccn1ra11on 
hole dcnslty in an np11 emiuer al cquitihrium 
excess hole densily in an 11p11 emiucr 
charge dens1ty 
contact resistivity 
total charge at MOS gate 
free chaqle :11 MOS '"""rsion layer 
total depiction charge 
fixed charge dcnsi1y 
recombination and generation rate 
drain resistance 
source rc,is1ancc 
substrate rcsistanc.: for la1chup eharacicriza11on 
well resislancc for l~1chup charactcriza1ion 
1rnns1stor rcsis1ancc 
emitter $heel rcsi,tuncc 
bJsc ,heel rcsistanc.: 
contact re!>is1ancc 
projec1cd rJnge in 1mplan1 prolile 
body effect codficlcnt 
emuter cmc,cncv 
stand3rd dcviati~ri (straggle) in an implanl prolik 
MOSFET scaling factor 
,ubthrcshold swin!! r.1e1nr 
electron temperature 
gate o"d" 1hickn.:,s 
field oxide 1hickno.~ 
rise time 
fall time 
inverter delay umc 
bipolar base 1rnnsit time 
mobilit)' 
electron mobilit~· 
hole mobility 
carrier vclO<'ity 
base emiucr bias voltag,., 
basc-,:miuc:r voltage for an 11pn h,polar 
ba,..,-c:mitter volt~gc for a Jmp htpolar 
p·n junction built-in voltagi: 
source: voltage 
drain voltage 
power supply voltage 
satur.u,on drain voltage 
gate voltage 
substrate voltage 
MOS threshold vohatc 

Appendix Appendi>c List of Symbols 

Symbol 

VM (V,.) 
v. (V,,) 
Vn 
V,n 
v,,. 
V,h 
v,, < v,.,l 
w 

0-,rlplion 

11-chann,:I threshold \'Ohagc 
p•chann<:1 threshold ,·oltasc 
threshold \'Ohaic for an enhancement-mode FET 
lhreshold \'Oltn!!c for a dcplclion-modc FET 
lhrcshold ,·ollllge for a field o~idc FET 
Oat-band voltage: 
punchthrou~h ,·olwic 
MOSFEl" channel width 
MOSFET dkcti,·c channel width 
hipolar b.....: width 
bipolar cm111er width 
Junction depth 
electron aflinit~ 
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