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CHAPTER 

MOS Integrated 
Circuit Fabrication 

A VLSI processing facility constitutes the major financial· commitment for 
integrated circuit production. Vast amounts of money and engineering time are 
invested in an effort to advance and refine the state of the art. Higher 
throughput, circuit densities, and yields are all important to the economic 
stability of the industry. 

Circuit design is structured by the processing. The interplay between chip 
fabrication and circuit design cannot be separated. Rather, they merge: to 
become a single discipline. Process engineers must understand circuit design, 
and circuit designers must have a knowledge of fabrication if they are to be 
effective. 

The fundamentals of silicon chip fabrication are discussed in this chapter,. 
with an emphasis on MOS-based processes, as suggested by the chapter title. 
The level is introductory and is not meant to replace a detailed coursejn the 
subject. Instead, the objective is to bring out important points i:e:levant to 
circuit design. · 

Persons with experience in the subject matter may choose to simply g1a:lid; 
through most of the chapter in a first reading. The m:athematif;ls can generaily 

228 
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. 5.1 Overview of Basi& Silicon Processing: Steps . 229 

be. omitted., witllout loss of con,tin,uity in .later· chapters. Note, however, . that 
sotne· tof the, qta}YingJ,are woqh attentiop; •. 

5~1 · Qverview of Basic Silicon Proc•ss,hg Sttips 
thiJ ·· ~c«oi •• wnt · &11t~r ' .. atohnd. ·· a ·• bxiJf :J~allliri~tioK. o.i ~he basic wafer 
·i;,tq~.~$iµg ~tJps -ii~ea t6 t~~nca,t~· siii~P i~tear~te4 ctr9wi~; the distµssicm is · 
iritencfed only as an · overview. 'A reader desinng'a more' i.ri~depth. treatment 
should consult one of the. texts referen~ed at the end of the ~lla,pter ... 

5.1.1 Thermal Oxidation 
,.; :,.:,:,,·· 

Thermal oxidation is the process used to create a)'native" smcon dioxide 
(~iC>2) layer on a silicon surface. The Si02 grown by this process is used in 
different ways. For example, it serves as the insulator in the MOS system, is 
needed to perform. patteflling ,during. the lithography, and allows for the 
techpiq:µe qf LOCOS (local oxidation of silicon) device isolation. · 
. . A silicon dioxide layer may be grown by passing an oxygen-rich gas over a 

siliCC>11 surtace; Pure oxygen can be used as described by the reaction 

sf+ Oz~ sioz .. 
Steam is also µse~ to grow oxjde)ayers. The re~ction is 

Si + 2H20 -+ Si02 + 2H2 ; 

where jt is seen that free hydrogen is left as a ·by-product. Both reactions use 
he:~fisa ca~lystjtllus giying rjse tq the tertn "thermal" oxidation. Oxide 
growth :µsing 0 2is .called a ''dry''. pro~ss to distinguish it from "wet" oxidation 
in steartt. · ·· l 

.. ·. 'I'he kinetics of the o:ieide growth process can be 1.uidel:stood by referring to 
Fig, .5:1; Figure S.1(~) shoWs that the. oxygen can react directly with the surface 

• Silicon 

. .Init1~1.o;xid,eJQl'l!l!l.tion · 
.. ·· ... · ...•. ( .. a .. ) .....•...... ·.•··.·.· .. 

)"'~:::.•.:,~·· r 

Oxidation after initial 
layer is gtowri 

. (b) 
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silicon atoms to form Si02• This gives a high initial oxidation rate. After an 
oxide layer forms, the oxygen must diffuse through the existing Si02 {as shown 
in Fig. 5.lb) before it can react with the silicon atoms. Consequently, the oxide 
growth rate decreases from itii initial value. An analysis of the reactant fluxes 
using a simple steady-state model for the growth kinetics shows that the oxide 
thickness Xox as a function of time t is approximated by the quadratic equation 

x~(t) + Ax0 x(t) = B(t + to), (S.1-1) 

where A and B are quantities c;haracterizing the growth variables, such as 
temperature and pressure, and to is included to account for any existing oxide 
at time t = 0. Denoting this initial oxide thickness by x0 x(O), t0 is computyd .· 
from · 

1 ~ . 
to= B [x~x(O) + AX0x(O)]. (S.1-2) 

The solution to the oxide growth equation is 
' 

X0 x(t) =.~ [ ~1 + -~ (t + to) - 1]. (S.1•3) 

which allows for the growth rate (dx0 x/dt) to be calculated. . 
To study the oxidatiori process, assume -that x.;x(O) = 0 so that t0 = 0 for 

simplicity. Then eqn. (5.1-3) reduces to 

A[~ ] X 0 x(t) = 2 \J 1 + A2 - 1 , (S.1-4) 

For small values of t corresponding to the initial oxidation, the square-root 
term may be expanded in a Taylor series to give · 

B 
X 0 x(t) = At. (S.1-5) 

. ' 
Since the oxide thickness is proportional to the oxidation time t, this is cailed 
the linear growth region with (BIA) the linear rate constant. As the oxidation 
time is increased, ( 4Bt/ A2) dominates the square-root term, so for large values 
oft, 

X 0 x(t) = vfit, (5.1,6) · 

This describes the parabolic growth region with B the parabolic rate constant. 
It is possible to express the rate constants in the form 

B = C1e-E,tkT, 

. (]J/A) = C2e-E-ikT, 
(S.1-7) 

where C1 and C2 contain the information on the kinetic growth variables, while 
E1 and E2 are (approximately) activation energies for the process. Typical 
values for' (111) and (100) silicon surfaces are given in Table 5.1 for both dry 
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5.1 Overview of Basic'.Silicon PtocEi~~ing Steps 2a1 

T4$!= ~;_1. Q~id~·µrowth Rate Constants* 

Stkm 
(@ 640torr.) 

· Pati;tbolic Rate Constant: B ;,. c1e-E1lk'f 

:LinearRate Constant: .('!J/A) = C;,e-E2'kT 

(111) Sl.Iicon 

C1 = 7. 72 x 102 [µm2 /hr] . 
C2 = 6.23 >< W~[µm/hr] C2 = 3.71 x 106 [µm/hr] 

····.· ....• • E1 = p3[eV] 
!J2 = L96[eV] 

C1 ;= 3.86XJ02 [µm2/hr] 

C2 = 1.63 X 1()8 [µm/hr] . C; ":' 0.97 X 108 [µm/hr] 
E1 = 0.78[eV] ··. 
E2 =;c 2.05 [eV] 

* From s. K: Ghandhi, VLSI Fabrication Principles, New Yorl,cWiley, © 1983. 
Reptjnt~ with permission from John Wiley & Sons, Inc. · 

and wet oxide · growth rates. At. a giyen temperature · i, steam . oxidation is 
much faster than that obtained by ~ry 9?-· Tpisfas~~r gro:wth p~te is offset by 
the fact th.at the presence of excess 11;utound in th~ steam"grown oxide leads 
to inferior Si02 properties. ·criti~ Si02 layers ,such as those required for 
JyJQ&FEJ ga.~~ pxi~es .· .JJTe .• u~~~Oy sr.R'\Vn . i~ ,dry p~~~n, .. 12~~mrtes of oxide 
tbil}kDe~~ ~s ·. a fµIictiop of gr9wt)i time ~t~ SQpwri; iµ Fig:, :5_;,2~ Increased 
PI"~ure :·e11µan~ .• w.e .. P?Ciq~ •• gr.q\Vf~'. •. rate., •...• ~(): ~ig~-pre~~uf{ 9,cid~tion . i!I 
~llUI\!)itly used •. \VQertlar&e.X.ox y~ues·.·lltC.· ii~dedjn .t11¢ .chip··.ileidgn.· Heavy 
d~pingjri ttie swoon, ,i~() i~cre~ses th~ gtq~th rat~ pfajt' i)~i4fl~yer. . . . .· 

.•..• 'f!i¢rrrial , 9iidatir~.> ~~s .. sHiC()WltQms •. *t JJle . $i-.§i0~ j~t~I'fai;:~ to cr~ate 
lfi9.l~tiles of ~ilico~. 4i?xid¢, ':£'.he. loc.ationJ>f the silfo~ti slitfllC~ win· thus be 
~~ere .. t. :ifterJhi oxid~. giowtlf is compl~tecl. This isilfiistrat~d itif±g:.5 ;3; Tiie 
tfilckpe~s f Si ~f me ~ilioo~lrist t9. Wi o*1df ffoWu, ·~~. b¢ i:~,\~t~~to the oxide 

· tltfokness Xo; U$~ng simple arg~en,. FJrs!, r,ecall ~a! fsi ·=== 5 x Ja22 [Si 
atoms/cm3] at"e in the crystal. The sincon dioxide has· apptoxjmately Ns;9,. = 
2.3. x 1<>22 [molecules/ci,i.3]. Since it 'takes one atom of silicon· to create one 
molecule of Si02, · · · · · · · 

' ,: 

Ns;Xs; = NSiq,)Cox· 

express~s the proper balance. Thµs, 

Ns;o,. . o· 4 · Xs; :::i u"""" Xox "" . • 6xox 
lV&:. 

(5.1-8) 

(5.1-9). 

may ·be used to calculate · the amount of silicon consumed in the oxidati9n 
ptoooi\S, This will' become• particularly itnp9rtant when the LOCOS Isoliitfori 
technique is 'discussed. · 
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Oxide thickness [µ.m] 

0.01 L--....l.....--L--L.....L,..LJ..u.L __ J.._,.....L,.......L,..j.,..L.LJ..U 

0.1 

FIGVRE 5.2 Example of thermal oxide growth. 

Oxidation timl) t [hr] 

.. . . 

n has been found that stray ionic charg~s. most notably alkaJi ions s~ch M 
N~+, are trapped in thermally grown o]l:jde layers. This leadst<> pmbleni(ih 
MOS threshold voltage variations through the flatband voltage YFB· Jtj~ 
amount of ionic charge can ~ redu~d by performing tbe oxid~tfon in t . 
chlorinated atmosphere, such all that obtained by adding HCLor chlorin¢ gas; 
The addition of chlorine to the recipe. allows for trapping. o{. Na+ ions l1l:t9 
neutral subsystems. This reduces charge at the Si-Si02 interface fol~ive\s w4~i¢ 
acceptable MOSFET perfornumce can be attain,ed .. :Phosphosilicaie ~~~ 
(PSG) may also be used as a ~ethod to attract mobile ions .to a region cinlt~ . 
oxide where they can be neutralized ot removed. · · · ·· ·· · · · 

Thermjil oxide 

'._.l _ Original location 
XH; of silicon surl'ace, . 

T 
FIGURE 5.3 Geometry for calculation of silicon consume<! in,the thermal oip~!lt\9µ, 
process. 
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5.1 Overview of.Basic Silicon Processing Steps 233 

An oxide layer'is grown on,(111) ~ilicon using sterun. 'The oxidation is 
perl'qrtri¢d atiOOO[°(::J and lasts fol;' l hour. Calculate Xox, 

: ;,, ... ::-.,·:,;·,: .· .. ··.··' ··,:.::,.::· .· ,· . ,: 

solution . , . .. .. .. 
f,'i,ij(f,!,#4Jhe growth p.1,te coiista.iits. ~9l: (lil) silicon in steam, 

<'i ~ 3:86Xla2e-0.78/(8,62xio:'$)(U73}=:;c iLH6 [µin2/hr], 

while 

(lJ/A) = 1.63 X 1ose-:2,051(8,62Xl<i'"5)(l273) ~ 1.244 [µ~/hr]. 

Dividing; 
. ,·: . . . . 

A= ciiA)~?;~2[~m}r··· 

. Usii.ig eqrt'. (5J~4)then .gives 

= (0.252) [ /'"""1"'""". -,'4('='0"'=",31,.:.,6.,..;.)(l""'". ) - 1]. 
Xc,x 2 'J + (0.252)2 ' 

s6 X0 ~ = 4500 [A]. • 
::.-.:' ;.;=·,::· 

5, 1.2 1mp,n1y. Qi(fq$i~ . 

the diffusion of impurity atoms into silicon ci'ystal)1~ been used since the 
beginhlngs · of the s~miconducior industry. This . doping : technique is based on 
the fact that dopanlatoms gain thermal kinetic energy at elevated tempera-

·. tures, Wb,en Jhi& ·motioP,iis;\i.\ombiJ.ied .with.:a. gradient .in the doping density 
· N(:t)Ja·n~tftWlqfpatticle~::F[c~t~~p]71iscreated such that the particles tend 

t~>, ));'i,<>Yt 1il.,1't ~~9J'.Q.·~gi§ij~ 9f:hJgh,g,n,c;entration,·· Mathematically this motion 
is•d~ctj.b~!l\bY Fick}s.Zawi11,the (on~dimensional) form . · 

( / : aN(x) 
. ,F, .. ,= --: Dax, (5.1-10) 

·~li.ere:J), [crn?/~c]····iil:~.(tiffusien caefffoient:,a clepends on the temperature, 
the ~~pan\· 1:1pe~I~s; an<,$, the CQn@ntr:ati.onof:Jlopants, in the diffusion path. 
Diffusions are typically performed in th¢. temperature range 900-1100 [°C]. · · 
; ~ergeµ.irfll; ptopetties .of •diffuaive,;motion are obiained by :writing a 
b,ala~~ ,equati~~;t<:>r particle (1ensiiies, §QJtsider the situation shown in Fig. 5.4 
wMt, (~ ,@QC:~Qtiatj,OJ;l .. gradierii:•.c;auseiL.particles .to diffuse from. region· :tsto 
regfori;2: ,$ii}~'the oum.bjr: .9t<patti¢les 1gst from region ··1 is ( dN/dt); .. the flow 

,· 
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I 
I 
I 
I 

. I • 
• • • •• •• • ..I..... . • •..••• -~:-rr •. • • • .• ,-+ ••• • ••.•••• ,. -+ .. . ...... , .. 

--=-~---=-.-''----'-· -"---~----.. X 
Region 1 0 Region2 

N(x) 

Region 1 0 Region 2 

FIGURE 5.4 Particle flow established by a concentration gradient. 

. is described by 

aN(x, t),;,,, _ aF(x) 
at ax (S.1-11) 

Classical diffusion theory assumes that D is not a function of position x. Thus, 
substituting the flux from eqn. (5.1-10) gives the diffusion equation 

aN(x, t) = D a2N(x, t) 
at ax2 (5.1-12) 

This partial differential equation can b~ solved subject to appropriate 
boundary conditions to determine the impurity profile diffused into the silicon. 
The di:ffu~ion coefficient D in this equation is interpreted as an average value 
and varies with dopant species and diffusion temperature T [°K). It may be 
computed using the formula 

(S.1-13) 

in which Ea;, is an average activation energy corresponding to the dopant 
"jumping" from i;;ite to site. Approximate values of D0 and E~v are provided in 
Table 5.2 for B; P, and As. 

Dopant profiles are controlled by the manner in which the dopants diffuse 
iilto the silicon. Two types of profiles are of particular interest. The first is 
obtained using a constant surface concentration ( or predeposit) process in wliich 
the surface dopant density Ns = N(O) is maintained at a value N0 [cm:-3). N0 is 

T 
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1ding to the dopa:nt 
I Eav are provided in 

1 the dopa:nts diffuse 
interest.. The first. is 
,sit) process in which 
alue N0 [cm ...,l N«i is 

5.1 Overview of Basic Silicon Processing Steps 235 

TABLE 5.2 Average Diffusion Coefficient!! for 
Common Silicon Do pants· 

Dopant 

Boron 3.62 

Pho~phorus 5.853 3.62 

Arsenic 0.091 3.37 

known as. the solid solubility limit and represents the maximum dopant density 
that can be "dissolved" in th<: silicon, N0 depends on the dopant species and 
temperature . as illustrated by the . graph . of pig. 55. Tllis type' of diffusion · 
problem il! shown in Fig. 5.6(a). Assu,ming that the diffusion qycle lasts a time 
tp and is carried out at a tempeliature ~' the final impurity profile is found to 
be · 

N(x) = N0 erfc ( 2~), (5.1-14) . 

N [cm-:i] 
1022 .--"----.---------.-----, 

FIGURE 5.5 Solid.solubility limits for boron, arsenic, and phosphorus. 
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N(O, t) = Na 

N(x, t) Dp = D(Tp) · 

Tp[°C] 

Basic diffusion problem 
(a) 

N(x, tp)= Naerfc(--)[cm-3] 

2vn;;t; 
Na-----.----,.----, 

X 

10-4N0.__ __ __. ___ _,_ __ ...._...., Positionx[cm] 
0 2v'D;f; 4 vn;;t; 6v'D;f; 

erfc profile 
(b) 

FIGURE 5.6 Constant surface concentration diffusion. 
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wh¢r¢ t.>.,;-=D('.I'j,); The complementary error function erfc(y) is given by 

erfc (y) ;,,; 1'~ erf(y), (~;1-15) 

where erl(j,) is the.ettotftmction defined. by the integral representation 

. . - 2 1Y -u2 , 
erf(yJ-v; .o e du . . (5.1-16) 

A plot of the ~rfc profile is s~own in Fig. 5.6(b). The total number of dopant 
atomsQ il}trtjl:lq~d into the.wafer during this step is 

Q = A r N(x) dx = 2N0A ~, (5.1-17) 

· with A being the surface area. This type of diffusion is used for shallow doping 
profiles and also as a first step in deep diffusions. 

The second type of diffusion problem is one where the dopants have been , 
introduced into the wafer by a predeposit step and are then subjected . to a 
higher~temperature drive-in diffusion at temperature , Td for · time td. This is · 
shown in Fig. 5.7(a) and is also known as a limited source diffusion. Assuming 
that Q atoms have been left by the predeposit, solving eqn. (5.1-12) gives the 
Gaussian profile 

N(x)= Q · e-x214D,itd, 

A\!1rDdtd 
(5.1-18) 

with·Dd = D(Td), Using Q from eqn. (5.1-17)finally yields the result of this 
2-step process as 

N(x) = 2No fl5;t;, e-x2/4D,itd, 

1C 'l'EZ (5.1-19) 

This profile is illustrated in Fig. 5.7(b) and is valid as long as (Ddtd) » (Dptj,) 
is satisfied .. Usually the wafer will be subjected to additional heat treatment 
steps, which will cause the dopants to diffuse deeper into the silicon. This may 
be accounted for by replacing the factor (Ddtd) in eqn. (5.1-19) by an effective 
value 

(5.1-20) 

where each te~ D;t; in the sum represents the effect of a separate heating step 
in the wafer processing. .· , · 

The doping profiles in eqns. (5.J-14) and (5.1-19) are reasonable ap­
prmtimatloris as long as ~ doping levels are low enough to ignore the 
dependence of D on the carrier de:p.sities. High-concentration diffusions used 
in certain VLSI pr9cesses do not result in erfc or Gaussian profiles, an,d th<, 
analysis must be modified to d~ribe these situations. The most gehetal 
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N(x, t) Dd = D(Td) 

Td[°C] 

Basic diffusion process 
(a) 

X 

10-4Ns ,.._ ___ ..._ ___ ":=:=---::'. Position x [cm] 
0 2VIT;if;i 4 VIJ;f;, 6VIT;if;i · 

Gaussian profile 
(b) 

FIGURE 5.7 Limited source diffusion. 
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r~e;~a,r:~~~~=tg:~~t:;~~,:;;;~.::~~i?n·, 
:t::~1 ;:«[i1 ; ittjf i:~r\~ti P~i~)J 

bf= D~-i;; .. 11,i' 

b\:Jparii .. . Bdrbn ·. . . Phosphorus Arsenic 

Q,38 
.3.S8 

22.9 
4;1 

.:... 

Dfio [ci:i:1.2/sec], E; in [eV] . . . . 
• Fron1 R. A. Colclase,r, Microelectronics Processing 
ani Device Design, New York: Wiley, © · 1980. 
Reprinted with permission from John Wiley & Sons, 
Inc. · 

situation is described by writing the diffusion coefficient in the form 

D = h[Dr + Dt(~) + t>,(~r +Dt(!) ], 

/, 

(5.1-21) 

where h is called the field enhancement factor. It accounts for field-aided 
difftISion· under the infl,uence of a built-in electric field that is created by the 
separatio~.of electrcnis fro~ their host dopant atoms. h has a value between 1 
and 2, n and p are .the carrier densities, while n; is the intrinsic concentration at 
the "1iffusion .temperature. The quan.tity Di is the inp:insic diffusion coefficient 
for tbex·charge-state vacancy. liltrinsicvalues are computed from 

·D' X - Dxe-E'i,lkT 
·. i - D ., (5.1-22) 

where Ea is the activation energy for the state: Taple 5.3 provides values of Do 
and Ea for B, P, and As. Note that only certain terms in eqn. (5.1-21) 
contribute to D for a given dopant. . 

Boron is a p-type (acceptor) dopant. that exhibits neutral and positive 
charge~stat~ vacancy interactions. The· dl{(u$ion coefficient has the form 
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where the field enhancement factor li~s been set fo. u1.1ity .JU$ wn~eoi¢l.lt;JQ 
define an average intrinsic diffusion coefficient ~y · · 

D1 ~Dr°+ Dt. 0(~;t,i,ij 

A constant surf~ce concentration· boron diffusion is then· fQ~nd to: be d;~ciibed 
by the profile 

N(x, tp) = No(l - ¥2'3); · · ,.Jji~ 
where 

( n,x2 )312_ 
Y- . . 

- 6N0D1tp . 

This type of diffusion result is shown in Fig. 5.8 where it is compared to thJ 

N/No 
1 -=:-.-'"--.-------r---r--',-:--,. 

\ 
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FIGURE 5.8 High-density constant surface concentration diffusi<>n profile coinp~lf.isi::in. 
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~rfc\dist(ibtjtfoii>The diffusion edg~ is much sharper th~ that prt,dictid PY the 
. bl11s~i~l;th.¢'cicy. When this type of boron diffusion is· performed into an #~type 
b,!ltkgrourid,ia\'pn junction is formed. Toe sharpness of the. curve allows the 
Joca;ttPnx1iP~-~e junction to be found by setting N(xi, tp) = 0, i.e., Y.= 1. 
Thu:s, · -.··. · · .. 

· ............•..•... ~J-·-~_,2\~~-~ (5.1:27) 

alfo~~for.;m 1~stim~te of the diffusion depth. 
: I-Iigli~density arsenic (n-type) diffusions are characterized by 

. . 

~/i[Df + D,(;J]. (5.1-28) 

· sh~wi,ng in1~1'.agµons with neutral and _single-negative charge-state vacancies. 
The'ef/~ctiv,~ 1irilrifuic ca"ier density h;e is introduced to account for bandg.ap 
fiqrrowt#g :f.ttoni the high doping levels. The effective density is computed ftotn 

(5.J,-29) · 

wit!;iAE8 the reduction in the energy gap. Figure 5.9 shows n; and n;e over the 
standard ·range of diffusion temperatures. 

It .is found, that the field enllancement factor for As is approximately 

FIGURE- S.9 n; and n;. as functions of temperature. 
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h = 2. Using this with the assumption that (n/n,.) » 1 reduc;es(the Qifl)1~ipu 
coefficient to , · ·"';,. 

A constant surface concentration diffusion lasting a time tp i:eJlul~s.h1 a dopi11g 
piofile that is approximated by ::--~.·, .... :· ,. ·. · ·· <.::..>: .... · 

N(x, tp) = N0(1 - 0.87Y - 0.45¥2), 

with Y the dimensionless variable 

~ nieX2 

·•C·····(?:k~I) 

y =BNoD1tp. 
. ... ·· .. , ....•. ):· ·'··rc•¥"';,<)<.•:J}: 

This type of distribution is also plotted in Fig~ .5.s .. w4en.,i/lJ~ ififfµJi~ij(!R19ltJ· 
lightly doped p-type sample, the pn junction. depth. J.llfl)(. l?~r8¥C9~ft~~-'i~i 
sett~g N(xi, tp) = 0. Solving the quadratic results in · · · ·· 

X1 "" 1.616~2D1tp(~:), (~.\~) 
which provides a good estimate of the diffusion depth. . . . . ·.·· . • d . if .•.... 

The diffusive behavior of high-density phosphorus diffusions is if' · ·· 
complicated and is termed anomalous as it cannot be explained· using:tl(. · 
theory. The form -of the diffusion coefficient depends ort · the ·· ValUtf '<'.>ff 
electron concentratiori with respect to a reference density 

n. ""' 4.65 x 1021e-0.39tkT. 

In regions near the surface where n > n., 

Jj = h[ vr + v,(:.rJ 
is valid. However, iri the deeper regions of the _crystal. wh~~¢'~;~:' 
found that phosphorus has neutral and complex single~negative elf 
interactions. This changes D to what is termed the "tail'' yalue. A (I, 
discu~sion of this topic is beyond the scope of the present tteatilient. / 

EXAMPLE 5.1-2 

A 2-step phosphorus diffusion is made into a p-type wafet th~t ~a& an .. ·· · 
doping density of Na = 1015 [ cm - 3]. The _diffusion is desErtbel:f'.hfa . 
for 30 minutes at 900 [°C] followed by a drive-in for 6Q;ffiinutes atl 

Calculate the depth x1 of the pn junction-fonneqJ:~Yb~Il?fs9 
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•. ·:~itt~~d ,&,i;}.x{102Q·1~rit;~]J~itijf$~li~,~q!tjbility. Next. comput~ the 
diffi:ision coefficients (,ltthe two temperatures: . 

· ••· Dp ;==.·S.853e~3•621(!:,iio-5)<m;)•=).66•x·.10~15 [cm~/~ec], 

Dti. ;= .5. 85~f#P'3:iwc$.6Z~10:.5><137~j""' 3.15 x 10-13 [ cefi2/sec]. 

The~.4§¢·~&ri'.' (5.1~19)Jo. tlnd ·~e eloping profile: .·· .·· 

•···':'.~;) .•. ·: .2(6····.:lOW}'''·· .f !]f .. ·~·······i~:~:~~:~~ e-x~~fti:is•~io~i~(60)(60). 

Thig gives 

N(x) = 1.97 X 1019e-ft1-ll-454 [cm-'3], 

whete x is in units of .[µm J. 
To calculate .the junction depth, just look for the poh1t whc::r.e .. tlle. donor 

dopi~g e~~GtJy equals the p-type accepfor level N.,, i.e., . . 

N.(x;) == l'f.,. 
Solving, 

: ~~~~<~tj.4S4in'(L97
1;S1°~9J •.~ 2.12 [µm].· • 

A high-density arsenic diffusion is performed at 1000 (°C] for 30 minutes into a 
~ghtlydofj&d•p;type\va:fer. Chleitlate the junction depth X;, 

·solution> 
Fitst.,tedd·N:,;¥ 6i5'>(10f!l[cnc3J and n;. = 2 x 1019 [cm~3J'ff6iri the>chittti; 
N~xt useLthe :d~i;ta>in Table 5.3 to calculate ·· 
o 1'.i>f ~!2~;~;Jf0ch2}t10j5)(1273) = 1.36 X 10-15 [cm2/~li 

Eqtfatidri '(SH~33f th~n gives 

, ~f<>< L61612(L3~ x 10-15)(30)(6~) 6;5 '¥-x.l~?:. 

s:~!~; • @11 )~nlittion 
DQpi~if by Jqn; implantation has ah:ieady been ntet;t#oned in Section 1.1 for. 
s~tting MQS~ij'I'Jhreshold voltages:An ion· implanter is an apparatuscthatfirst i 
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}Yjon (x) 

~---
Gaussian 
Actual 

.__ ___ __..... _______ -+ X 

0 

FIGURE 5.10 Gaussian ap11roximation for ion implant profile. 

ionizes a dopant source and then . accelerates the ions to high energiJt 'rii' 
ions form a beam that is focused to scan over the wafer. The !iQp!lnt Jon~ are 
literally smashed into the substrate. This results in a doping profile t.~tis 
approximated to first order by the 'Gaussian · · 

The projected range RP represents the average pent,tration cJ~t)J of tl1,¢ 
implanted ions. RP increases with increasing energies and is also a functfon•bf 
the dopant mass. The straggle (ARP) is the standard deviation associat~dwit:Q 
the implanted depth and depends on both the incident ion energy .. a,qg;P!i;H>,q . 
mass relative to the silicon atomic mass. The general shape 9ft)J¢ G~u~~hm 
approximation is illustrated in Fig. 5.10, where it is compare(! .to !l ;more:: 
realistic implant profile. · · · · 

The number of ions implanted into a wafer is specified by using tlJ~:,QQS!:l 
D1 (cm-2] defined as · 

D1 = L:"' Nion(X) dx = Np(ARP)v'fn, 
. ,,' .. '.i:-}.~.\. 

where NP represents the peak concentration_ (at x = Rp) in units of [cni'--3}.? 
The dose is a carefully controlled quantity and cari be 11le1:1~~ft}Q µ~Jii~ · ' · 
cu"ent integrator technique shown in Fig. 5.lL This approach to dhsi''· .· 
measures the current supplied to the wafer to offset the charge iml{alijfltfe < 
created by the ion beam. To understand the system,· let 1 represerlfth'e:;be,nf . 
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FIGURE 5.11 Current integrator dosimetry arrangement. 

current so that 

!1Q0 "" r /( i") dT (5,1-38) 

is the total charge delivered to the wafer during an implant time t1• The charge 
on an individual ion can be written as (±sq), wheres = 1 or 2 depending on 
whether· the ions are singly or doubly charged. The total number of ions 
implanted into the wafer is thus given by (!1Q0 /sq). Denoting the implanted 
area by A yields the dose expression 

D1 = • lArJ(T).dT. 
sq o. 

(5.1-39) 

This shows thatthe implant dose can be computed directly from knowledge of 
the beam current. Dose measurements typically exhibit less than 1 % error, 
which serves to make i01t implantation: one of the most · carefully controlled 
processes_ available in silicon wafer fabrication technology. 

Ion implant profiles result from the statistical nature of the ion~stopping 
process. An incident ion is assumed to have a mass M1 and energy E1, as shown 
in Fig. 5.12. The, ion loses• energy to. the crystal by collisions with electrons and 
silicon nuclei. The maximum energyE'r transferred to a target mass MT (and 
hence lost by Jhe ion) is found to be 

M1MT 

where Mt is eith_er the electron tnass m or the nuclear mass /o;fsi, depending on 
the event. Coulombicforces a:Iso contribute to the ion energy loss. The ov¢rall · 
effects are contained in the stopping power S [ e V /cm] such .that 

(5.1-41) 
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Electrons 

E,,M, ~ Q-+ Si nucleus 

Incident 
ion 

Silicon (Target) 

'----------+ X 
0 

FIGURE 5.12 Basic ion-stopping problem. 

gives the nuclear and electronic contributions. The ion energy loss is · then 
described by 

dEr 
- d)c = Ns;[Sn(Er) + Se(Er)). (S.1-42) 

This may be used to find the implanted distance· R for ail ion by integrating in 
the form 

(S.1·43) 

The limits on the energy integral correspond to having an incident ion energy 
Er at x = 0 and to an ion at rest (E = 0) at x = R. The projected range RP is 
the average value of R for all of the ions. The straggle !:,.RP represents the 
statistical variations in the ion penetration distances. · 

The preceding brief description of the ion-stopping process illustrates two 
important problems introduced by the implant. First, the collisions with the 
targets will tend to knock Si atoms out of their equilibrium lattice sites, which 
causes cracks and defects in the crystal. Second, the ions will be randomly 
distributed in the lattice and cannot act as substitutional impurities until the 
implant is activated. This requires that the dopants find positions correspond­
ing to normal lattice sites in the crystal. To solve these two problems, the 
wafer is subjected to an annealing step that simultaneously repairs the datnage. 
and activates the implant. 

Thermal annealing consists of heating the wafer for a short time to allow 
for diffusion of both the dopants and the silicon atoms. Assuming that this is 
performed at a temperature TA for a time tA, the thermal anneal has the effect 
of changing the straggle to · 

. (S.1-44) 
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." (5;1-44) 

FtG,fflf~;;_3;· 

w~~t~ D,4. .!=. D (T~) for the implanted species. A typicai anneal cycle inight be 
30 mjnutes at-1000 [°Cl Using this in eqit. (5.1-36) gives the final implant form 

>· .·.· ... · ..... P .... ·. 1· -R 2 

· Nicin(~)i=V;:-~(AR )2f2DAtA exp [-2 (\/(~; )2+;DAtJ]. (5,l-4S) 
.,,, '·.·• ' .. •· . P .. · ,. . . .. P . . 

A.$ shbWri ',by the :piots ih Fig. 5 .13, the thermal a.nneal causes the dopants to 
diffuse' Jwiy frorii?thf pt<}jected t~ge ·pofot · R,,0 This spreads the distdbution 
afid reduces the peal{ coifoen:tratiorL A. mote ·accurate analysis would a'.ccoUfit 
for .reflections an.d crut~di~~ii>i:1$ a..t tµ¢ \silicon. s1.1rj:a.ce; <: ·. .. . . . . . 

· Rapi~ alineal techniques have r~f~ntly become df interest. This approac)l 
involves b~attni •. the wa.fer t6 pi~ht~mI>~tatures f~tr.:ven-. jhort time pe~ods. 
An• example of a rapid atmefil tecifiriiql.icris lasef annedlitig,. which employs a. 

r~:~~r,i1,ur;l:::~s~aj47r:::r.W.~;;~~~:a:~rifuf :~~.:!sa::::: 
is tfi:~t the AA!.\~tar~g profile·. i~ •·. y¢ty ·¢IQ&~· tQ. $~ J>rj.gi.111).l jtll,plaJiLdistribution; 
i .• ~'.)t.\!e ~pr~~4'.de~ribe~;PYL~9.i;t. ($il:~4) i$ IJ,Offoµnd for.this type of 
anii.eali~g, The htairi disadvantage is that the wafer throughput ( the number of 
wafers processed per hour) is· ~really redu~tl/ •. 

$,1i•-~•••··Y•p~r· .. o~·· 
ciitiihi¢hl ;~ptjf d~positi911 (~ • .. • :Jk~~~ t6 o~~iiri l~yers of various ~ate rials 
jn ,silico11.W'afef fabrication; ... · .. ·· ' pli'egJ>y iW nil.me, CVD produces layers by 
tisi6g/9If~jaj¢ijLi¢acii.ons that: dsifttitt desired material onto the substrate. 
1Jie re11~ion kinetics involyect in >this type of process depend on the. 
temperature; the pressure, ap.cl the :reactant species . 
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Silicon nitride 

Thermal stress 
~Z?Zil~i7ZiliZ?Zili722liZ?ZiliZi'Z.i:Z?Zil!'i'2Z:Z?Zil!Z/Zi:Z?Zil,zzzJ,,___relief oxide 

Silicon substrate 

FIGURE 5. 14 Nitride with stress-relief oxide to prevent cracking. 

Silicon nitride (Si3N4) is an important material produced by a CVD 
process. Nitride is used to passivate the wafer surface, since it is a dense 
dielectric that forms an effective barrier against alkali ions. Another important 
property of Si3N4 is that it does not oxidize very well; this property is exploited 
to provide the basis for the LOCOS isolation technique. A common reaction 
for producing nitride layers uses silane (SiHi) in ammonia by means of 

3SiHi + 4NH3 -+ Si3N4 + 12H2• 

The reaction temperature for this process is on the order of. 700 [°C]. :one 
problem that ·arises is that nitride layers exhibit very high tensile stress, which 
can lead to cracks whei1 the nitride is deposited directly onto a silicon surface, 
To avoid this situation, a thin oxide layer is usually grown on a-silicon surface 
prior to the nitride deposition, as shown in Fig. 5.14. This stress relief oxide 

. tends to relieve some of the surface tension and allows for reliable cover~ge by 
the nitride. · · · 

CVD oxide layers are required whenever a silicon surface is not ~vaHabie 
for a thermal oxide growth. One of the more common reactions used for .tbi,s. 
purpose is the pyrolysis of sila~e in oxygen as described by 

SiHi + 202-+ Si02 + 2H20 (600-1000 [0c]); 
or 

(300-500 ["C)). 

The lower-temperature reaction produces hydrogen as a by-product and results 
in higher-quality films than those obtained using the high-temperature water~ 
producing process. Phosphosilicate glass (PSG) can be deposited by sirdul· 
taneous pyrolysis of silane l!-fld phosphine (l>H3). Phosphine reacts with oxygeti 
according to · · · · · · · 

2PH3 + 402 -+ P20 5 + 3H20. 

The P20 5 is then incorporated into the silica during the· deposition proeessJ 
PSG has a lower tensile stress than pure silica, which tends to make PSG n,.qre 
reliable when niany thermal cycles are required in the process flow. . . . . • . . .... 

Polycrystalline silicon (poly) may be deposited using the direct pyrolysis 9f · 
silane · · 

SiHi -+ Si + 2H2. 
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In a low-pressure system, this occurs at a reaction temperature of about 600 
[

0 C]. Typical deposition rates are on the order of 200 [A/min]. The 
polycrystalline nature of the silicoti deposited in this manner is a strong 
function of reaction temperature. For temperatures less than about 575 [0 C], 
the poly layer is found to be amorphous. In contrast, layers grown at 
temperatures greaterthan about 625 [0 C] tend to exhibit localized columnar 
crystal patterns. The orientation and diameter of these columns are dependent 
on the:; specifics of the reaction conditions. Poly may be doped during the 
deposition process by the addition of diborane (B2H6), arsine (AsH3), or 
phosphine to the system. In MOS technology it is c;ommon to dc:;posit intrinsic 
poly a:nd then selectively dope .regions of the layer during the normal process 
flow, · · · 

5.1.5 Metallization and .Sitickles 

Metallayers are ti~d to provide low,tesistance interconnects. Aluminum (and 
its, a:iloys) is· the most commonly µSed metal for this application, with a room 
temperature resistivity .of about 2.7 [mQ-cm]. Gold is also useful for certain 
appfkationS, Metallic layers of this type ate obtained by first melting and then 
evaporating the metal in a closed vacuum system. The solid samples ate ·heated 
using standard resistance wiring, electron beams, or rf-induction heating 
techniques. Placing the wafers into the evaporant flux .allows for a complete 
and (almost) uniform coverage of the surface. Condensation of the metal onto 
the wafer is attained by keeping the temperature of the wafer lower than that 
of the evaporant. . 

R~frtictory (high-temperature) metals are finding increased use in VLSI 
structures. The maiQ. advantage of using a refractory metal is that low~ 
resistanc~ patterned interconnect levels can be formed at any time in the chip 
prdce~. flow., The· high . melting point associated · with these metals keeps the 
pattern intact even if the wafer is subjected to additional beat treatments. (Al 
has · a fow melting point---660 [°C]-and can be used only after all the 
high-t~tnpetature cycles are completed.) This property allows for multiple­
leverinterconnects to be created, which aids in the layout of complex chips. 
Refractory' metals of current.interest include titanium (Ti), platinum (Pt), 
moly?den11,n. (Mo), and tungsten (W). These may be evaporated using 
electron~beam heating or may be sputtered onto the wafer. In sputtering, an 
in~rt g8:s ,such JlS Ar is ionized and used to bombard an electrode that is coated 
'\Vith the desfred substance. The collisions knoclc the atoms off the electrode, 
creating a pc1rticle flux directed toward the wafer. 

Silicides are compounds formed using silicon and a refractory metal. These 
have been introduced for the same reason as the elemental refractory metals, 
Le., to create high-conductivity paths that can withstand high-temperature 
processes without melting. Some of the better-studied silicides are TiSi2 , PtSi2, 

TaSi, and WSi2 • In this group, titanium disilicide (TiSi2) has shown the lowest 
r¢sistivity, with about p = 2.5 [mQ-cm] for cosputtered samples. 
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Silicide. 

p,N. 

FIGURE ~.15 A polycide gate MOSFET. 

Polycides are simply combinations of polysilicon and silicides. A typical 
polycide consists of a lower level of poly with an upper coating of silicide. 
These are particularly useful because they exhibit the best features of both 
polymlicon and silicides, including good stability, adherence, and coverage 
(from the poly) and a high conductivity pati:i (from the silicide). A MOSFET 
fabricated with a polycide gate is shown in Fig. 5 .15. It should be noted that 
the threshold voltage of this device i!,l dependent on the specifics of the layering 
used for the gate. If a thick poly layer (>1500 [A]) is Ulled, then the gate 
threshold voltage will be the same as if only poly were used. However, if the 
poly layer is thin, a shift in the gate-substrate work fQnction <1>08 will occur 
because of the silicide. This JllUSt be accounted for in the threshold voltage 
adjustment implant. · · 

5.2 Lithography 
An integrated cirCllit may be viewed as a set of patterned layers. Each layer is 
a material with specific electrical properties. For example, n + regions, silicqn 
dioxide, and aluminum form layers of doped semiconductor, insulator, and 
metal, respectively. In general, a layer must be patterned before the next laye:r 
of material is applied. A device such as a MOSFET is a subset of the patterned 
chip layers. Device characteristics result from the 3-dimensional structure 
created by both the layering order and the geometric pattern on each laytlr. . 

The process used to transfer a pattern to a layer of an integrated circuit is 
called lithography. Since each layer has its own distinct patterrung require: 
ments, the lithographic sequence must be repeated· for every layer used to 
build the chip. The main requirements for a lithographic process are (a) a 
mask or reticle that is a "master copy" of the desired pattern; (b) an exposure 
or pri~ting system that allows the transfer of the pattern to the wafer; and (c) a 
resist material that coats the wafer and is itself patterned by the printing system 
as the first. step in creating the patterned layer. · · 

5.2.1 Basic Pattern Transfer 

The easiest way to illust~ate the important aspects of a lithographic proc~ss. is 
through a specific example. The one chosen here is basic optical lithography 
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Photoresis~ 

After resist development 
(d) 

p,N. 

Strip resist, dope through window 
(f) 

FIGURE 5. 16 Example process for optical lithography. 

with co,ntaci/proximity printing. The process will be discussed in conjunction 
\\lit)l:tl;re w~er fabrication steps in Fig. 5.16. This set of drawings will show 
how a·patterned n+ region is created in a p-type substrate such thatthe n+ well 
is iiccesseq. t,y a metalinterconnect la yet, . : 
. ;: The .. starting point for the example is the section of p-type wafer. with 
constatit <lopingN0 shown in Fig. 5.16(a). The wafer is first subjt:lcted to a 
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Drive-in or implant anneal 
with oxide growth 

(g) 

Aluminium 
\,_ 

Oxide 

Resist 

Oxide contact cut 
(h) 

Evaporation of Al, application and 
patterning of resist 

Resist 

Aluminium 

Aluminium etch 
G) 

Figure 5.16 (contd.) 

(i) 

Alqminium 

Final structure 
(k) 

thermal oxide growth and is then coated with a layer of photoresist. At this 
point, the wafer has the layering of Fig. 5.16(b). Photoresist is a light-sensitive 
organic polymer (generally a type of plastic) that is initially in a liquid st.ate 
when it is applied to the wafer. The wafer is spun to allow for an even coating 
of resist, and it is then subjected to a soft-bake heating step that ~olidifies the 
resist enough for handling. Photoresist is available in two types, negative and.· 
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positive; Negative resists react to light by absorbing photons; which creates 
cross•ltnkingofthe• polym?rswhenthe• resist is developed. Regions of negative 
photoresist that are exposed to light become hardened after the developing 
process/ Positive photoi'esisf works in the opposite manner, with absorbed 
photons contributing toward increasing the solubility of the resist base resin. 
Exposing positive resist to light creates soluble regions that are dissolved away 
in the developing solution. The·.example ··here. will assume that negative 
photoresist is used. 

Figure 5.16(c) shows the actual exposure step in the first lithographic cycle. 
The pattern for the n+ geometry is shown by the opaque regions on the mask. 
The maskjtself is high0 quality quartz glass on which a l-to-1 (or 1 x } copy of 
the pattern has been made; The most cortunon substance used to create 
opaque mask regions for optical lithography is chromium. Ultraviolet (UV) 
light is> used to expose the photoresist through the mask as shown. Photon 
absorption occurs in the photoresist· underneath the clear mask regions. In 
contact printing, the maskactually touches·thesurface of the resist layer. This 
results in the best pattern transfer resohitidn but tends to wear• out the mask 
rather quickly. Proximity printing solves this problem by maintaining a small 
spacing ( on the order of 20-40 [µm]) between the mask and wafer surface. 
Although the mask does not degrade as rapidly, the resolution of the image is 
reduced from that obtained by contact printing due to diffraction. 

After exposure, the resist is developed to obtain the patterning as in Fig. 
5.J6(d);Regions of negative resist that were exposed to the UV light through 
the mask have become hardened. This allows for the silicon dioxide to be 
selectively etched into the pattern, illustrated by Fig. 5 .16( e). The silica layer 
may be etched using a wet chemical bath of buffered hydrofluoric (HF) acid. 
Alternatively, a dry etch process based on a gaseous plasma may be used, It is 
important to note that this step has opened a patterned oxide window down to 
the bare p-type silicon substrate. 

The next step in the processing is. to strip the photoresist off the wafer. 
This .is required because resist generally has a.low melting temperature, which 
prohibits leaving it on during high-temperature cycles. The pattern provided by 
the oxide window is then used to selectively dope the wafer with donors to 
form the patterned n-type well in the p-type substrate. Either diffusion or 
implantation may be used since the oxide acts as. a mask to keep the dopants 
out of the silicon regardless of the doping technique employed. The oxide itself 
becomes doped during this process but is assumed to be thick enough to keep 
the dopants from reaching the silicon surface. The resulting n-type well that is 
created in this step is shown in Fig. 5.16(f). 

After the initial doping is completed, the wafer is heated for either a 
drive-in (for a diffusion} or an anneal (with an ion implant). The atmosphere is 
assumed to be nitrogen and oxygen, so an oxide layer is grown over the entire 
surface. This is drawn in Fig. 5.16(g). The oxide is introduced at this point as 
an insulator between the semiconductor and the metal layer. 

Access to the n+ well is obtained by another lithography step, which 
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results in the oxide contact window shown in Fig. 5.16(h). Aluminum is then 
evaporated over the entire surface of the wafer,. and the. desired metal pa,ttern 
is formed on the resist layer with the next lithography sequence. The .wafer at 
this point in the processing appears as illustrated by Fig. 5.16(i), Etching the 
aluminum leaves the patterned layers shown in Fig. 5.16(j). The last step in 
this example is to strip the resist, which leaves the final structure shown in Fig. 
5.16(k). 

This example demonstrates that the masking process is repeated for every 
layer that, needs patterning. In particular, masks were used to pattern the n + 

doping, the oxide contact cut, and the metal geometry. Owing to .the 
importance of obtaining patterned layers that are accurate images of the 
mask, good lithography is crucial for making · integrated circuits .. Many 
variations in the lithography sequence are possible. Although space prohibits a 
detailed discussion of the subject, some of the possibilities are discussed. 

The first to be examined is an exposure technique known as projection 
printing. In this approach, _the mask is kept some distance away from the 
wafer, and the pattern transfer is effected by optically projecting the image 
through a lens system. One example of this type of printing system is the wafer 
stepper shown in Fig. 5.17(a). The layer patterning is contained on the reticle, 
which is typically a 5 x or 10 x enlargement of a single die area. Pattern 
transfer is accomplished by optically reducing the image to the correct 
dimensions while simultaneously focusing it onto a specified region of the 
wafer. After the portion of the wafer is exposed, the system "steps" the image 

+ 
Setup 

(a) 

Projected image 

..:...- Wafer 

FIGURE 5.17 Wafer stepper projection printing system. 

Wafer stepping path 
(b) 
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t~itbi'ri~~xfili.t},~i:t~V*1~ls9h¢!,(1~ · aJly ilhistrated. by Fig. 5 .17(b). This ··stepping 
prp¢t}S$'iSi¢~?tjn:µej:l)\iii1Uil)~ > . ·. mpletely exposed. · .·.:.· 
;:dJ Whehditl;}ct'cwafci~fsteppiri.g• tethriique ois ~seful b~ause it allows for w~er 
~tirfaceJ·vatiati?rls'.. di.fill'· ~er '"Yarpiti~l? ~is:ds, ~atticu)arly . important as wafer 
/Jiann~ters h1()ft}asefrmlie use;qf;~·5*''0rt10~j~!tj;cle·· paitern allows for larger 
tOle~anceS in ~e pat,ern. definitiOil; mal<ipg if ffi()re ac:curate than that possible 
W'jfhl a: tx :sy~t~nl;/:C)f ,co11rse} '1if!rllttibn: effects eompehsate for some of· this 
b~·4µs<: ·ofrthe::1iatur~ ot the p-rofection: system. Another. advantage of this 
Jec~~ique:is ;that. the p~tteril ttansf~riis: nowgr~atly affected' by. dust particles 
~¢oouse th~ rectile1.s;shieldedi:with a. sheath/of.dearnitrbcellufose (or similar 
tiiai~tiiij)f¢hlleµd1 . . . . .. iThe system: iif,attanged so>tha.i ~ny.dust accumula­
tion is,testrietedf. · sihe·. pelHclersurfitce .•. Image: contr6l·· is<maintained by 
~nsliring>thaf the <I. st~nce behveen the ~ticle iitd the, })e1licle! iS ·sufficient. to 
keep: · the :dust:•::\p~ticles , oO:ti ·of,. the; focusing;; range: ·•· of\ the ;fo11$ , system. 
Consequently, ·the]Q\1St,p~ic~i::s> <l<t:not .image : onto :thel v,,a.fet. The main 
disadv®tiige Qfth~:wafe:r stepper is th~t the Wafer tl1to~ghpUtiS\@w ·compared 
with thato'fa $in:gletexposure proceas:/ . .· . 

·•····· ~eg11-tive pµot9resists:;are \based, on 1ight~sensitiveorganic pol~eric resins 
tO<wbich pho~ose1,1sitizing : agents; have been .: added '.tc) aia ; in Ule . photon 
apsorption>pr9cesiii :ffiypiQlll negative•wprking resins ate polyvinyLcinnamate 
arid•' cyclize<i ·polyikoprene. •The•resin itself inust )lave••·th.e hasiQ,properties: that 
it can: adhere to the desired surface and can.be developed into a hardened film 
thal iS resist,llllt 'to t~e !:>aaic layer etchants. Tile specific sensitizer used to 
create a working negative resISt depends on tp,e .. ;~iq>~Y~!~l)l, ,~i,J;t,.c;~the t}VO 
must be cmnpatible.: ~egati".e phoforesist can he m&de very sensitive to light, 
a11,hvingtor rapid expi:,sur~: This makes'>negatiye photoreSists userur for high 
wa.fer: throtighputi J4owever;>they>ha\re··.•the undesi[ilble ·property of·• swelling_ 
durin}fthe devefopirte~t ptotess;becarise the/devel?pibg ag~nt fs al!,sorbed by. 
thedpolyinerl Qwiµg <to .•the. distottidil intrdduced by .. thi?·swelljng, n~gative 
phbtotesists terid to: be Hmited;to minhnUi\lliriewiaths cmthe·.·otder of-2 •[µm). 

'Positive. photoresists 'do )Ii6t 'a.bsorb the dev~loping solution and a.re 
th:ttefdl/~ .. th¢! ptihle · caitdidates·· ... for fthe~Hrte> ·' opticai VLSl ,Jithography. The 
po)yriterif chemistry ;aJisbciated.··With1positive phototesiStf is•· quite differeµt 

· {toirt•that def!cribedii:bove for rtegatjve-Wdtkingresists. llesins• used in poaitive 
photote$iSui;,are,not genet~lly sensitive'{61ight but are chosen for their basic 
chata9~ri$ti¢s, '.Sue~ aS $<>hibUity a*1,cl adherence>The, exposure properties of 
p6Si~ve;t¢sists :arise ft9t11 the teactiori o{ the added light .. sensitizers with the 
basewe&mtchai~s. Positive photor¢sisis>tendto require longer exposure times 
thll.ll. those needed. for negativ.e resists. Consequerttly, improved resolution 
capaoilit~M'itte ~ainedi~tithe. exJ'>eriSe'of reduc~d wafer throughput. 
r, :.• X:..raydittiotrr~Pll.Y is similardo the;opticaLtJV technique· described above 
exc±ept that xc:xa.y{a.fe tiserl as".the exposure.·source. This approach is of interest 
because/the, shorte.f wavelengths of:X.rays .: allow for finer resolution in the 
patteJ::n.:.transfer,processiwhile:stiU maintaining ·high wafer throughput rates\ 
\J.:>Ut:\.i:.h ·f· 
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The most difficult aspect of X-ray lithography is mask making, The,req.1.1ire1 
ments are somewhat·dil.'ferent from those u11ed in optie!!:Uithographyi~that:th~ 
opaqµe regions of an X-ray mask are made to absorb (ratherAhan .:teflect)the 
radiation. Gold is typically used as an absorber for this type ofnu111k: The,,alls 
for the gold.must be maintained perpendicul~ to:the mask surface to,en~ute 
good resoh,1tion. :,t \Ip 

Electron-beam lithography offers the highest~resolution pattern formaW;>n .. 
by directly writil).g onto the wafer. The electron beam is colu,mn:ated :to forW, 
the desired.spot size, and the beam is then used to scan the wafer sud;1:1tieba$ 
shown in Fig. 5.18(a). The pattern information is contained in tbe e~be~scan 
control system, which selectively turns the beam Oh and.offdepen,d,in,g,oijtlii 
wafer coordil).ates of the beam as it scans the surface. Since,beam. diametet$:1$ 
small as 0.01 [µm] are possible, direct e-beam writing,altows for e:;rJJ:'e,aj~ly, 
fine-line patterning. The major drawback of this,tecbniquejs that the W:?,fet 
throughput is low because of the time required to scan•thewafer.aU1:rl\t¢1$l9w 
enough to expose the resist. The throughput can be increased bye eql~ging,tl\i;l 
spot size, but this obviously reduces the resolution, Atypic;!l,1 ptoduottohdip.e 
system providing a minimum linewidth of 2.[µm] mightusean:etbel;UQt~s\ti,µ:ge' 
as 0.5 [µm]. Other problems are that the circular beam shape makes il:(ij'J1icUlf 
to form right-angle (90°) turns in the pattern and that electron ba~~s:~t\e?il:'g; 
illustrated in Fig. 5.l8(b), tends to widen the actual exposuretta~k.:: .... :/J L::.;: 

5.2.2 Lateral Doping Effects 

Doping through an oxide window results in a doped regip11 tl:u,it js.Jarg~ttll,an 
the window itself. This occurs because of lateraldopirtge{fectsiq.w.hip.h(~¢t~is. 
a "spreading" of the dopants outward from the Windqw ~qgeAn ,W\~ij~µt 
parallel to the ·silicon surface .. Both diffused and,jmplant¢d;pattem~L¢~hit,if. 
lateral spreading. The MOSFET overlap capacita,nces (;cii,I~d G';,14 Qi~.µs~~clit» 
Section 4.6, are direct consequences of this phenomenon'. ,. : i>h+L .. ' 

Lateral diffusion is illustrated in Fig. 5.19(a); .. Itds se¢n;tlJ,({t Uis~n9,q,ijf 
window serves as a mask for the patterning but that.dopa.Ilts,a,t;tneie4g~gftj:).f · 
oxide window diffuse outward. This results. in: .the\ diffuse!:l::weA g~Pmit~ ' 
shown in Fig. 5.19(b). The amount of lateral spre1ufu1,g is -usuallY:.cbl.lr:a9t~~@f<. 

· by the lateral junction distance Y;, This c~ be quite huge, wit.h .(Y1/;i;j)'i"l'!.i,Q(8,!~ · 
typical order of magnitude for a deep 2-step Gaussian pro~,. J'be ;a!rtual:'.Vl\lµ' > 
of y1 is dependent op the background doping Nsc. of tue subs4at~{i,\q~;.ffi~i 
specifics of the diffusion cycle. , :.:.;,tiJ )Ltf ·· 

Lateral doping in ion implantation initially r:esliJts f.l'(!pt \Qll ;~2~l .. ·.··.•· . 
outside .the o]!:ide "window plane" during the ion:-stoppiqg,ptoceS§/h ., ..... ···.· ... · .. ··•'••• .. ·•,·· 
shown in .Fj.g. 5.20(a). Thermal annealing of the. implant wiJlind'4c¢rftj~et> 
spreading because· of lateral diffusive motion· during the heat,tre~ttneQ-~i;µlj:~, i/. 
final width of the implant is' thus larger than the o~de window(ass:de'pic,:e(i;d,d ) '. 
Fig. 5.2Q(b). Lateral doping from an ion implant is generally muchJ¢Ss*aij' t 
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Oxide window 

NBc substrate 

Diffusion at oxide 
window edge 

(a) . 

FIGURE 5.19 Lateral diffusion effects. 

Res'ulting geometry ·.··· 
(b) . 

that for an impurity diffusion. Consequently, ion implantation is better suite_d 
for the fine-line geometries needed in VLSI chip designs. · · 

5.2.3 Etching 

Pattern transfer uses a resist layer as a etchant mask to allow selective remoyal 
of the underlying material. The process of ~tching is <;ritical to ~eating 
fine-line features on in,tegrated circuits as it estaj)lishes the. limits on t;he pattepi 
resolution. · ' · 

The basic problem in etching is illustrated by the example ip Fig'. 5.2~(a), 
where a mask (resist) layer has been patterned to allow etching of ari oxide. 
The etch process is characterized by fu.e ~tch rates Vver and :U1at, which represent 
the rate of etching in the vertical and lateral directions, rt;spectively: Piacti~I 
units for etch rates are [A/min]. The two-dimensionaLnatlire of the etching 
process is specified by the degre~ of anis~tropy · · 

A= 1 - V1at, 

Vver 

where A varies from O to 1 dependin,g on the ratio of the etch rates. 

· I I 

~f 
Scattered ()xide window 

ions plane 

Lateral i1m scattering 
(a) 

Implanted wen.·. 

Pinal geometry 
(b) . 

FIGURE 5.20 Lateral doping effects in an ion implantation: · 
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; iRurely, ~ottopic etch;ingocc11i:s whert Viii ;;a v,...,~; i.e.; A =· 0. This results in 
ti):¢ s~ctdre·sho'wnJn1Figf5.~l(b);•whete the oxide etch undercuts the resist 
Qiask. A. tot4lly aliisotrqpic etchd!j defined by v1~, = · 0, giving A = 1. In this 
easer only vertical etc~ing • is present. so that the oxide wall is perpendicular to 
,tlie!substrate surface as.shown-in Fig:•·-5.21(c):··Ailisotropic etching thus results 
in: tlrd·ideaLstructure, · · -· · · · 

Figure S,22 shows the•gerte~al case where,·a film of thickness h is etched 
with an am:oun(t' lost in the lateral 0tindercut'This is described by 

(5.2-2) 

since.th¢' am:ount Qfetching isjustthe etch rate rimltiplied by the etch time t •. 
l;lie cb:awing also gives a more realistic· casein which the masking material 
itselJ'.has undergone som~ etchlng. This foaves a,slight tilt in the mask edge. 

. . . 

-FIGURE 5.22 ·· Ge.ometty.for'a partially anisotropic etch. 
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Mask 

Oxide 
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FIGURE 5.23 Window and line effects in a partially anisotropic etch. 

The difference in etched contours for the mask and etched layer arises 1rom 
the fact that two materials exhibit different etch rates for a given process. 

The importance of achieving a value of A close to unity is illustratedili · 
Fig. 5.23. In Fig. 5.23(a) it is seen that an isotropic etch component will open 
an oxide window that is larger than the resist pattern. If the oxide is then used 
as a dopant mask, the curved oxide walls will lead to increased lateral doping 
spreads. Figure 5.23(b) shows the opposite problem, where a polysilicon line. 
feature is defined by a resist ·pattern. The isotropic portion of. theLP.:olY)¢titb 
from v1at gives a linewidth smaller than .the resist pattern as shown ,by • tl\e 
cantilever resist structure. This decreases the cross,,sectional iµ-ea of the. cti:fre1;1t 
flow, which increases the sheet resistance of the line. In addition; the 
undercutting requires that the mask pattern · be larger than. the'•finaL.,~hip 
feature. ' .. :.;st/, 

Etching techniques are generally classified as being either wet.ordoi;•1W:tf 
etching, as implied by its name, employs aqueous solutions of.•• acids((ot 
caustics) to etch the desired layers. The wafers are inunersed dit:~Iy;Jnf·the 
solution, which allows the chemical reaction to take place over.the eipdse~ 
surface regions. Wet etches tend to be isotropic when used on amorphous or 
polycrystalline material. This then lilllits the use of wet etching tqlith<>gi;~plli.¢ 
features larger than about 3 [µm]. . . i , ;, / 

Silicon dioxide may be wet-etched in a buffered hydrofluo* acid soluttoµ 
containing HF, NRiF, arid H20. The HF readily attacks'· the Si02 layer,Jjµ.{ · 
does not etch bare silicon. This property of selectivlty makes it usefu:h;f~f 
etching oxide windows down to a silicon· substrate since the vertical etch).fat~ • 
goes to zero when the substrate is reached. The HF solution is bufferei:\ t<> $\QW 
down the etch rate to a controllable level. · · ? · 

Phosphosilicate glass can be etched using a solution of HF and nitiiri •· ·· · 
(HN03) in water. Increasing the ratio of HN03 to HF yields a solutiqp: 
will etch polysilicon. Silicon nitride (Si3N4) is wet-etched in heated phqsphQ:l'.l 
acid (H3P04). Solutions for etching aluminum tend to be based on H3P:Q4~tfi 
HN03 and CH3COOH (acetic acid) in water. .,,i:Y 

Dry etching systems are based on the properties of a weakly iClniz¢~U~~ 
consisting of electrons, ions, and free radicals. '.fhis collection of p~Jcl¢§ 
constitutes a plasma, so this approach is generically termed· plastna,as~L$i~d 
etching. The plasma is usually produced by an rf glow dischargi;i; in'fW1iJ~m!i 
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.· mol . . flasµi • ssisted .etching can be. cljvkfed 

t~fc~ , .. et~hing (RIE), d¢pendi~g 

. :,·f ~~~\~;ef~~!r:::;~~::~t wi» 
of)he sllif~~ .. m~terlal with a 

...... . ....... ...... df ~tcli ~t~~4~es hr-products of the 
y ft? ......... · 1~ ~,fet by'tjontrtjJUQ&'.tb;e. g!!sflow. Since 

...... .·• 'res the he~ti'al species iµ the te·actibb, the etching 

~d:)~l~lffl:4s 
~eactiv~ .· i~ti e( ···.··· .· . uses. a directe~. i9~ flux. that etches the material ?Y · 

iridfi}e.Iit~µi .• 9fal1Sf~r (Le., .. sputtering or ion milling) ·and a ·reactiv~ ~tch 
jm'. rue syst¢ms are. generally designed so that the ions impact the 

..•...•. ·.• , \,~jfically. to ensure that Vver » ti1at· This directionality allows fot a 
niiili\iiizatioh ofthe lateral etching, so that highly anisotropic etch contours are 
possi~}e .• llIE is thus a good choice for fine-line VLSI structures. < , 
• • \ ·· · . $~Ses .u~~1 to create tlie · plasma determine both the etch rates ah:d · e( . f~r.a W~eµ }ayer'. ... Polysilfoon and. silicon .. compounds (Si 0 2, Si3N4, 

,$ . · .......... · .. cf) ~~ t,e1 etched<using carbontetrafluorlde(CF4);.· .. The basic· plasrµa 

.rtt;!!!ii::J~~;;!;]:f ·i~i:f 1t·:· "' 
ihfoh<sbbW!fliowui:d electtt>ti'(~w)nupacts with•. a•• CF4. molecule :to·p1;pdqoe the 

i'!$~i!S£~lrfi~"S'E"'S' 
Silicon ·dioxide relies on tlle .CF; io11fot ihtetm:ediate reductioit(to'SiQ;,which 
thJri,rea¢ts to form:. SiF4 . . It is fouhqith~t addition of pxy~en(ttnd ()fn¢t ~aseS) 
Q,:weiitly •a;ff¢ct the.etching· chatact~ristics··of'th~'pl~!Jina'.fot'~ettahimatetlals; 
<r:Wh~Jefr'actoty·.metals Mo, .. W,/Vi,•·.and,·Tao.~•·be'.etched.•using. a·.CF4 

pt~mar WheAdllcides ·formed witlr these metals also exhibit this property. 
Alwttmuffl\WotFthe other hand, cannot be etched .with, ·CF4. Rather, a 
cJ:,tlgfhtetcontajning:gas such·as carbon tetrachloride (CC14) is used to induce a 
J'~~¢~9ttf~~t,fo~~ AIC13 as a stable by-product. Polysilicon can also be etched 
iasfog, a. chlothie~based plaama. 

An:importi:!1itconsitleration in dry etching centers around the selectivity.of 
the>plastn:~; !A.~ fuentioned above, selectivity refers to the ability to etch only 
~.rtairr materials ip a given · process. This is particularly crucial' in <etching 
inj:lltiliiy~ftJatt~rhs since each layer reacts differehtly to• the etch· mechanisntS). · 
Ittiwet etchingl, selectivity is attained by using acids· that· attack ortly a sin:gfe · 
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Poly · Silicide 

I Ga te oxide 

I Mask I 
• 

Substrate Substrate 

Resist gate patterning 
(a) 

Purely isotropic etch 
(b) 

Mask 
Silicide 

:_:Po~lY:::_::::::i~~!ZZl~~~===J:G~ate oxide 

Substrate · 

Partial anisotropic etch with different 
lateral etch rates 

(c) 

FIGURE 5.24 Etch selectivity problem for a polycide MOSFET gate. 

Poly 

layer of material at a time. This can be partially achieved in a purely re~ctive 
dry etch by yarying the gas composition to preferentially etch a given layer a( a 
faster rate. Note, however, that a plasma made with CF4_ can potentially etch 
any silicon-containing layer, so that high selectivity is difficult to obtain. 
Another problem in dry etching is that ion bombardment of the wafer sputters 
off material at a rate that is relatively insensitive to the compositiop.; 
Consequently, there are no built-in mechanisms to stop the process after the 
layer is etched. This must be controlled externally by monitoring the etching 
time to prevent over-etching the wafer. 

An interesting example of the multilayer dry etching problem is provided· 
by the polycide-gate MOSFET in Fig. 5.15 of the previous section. Patterµing 
of the gate requires etching through the silicide, the polysilicon, and the gate 
oxide. Figure 5.24(a) shows the initial layering with the gate etch mask. Jf.'a,. 
purely isotropic plasma etch is used, the gate will have the structure shown j,n 
Fig. 5.24(b). Although this gives a smooth transition at the layer interfaces, 
there is significant undercutting of the silicide underneath the maski .• This· 
results in increased sheet resistances, which act against the basic reason for 
introducing the silicide layer in the first place. Figure 5.24(c) shows.· the 
structure obtained using an RIE in which the lateral etch rate for the poly layer 
is greater than that for the silicide. This produces an undesirable· silicide 
cantilever in the MOSFET. Problems of this type illustrate the importance of 
characterizing the etching process used in the wafer fabrication. 

/ 
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··n~M'. ~'i~~'.11~1! 
laY~f§,Jil!lY fofIIi. un4er. tji,e)n:ler.¢0~ne~ Jines· that .are patterned. in the· field· 
regiQP.S: U the fi~\(;J .siJiPon surface becomes invert~c,l; a conduction path may be 
established between MOSFETs in adjacent"'active areas. Isolation techniques 
aJ:e.~µ.!ll,ly.direc.tedJoward dealing with this problem. , 

·· l:Jasic requirements .for· an isolation scheme are that ( a) the technique 
~h~ . ..Y:J1inate t\le possib~lity of fortilirtg unw1U1ted field inversion layer& ~d 
(~) ., ... ¢{iQlti~ ac;:tjye area regions in.list be 'flat for fabricating·the·MOS:faTs. 
-~~ . ··. '. ·.-•·. ~tt-1'\l:Jle. featµre. i§ that the overall Chip prncess yield planar Surface 
t9P9, ·..... ,ft~r ea<?h .!n;,tj9.( step. There are different approai;:hes ,QS~ for 
isoiaµortJli~Q~jn,fegi;at~d.qitciiitsLThree are presented below.· · · 

; . '·'·:·····.··.· . '.·.' '. ''.' . ·. 

TJ#f~a~ic ~(j~j~()1~#0#1~pPrd~t~. µ~es tµe sequence shown in Fig. 5.25 to 
d~tiii¢'@d isdtaie ictlv~ ai-eat tifstarting point is a lightly doped p-type 
,.,:·,··'···'····(:·,,.:,,,,.,,, • : •• :. • •'.. : • •• : • • ••• :· •• ·: !, ; _:, •• - =· .··· '•' : .. :.;. ·,.: : : ·/ .... ' . ~ ... : . ' . . 

· Field oxide 
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. wafer that serves as the substrate. The first step is to theqnally grow a thick 
field oxide (FOX) over the entire surface of the wafer, ~ illustrated by Fig, 
5.25(a). Active. areas are defined by a masking step that selectively etche!I the 
field· oxide down to the bare silicon. The patterning for the present example is 
shown in Fig. 5.2$(b ). The field is defined by regions of the wafer where tlte 
FOX remai~s after this etch step. Active area patterns are f!et by the surfijce 
geometry requirements for the MOSFET to be placed in each location. This 
process also allows for n+ lb1e patterns to be formed during _the active are~ 
definitions. These serve as silicon-level interconn~ts. 

The .isolation characteristics of the field oxid~· are best underi;tood by 
examining the structure of a completed MOS chip section. A poly gate 
enhancement-mode MOSFET can be fabricated using the sequence· of Fig. 
5.26. The· first step is the growth of the thin MOSFET gate oxide with 
thickness x0 x as illustrated in Fig. 5.26(a). Next a p-type ion implant {e.g., 
BF2) is performed to induce a positive threshold voltage shift for an E-mode 

Gate oidde growth 
(a) 

Poly interconnect 

p,Na 

Poly and oxide etch 
(c) 

Poly 

Polysilicon deposition 
(b) 

FIGURE 5.26 Enhanc~ment-mode MOSFET fabrication sequence for etched field 
oxide isolation. · 
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Final .enhancement-mode MOSFET in an etched field oxide isolation 

transistor. The gate polysilicon layer is then deposited over the entire surface; 
giving the. layering shown by Fig. 5.26(b). The poiy layer is also used as an 
ifttetcoqttect level. The poly patterning is obtained from a masking step, and 
then the gate oxide is etched to leave the basic structure of Fig. 5.26(c). This 
sbpws)atMOSFET pattern l.n the active area with a poly interconnect line 

, running over the adjacent field region. 
/ , The· final step -needed to complete the. basic MOSFET is to perform an 

n·type! doping with eit;her a. <liffus1.on or an ion implantation. This results in the 
completed MOSFE;T•interconnect arrangement. in Fig. 5.27. The drain and. 
s9µr!,:e ,i + wells have been patterned using the gate ( and FOX) as a mask.• This 
l.s. c:al1ed a self-aligned MOSFET since the gate pattern allows for automatic 
alignment of then+ regions. Ovedap capacitance is thus minimized. A direct 
consequence 9fthis step is that the polysilicon layer is doped n-type unless a 
riiask!is provided prior to the doping step. (Undoped poly lines may be used as 
resistors;) . . . . 
; •<Ebe purpqse of the field oxide is to prevent the formation of inversion 
layers :qndett the poly interconnects. The region of concern in the present 
exampleis shownih Fig, 5.27. Itis seen that the polysilicon interconnect.forms 
a MOS systern with the field oxide such that 

($.3-1) 

is 1;he>field .capacitance per unit area. The process flow· is set. t() g.ivi; 
· Klid:it;;>>x6;,)CConsequently,. Crox « Cox; indl.cating-a reduced·levelofrMOS 
u,M coupling intothe substrate. · · 
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The field threshold volttige may be constructed as 

(Vro)FOx = VFB,FOX + 2 lt/>FI + _cl V2qes;Na(214>FD, 
FOX . 

where 
. 1 . ) 

V FB,FOX = <l>1s - -C (QFOX + Qss,FOX 
FOX 

(5.3~2) 

(5.3-3) 

is the field flatband voltage. <1>15 represents the difference in work functions 
between the interconnect and substrate, while QFOx and Qss,FOx are the field 
oxide charge densities. The basic constraint.on the processing is to ensure-that 
(V ro)Fox is greater than the largest voltage in the system. For example, with a 
single voltage supply, 

(V ro)FOx > Vvv (5.3-4) 

represents the minimum requirement to prevent formation of a field inversion 
layer. 

The value of the threshold voltage may be increased by two techniques. 
The first is to provide a field acceptor implant with a dose D I,Fox that increases 
the field· threshold voltage by an amount 

(a\7. ) _ qDI,FOX (5.3-5) 
TO Fox - CFox · 

The field implant must precede the initial field oxide growth. The resulting p + 

under the FOX is sometimes referred to as a channel stop. 
An alternate approach is to apply a body bias voltage VB to the p-type 

substrate. Assuming that VB is negative with respect to ground, this induces a 
body bias threshold voltage shift of 

(.~Vr)FOx = YFox.(V2 lt/>FI + IVBI - V2 lt/>FI), (5.3-6) 

where 
1 

YFOX = -c V2qesiNa 
FOX 

(5.3-7) 

is the field body bias factor. Using this technique requires that V8 be accounted 
for in the circuit design since all MOSFET threshold voltages will increase. It 
should be noted that the threshold voltage shifts described in the· above· 
formulas are proportional to XFox, 

The main drawback of etched field oxide isolation is that XFox >> Xox 

implies the existence of large oxide "steps" at the boundaries between active 
areas and field regions. Transitions of this type can lead to problems in 
depositing a conformal (uniform) layer of poly over the isolation terrain. For 
example, a crack may occur in the poly layer that could lead to chip failure. 
This gives motivation for examining isolation techniques that recess the field 
oxide into the silicon, yielding a more planar overall working surface. 

/ 
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.•... J~~WJti~n <>xtdf q~tr iP; ~p~tjti,1r4;fielp regions. Active areas a¢ 
-~~ 9kf .. :~g @lij~~9t ~:U~i:l.g ~!~ P(Pc.essing step. Surface silicon 
· ·· · · · ii!~ t,ffy J.W??' ~t9V?th .~o .tp.11t>t)1e isolation oxide is 

. clit\vi:fer. Denotiri : the field oxide thickness b 
.. . . . .. \ : .. ~:f~);~~<?W(fb.ai tfui ~~i~ t~pbJ;e~ !ii AXA<?unt . . y 

='Q.'.4;i,*'~~ (S;J-8) 

rel~tive t;\~~ ;~i~i~~i•Jlic~;·~~rface. Conseq~ently, an~xide .. step from the 
f\~ldJ<> an. actiYtl areais at .most abo.ut O 54X Fox, This results in chip surfaces 
that are moi:e planar than those obtained using a nomecessed isolation oxide. 
· ·· . 'Qu~ tei;;Jtnjq_µ~ ofJo~ <>1!:idation relies>on the use of a silicon nitride.layer 

to inllibjt. ~xig~ ~owth i* active ~r~~. The basic sequence is illustrated in Fig. 
5 ,?rFirst, a: sttess~telief oxide fayer an9 a nitride layer are patterned to define 
thl!!:t~fred .. active are.a geometry, _shown in Fig. 5.28(a). Next an acceptor field 
i.µtpl~pt if petf6rtn.ed to iticrease the value of (Vro)Fox, The resulting p+ 
regj.oni ,are shown in Fig. 5.28(b). The field implants are self-aligned to the 
active l!l'tlas by the nitride masking. · 
> ·>,Loeal~ed growth .of the field oxide is achieved using the fact that Si3N4 

dQC\l& not[r~.act with 0 2 and only slowly oxidizes in steam. A typical FOX 
grpwtb lllf@t$t~u't with an initial growth in chlorinated 0 2, followed by a long 
steam oxidatiQil; thatproduces most of the field oxide. The wafer would then 
be subjected to a dcy O:r anneal/ growth step to improve the quality of the 
steam~gr.OWP. oxide. The field regions (not covered by the nitride) are directly · 
QJ1:tdized by Jbis sequence of steps. The resulting structure appears as shown in 
Fjg,. 5.28(c). 
, . ,Ihe ''ljftiqg" of the nitride edges is easily understood. During the FOX 

gr<>Wtb, some of the oxidizing gas will diffuse through the stress-relief oxide to 
th~tsliridirlying silicon. This induces an· oxide growth around the eqges of the 
nitfi~~ pattern, which in iurn lifts the nitride layer. The transition from the 
sfr~sskJ:~liefoJcid~to. the FOX is called the bird's beak region because of its 
sb:a:p~i; \$}ie formation · of the bird's beak in LOCOS results in a smaller active 
(pHuiat)iare~:than that originally defined by the nitride pattetning. The loss of 
active ar¢a/:t6 the bird's beak is termed encroachment. The amount of 
en~Oa!!huteptTincreases with increasing thickness of the stress-relief oxide 

·. layer;• sfu~.inqre o:xygen can diffuse under the nitride pad. . 
· M:QSJ:i]3';rsare made in the active areas by fii;st removing the nitride (Fig. 

5.28d}an4 tl'!eri .etching the·stress oxide down to the silicon (Fig. 5.28e). This 
allows. for .a controlled growth of the critical gate oxide with thickrie&S ~~11; JI,~ 
il1U$trated :t?y Fig •. s .28(f); The working value of the field oxide thickness x~~ 
is also established at this point since the next layering will be the polysili~n 
gate. · 
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p,N. 

Initial active area definition 
(a) 

Field oxide growth 
. (c) 

Final (working) 
active area 

p,N. 

p,Na 

Stress oxide removal 
(e) 

Field oxide 

Field (channel stop) implant 
(b) 

Stress-relief oxide ·Field oxide · 

p,N. 

After nitride removal 
(d) 

Field oxide 

Gate oxide (x0,) 

p,Na 

MOSFET gate oxide growth 
(f) 

FIGURE 5.28 Basic LOCOS MOS isolation process ·flow. · 
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LOCOS•is a relatively complicated process to characterize and generally 
requires the use of. numerical simulation studies. Although the details of the 
analysis•are beyortd the scope~of the presenttreatment, three points deserve 
further corliment. · 

First, it should be noted that the acceptor field implant used to increase 
(V'Il))F6x must be relatively deep with• a moderate dose level. This adses 
becaus: the-Jield oxide growth. will consume the surface portions of the doped 
p+ layer. The initial implant characteristics must be adjusted to account for 
this part of the processing. The dose level of the implant must be high enough 
to prevent the field from inverting. However, increasing the field implant 
density increases the MOSFET rr'"/substrate depletion sidewall capacitance 
Cj0s"'; as shown by eqn. (4.6-21). This consideration requires that only 
moderate iinplant doses (1012~101

~ [cm~2
]) be used. . 

The second point is concerned with the reaction of silicon nitride and 
steam by means of 

Si3N4 + 6H20 ~ 3Si02 + 4NH3. 

The ammonia· (NH3) produced by · this reaction tends to diffuse through tlie 
structure and can eventually make it to the underlying silicon. The ammonia 
will·• then react • to form a layer of Si3N4 at the silicon surface. This is most 
prevalent around the edge of the nitride pattern and gives rise to what is 
sometimes called the "white ribbon" effect. The presence of this nitride can 
cause· nonuniform gate oxide growths, so it must be removed with an 
additional .processing Step. 

The last Comment deals with the formation of the bird's beak and the 
subsequent active area encroachment. This is an important factor in chip 
layout since it requires that the initial active area definition be larger than the 
finalworking value. A typical order of magnitude might be 0.8 [µm] lateral 
encroachment (per side) using a 200 [A] stress-relief oxide thickness; the actual 
value varies• according to the process specifications. Encroachment is particu­
larly crucial for VLSI circuits since it creates a fundamental limitation on 
high-density layouts. 

5;3.3 Tl"enc::h Isolation 

LOCOS is a widely used technique Since it provides the necessary isolation 
properties and is · relatively straightforward to implement. However, the 
undesirable active area encroachmertf assoeiated with the formation of the 
bird's beak has spurred development ·of new isolation schemes for use in 
high-density chip layouts. This section will discuss the use of "trenches" as an 
alternate approach to LOCOS. · ·· 

Trench isolation uses a highly · anisotropic silicon etch to create vertical­
walled trenches around active areas. The trenches are filled with a dielectric to 
establish the boundaries needed to ensure electrical isolation. The process has 
the advantage that it exhibits only minor bird's beaking and· negligible 
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encroachment. In addition, trenches provide isolation structures that are 
almost completely recessed into the wafer. ' 

The basic process flow involved in a trench isolated integrated circuit is 
illustrated in Fig. 5.29. Figure 5.29(a) shows a stress-relief oxide with a nitride 
layer used to define the active areas. The example chosen here also uses a 
CVD oxide layer as a mask in the trench patterning. Once the active areas are 
defined, the wafer is subjected to an anisotropic silicon etch (usually an RIB) 
that gives the initial formation of the trench structuring shown in Fig. 5.29(b). 
At this point, boron is implanted to create a p + channel-stop layer at the 
bottom of the trench. The oxide mask is then removed. 

Ideally, isolation would be accomplished by filling the trench with ail 
insulating dielectric such as silicon dioxide. Unfortunately, it is difficult to fill. 
the trench using a CVD oxide because of void formation and other problems in 
trying to obtain uniform coverage. To overcome this, the wafer is first oxidized 
to grow oxide layers on the bottom and sidewalls; this is shown in Fig. 5.29(c). 
Then polysilicon is deposited over the structure, filling the trenches .. The 
surface poly is etched, leaving the filled trenches illustrated in Fig. 5.29(d). 
The last step needed in the isolation process flow is to oxidize the wafer. This 
gives the final cross-section in Fig. 5.29(e). 

This typical sequence illustrates some important points. First, note that 
there is a small amount of active area encroachment during the. thermal 
oxidation of the trench walls in Fig. 5.29(c). Additional encroachment may 
occur during the poly oxide growth, which gives the surface oxide layer of Fig. 
5.29(e) due to both silicon consumption and any bird's beak formation under 
the nitride. The magnitude of the encroachment is relatively small (particularly 
when compared with a standard LOCOS process), which makes this type of 
isolation a good candidate for high-density circuit layouts. 

The use of polysilicon as a "filler" material for the trench provides good 
coverage but can introduce complications in the isolation characteristics. The 
basic problem is shown in Fig. 5.30(a), where an interconnect runs over the 
trench. Owing to normal coupling capacitances, the polysilicon. inside the 
trench acts as an electrode with a floating potential . 

There are three values of oxide thickness that enter into the analysis: the 
top oxide Xrox, which is grown during the final oxidation step; the sidewall 
oxide Xs0 x; and the bottom oxide XBox· Although the thickness of the trench 
sidewall and bottom oxides are usually different (due, for exampl~, to 
nonuniform surface oxidation rates), XBox ""Xsox will' be assumed for· 

· simplicity. The important capacitances per unit area are thus given by · 

Crox == xe""' [F/cm2] 
TOX 

Eox [ / 2 Csox = -X = C8 ox F cm ]. 
SOX 

(5.3-9) 

At the present time, typical values for the oxide layers are Xsox = 1500 [A] 
and Xrox = 4000 [A]. . 

/ 
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Interconnect 

. ~ Interconnect 

Oilistrate .-)£~ s,h-. p,N. 

Cso~ndox · 

TC~ox 

p+ 

Interconnect over poly-filled 
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p+ channel stop 1 

Coupling capacitances 
(b) cf:'®""· v, 

~ 

(a) 

T Pofy,V, 

ICP.s_ 

Simplified circuit model 
(c) 

FIGURE 5.30 Coupling problem with floating pC>lysilicon filler. 

The coupling problem is established by the capacitive connections illus­
trated in Fig. 5.30(b). To analyze the associated circuit problem, the modeLin 
Fig. 5.30(c) will be used as the basis for a low-order approximation. It is 
assumed that the interconnect volt11-ge is Vj and that the substrate is grounded. 
Field effects in the substrate are ignored completely. Defining the 
interconnect-poly area by AI-P, the interconnect is coupled to the poly filler 
region by a total capacitance 

C1.p = CrnxA1.p, (5.3-10) 

Similarly, denoting the total area of the trench sidewalls and bottom by ArR 
gives the poly-substrate capacitance as 

(5.3-11) 

Assuming that the entire polysilicon region is at a potential Vp, the capacitive 
voltage divider circuit gives 

v; - C1.p v; 
p - I• 

C1.p + Cp.s 
'(5.3-12) 

/ 
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. . . . . . : 

pt,~h~pneL~tpp 

f.¥,3U.Ri ~'.31 .. : . }2:~~·i :of:~1::: P:~n<:h <:fOSS. ~i;ction:,. ·. 

Minitrtup1; c9.~plingjs;acbiev~d by, ensuring. that. Vt « V1., :This requires· a· large 
yalu.e':for- the, capacitance ratio On/C tip, ·· . . 

. . The most important aspect of this analysis is that VP must be kepi below 
· Jhe value of the trench threshold voltage (Viu):sox needed to 'invert the silicon 

at<the bottom of the trenclt. This, of course~ is required to preserve the 
isolation characteristics. Equation (5.3~12) shows that Vp « Vj can be attained 
bys~tisfying,the con.ditioll · · 

···,'~.:········$:t==.-~:;~:~!:f ·.1. (53-13) 

The geometry oftlie trench structure .a,utomatically ensures that the capacit­
an~• ratio:is large; !'bis is see~ by-1otill~ th~t AiR >> A1:P because the trench 
has' both :sf<Jewau •. aM.: l>6tttjifi 3:~ea c,qntributions . and. surrounds . an entire 
MQSFET activesarea: ln'a,ddi?dq; fTti!il >- Xsox;catj be set by controlling the . 

. oxidation timci! for the two oxide' growth~{ :., ' . . • . . ' . . . . . . . . : 
· · · · 't'lie 'ptdoleriis involved with trench·isolation ~r~.inUcll;more c<>niplicated 
tha1vihe simplistic example diSCU$$~QJbj:rv~t Ttt;s)idtiitib"'al ~otnpl~xity ari~es 
£,or mariy i-easons. Orie. is tbht •the 'j).~ly$Ui~µii~igetietliµY jri~b~~il\s? maf(h~ 
assumption•· ,of a. singie poly voltage' v; is lnot "yfilid./Al:rlartfilysis mu§t • then 
account -ft>r. the potential variation in both tiie polysilicl:>ri . and the substrate;· 
Anothenxntiplkating factor is that the crossssectional geometry of a realistic 
trench is h6tirectarigular but assumes a profile similar to that illustrated in' Fig. 
S;31; These. and other considerations neeq to be included· to obtain a ·more 
_accritate ch~racterization of the trench isolation structures; 

$;4 nl\llOS · LOCOS Process Flow 

A· prp<:;$$ jlQ~, des~ribes .the sequence of fabrication· steps used to ct~ate>a.n 
iutegrated\aj.rcuit. K.npwledge of the process flow allows fo.r a. complete 
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electrical characterization of the layers used to construct the chip. It also 
provides the information needed for layout design. 

This section deals with a process flow for fabricating a LOCOS-isolated 
nMOS integrated circuit with both enhancement-mode and depletion-mode 
transistors. Emphasis will be placed on tlie study of a depletion-load inverter 
on the chip. Extension of the concepts to other circuit configurations is 
straightforward. The sequences presented here are representative of realistic 
processes. However, only the basic steps are included in the discussion. Many 
variations are possible. 

The process flow for fabricating a depletion-load nMOS inverter is shown 
by the drawings in Fig. 5.32. The starting point for the discussion is the initial 
active area patterning shown in Fig. 5.32(a). The drawing shows the active 
area geometry defined using the stress-relief oxide and nitride layers. In 
addition, a self-aligned p + channel stop field implant has been perforliled using 
the nitride patterning. For future reference it is noted that the E-mode driver 
MOSFET will be on the left side of the active, area,· while the D-mode load 
transistor will be placed on the right side. · 

The field oxide (FOX) used in the LOCOS isolation scheme is grown by 
subjecting the wafer to an oxidizing ambient. This results in the semirecessed 
fieid oxide structure shown in Fig. 5.32(b). Note the characteristic bird's beak 
formation around the nitride edges. The next steps are to remove the 
nitride and then etch the stress-relief oxide, which gives access to the silicon 
surface as in Fig. 5.32. Once this is accomplished, the critical MOSFET gate 
oxide with thickness Xox is grown. Figure 5.32( d) shows the structure at this 
point in the process flow. 

Two threshold adjustment ion implant steps are included in the fabrication 
sequence. 'fhe first is an acceptor implant used to set the threshold voltage 
V70 > 0 of the enhancement-mode MOSFETs. Resist is used as a mask to 
selectively implant the E-mode active· ai:ea; the patterning for this step is 
shown in Fig. 5.32(e). Implanted p-type threshold adjustment regions are not 
usually shown explicitly in cross-sectional drawings. Depletion-mode 
MOSFETs are made using the donor implant in Fig. 5.32(f). This step creates 
a patterned n-well, which eventually serves as the D-mode transistor channel. 
The use of donors ensures that the threshold voltage satisfies V10 < 0 .. 

Polysilicon is deposited over the gate oxide in the next step. The poly layer 
is patterned, .and the gate oxide is etched. An n + implant is then performed to 
create self-aligned drain and source regions. The structure now appears as in 
Fig. 5.32(g), where the identities of the transistors become clear. Note that the 
n+ implant uses the polysilicon layer as a mask, so the poly layer is doped 
heavily n-type unless a separate mask is provided to keep the layer undoped. 
This is important for computing both threshold voltages (jn <1>08) and parasitic 
line resistances. 

The last steps in the basic processing sequence are to coat the surface with 
CVD oxide and then pattern contact cuts where needed. Metal is deposited 
over the surface and patterned. The final inverter structure is shown. in Fig. 
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p,N. 

LOCOS field oxide (FOX) 
isolation growth 

(b) 

After nitride and stresscrelief oxide 
removal 

(c) 

Gate oxide growth 
(d) 

f!Qt.fflf 5.32. J3aiiic 11MOS LOCOS process flow for depletion-load inverter. 
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Resist"\ 
mask ~ 

E-mode MOSFET threshold voltage adjustment ion implant 
(e) 

Resist 
mask 

Poly deposition/patterning, oxide etch and n+ implant 
(g) 

Metal-poly contact 

~c;;::;i,::::_..,._-' Metal 
(Vnnl 
p+ 

p,Na 

Completed inverter after metallization 
(h) 

Figure 5.32 (contd.) 
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5132(h), Both metal/ rt:t and nietal/polyfoontacts h~\ie .been .made. The, inveiitei 
input is at th~ poly level, whil~ the! outpt1fis chos~ri:(o b1:1 on the metal leveE 
The power. :sUpJ>lY {ViJb) and grouh<kconnectjons fo .the circuit.• are obtained 
from the nietaFliries. . · · .. · 

Th~-.• ~equence connects:• th~ !!OUrce, ahd; gate>of the depletion,loa,d 
· MOSFET byincluding oxide contact cuts for a: nietalinterconnect; · Since this is 
a cormnon problem in depletion4bad. nMOS logic; alternate, schemes have 
been developed: t:o electrically cohileet:nt regions to poly layers; 'Two of these 
techniques are included in the discussion here, In: genenil, .both will result in 
reducedreal·estate consumption; 

The first nt/poly technique' is termed ,a butting contact. ·To effect this 
connection, the prbcessing sequence is followed to obtain the poly patterning 
shown in Fig; 5;33(a). Note that the depletion M()SF.BT p~ly gate area over 
the field oxicle. has been reduced. The. surface i~ coated with oxidei -· and then 
contact ruts are etched into the oxide iayer. The structure.of a butting contact 

Poly 

After metallization 
(b) 

FIGi.JRE &.33 Formation of a butting metal/poly/ n + contact. 
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is;illustrated··in.Fig .• ·5.~3(b~.·• •. JvletaJ, has·been·. deposited·.s4th,that •.it directly 
connects the poly gate to the. tit . region. The savings in real e~ta.te is evidept 
from the. metal/n !: and nJ /poly contacts· havin,g merged in,to one. The main 
drawback of a butting contact is thatthe metal may crack because of the 
transiti6n fi:om the top· of the poly to the n + layer. 

· Buried contacts achieve nt/poly connections without using the metal layer, 
Atypical.sequenceis illustrated in Fig. 5.34. The starting poirit for creating a 
buried· contact is cllrectly after the threshold adjustment implants· have been 
performed, This is shown as Fig; 534(a). A buried contact relies on;fbe,fact 
that an n-type layer has been created for D-mode MOSFETs. The first step in 
creating the buried contact is to perform a selective etch into the gate oxide as 
in Fig. 5.34(b). Next the polysilicon is deposited and patterned so:that the 
depletion MOSFET gate poly extends over the exposed n-region; : Figure 
5.34(c) gives the polysilicon patterning. The n+ drain~source implant estab;. 
fishes the buried contact, since the polysilicon and n+~wells are now electrically 
connected through the n-region. The. final steps are to coat the wafer with, 
oxide, etch contact cuts, and perform the metallization: Figure 5.34(d) gives 
the final structuring chosen for the example. Both the inverter input and 
output are -on the poly level. The metal is used only for VDD and ground 
connections in the gate. ·· · 

The process flows described so far are charactel"ized by having three· 
interconnect layers; metal, poly, and n+. These can be patterned to accom­
modate the wiring dictated by the circuit design. Although this may appear to 
allow a significant amount of freedom in the layout, a problem aris¢s with 
using n + -regions as interc.onnects. As discussed below, n + interconnects 
require excessive real estate, making them less attractive for chip imple-
mentations. . 

In the LOCOS process, an n + -region is patterned as an active area with 
silicon nitride. Active area encroachment during the growth of the field oxide 
can significantly reduce the width of lines. Consequently, patterning an n+ 
interconnect requires that the initial layout be. larger than the final dimensions 
to account for bird's beak encroachment. Allowing for this encroachment 
· increases the amount of chip area consumed. The inost efficient interconnects 
are thus the metal and poly layers. . . 

The layout of complicated logic systems is facilitated by having multiple 
interconnect layers available as needed. Owing to this consideration, process 
flows have been developed to provide additional conducting layers. Figure 5.35 
shows the basic steps used for a double-poly scheme. This gives iwo polysilicon 
layers, denoted as Poly land Poly II. Both may be used as MOSFET gates and 
interconnect lines. With the final metal layer added, this scheme provides· three 
interconnect levels in addition to n + lines. · 

The sequenee in Fig. 5.35 demonstrates how two polysilicon layers can be 
incorporated into the process flow such that either can be used for MOSFET 
gates. The starting point is the active area shown in Fig. 5.35(a). The (first) 
gate oxide with thickness x0 ,.is grown, and then the first poly layer (PolyI)Js 

FQ, 

F 

/ 

F 

F 
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Selective gate ox\.de etch _ 
(b) . 

p,Na 

· Poly dep<isition/patte:rnirig, 
Qxide etch a!ld f!+ implant 

Cc) 

,contact 

_ After metalli;iaiion . 
(d) 

FK.;U .. 5.34 Formation-of a buried poly ln + contact. 

Metal 
(Vvv) 
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p· 

p,N, 

Initial active area 
(a) 

p,N, 

After gate oxide growth and first-level 
poly (poly I) deposition/patterning 

(~) 

p,N-. 

Oxide etch 
(c) 

p 

-FOX 
r-~~~~~~~~--,~t,......p+ 

Poly I 

p,N,, 

Oxidation for second poly 
MOSFET gate oxide 

(cl) 

FtGURE 5.35 Double-poly process flow. 

/ 



INTEL - 1110 
Page 60 of 89

.~ ... :- :· : ·. ·: ·:.! .: .. ·: . 

Poly II dep9sition/pat4!tniilg .. Ce) ·. . 

Oxide etch,. n+ implant 
(f) 

Figure 5!35 (contd.) 
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deposited and patterned. Figure S.3S(b) shows the structur~ at this point. The 
. gate oxide is etched as drawn hi Fig. '5.35(c) to allow access to the p-type 
sHicon sllrface in preparatioi:!.J<>r the: second poly· lilyer. A 11econd gate oxide is 
grown. tO a thickness X~x·. I11 a~. iqe,(.process, the tw<> gate oxides will be 
identical. As seen in Fig: S;35(d), this results in a polyoxide growth over the 
Poly I fayer,/The second:polysilicon layer; Poly II, is tl)en deposited and 
patternecJ as illustrated in Fig. 5.35(e). Note that a capacitor can be formed 
between the Polf I and Poly II layers since there is an oxide layer between the 
two, After the gate oxide is etched, both poly layers are exposed, An n+ 
drai.n•source implant gives the fiiialsthictuie, $hown ii:!. Fig. 5.35(f). The metal 
(l~posJtic;>!l anct .. patterpjqg f9Uows, .. wh~ch CQmpletes the process flow. 
· ·.·· .. · Qfl:ler inµi,til~yetip.t~i~nn~ct $ch.emes al'e common. For eJample, single­
poly, .. 4()11.~(eim~tal l)~O~SS~S )aye been d~'{eJopep. Refractory metals are 
particularly useful i11 this regard. · 

The !mportallt parasitic i~~ercdriri.~t'capacitanc:es are established durin~ the 
. fabrication cycle, Figure ES;l shqws the layering for a single-poly, single-metal 

. . . 



INTEL - 1110 
Page 61 of 89

282 MOS Integrated Circuit Fabrication 

CVDoxide 
over poly 

FIGURE E5.1 

Metal 

Field region 

process. Assume oxide separations of 

Xp·f = 0.60 [µm] (poly to field); 

Thermal 
oxide 

Xrn·P = 0.40 [µm] (metal to poly); 

Xm-f = 1.00 [µm] (metal to field); 

Xm."+ = 0.42 [µm] (metalto n+) 

as representative values. Compute the oxide capacitances per unit area for 
each case. 

Solution 
Since Box = (3.9)(8.85 x 10-14), the interconnect capatjtance is quculated 
using C;nt = (3.45 X 10-11)/xint [F/cm2]. This gives 

CP·f = 5.76 x 10-9 [F/cm2] = 0.0576 [fF/µm2], 

Cm-,, = 8.63 X 10-9 [F/cm2] = 0.0863 [fF/ µm2], 

Cm·f = 3.45 X 10-9 [F/cm2] = 0.0345[fF/µm2], 

Cm·n+ = 8.22 x 10-9 [F/cm2] = 0.0822 [fF/ µm2]. -

These values will be used its typical capacitance levels in later examples. • 

5.5 Thre5hold Voltage Adjustme~t 

The depletion-load nMOS fabrication sequence described in the last section 
has associated with it ·three distinct MOSFET threshold voltages. Multiple­
threshold · process flows introd1,1ce extr11 degrees· of fre~dom, making thein 
particularly useful in circuit design. · · 

The basic threshold voltage is that obtained from the MOS system physics 
before ion implantation. From Section 1.1, this is given as · 

· - (5.5-1) 
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where YF» is••the._flatband ".Ol!age 
. . l ' .······ 

VFB '7' 4>qs .:... Cox (Q~s + Qo,.); (5.5-2) 

This is sometimes refop-e1 to ,!1,~dQ«t: \'11sa,t~ptll' J;Q!«;,~ql~ voltage of the wafer 
since it is. set by tile bask )?tocessihg par~eters ind~dllig xox and N0 • It may 
be pp'sitive otnega:tive\ dependingotl the r~lativ~ magnitude of each term. 

·. ·.· Enhaticerilent;,rriod~:MOSFETs are obtained by iniplanting acceptors with 
a.do$elh,,1Tlils gives a positive ·shift to thena:tutalthi:eshold voltage, so 
. . . .. .. ,, . .. ' ' ' .· :' -~ . . . . . . ..... : . . ... : . . ' . 

. V~;;:;i}t ~:Vitr+;i::0 >0. (5.5-3) 

Dep16tfon~rilo4e fransisfotf are tonned. '4hh ··a• dotiol implant: Letting p1 ~ be 
tli~ do~~! th!s gives a l~fg~~ive shu( such, that.•· · ·. . · 

I) .. 
'· v.· .... 'T .. 6,.· .. o.· .• • ..•.•. cm .• ·.b ... Cle. '.•· .. · .. :{v;····. zu. • .· .. q I,d <.0. • . C~;. , 

(5;5-4) 

~o(li V)&;;:~~ arid V~o,D~~()!le cari be set by adjusting the ciose of the implant. 
These serve as the fundamental circuit .design values in the depletion-load 
process; 

Zero-threshold MOSFETs are defined to have threshold voltages slightly 
greater than O [V]. These enhancement-mode devices require only small values 
· q,f<fi;i.s'. ?;' 0 to. In~uce conduction. Zero-threshold transistors are particularly 
u~@for .recJucing tllreshold voltage losses and find wide application in certain 
typ~,Spfswitc4fui and logic control networks. 

· ~~r9rthr~llot{iransistors can be fabricated by introducing another ion 
impla.Q.tati()f step into :the .process flow. Alternatively, the natural threshold 
yqlt~ge .V~ inay 'itself be slightly positive, which then gives a zero-threshold 
MP$;!,?E'l'. with()ut additional processing.' To study this possibility, suppose that 
the g#t~ is doped n-type with a donor density of N d,poiy· The flatband voltage is 

. VF~.= -~(kT) 1n (NNd,poly) _:_ cl (Q •• + Qo~). 
, . • q Q OX 

(5.5-5) 

· where Was from Problem 1.2 in Chapter 1 has been used. Since VFB < 0, 
attainment of a zero-threshold device requires that 

0 . 1 · 
21<J,FI + Cox \l2qes;Na(2 l<J>FI) ~ IVFBI• (5.5.,6) 

Assllming that Na is preset (to give a safe pn+ reverse breakdown voltage), xO/< 
bd:omes the critical processing parameter, The value of Xox needed to satisfy 
c:,qn, (5,$~6) .depends on the oxide charges Q •• and Qox and also on the doping 
levels in1the gate and substrate. This may or may not be possible. · 
; ~tate-pf~the-art processing lines have reached a significant level of com~ 

plexity. Con~quently, additional processing steps that enhance the circ::uit 
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capabilities do nofpresent any inajor technological problems .. Economics is the 
important factor in the final -decision; 

5~6 nMOS Design Rules and Layout 
Chip patterning · represents the silicon implementation of a circuit design. 
Functionality of the chip depends on faithful reproduction of the pattern. 
Design rules are a set of specifications for the mask patterns used in the layout 
and provide geometric information such as the minimum widths and spacings 
for each layer. In addition, . vertical alignment problems are addressed by 
specifications on the spacing between lines on different layers. Electrical 
characteristics are usually provided with the geometric patterning inf9rmation. 
Items of interest include k 1 values, sheet resistances, and capacitance levels. 

Design rules provide guidelines for chip layout at the mask level. The 
specific rules result {rom a detailed analysis of a given process flow and reflect 
the limitations of the processing line. In an industrial environment, design rule 
sets are highly proprietary because an enormous amount of information can be 
extracted from them. This section deals with the origins and application of 
design rules in chip mask design arid layout. · 

5.6.1 Physical Basis of Design Rules 

Formulation of a design rule set is based on many considerations. The most 
crucial items are (a) limitations in the lithography, (b) physics of the process 
flow, and (c) electrical characteristics of the final stn1ctures. A detailed 
c:liscussion of design rule. derivation is beyond the scope of this book. However, 
it is possible to introduce some of the factors that yield the final numbers. 

The concept of a minimum linewidth is usually associated with limitations 
in the lithographic resolving power. A minimum linewidth (in units of lI\icrons 
[µm]) specifies the smallest width of a line that can be reliably patterned on a 
given layer. In terms of the interconnect example shown in Fig. 5.36, this 
design rule specifies the smallest value of w permitted. Other physical 
problems are also addressed by this design rule. For example, with a resistivity 
p [Q-cm] and a layer thickness h, the sheet resistance of the interconnect is 

p 
R, = ,;[Q), (S.6-1) 

so that 

R = R,n [Q) (S.6-2) 

gives the resistance of a path with length t = nw, where n is the number of 
squares of dimension ( w x w) in the direction of current flow. For long 
interconnects, n may become excessively large. Design rule sets may specify a · 
larger value for min (w) in this case to reduce the.overall resistance. . 
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FIGURE 5.a& Interconnect geometry. 

Minimum spacing rules for lines on a given layer also tend to origimtte 
from the lithography. In Fig. 5.37, two poly Jines are separated by a distance 
d; the design rule for this layer will specify the minimum d permitted. This 
choic:e affects the electrical properties of the. final structure· since a parasitic 
coupling capacitance Coup exists between the two lines .. Coup increases with 
decreasing separation distance d. The line-to-line spacing thus affects the 
performance of the circuit. Mutual inductance also enters into the problem 
since magnetic coupling is present. 

Minimum spacing rules between lines on different layers are extremely 
important in layout. Restrictions arise because the layers must be stacked to 
form devices, If the vertical alignment of the layers . is off, the fabricated 
structure may not behave properly .. The complexity of the problem can be seen 
by noting that several layers mu~t be applied and patterned to form an 
integrated circuit.· Failure to correctly align even a single layer can result in a 
totally nonfunctional wafer. . · 

Design rule specifications for spacing between lines of different layers are 

AGURE 5.37 Iriterconnect spacing geometry. 
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I L ____ _J 

Ideal contact 
cut location 

Contact cut 
with registration 
error 

FIGURE 5.38 Registration error example. 

chosen to compensate for misalignment or registration errors in the layering 
process. This is a complicated problem because it is not possible to perfectly 
align each new layer with existing wafer patterns. Rather, a registration 
tolerance must be allowed. This is usually determined by the lithographic 
equipment and the scheme used to place registration marks on the wafer for 
subsequent layers. 

An important example of the alignment problem is shown in Fig. 5.38. A 
contact cut is needed in the oxide cover to access the n + patterned layer. The 
ideal location is shown by the solid line; The distance dn-cc between the edge of 
the n + boundary and the contact cut must be large enough to allow for 
registration errors when designing the contact cut mask. As long as the actual 
contact cut is within then+ borders, the connection made through the cut will 
work. The dashed line shows a case where a good cut will be made even 
though misalignment has occurred. 

Spacings between lines on different layers also affect the electrical 
characteristics. Parasitic coupling capacitance is particularly important. Figqre 
5.39 shows a poly line and a metal line that are adjacent and thus experience 
field interactions. The spacing must be large enough to reduce this coupling to 
a negligible level. 

MOSFET layout involves some special considerations. Consider first the 
active area definition in a LOCOS process. This mask sets the dimensions of 
the nitride pad used to inhibit oxide growth. Active area encroachment 
induced by the formation of the bird's beak requires that the nitride mask 
dimensions be larger than the final active area. This is pictured in Fig. 5.40, 
where the solid line shows the nitride mask dimensions, while the dashed line 
gives the final active area boundary. 

FIGURE 5.39 Poly-metal spacing example. 
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The poly gate overhang distance d0 h is shown in Fig. 5.41. The distance d0 i, 
isjtjcluqe<'.l to ensure that the n+-regions will be separated in the event of a 
misaligmh~nt between .. the active area and the poly mask. doh is crucial in a 
ijelffalign:eq gate process since fai.{ure of the poly to cr~ss the active area will 
resultfa:sbot:tecl:nit~regions, . . 
· .· Another example is the mask defining the donor (n-type) implant in a 

qeplttjon-mode<MOSFET. The implanted region must be larger 11).an the 
deviceactiveareato ensure that an n~layer is created if misalignment occurs. 
The) cft,itlirie. of the depletion implant is shown in Fig. 5 .42 by the dashecl line; 
.Siriiilar problems: arise for selectively-implanted E-mode transistors; · 

Poly ovei·hang · 

FIGUR!=5;4:1 
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Poly gate 

Border of donor 
ion implant 
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FIGURE 5.42 Threshold adjustment ion implant boundary spacings for a depletion­
mode MOSFET layout. 

5.6,2 Mask Drawings 

Design rules are spacing and linewidth requirements for making masks. The 
active area encroachment problem just discussed shows that the mask 
geometries are different from the final device layout. The mask pattern set is 
sometimes referred to as the drawn layout, while the resulting chip patterns 
are termed the actual or final layouts. Encroachment, lateral diffusion, 
isotropic etching, and other· physical processes require that a distinction· be 
made. 

An example of this was presented in the discussion of the overlap 
capacitance C0 in Section 4.6. Overlapping exists because of lateral doping 
effects in a self-aligned MOSFET structure. Denoting the drawn channel 
length by L', this gave 

L' = L + 2L0 , 

where Lis the actual channel length. Figure 5.43 shows the superposed mask 
patterns for the gate and active area in soli~ lines. The final n + geometry (after 
processing) is indicated by the dashed lines. The boundary around the device 
edges is affected by both encroachment and lateral doping effects. 

Device characteristics depend on the final geometric values. For example, 
L and W in Iv always refer fo the length and width of the finish~d device. 
However, it is usually more convenient to present layouts in terms of mask 
drawings, particularly during the design phase. In this case, care should be 
exercised when obtaining geometric data for circuit simulation purposes. 

Mask-level layout drawings usually show the ideal locations· of the 
patterns. Multiple-layer ·drawings are common. In- si111ple layouts, the regions 
are labeled (e.g., poly, n+, etc.). More complicated drawings required CQding 
to keep the layers separated. In single-color drawings, levels can be distin­
guishe<:l using different line types (solid, dashed, etc.) for boundaries. 
Alternatively, variations in shading or cross-hatching are commoQ; Color 
coding is useful for CAD qisplays and plotters and is particularly nice for stick 

/ 
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FIGURJf S.43 MOSFET top view. 

diagrams in VLSI system design. (A stick diagram displa:ys only the routing of 
the patterns.) 

5.6;3 Design Rule Sets 
. :' : ~ ' .; . : .' 

Design, rules are pr6cess-specific, so minimum linewidths, spacings, dimen­
sions~ etc;, ate gi\'~nj11 ,Ullits of microns [µm]. The actual numbers provide a 
measure of. the. ipJegi'~ti,()~ density since small values indicate higher packing 
den~ities. A desigµ:r1de ,set <;an easily be 50 pages or longer. Simplified sets 
exist for applications that do, not maximize packing density. An example of a 
basic; nMOS desig11 rule set is provided in Table 5.4. This is a generic list 
C()JJlpiled for illustiJtion.<>iily. J,,evels (masking layers) are denoted by number 
(01, 02, etc.) anq. Mme (''Active area," "Enhancement implant," etc.), with 

· critical dimensions provided for each. A typical list of electrical parameters is 
also 'shown. Note »i. particular the variations in k' values for different-sized 
devices. -

Increased inter.est in IC chip design for VLSI has prompted the develop­
m,~nt p~ portab.l~ design rules that can, in principle, be adapted to an arbitrary 
pro<:e$Sirig Urie, Tbese are for.mutated in terms of a fundamental design length 
).. (giviµg ttteni the I1ame ,\ design rules), The length ,\ is choseri according to 
technology anq is a measure of the minimum resolutjon of the lithography. A 
base 11et of,\design rules is provided in Table 5.5. Portability is incorporated 
since A may be varied as needed. The main disadvantage of portable design 

· rµleji!I Qtat 111ost ~pacings are chosen as integer or half-integer multiples of ,t 
for simplicity, This generally preclud~s the possibility of attaining a .max;imum 
p.a,cki.Ilg density; 
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TABLE 5.4 · Simplified ;.nMos:o~ign Rule Set Example 

Electrical Characteristics . 

Parameter Minimum 

1. Enh!l]1~ment mode 
k' (L > 5 [µm]) 22 
k' (L < 5 [µm]) 20 

r 0.31 
Vro 0.7 

i. Depletion mode 
k' (L > 5 [µm]) 22 
k' (L < 5 [µm]) 22 

r 0.37 
Vro -3.7 

Typical' 

25 
22 
0.35 
0.9 

25 
25 
0.4~ 

-3.4 

Maximum ... 

. 28: 
26 
· 0,38 
1:1 

28 
28'. 
0.47 

-3;0 

Units 

(µA/v2] 
{µA/v2] 

[V'IZ] 
·:: M ... 

Layout Rules 

Layer 
Number 

01 

03 

04 

05 

06 

07 

08 

Name 

Active are.a ·. 

En)lancement implant 

Depletion implant 

Butjed contact 

Poly 

Metal contact 
·mask 

·Metai 

·' Passivation 
( overglass) 

. Rul~s (Units of [µIll]) 

M!ilfnium ~iin~il&fofr.·• ,; :• • .. · •• ,3>>(4 .. 
Mmunum spacmg. ... .y:: ·• ·.J.:::: 
Miµitmun overlap wit)l 

active. area (fO?{) 
Minimum overlap with 
. activ<;.areafa+). ·.····· <·•········· 
Minimum ovetlap\vith > .. 

~tive area{FOX).::,·:·1 
Miqiqiu.m ovedaP witb .. ~tive' area (Q+) · .. ·. • . .• 
Miriiniiimspacing from. 

E-mbde'MOSFET 
Miniirium· overlap 
Minipiun:i: spaci11-g:•.••· 

to. PQlYPf d.ev.l~ 
Minirium width · .· • 
Mi~tjn# spiclrlf ····· 
Miniirtum.MQSFET• 

•. gate overhaitg ·: 
Minim1;1m spacing 

.~~!~,. 
Miriirriuiri. 

.. Miriim:um spatilig< .· ···· ·· ·. ·· 
!<?. activecar~ edge : · 

;;;~~~~ct~7.Jo Y 
Minimum width· 
· Mirti1*1ini spacing 

. ' ·. ~:=· ;,·, . . . · .. · .... 
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5.6 . nMOS Design Rules and :Layout "291 

'l"ABt;;E 15,5 : SlmpUed nM()S,flortable layout Rule Set Example 
(··· . . 

03 

07 

08 

~.~~·.·.······· 
Activ;e area 

Depletion impll!,nt 

Poly 

·· · Met11f ooritact 
niask 

Metal. 

Passivation 
(overglass) 

5;6,4 .· · Some Comments on Layout 

Rules 

. . Minimum d,imensfon 
••· · ·:·· Mfoimtirii spacing 

:··. :·Mininium·overlap ·with 
· active atea (FOX) 

Minimum overlap with 
active area (n+) 

Minimum overlap with 
~<:tiv~ are.a: (FOX) .· 

Minimuili ov~r1ap wtth:' 
.a.c~ive ¥ea (11+)... .. 

fyli11irnyiri spacing fro!ll • 
: E'-inod~ MdSFET 

: Miriimulfi bverlap 
Minifutitn spacing 

to poly or device 
Minimum width 
Minimum spacing 
Minimum MOSFET 

gate overhang 
Minimum spacing 

ton+ · 
Minimum dimensions 

for buried contact 

Minimum dimensions 
Minimum spacing 

to active area edge 
Minimum spacing to 

poly edge 
Minimum width 
Minimum spacing 

2A X2l. 
2A 

1.5l. 

1.5l. 

1.5l. 

1.5l. 

2,\ 

2l. 

2l. 

2l. x 4l. 

2l. x 2l. 

2l. 

2A 
3l. 
3l. 

lntegratecl circuit. layout is usually classified all an art that is best learned by 
practice. If integriitfon density is not impprtant, layout becomes relatively 
stajghtfonyarc:l. The con;i.plica,ting fa~or is that the geometry determines the 
cir~wtparameters such as parasitic capacit~ce and resistance; these in tum 
affect the perlorrnance and the:: overall design. Iterations are often required. · 

Computer.aicled design (CAD) and computer·aided engineering (CAE) 
are mandatory for complete layout controL Varieties of workstations are 
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available for graphics: layout and schematic capture (where the layout cantbe 
used to generate a component list). Most layout software tools provide .a 
design rule checker (DRC), which can be used to determine if any desi~ri:rµJ.es 
have been violated. In addition, circuit compaction arid interconnecf rtjutil!g 
capabilities are common. · i . . . . ; 

The advent of VLSI has spurred the development of CAD/CAWtech­
niques. Advances. in these .. areas· have rapidly.changedth.e.level of layout 
complexity possible. Circuit design is intimately related to layout, so maintain• 
ing pace with the state ofthe•art is mandatory. 

5. 7 Processing Variati,;,ns 

Variations in the process· flow result in nonuniformities on the finished Wafers. 
Electrical and strQctural differences can be detected when comparing wafers in 

· a given lot. For. that m~tter, die characteristics . vary .acros11 ca single wafer. 
Precise control of the fabrication process is not possible. · · · ·· .. · . . . · 

Geometric variations are addressed by adhering to a design ru.ie set in.the 
layout. Electrical vapations directly affect the circuit perfon:nance, so a circuit 
designer must work around the processing variables to ensure. working circuits. 
This complicates matters since· the design methodology mqst t?e extended. and 
refined to a level that is compatible with the process lHnitation$,J . 

5.7.1 Generalized Modeling 

Process variations are usually analyzed using sfatj~tj..cat techniques, lhe 
problem can be understood by referring to the exaihpl~dP. Fig .. 5.44, vvhich 
shows a histogram for threshold voltages in a given test gmup; The "target" 

Relative 
frequency 

of occurrence 

0 
FIGURE 5.44 
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FIGURE 5.45 Gaussi~n probability distribution clensity. 
. . 

value ofthe process is assumed to be Vro = + 1 [VJ; this is termed the nominal 
or working value. Design rules generally provide nominal values for electrical 
charactetistics. 

Modeling the variations of a parameter is complicated and · can be 
approached in several different ways. The _simplest analysis is based on 
Qau~~ian distributions. For a given parameter x, the probability density p(x) is 
given by 

(5.7-1) 

su~ll th1.tt p.(x) tb: gives (lle prqb~biljty ijf finding the parameter value in the 
range i aiict(:X + dx).Jn this eq~atio#, ~ is th~ mean or average value of the 
i,a:ri#ne~er·a~d ·1.is. (!le sran#rW4ey~~on ~fthe distribution; a measures the 
:Sp,}ad<<>f'the dfsttlbution. Figure 5.45 ;shows •. the g~neral properties of a Gii.tis§fan. • '• .... ·. ·• · .. · .· ·.. ·· .. · .. / · •··· ; 

.fr~babQity. densities are .. µsect to .. COl.llpU:tl probabilities. To calculate the 
pro~11bility f of finding the variable x between X1 and X 2, differential 
tontributions p(x) dx in this range are summed by integrating: 

• X .. 

p = r 2 p(x) dx. (5.7-2) lx1 

Since the totalprobability of measuring x inf""'®, +ooJ is· unity, the distribution 
is norm4{izetl to 1 by. requiring 

·.···1·.+···,., .. ·.······•.\·.•·.•·.··.·.· .. ···.-1..·· . .·• .. ·.·· p(x).#.- ·.:.······· ·:~/Xi .. ·.· .. :::.. . ·.·.:. 
'<s.i.j> .,,·· ,· ....... . 
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Relative frequency 
of occurrence 

0 

I 
I 

/ I \ 
I \ 
I \ 
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FIGURE 5.46 Adaptation of Gaussian distribution to threshold voltage histogi'!llll with 
large variations. 

These equations indicate that the probability of measuring a value in a- given 
range is proportional to the area under the curve . 

. It is useful to reference the probability to the values of µ and .a. An 
analysis of the problem shows that · 

f.µ+3o 

p(x) dx = 0.997, 
µ-3o 

(S.7~4) 

which indicates that about 99.7% of the sample values lie in the interval 
(µ - 3a, µ + 3a). The quantity 6a is a convenient measure of the total 
spread. 

To apply the Gaussian distribution to the threshold voltage problem in Fig. 
5.44, let the nominal value Yro = 1 [V] represent the mean. The standard 
deviation a· can be obtained by fitting the histogram to a Gaussian, as shown in 
Fig. 5.46. This allows for an estimation of 3a = AV70, so the threshold voltage. 
can be assumed to lie in the range · · 

. (S.7-5) 

This becomes a circuit design constraint. 

5. 7.2 Analysis of Device Parameters 

Process variations directly affect the device parameters used in circuit design. 
As an example, consider the threshold voltage spread just described. Varia­
tions in the gate oxide thickness x0 x are an important factor in this problem. 1:0 
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······.'\'.~$~.:f ···,·t:••;;:J~~.~:. ······. 
This ~~Y ~e r~~,!e~ ~s 

dCa'.: ·'diJ;, 
.· C~x>::;:: 7 x~,/ 

~~i~~ii~ili~,i,~~R~~,~\i, 
• .. · .. Xox · ·· q]i)1Xox 

.. ·. J:rT!l=·YF»·+21</>FI+ 7jQaol+ <. : , 
· '· · · ·, · Eox· Ec,x• 

Assuming for the moment that only variations in x0 x are important, tajcing 
differentials yields 

··. .. avFB 1 qD1 · 
.. d.Vro == ·•a· . • .• dxox +-.. lQool dxox + - dxox· (S,7-10) 

. ,. . . X'1!' Eox Eax . 

'Ib¢ifliithij4.ytjlf~g~J~t91hatpates to (see eqn. Li-22) 

.·,/),i,,fFJi.' ··············== .21< . \+( ·, .. · ..•.... · d dxox ... , > , ,(!2ss Qo0dxox, (5,7-11) 
'..'.' < ,Xox· • •· . E9.x.. . . • '·•' ' . . .. 

so av10 cart'thei:rbe ~hten)n• the to:rlil •. : 

... Sit mi1~,:~:~f ~.i~f .ti;!l¥$;, ( •. ,.,.) 
;-4!~;z,~w~4::::::-: 
y~iJable, Fofex~h)ple;t9 ¢~lll.f)ute th¢ vati~ti'on in· V10 due to changes in _both 
~~~ attd Df, writ~ " · . 

. ... . ··· 1v~ ~ctf::~~~·irt~1.dn;.i: .·········· (5.7-13) 
. ,·.·,... ,:-.··.· ... 

This.adds a:fornf 

to eqtL (5;7~13). Eot an arbitra;ry ftinctionf :c::f(A, 8, C, ... ); variations due 



INTEL - 1110 
Page 75 of 89

296 MOS Integrated Circuit Fabrication 

to the parameters A, B, C, ... , can be computed by 

df = ( af) dA + ( af) dB + ( af) de + ... 
aA aB ac. · (S.7-15) 

To apply these results to a realistic situation, approximate 

df = Af, dA = AA, dB =AB, ... ' . (S.7-l(i) 

where (A/) represents the spread in/values due to changes (AA), (AB), etc., 
in the processing line. · 

5.7.3 Circuit Design Criteria 

Process variations enter into the circuit design problem because they affect the 
voltages and currents. Consider a depletion-load nMOS inverter. The driver­
load ratio for a given VoL is calculated from 

fJR = k~(WIL)o = IVTL(VoL)l2 
2 , (S.?-l7) 

kL(WIL)L [2(VoH - VwWoL -. Vo£] 

where 

VTL(VoL) = VroL + YL(VVoL + 2 lc/>PI - \!2 lcJ>FI). (S.7-18) 

Normal processing variations exist in the threshold voltages Vw and VTL and 
also in the k' valu()s. To complicate matters more, power supply variations (as 
manifest in VoH) should also be accounted for in the circuit design. A good 
design will account for these possibilities such that the range of VoL output 
voltages is acceptable when interfaced with the other circuitry. 

The· simplest approach to designing around process variations is to use 
nominal values in the initial design cut and then vary the important parameters 
to track the circuit performance. Although a few hand calculations can be 
made, this generally requires a computer simulation of the circuit. For 
example, SPICE provides for a sensitivity analysis (.SENS) to determine 
tolerances. Experience is probably the best teacher for this type of problem. 

Chip yield is also related to the problem. A processed wafer contains many 
die, only a fraction of which will operate correctly. The yield Y is defined to be 
tl1e percentage of good die on the wafer. Defective chips either will .be 
completely nonfunctional or may not meet electrical specifications for the 
product. In a new design, this may result from problems in processing, circuit 
design, or both. The importance of this consideration is immediately obvious: 
low yields give low (or negative) profits! Economics thus dictates that a circuit 
designer (who wants to stay employed) take variations into account. 

5.8 CMOS Technologies 
CMOS fabrication is complicated by the fact that both n-channel and 
p-channel MOSFETs are used. This requires that bulk regions of both 
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polarities be availabie at the Vl"afer,surface. nMOS transistors are fabricated in 
grounded p-t~e bulk regionS1 )Y~i!~t>ly[()S transistors are made inn-type bulk 
regions ;tha:tare<electricAfly connected tb the power supply. The substrate 
wafer. earl· be ebbs.en either n~fype Or p·type:. The CMOS process flow must 
include a step to create regions oftlte <>pposite polarity; 

~. possi~I~ . approach to <::Mq~)s fo .· 11se }l. p-type wafer and selectively 
dope n~tub•· regio11s·· f<>t pl~cemepl of j,-channe, MOSFETs. The primary 
sequences fot an. inverter ¢"ei!,ted in. a11 n-~tib LOGOS .flow are shown in Fig. 
5 .47. The starting point is a p-type wafer; Ion iµipla,ntation or diffusion is used 
to create n-tub r¢gions; this is illusirated in Fig. 5.47(a). Allowance has been 
made for eventual connection of the n-tub region (the bulk electrode for 
pMOS transistot$) to the power supply·. Vo6 tail. The next step defines· the 
active areas by ttitride patterning, and then the LOCOS FOX is grown. Figure 
5.47(1:>) shows .the structure at this. point. Note that the different widths for the 
two active areas have bee11 patterned to give a symmetric inverter with 
fJn = {JP' <•. . . .· . . 

. Gate oxide regrowth ci:>IDes p.ext, and then poly is deposited for the gate 
layer. Poly patterning followed by selective n + and p +. implants gives the chip 
surface shown in Fig. 5.47(c). After a CVD oxide is applied and patterned, 
metal is deposited to give the output, V00 , and ground connections shown in 
Fig. 5.47(d). This completes the main processing steps in the LOCOS flow . 
. · •. ··.· 9Jher Jlpproaches are possible. The direct complement of the n-tub 
process is the p-tub flow where an n-type wafer is used for pMOS transistors 
at,1d p-tub regions are provided fqr n-channel MOSFI;.Ts. p-tub technology is 
ideal for retrofitting a: pMOS (only) line for CMOS. Twin-tub processes have 
also 'been developed. In. this approach, a thin CVD epitaxial layer of lightly 
doped silicort is grqWn on the ~.11bstrate wafer. Then individual n-regions and 

· p-regions a.re patterned in the epitaxial layer to provide MOSFET active areas . 
. A significant. problem tha:tcai1occur in CMOS circuits is latch-up. Figure 

5.48(a) shows. the origin of the problertUn the n-tub inverter. Tracking the 
silicon layers from the. power supply V~.o to ground shows the existence of .a 
4-layet p+npn+ structuring. This can.be interpreted in different ways. Those 
{amiliar with power semiconductor d,evices will recognize this as the basis for a 
silicon,-contr<>lled tectifier(SCR), AriSCRa~ts like a diode but is triggered into 
~nduction: ·using. ati extel'I).a1 electrodt?, Alterha:tely,. the layering can be 
visualized as a pair of opp9site :polarity bipofar transistors. This view point is 
adopted here an~ gives the hpn/pnp combination shown in Fig. 5.48(b). 
· Latch-up describes the.con<iitio:t:t in which current flow is diverted from the 

power supply to the ground, ~leptrode through the p+npn+ layering. Once 
cui:reht flo'Y is initiated, the only Way to stop it is to disconnect the power 
supply. Since no current is suppifod,fo the circuit, the logic will not operate. In 
thewurst•case· scenario, the.chip.:burns tip.from excessive Joule heating. 
· . The· bipoiar transistor equivalent circuit shows the substrate current I from 
Yh:o: If the base~emitter junction of the pnp · transistor becomes forward 
biased, I begins to . flow •. This provides base current . JB,.. to the npn ;transistot; 
Which turns the ·device on. Collector current Ien "" lsp from. the npn transistor 
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p 

p-type, N,, 

Ground 

n-tub formation 
(a) 

After LOCOS 
(b) 

Final structure 
(d) 

FIGURE 5.47 CMOS process flow. 

For pMOS bulk 
connection 
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n+ (nMQSsource) p+ (pMOS'source) 

p-brilk i 

_IBi, · 

n-tub 

Equivalent bipolar transistor circuit 
(b) 

Vim 

FIGlJRE 5:48 Latch-up in an n-tub CMOS inverter. 
~-
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forces th~ pnp transistor to conduct more current. Feedback thus sustains the 
current flow a.nd sinks current directly from V00 to ground. This type of action 

· leads to latcl;l-up. 
The bipolar analo~y can be · analyzed for the condition of latch-up. 

· Denoting ·ihe common-hase current gains by <Xnpn and <Xpnp, the analysis gives 
[16] 

1 = lco 
· 1 - ix"pn - cxp;.p' 

(S.8-1) 

where Ico is .the reverse leakage current. The current gains are dependent on 
current such that ( dcx I dI) > 0. Both .%pn and <Xpnp increase with increasing 
current; so the condition · 

. · '1'npn + <Xpnp = l (S.8-2). 

gives a singularity corre~ponding ·to. latch-up. current flow. After this is 
initiated, feedback sustains current fl:ow. 

Different approaches are available for dealing with latch-up. Using the 
.bipolar transistor analogy shows that reducing the common-base current gains 
of the parasitic transistors can prevent the structure from ever reaching the 
singularity d::indition (eqn. 5;8-2). A direct way to implement this is to place 
heavily doped guard rings around the MOSFETs; Figure 5.49 shows both-
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\ Poly gate input 

p-type bulk 

n+-f-

n+ ~ 

Chip structuring 
(a) 

I 
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I 
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p+ 
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l pMOS 

,_ n+ guard ring 

I+--p+ guard ring 
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-
" I 

Layout 
(b) 

--p+ guard ring 

FIGURE 5.49 Guard rings for latch-up prevention. 
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. p~r'sp~9tive itt<i)t6pvi~ws>6ftlle ~ua:td ring placement. An n+ ring is placed 
ru:-orin:d the)..ttll:> q<>Qta.in~tlgtl!:p, pMQS g~yipe, while a p + ring surrounds the 
uM@ij,#~ttsjt~( c; t <, :: ::vc ;: ···· < !; ( ·•··. ,. . .. ·. . 

(J,i!a.rcq.riqgs ha.vetM e~ec~ of c~~gi~g theJayering into a p+n+p+n+ 
structure itt . . .~tepd. currei;itJfow;diieo.tipri)<this reduces the effectiveness of 
tli¢'1tik~e}a . ·'·· .· trter re@qiis in both tf@~istorij; ' which results in lower a 
valqes,; (Ip terms of the device pliysfo~J)fl,i~olar tra;xisistors, the guard rings 
SilJ:l.Ultane~.us(y ,reduce the ejJiittet: ihjectiofr efficiency· and the base transport 
{ac(or.},Bias is cqntrqlled byt~ng the p: ringpo O [V] and the n+ rings to 
f 00 ; Parasi~C tesi~tiuke and a'ssociateq'yoltage drops are then eliminated, 
which keeps tlie ~Jp9lar transistors in cutoff!· · ·•.' • 

Tre1foh isdlati6n in an n-tub or p-tub process automatically precludes the 
possibility oftb,e latch-up byblocking the curre,nt flow path. No guard rings are 
necessary, TWitl"~ll~J1l~p: hastbi$ cllara'ctyristic; .. However; the increased cost 

. and complexity of. twin-tub ~rocessing is s1tniflcarit . 
. , , . .t\no~e,l'. C:MQ~i tffPii9J9gy ts ~jlico,i,,o.n s,apphire (SOS), which uses 

epifaxihl. silicon layers grown on a sapphire substrate. Sapphire is an insul~tor, 
so latch-up is not a problem. Moreover, the capacitance levels are greatly 
reduced; which allows for higher-speed circuits. Cost, however, is again a 
maJor factor against using SOS for everyday applications. 

EXAMPL.E • :5,8 .. 1 · 

A CMOS process uses n-tub technology with the following specifications: 

Xox = 500 [A]; fln ?" 5~Q [clllt/V-sec], .llP = 218 [cm2/V-sec], 

Na = 1015 [cm-3], Na,sw ~ 5 X 1Q15[cm-3], 

N .·· -·.1·0· 16·[cm...,·3] ·· N •• ·. "'-· 6···x·· 10··· 16 [cm· - 3] 
.4'.t!II> .7·• · ·•: . • •· ,. •. · d;sw ·"""• ; , . , 

N~.n+ = 1020 [c111..:3], Na,p+ # 1020[cm-3] (n+ andp+ regions). 

The base threshold voltages are set at Vron = +0.70[V], V70p = -0.80[V]. 
Calculate the important circuit design1 parameters. 

Solution 
First, 

C ~ (3.§)(8.854 x 10:-14)= 6.91~ 10..:s [F/cm2]. 
ox 0.05 X 10-4 . . 

Next, 

k:, = (580)(6;91 X 10~ii); ·.······· .k.:. = 40 [µA/v2], 
k;,,,,, (2W)(6,91.~.•1Q:-"~), ,.,. /c;::e.H[µA/V2]. 
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The body bias coefficients are 

= \"2(1.6 X 10-19)(11.8)(8.854 x 10-14)(101s) = 0 26 [V112] (nMOS), 
Yn 6.91 X 10-8 • 

= \"2(1.6 x 10-19)(11.8)(8.854 X 10-14)(1016) = 0.84 [V112] (pMOS_). 
Yp 6. 91 X 10-8 

For an n-channel FET, the bulk Fermi potential is 

( 101s ) 
2 l</>1pl = 2(0.026) In 1.45 x 1010 = 0.579 [V] (nMOSFETs), 

while a p-channel FET uses 

( 1016 ) 
21</>F,,I = 2(0.026) In 1.45 x 1010 = 0.699 [V] (pMOSFETs). 

Next, examine the junction capacitances for the nMOS n+ Ip-substrate and 
pMOS p+ In-tub drain and source regions. 

[ 101s1020 ] . 
nMOS: q,0 = (0.026) In (1.45 x 101°)2 = 0.879 [V], 

and 

C. = /(1.6 X 10-19)(11.8)(8.85 X 10 14) = 9 75 X 10-9 [Flcm2] 
10 V 2(10-15 + 10-20)(0.879) · ' 

while the sidewall contribution quantities are 

[ ( 5 X 1015) 1020] 
</>osw = (0.026) In (1.45 X l010)2 = 0.921 [V], 

f (1.6 X 10-19)(11.8)(8.854 X 10-14) _8 2 
C;asw = '{ 2(2 X 10-16 + 10_20)(0.9Zl) = 2.13 X 10 [Flcm]. 

The sidewall capacitance must be multiplied by the junction depth X;n for use 
in circuit calculations. 

pMOS: [ 10161020 ] 
q>0 = (0.026) In (1.45 X 101°)2 = 0.939 [V], 

and 
C- = /(1.6 X 10 19)(11.8)(8.854 X 10 14) = 2 98 lO-s [Fl 2] 

'0· V 2(10-16 + 10-20)(0.939) · x cm · 

The sidewall contributions are 

[ (6 X 1016)1<>2°] 
</>osw = (0.026) In (1. 45 X l010)2 = 0.985 [V], 

. = /(1.6 X 10-19)(11.8)(8.854 X 10 14) = 7.23 X 10-s [Flcm2]. • 
C,0sw '{ 2(1.67 X 10-l? + 10-20)(0.985) 

/ 
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.. :· ... :.: .. : ... ::··· 

·~impnfiegprv,O~Desig;~ Rule Set Exampie (n-tub) 

·, tai:~~tet·T '.\ • > Mtri~;;., •• .. /;; ,, Typical Maximum . Units 
~+,+;,~:;.,.;..;;..,.,....+-,,,,..,;;,.....,,..,.,.,,,.,.,,.....,,.....,...,_.._...;.,._~ ______ _;__ 

l.,i\yer ... 
Number· 

or 
•¢ 

04 

OS 

18 
16 
0.84 

-0.85 

Layout Rules 

44 
43 
0.28 
1.1 

21 
20 
0.93 

-0.7 

[µA/V2] 
[µA/V2] 

[v1121 
, [V] 

[µA/V2] 
[µA/V2] 

[v1121 
[V] 

Name Rules (Units o~ [µm]) 

n,tub 

Active area 

nMOS threshold 
· .. · frrtplant · 

Poly 

Metal contact 
mask 

Metal 

Passivation 
( overglass) 

Minimum dimensions 
Minimum spacing 
Minimum dimension 
Minimum spacing 
Minimum distance . 

to n-tub edge 

Minimum overlap with 
active .a~a (FOX) 

Minimum overlap with 
active area (n+) 

Minimum width 
Minimum spacing 
Minimum MOSFET 

gate overhang 
Minimum spacing 

tci n+ . 

Minimum dimensions 
Miniinutn spacing 
. to active area edge 

. Mininium spacing to 
poly edge 

Minimuin width 
Minimum spacing 

3 X 3 
3 

3X4 
3 

9 

3 

2 
3 
3 

2 

3 

3x3 

3 

3 
6 
4 
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5.9 CMOS Design Rules 
Design rules: f9r CMOS circuits are· based on·. the same c6nsideratio~~ . as in . 
nMOS designs. Lithogr!:lphy, processing limitations, and final el!;lctri.Cal charac­
teristics must be considered. The main differences. in formulating a·.set ,of 
CMOS design rules are that (a) an opposite polarity tu\) niask µmst be 
included and (b) guard rings or some latch-up prevention becomes .important. 
Both tend to increase the real estate requir~meilt · over that n~ed .for · an 
equivalent nMOS technology (i.e., for the same linewidth). However; as 
mentioned before, CMOS technologies have been developed to an· adyanced 
stage so that a direct comparison with NMOS is no longer meaningful. · 

CMOS design rules are process-.specific. An illustrative set of rules is 
provided in Table 5.6. Portable design rules can also be formulated. A A set 
example is listed in Table 5.7. An example of a CMOS inverter layout is shown 
in Fig. 5.50. 

TABLE 5.7 Simplified CMOS Portable Layout Rule Set Example (n-tub) 

Layer 
Number 

01 

02 

03 

04 

05 

06 

07 

Name 

n-tub 

Active area 

nMOS thre~hold 
implant 

Poly 

Metal contact 
mask 

Metal 

Passivation 
( overglass) 

Rules 

Minimum dimensions 2A X 2). 
Minimum spacing 3). . 
Minimum dimension 3). X 2,\ 
Minimum spacing 2). 
Minimum distance 

to n-tub edge 5). 

Minimum overlap with 
active area (FOX) 2). 

Minimum overlap with 
active area.(n+) 1.5). 

Minimum width 2A 
Minimum spacing 2). 
Minimum MOSFET 

gate overhang 2.). 

Minimum spacing 
ton+ 2A 

Minimum dimensions 3). X 2A 
Minimum spacing 

to active area edge 2A 
Minimum spacing to 

poly edge 2). 
Minimum width 3). 
Minimum spacing 3). 
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FIGURE 5.50 · CMOSfoverter l_ayout in ari n-tub technology (equal device size). 
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PROBLEMS 

5.1 A thermal oxide layer is grown on a (100) silicon wafer using two steps. 
The first is a steam oxidation at iOOO [0 C] for 60 minutes. This i.s followed 
by a dry 0 2 growth at 1000 [0 C] for 45 minutes . 

. (a) Calculate the oxide thickness Xox after the steam oxidation step. 
(b) Calculate the final oxide thickness Xox after the dry 0 2 growth is 

completed. · 

5.2 A p-tub CMOS process uses a 2~step boron diffusion into . an n-type 
wafer that has a constant donor doping of 1015 [cm-3]. The boron 
diffusion is described by the following diffusion schedule: 

Predeposit: 30 minutes at 900 [0 C], 
Drive-in: 75 minutes at 1100 (0 C]. 

(a) Calculate the depth X; of the p-tub region after the diffusion. 
(b) Plot the boron doping profile as a function of position x [µm] 

superposed on then-type donor level of 1015 [cm-3]. 

(c) Suppose that the drive-in is increased to 90 minutes. Find the p-tub 
depth (i.e., :X;) for this case. · 

5.3 The wafer in Problem 5.2 is subjected to.additional heat treatment steps; 
which are summarized as follows: 

30 minutes at 1000 (0 C] 
60 minutes at 950 (0 C] 
45 minutes at 1100 (0 C]. 

Find the new location of the· pn junction aftet . these steps are 

/ 
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.. cotnpleted by using Qt in .place of the drive-in. (Dt) product. (Assume 
· that the ,<lrive,:in lasts 75 minutes· as ip the original problem statement.) 

5.4 Phosphorus is implanted into silicon with an energy of200 [keVJ, which 
results in a projected range of RP = 0.25 [µtn] and a straggle of 
ARP = 0.08 [µm]. The implant dose is 4 x 1014 [cm-3], and the wafer 
doping is constant at a level of Na = 1015 [cm-3] (p-type). 

• (a) Calculate the peak implant density NP [cin-3]. 

(bl What is the surface implanted doping level N;0 n (x = O)? 
· (c) Calculate the junction depth xj where the pnjunction is formed. 

5.5 A· LOCOS• process yields the bird's beak cross section shown in Fig. 
· PS.1. The field oxide is Xpox = 0.60 [µm], and the stress-relief oxide has 
a thickness of 300 [A]. The lateral encroachment region where the bird's 
beakis formed is 0.7 [µm]. Calculate the bird's beak angles a and P 
shown iti the dtawing . 

5.6 A1 p6ly~iHcq11. i~;er istloped ~~type during a self-aligned MOSFET 
proc~ss flow. Jhe p9ly .doping is approximated by N d,po1y = 1020 [ cm-3], 

. and the electron mot:iµit}'. is l',n = 150 [ cm2 /V-sec]. The poly layer has a 
· riortiimil thickness of 0.20 [µm]. · . 

(a) Determine the sheet resistance R. [Q] of the poly layer. 
(b)/Find the resistance R.[0/µm]if the width of the line is 3 [µnt]. 
(c) Fin.d 'the percent increase irt .R [0/µm] if the thickness of the poly 

·· ·· taye:r<is rec:luced to 0;18 [J.iittJ. · 

5.7 .l.fiel~,o;ide is ~own. to. a ,thickness ~f XFax = 0.60 [µm] on a p-type 
substnite tha,t:has. a d<>pirlg density of Na ;= 1015 [cm-3]. The FOX charge 

· .... · is Q~j;rox * q(5 X lOW) [C/cm:z]» Q1>ox· 
(a) Calculate. the value of(V:ro)ro:X assuming an n-type poly interconnect 

with a doping density ofN,:1;poiy = lOZO. [cm-3]. (Use the results of 
. Pr6blem 1.2 to calc:ulate <I>1.F); . 

< (bl :Find.the dose<D1.oftlie fielci acceptor ion implant needed to set 
CVro)FOx to. a value of+15 [V]. 
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Mask l 
1-----.L-----'-,-------, . 

1000[.A.] ~~~~~---1T. 
Substrate 

Layer 

FIGURE P5.2 

5.8 A wafer processing system using trench isolation results in the cross 
section of Fig. 5.30 with Xsox = 1500 [A], XBox = 1700 [A], and 
XTOx = 4500 [A]. The trench itself is 1.4 [µm] wide and 5 [µm] deep. 
(a) Calculate the poly-substrate capacitance per micron o{ trench. 
(b) Calculate the interconnect-poly capacitance per micron of trench. 

5.9 The MOSFET body bias coefficient is given by 

~ 
y = C . 

ox 

Suppose that the process gives nominal values of x0 x = 500 [A] and 
N0 = 1015 [cm-3]. The oxide thickness is controlled to within 5%, while 
the acceptor doping N0 is known to have 8% variations. 
(a) Calculate the percentage variation in y. 
(b) Find the minimum and maximum values of y. 

5.10 The layer shown in Fig. P5.2 is etched for a time te = 1000 [A]/vver using 
different etching mechanisms. Assume that the masking layer is not 
affected. 
(a) Provide scaled drawings of the etched layer cross section for degree. 

of anisotropy values of A = 0, 0.25, 0.5, 0: 75, and 1.0. 
(b) Suppose that the etch time is increased to 1.5 te and that the substrate 

etch rates are identical to the etch rates for the layer. Sketch the . 
profile if A = 0. 75. 

5.11 Cascaded CMOS inverters are shown in Fig. P5.3. A single stage of this 
layout was analyzed in Problem 4.10 of Chapter 4. Interconnect 
capacitances will now be added to the calculation. Assume .interconnect 
levels of Cp-f = 0.0576 [fF/µm2] and Cm-f = 0.0345 [fF/µm2]. 

(a) Calculate the metal-field capacitance from the output of the first 
inverter to the metal-poly contact cut at the input to the second 
stage. Include only the metal-field lengths, i.e., ignore the regions 
where the metal overlaps with n +, p +, and poly. 

(b) Find the input capacitance of the second stage as seen looking into 
the poly line. Then determine the sum (Cline+ Ga), 

(c) Compare the value of (Cline+ Ca) to the· value of Cout used in 
Problem 4.10. Does one contribution dominate? · 

/ 
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Ground 

All dimensions in [µm] 

FIGURE PS.3 

*(d) Prepare a SPICE file that models both the inverter capacitances and 
the interconnect contributions. Study the transient response and 
CODlpare the values Of tHL and tLH [ns]. . 

5.12 A certain proc~ss giv~ a11 active area encroachment of 0.4 [µm] per side 
alld a lateral doping dista~ce of L 0 = 0.3 [µm] (gate overlap). Give the 
mask layouts for MOSFETs that have final (W FL) values of0.5, 1, and 
4. Assume that the minimum resolution of the system is 3 [µm]. 

5; 13 Stick diagrams are simplified drawings that show the placement and 
routing o( JC: layers. Figure P5A. shows a sample base set of stick 
diagram nota,tion where. ea,ch. material layer is represented by a specific 
line type: (An alternate approach is fo use a specific color for each layer. 
In some instances, the color· chosen for each layer roughly corresponds to 
the color seen for the layer on a wafer illuminated by white light. 
Otherwise, the choice of colors has become somewhat arbitrary.) 

C:hip layout patterns can be described using stick diagrams. These 
are useful fot initial planning. In a self-aligned MOS technology, the gate 
poly layer is usedto mask the n+ pattern in making ri.MOS transistors. 
Thus, assmrii:tig that a threshold adjustment implant is provided, drawing 
a poly stick tha.i crosses an .n+ stick gives an E-mode MOSFET. A 
D-mode transistor is obtained by adding a depletion implant. 
(a) Construct the stick ·diagrams for the three types of nMOS inverters. 
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Metal 
+, 

n 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Poly 

__ J___ --1-L+--
1 ···F-

E-mode MOSFET D-mode MOSFET 

Depletion 
implant 

X 
Contact 

FIGURE PS.4 

Then discuss the advantage of having a stick diagram vs. the 
information that is missing from the drawing. 

(bl Create additional lines (or colors) to describe an n-tub CMOS 
process. Then construct the stick diagram for a CMOS inverter. 

5.14 Consider a depletion load inverter in a process that exhibits threshold 
voltage variations of 11 VTOo and A VTOL· 
(a) Starting with the design equation for f3R in eqn. (3.4-43), compute 

the change Af3R due to variations in V700 and VTOL· 
(bl Assume that VoH = 5 [V], r = 0.37 [V], 21</>FI = 0.58 [V], arid 

Vroo = 0.9 ± 0.1 [V], VroL = -3.3 ± 0.1 [V] 

give the threshold voltage ranges. A design value of VoL = 0.25 [V] 
is set as a design specification. Use the expression derived in (a) to 
calculate the variation Af3R• Then discuss the implications the 
analysis has on overall design acccuracy and· chip yield. 




