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figure 7.16 Thl\',hold 1t>ltJl!t! .1dJustmcn111~i11g boron ion impl.u1tation. 11 

i,~,ul,ited fro111 the ~ubstn1te by imphwting oxygen. creating (\11 intervening lnyer of sil­
icon dio'-ide Thi\ ~q,nrt1tw11 by lmpln11talio11 of oxyf!.cll (SIM OX) i$ n key ilicon-on­
i.n,ulator 01 technology. 

TI,e ' !~!OX proce ~ u~e~ a lugh-enerro- o· beam. typically in the 150- to 200-keV 
ran{tt'. so that the OX)l!CO ions have projected range of 100 to 200 nm. Additionally. n 
bt·a~, Jo't-·. I to 2 x 101

' ions/cnl, is used to produce nn insulating layer of SiOi that is 
JOO tu 500 nm thick The use of Sl~IOX material leads ton signinc-,mt reduction of 
~urco'dmin ,~1p.icitances in MO devices . . Moreover. it reduces coupling between devices 
,111d thus allo" s tighter packing without the problem of latch up. As a result. it is widely 
proposed , ll> the rnateri,tl of choice for advanced. high-speed C}, I OS circuits. 

7.4 ION IMPLANTATION SIMULATION 
liPRE~l ma) be used to imu.late ion implantation profiles. Simulated profiles can be 

implanted and act:i\'ated using the I MPLANT command, and subsequeutl) driven in using 
tl1L' DIFFUSION command. SUPRE~I contnins the implnnt parameters for most common 
dopants. but also allows the user to input range ,u1d straggle data for u1111sual implanted 
materials. lJPRDI can also simulate imphmts through multiple layers. 

EXAMPLE 3 

S11ppow we ,hint to ~im11latc the iinplantation of a 2 x 101 cm • d~c of boron at 30 kc\' into an 
11-type < lC~h ~ilioon wafrr. The implant is then followed by a drive-in at 950°C for 60 minute If 
llw ,ilict,n ,ubID':lte is doix-d ,,ith phosphonis ,11 a le1·el of I 015 cm·'. u~c SUPRE.\1 to dewm1ine 
tl,c boron dopin~ profllc Jnd ll1c junction depth. 

SOLIITION Tl1c SUPRE.\1 input l~,tini ,~ .IS followi;: 

TITLE 
C~ENT 
INITIALIZE 
C~ENT 
lNPl.AHT 
Cc»'\!ENT 
OIFAISIOH 
Plll!'<T 
PLOT 
STOP 

Implantation Exar,ple 
lnit1a11?e sf11con substrate 
<le&>Silicon Phosphor Concentration•lel5 
l1"p 1 ant boron 
Boron Energy.JO Oose-2el3 
Oi ffuse boron 
Ti~e•6e TelSperature-950 
Layers Chemical Concent rat ion Pho$phorus Boron Net 
Active et C.in•lel4 
End 1~plantation exa~ple 

7.5 Summary ◄ UJ 

Afl,•r llw ~1111ul.11ion 1s ('Ompl!'lt· '''l' print ,ind lot tlu, bo 
into tlw \ili<.'t>n ~uhstrutt· 11w ~"ltl•• "~ ., P f' run t'()TltvntrJti<n1 ':ii f11nt1im1 ol <l.-nth 

• .. , .. , ~ l' •fl0\\11 111 • '"'•rt· 7 17 I I _, , • ,. of O..s IS.I µ111 . ,.,.. • " uc 1 111wc-..itc:, u J1111c:1101, ,k,,111 
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7.5 SUMMARY 

lon impl11nt,1tion is " key method for irnpurit\ d • Tl k . . 
t,1tion an.' tJ1e projectt:d mncrc (R ) and i'" 'st·to1pd1~~ d •~ :} p,tmtncter,. for ion m1pl:m-
. . , ,.., p "' , r .uu e~111tion (o: ) also -allc J th. 
Jecteu straggl<:. The implantation profile c-.ui be <1pproxirnnted 1.}' arc'· .~ di~ _

1
c p_r,,-

villi 'ts nk I t d R r I J ,1Us~1:111 stn 1ulio11 
, , • pe, . oca e at P ,rom t H: surfoec of the semiconductor substrate Tl .. d 
tages of the 1011 implantntion process are more precise c:ontrol of th<i amou,; t ~ t '•~-
a more reproducible doping proflle. and low('r pr<'"" ~- 1 ° < op,Ln 
ti <liffi . ~ -~ ;ing c1nperat11re com=rl'd wit11 1c us,on process. ,.. .. 

The chapter t'Onsidcred R and o: for various elem"nl: • -Ii d 11· • I di d I I P r • .. ' m s1 con an g:.i ium ar.;erude 
a.ll{ scusse t le c 1anneling effect and wa)-s to minimize tJiis· er'""' IJ . 1 t ti . 11= , . o,~1..'\er. imp an-
a on m,1y cause severe dautage lo tl1e crystal lattice. To remove tlu- · ~ I 1 1. . d 

to t bili d I d u .. p an c,amage an 
res ore m~ ty an ot 1cr evice parameters, the 1;erniconduc.1or must 00 .uuiealed 

Ht an appropnate combination of time and temperature. Currentl)· ·d tJ . .., . . ... , 
. (Rn). fi cl • rap, wnn,u ,Ullll!.U· 1r'.g , ~~ pre erre to conventional fumace a.11nealing because RTA can remove im !ant 
d.1111age ~VJthout tl~ermal broadening of tJ1e doping profile. p 
. Ion 1mpla11t~tion_ h:b wide applications for ad,anced semiconductor de,ices. These 
include (a) multiple 1mplantntion to fonn no,·el dhtributions. (b) selection of maskincr ,.,. 

Figure 7.17 Plot of ooron t,'Ollt't'nlmtum .1, a fuuc hon of dl·pth into tl1l' ~1hco11 ,ub~trJlt· 11,,iOJ: 

SUPRE~I. 
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1 
cruh uid tJuc-knt'-., to ,top n gi1 en ix•rC\'ntagt.> of llll'1cll·nt ,on, f ro1~, n:•at·hi11g ~lw ~ub. 

5trah." c) tilt-.trll!lt> unpl,mt.,hon to fonn ultr.1..,k1llow jundion_,. (d~ lugh•t•nl'~-unplan-

1 tion to fonn hunl~t l.i\,·I'\, t111d (cl high-c11m•11t unpl,mt11Uo11 tor pl't'd~ro:,1tio11 and 
tlm: hoJd ,llltu~•· ,1dj11,t111e11t and to fonn 11n msul.1t111~ 111)~ r for 01 appli<:ahon, 
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PROBLEMS 
A,1, n,l.. d,':I, •It tl,fficvlt probl,-rm. 

ECTIO'- 7.l: RA..XCE OF IMPLA.YfED IO~ 

I. A<-S11mc that" lOO•mm diameter Gw wafer i, unifonul) u11plantt-d ,,;d1 100--kc\l zinc 
ions for 5 minute, \\ilh a con,tanl 1011 ~an, curr<'nl of 10 µA. Wh,,t ;m• tht• ion dose per 
untt area .llld the pc.ak ion concentration? 

2. A , ilicon p-n 1unclioo i, fom1l-d h) impl..mtinR boron iom at 80 kc\' throueh a \\indO\, in 
1&11 O\ldc. tflhe boron do«> i, 2 x lOl\ cm·- ,tnd the n•typc: sub,huh· <.'()11t:renlr.11ion i.s 10" 
crn , find thl· loc..tion of th,• met:illuri;cal junction 

3. \ thn.,..hold "oha)(c .1<l111,trnent unplwttJtiOn i, made through ;i 25-nm l(Jtc o,:idc. The 
~ub,tr,tc is 1 <100>--oricntt-d p·l}l"' ,ilicon ,,,th a n•,i,tJ,1t} of JO n .cn, If thl· incrc1m·n• 

ta! th~hold ,nlta~,• due to a 40..keV boron 1mplantation is I , : whal ,, tlu• total 
impla.nkd dose per unit :m:a~ E-tim.1tc the loc,,tion of the peak boron conct·nlnltion. 

•-t f or tl1e suh,tr.ik m Pmblt>m 3. \\h,1t pl'm>nt.,gc of th,• tot.ti dow is 111 the MLloon? 

.Ecno, 7.2: 1'JPLA.\"I' DA.\ IACE ND A.'-l\~C 

5. If a 50,kt·\ boron ion i~ impl.illti-d mlo the ,J,1.,vn ,uh-ltr.ilt, calculalt' tli~ da.111.ljtC dcnsil) 
,u"1me ,dlron ,,tom de11,1ty 1, 5.0-2 x 1o=r atom,1t·m'. tht: ~ih<.'(Jn tli,;plact•mt:1111:111:ri:o is 
15 .-,: tl11: l'Vli,." ii. 2.5 nm and the \-pactn~ bt-11,.-,m , 1hco11 latli<.,'<· phu1cs 1, 0.25 nrn. 

6. f::-cpl;un wh) h1:;li•ti mpl'r.1ture RT.\ L\ preferablt• to low-1t-111pera.tur,· RTA for dt·foct-free 
,h ,llow•JUntlion fonnallon, 

Problem, ◄ 143 

7. ';'ll.111,,t,, ~Ill' 1111pla11t tllh1 rt'<JIJlrr,J 1t1 n-<lu0<• 11,.cJ,,mn..J thr .,holll ,ult.,i:,• lw 1 \ ' If tht.' 
~at, u,ult h ·I 11111 th1d, A"unw tl1.11 th,· i111pl.uit m l1, .. ~ 1 ,I t d ti ,·, 1. ( 

I . J· I . • ~· . \ ., JII\ ,. M> ,t I I pt ,; " 
I It "'" 1uhon O\.'C.11 .... ,II till' 0\ldt• "li~,111 111tnf ic•• 11111, 1, Jr f ti ' I l I 1 · • I • " ' ' O It ""P :,r, ' OCS Jilt<, 
I H." 1,,m. I· urt ll'r a"um,· tlut 90'> uf th, lmplu.nlt'd 1011, m tlw 1,1h,-ou ,.1,. ,·lct:tri, ,II\: 
..C-11\,lh'<I h) d11· ,11111( .J111g Jll'Ol-C\\. n ... ,. U.\\11111pbon, ·11~ ·15" ' ti I I • 
I I , " .,,, " o, ,,. imp .mlt~ "'"' lo 
It' 11\l'( ,or tl11,,-l1old ,ldJu,tin~ Al'l<I .t\'11111" th 11 ,II or tlit- d di): tr I) I fT 

liwh· at th,, , ilit"tln-oxi<ll' mtnfst'<' • • , " , " ,1 11.,111 I<, tt'" 

SECTJOX 7.3: JMPJ.A~"TATION-Rt:LAThO PROC ESSES 

Wc_"•iuld like to form 0.1-µm <l<·,·p, lw.ivlly dOj)':d Jm1t11011, tor th,• i.onr~•· ;tn<I dMn 
reiQon, of .I , 11h1mcmn \IOSFE'r Comp;ir,· thr• ophoo, tl,ut ..r<· .l\.ul.ibk· to mtmdul't 
,m<l achv.1lc dopant for thi~ ,1pphc-,1tion Wh1d1 oplio11 wonld }uu n:-rornmcncl ,uid "">" 

9. \\ lu:11. II llJ'M'lliC impl.mt .II 100 lwV i, IL\t-d .,1111 tlw photon·, .. t tlucl.i1c\\ l\ -lllO !\Ill faoo 
lh<' dft-ctivl'ni:,\ uf tlw w,1.s1 ma.,k III prl'\'Crttin~ the tr,11~"''"'"" of Ion, (R • o 6 µ 111 
0 0.2 µ111). Ir lilt' rC'Sbl tl,iekne~\ i~ chan~t·d to I µrn . t-ak11l,,tt- the 111a.\l.i11g t•llitilllt:V 

I 0. \\ 1th refon,ncc to E"1mplc 2. "hat thiclmt·,, of S10 i, re,1111red to m«I.: 9!J 9991k of ti~ 
impl.mt,-<l ions? 

ECTTO 7.4: (0 ' IMPLANTATIO, SLMULATJON 

11. \ c 10(1> phosphorus-doped \ilicon rnh,trate \\ith :, c.lopml[ conecntr.itJnn of IO • cm.a 1s 
implanted ,~ith boron. Tiw impl,mt cncrcy is 30 k1N \\ith ll Jose of 1011 rn,.,_ lhe 
~l.iPREM to plot the b<,ron profile \\'hut arc (a) the dt pth of thc pc,ik of tJ,,. irnpl;.ntcd 
profile (h) tlw boron concentration at the pl'.lk dt·pth. and (cl ti1e juntiJcm d<·pth? 

• 12. Lsc SUPRE~I to dc,ign an implant,1tion step th,.1 gi,e) the ,.unt' dopini: pronte .i., th,· 
diCfu,1011 Ex:unplt' 3 in Chapter 6 



8 
Film Deposition 

To f.1hne1t,· d.i)crett• 1ll·,iCC\ and 111lt:gratcd circuit,;, we us\.' rnany difTert>nt kinds of U\in 
film, W1• t'.111 da..c,if) tlun film, into five groups: llwrmal oxi<lei.. did1.'<.'lrit' layers. epi­
t».'O.J) iwl"\, poh,.·n:t.tlhnL' ~ilicon. and metal Alms. The growth of thcnnal oxides was 
diSC11,,~ in Ch.1plrr 3. Thb cl1.1pler deal, \\1llt ,-:uious other techniques for depo.\itiug 
thin him" 

Epit,luJ ~1'l11 is clcxc~ rd,111.J to tltt' ('l)'St,J growth conet>p~ di~u,~ in Chapter2 
It ui1TJln·, the ~1,1h of sinek·-cl'_\ tul semiconductor layers on a singlc•CI) tal semi­
comluctor ,uh,trntc. Tht• word l!JJitoxy h deri,ed from the Creek words epl (mel\ninit 
·on·) ind tati.1 {mearung ~arrangement"). The epila,xial layt.?r and the substrate matel 
,J\ ma~ ht, the: '-llllt', ~MJ1g Ii.st• to homucpitoxy For example, an n-typt• silicon can be 
~m t'p1wjall) on ~u111' • silicon sub~tmte. On the other luwd. if tl1c ep1ta:oal layer and 
die , .. ,b,tr.ite a.I'\' cl11•nut".tlh .tnd ofien crystallographicall) different. we h.we ltetcrocpi• 
tnnJ. ,uch as tht:" epitatial growth of \l,Ca1_ As on CaAs. 

Oidt~c h)el"S ~uch as silicon dioxide and silicon nitride arc urn,l for insulation 
oct\,l"Cn conducting layers, for dilTu~ion and ion implantation masks inr capping doped 
films lo pr,..,ent the loss of dopant.s, and for passh11tion. Polycrystalline silicon. usually 
reft•m-d to 11., poly,ll1con, i.~ used as a gate electrode material in \10S de,ices. a con­
dndiw matt"nal for inultilr1el metallization. tlJld a contact material for devices with shal­
kr\1 JUnc.tioru Met.tl films such as aluminum and silicides are used to fom1 low-resi~anC\' 
mterronnec-tions. ohmic contacts, and rectif}ing metal-semiconductor barriers. 

This chapter coven the foll01~i11g topics: 

• Basic techniques of epitaxy. that is. growing a singl<>-cr,~tal lop•I' on a single­
c~ tnl substrate 

• Structurt'S and defecb of lattice-matched and tmined-layer epitaxial growth 
• Depo,illon kchnique~ to fonn low-dielectric-<.'Onstant And bigh-dielcctric­

con t.uil AJm, as well as po~<:ilioon Alm, 
• Dtphition tech111q11e-; to form alununum and copper interconnec.·tions. as well 
~ the related global planarization proce~, 

• Cltar.11.~eri~tics of these thm flhns and their compatibilit)· \vith integrated circml 
pl'l>Ct' (111g 

8.1 EPITAXIAL GROWTH TECHNIQUES 

In .ifl l'p1t.-ooal proce ~- th~ snbstr-.111.• wafer act., ,lS tl1e se1.•d Cl) tal. Epititxial procc~ses 
ru-~ di0erentutl-d from tilt' m1>lt•1~rowth pr~s.~c~ de~rihe<l in Clmpler 2 in tJinl tl1c ep1• 
ta10al layer c.-.111 Ix.• ~,n at ,1 t~inpc:mture ~ubsta11tiall} below the melting point. 1)-pical~ 

8.1.1 

8.1 fp1tax1al Growth Techniques ◄ 1 1., 

30% to 50'l lo\\L'r l11r co111111m1 ll•dtnllpw~ fon•pH \i:d ~ ti / 
,itf,,11 (C:\ D) aml molcmfnl' b1·<1111 t711tnxy i \I BE).,, trJ\\ '•ITt' c 11'1111, n( t11110r tl,·,x,-

C\'D for Silicon 

F_our ~ili~n sou~s hn\'e been list--'<! for \'PE ~rowtl1 Tht-, .trl· ,ilium Mrnd,londe SiCl 1 
dichloms,lan~ (S1! I .Cl), trich.lorosilane (Sil ICl1). and sil:nw ( ii (

4
). ilitou tc·tmdJorid<: 

has l.ccn studied the most ,md has the ,,;cte~t ind~trfa.l n"l'.11w t\11,cal n-Ktioi, t . 1 ~. .. 
·• Poo~c OtJ 'I' • • u 'I" m .. 1n• 1 - • tcr st icon ~urccs arc used because of 10\,l•r reaction te111pi-rat11r,•,. nil' 

(al 

• RF lu•atin~ 

0 Radi.1111 hNlln,t -
0 l Oo 84 0 
0 0 
0 0 0 0 
0 0 
0 

0 G 0 
0 

0 0 

I 

(I>) 

Figure 8.1 Thrct· t'On1111011 ,usc,,ptors for c:111·1111{·.il ,.,por <.k·po,ilH>n ,1) honmnt.-J I,) I""'".~. 
,md Cc) barrel ,u'>C('pto~ 
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,ub,titutmn of I h~1lru1!1'11 atom for (';1ch chlom11· ,110111 from ,ilicon tctmdtloride pcnniu 
about 5ll C n.:duction in tlw tl',11•hon t1•1n1wrat11tl' fhr m 1•r.1ll n.•,K1ion of silit'011 tl'tr,i. 
doorul~· th.11 ri•,ult, in tl1t' i,tiwth of ~i.ltt'Oll la\l•~ l' 

'iCI 1g.1,l .. :HI ()!,,~) H i <~ohd) ~ -lllCI (ga.\) {l) 

.\11 .1tltl11.Jo11.i.l c-01111wting r1-.1ctlon t,1k1.·, plal't.' along \\ilh th.it ~h1·11 111 Eq l: 

"iCI, (g.~) + S1 (sol.id) H 2 iCI: (g,i.,} (2) 

\,. n-,ult iftlw ,ilko11 tet1.1dJond1• <.'OUC\'ntration i'.> too lu~h. etching. mther lha11 gt'0\,11i 
ol ,1lim11. \\lll t,1ke pl,tl't'. Figure 5.2 ~ho" the 1•1Tl-ct of the roncentmtion of :.ii.icon Mra. 
d1lond,· in tlK· ~-'-' on till' rt',tc·tio11. ,1 lwr,· llw mole fmclion is c.lcfint'Ci a., tht' rulio of the 
number of mol,-cult·, of ,1 g1qm '111:t·w, to till' total 11urnbt'r of molcc-ulc,.1 '\ote that ini­
tull, tlw •!Tcmth r.111• int·l'l.\tWs li1warh ,,itJ, an mt·r1·.1.,iug concentration of silicon tctra­
d1l~nd1•. A, th,· <."<ln<.-entrahon of ~•ltcon t1-tnid1loride is i11crea.wd. a m,t,imurn grm,~h 
rah> 1, r.· 1dm:I B1•~oncl th.it. Ull' .,-owth r:111• start to decrease, ancl cn-nh1all) etching 
of thl' ,1ltco11 \\lll oc1:ur Sihwn i., 1t,u,ill) 1-:ro,,11 in the low-concentration region. as indi. 
t•,1tt"d III Figun· \.:! 

11,e n-iktion of Eq. 1 i, n·,1.•l"'ihl1.. that h. 11 can t.1ki.• place in l'itht·r clin,'ttion. If the 
l-Omer i;-~ c11t1'rin~ till' 1t>at'tor C\lllt.WlS hydroc-hloric acid. rcmo,.11 or dc-hing \\ill take 
pl,tt'C. ,\c1u;Jh. tlu, l'ldting opcmtion l\ med for in situ cleaning ofth1.• silicon wafer prior 
to rp1ht,i.1l growth. 

Tiw dop.mt i..; introdnC"t·d at tlll' s.une tinw as tl1e silicon tl'trad1loride dunng epi­
l,L\.i,111.,rn)\\1)1 {F1~. ~. 111 . C.1.,eou\ cLbomnc B _ 11. l is u,ed a., the p-type dopant. whereas 
plto,phin1• (PII .md ,1r-in<• ,,\\If l are l15ed ,l' 11-typt.> dopants. G;i., 1111.\htres are ordi-
11.:inh ust-d ,,1th hydrogen.~ ll1t.> tlil11ent to allow r~on.1blt• t'Ontrol of fl,,w r.itt;>s for the 
tk,in-d doping 0011,-cntmtion. The dop.mt chem is Ir)' for arsmc is illustr.it1•<l in Figure 8.3, 
"hic-h ,h°''. 8.1",IJlt' heinl! ilCborbt>d on th<.· surface. de<:omposing. and b ·in~ incorporated 
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Figure 8.3 Sdn·matk· n:prcM·t1lalio11 of .iN,nic dopin!( and the ~M\i~ prtX-.:,so 1 

into tlw grO\\inl! la)er. Figure l>.3 aho show:, tlw gt'O\\tlt mechanisms at lht> surfa,..,., \\hicl, 
.trl· b,u.l,d on the surface ad,orption of ho,t atom (silicon ,L.s well a., tlw dopant atont\ 
(e.g •• a~t·nic) and tlie mowment of these atoms tmnml tlw ledge silt"s.= To ghc th1!5C 

ads~rbed :•to1_ns sufflcicnt mobilil) for finding their proper pc,sitiorl\ within the crystal 
lathe<•. Pp1t,L,1al gr0\\1h requires rdati\'ely hi~1 tempcmture,. 

C\'D for Gallium Arsenide 
For g:,lhum arwnide. the b,t,it' setup i.~ ,imilar to that sh0\,11 in Figure S.la. B<.-c-.iuSt· 
gallii'.m menide decomposc>s into gallium .md arsenic- upon e\'aporation. its dirPt1 Iran.\• 
port 1u the \'apor phase is not possible. 0111: approach is the 11st: of As, for the al"'lt'nic­
component and gallium chloride (CaCL ) for the ~allium co111pone11t. The mer.JI re.ic­
tion lt·ading to t•pitaxial gro"1h of gallium ;u-sc-nide is 

•\.~, + 4CaCI + 6111 ➔ 4CaAs + 12llCI 

Tlw •\s, is l{encrnte<I b) thermal drcomposition of arsine (Asll l: 

4A 11 ➔ .\ ~, + 611: 

and th,, gallium chloride is gen<.'rated b)· tlw reaction 

611CI + 2Ca ➔ 2CaCI . + 311" 

(3 ) 

(3a} 

(3b) 

Tlw n:;1<.'tants are introduced into a reac-tor ,,ith a carrier g;.i., (l'-~ .. 11 _). 11,e g.illium .t™·uidt· 
,,.1fr,rs aw typic:all) held within llu: 650"'C to !>.50°C tc:1nper.1tun• r.lllgl'. Tiicre 11111st Ill' 
s11fflc-1en1 .1n.enic O\'<'rprcs.,uw to prc,·c:nt tJwrmal dt-compo, ition of tJw sub,tr,ttt• ,111d 
tltc growi11g la}L'r 

Mctnlorgnnfo CVD 
X lf'lalorgan ic C\ D (~I OC\ • 0 ) is also a \ 'PE pt'0<.'1' ,s h,t\t-d 011 pyroly1ic n'.1t'tions. U ulik~· 
com cntional CVD. ~IOC\'D i~ clisli11~u1,lwd b~ the dwmic,J natun· of thl' pn'<·nrsor. 
It i~ important for tl1os1• elcmwnb tlrat do not Conn ,table lwclridt•s or lralitl<-s. hut that 
do form ~tablt• nwtalorg.u1ic ro111pounds ,,ith r1.-.1,onahlt· ,,11111r prl' ... ,11r1•. MOC\ "!) h.l, 
bt>c·n c\,tensi,d) .1pplted in the lrl'lc•rocpit.L, ial i:rowt.h of Ill -\' and 11-\'l c,1111po1mtl,. 



1 t ~ Chaprer 8. Film Deposition 

11 . c IA. ,w c.ui use metalorganic compounds such as trimethylgaliiurn 
0 r'i ~ j' 5

' Iii co ,,ponent and arsine (As! 13) for lhe arsenic c.-omponent. BotJ1 
lC1 ··' ~

1
~; ' orlt it•tgn po

11111
rted

1 
in ,.,,por fon:, into the reactor. The o,·erall reaction is 

C lellUC,U> C.Ul le mns 
Asl I,+ Cn(Cl-13)3 ➔ C(V\s + 3CI 1. (4) 

F .. 1 • • , coinpo1111 .1s such as Au\s trimctlwlaluminum [Al(CH1)3 ] c,m he used or ru·COII ronmg m, • • ' . r D' tl • 
• •t u· GaAs 1·s don<•d b)' introducing dopants in wpor 1om1. 1e 1ylzinc Dunng ep1 I\.\')', 1c • • r- d d ·J 

[Zn{C,11,)~I and di1:tli) )cadmium ( Cd(C2H$),] are t)'l~ical p·t):re opnnt • an _ s1 ane (SiH,) 
. • d I r:0r III v compouuds The hytlndes of sulfur and selenium or tetra. 
IS .ui ,1-type op.·u1 i, • • . , d . d do h 

,,. Jt.' •• 1. .... xJ for 11.t\,,.. dop:111ls. :Utd chromyl cluori e lS use to pe c romium 
mCm}• m .ii\! ,u.C:O...,., , r . els h' hl . 
into Cw to form semiinsulaHng layers. Sin('(• these compoun • ,~e 1g y potSonom 
and on~n spontaneously inOam,n:ible in air. rigorous safety precautions are necessary in 

the ~IOC\'D process. , , 11 , ·ul I I . 
Figure SA shows a ~chenmtic of au r.1oc, D reactor. yp1c. y, t ~e meta organic 

d • ....... "•ported to tlie quart",: reaction vessel by hydrogen earner gas. where it c.-ompoun IS " .... .., ' . . • • I d b 
iJ. mi:<ed witli Asl r, in tJ,e case ofCaAs growth. The chen11cal reaction ~s me uce y heat-
ing the g11scs to 6()()°C to 00°C above a substrate placed on a grnph~te susceptor using 
radio frequenC) heating. A P}Tolytic reaction fonns tl1e GaAs layer. fhe advantages of 
using metalorganics ~,re that they are \'olatile at n~oderately low temperatures and that 
there are no troublesome liquid Ca or In sources m the reactor. 

8.1.2 Molecular Beam Epitaxy 
~IBE i an epita,xial process involving the reaction of ~ne or more them1_~ beams 0~1ton~ 
or molecules with a crystalline surface under ultrahigh-vacuum <.oncht1ons (-10 Pa). 

RF 

\'.i.co1u111 

Ma.ss flow controllc:1" 

~ 
Su.~:ptor l)('Wa)' 

lla.~k 

Purillrd 
Ii i 

Figure 8.4 Sd1c:rnatic dialtl'1)rn of a ,crtjcal atrnosphoric-pres.,-urc ~IOCVD reuctor.1 DEZn. 
<lil'lh)WDC (Zn(C)l,)al: n1ca, lrimcthyll(wlium (Ca(Cil,)J: n tAI, lrimcthyl:Juminum 
fAIICII l ). 

8.1 Epitaxial Growth Techniques ◄ 1-19 

~113E C,\11 achiwc prcc:i)(: control of hoth clwrnical co111po~1bo11~ nncl d . n1 
S. I I I .1 . . . . . . ,u, op111g pro 1 1•~­
lllg c-cryst~ , mu tl ,i)e~ ~tn1clurcs with <l1m<.-n\1om 011 the order of atorm<: Liycr, c-.u1 

be grown using MBE. 1 hu~. the MBE method enables the prc·cise fahnc1lion of wmi­
conductor heterostrnctures having tlun layers fro111 a fraction of a micron d°',.,1 to a mr,no­
layer. In general, MBE growth rall•s are quite low. For C.JJ\s. for ex..unpli- a value of 
l µm/hr is t)pical. 

Figure 8.5 show.s a schemaUcof an ~!BE system or gallium anenide aml relatC'CI 111-\' 
compounds, s~ch ns Al,G_a1.,!\s. Thc sy,tem represents tlw ultimnte in flln, depo~itiQn 
control, deanhn~. and m situ chemical chamcterir..ation C'.ipabilitr, Separate t•ITu\ic,n 
ovens made of pyrolytic boron nitride arc used for Ca. As, an<l tl1e dopanls. All th1: elTu­
~ion ovens are housed in an ultmhigh-vacnum chamber (-10.., Pa). n1c temperature of 
each oven is adjusted to give tl1e desired evapomtion mte. Tl1c ~ubslmtc, holdn rotates 
<~mtinuously to achieve uniform epilaxinl lnyers (e.g .. ±J % in <loping, Mintion~ and ±0.5% 
in thickness variations). 

To grow GaAs, an overpressure of As is maintained, since tl1c sticking eot:fficit-nt of 
Ca to Ga.As is unity, whereas tliat for As i.s w ro. unless tl1ere L, a previously de~1tcd 
Ca lnyl'r. For a silk-on M BE systel'll, an electron gun is used to evapomtc silicon. One or 
more effusion ovens arc used for l11c dop:u1ts. Effusion ovens lx•lt.l\ e like sin.ill-area ~urt-e:; 
and exhibit n c.-osO emission. where 0 i.~ the angle between the direction of thc \Ource 
Md the nomial to lhe substrate surface. 

MBE uses an evaporation metl1od in a ,11cuum system. An important parameter for 
vacuum technology is tJ1e molc:cul11r impingement rJte; that is, liow man) 111olccule~ 
impinge on a unit area of the substmte per unit time. The irnpingenumt nite t ¢1 is a func­
tion of the molecular weight, temperature. and pressure. The rate is den,ed in Appt.•nclix 11 
,md can be expressed ass 

¢ = P(2nmkT) 
112 

(5 ) 

Ultr.J1igh,,.1<11un 
~--------------------------. dwnl><r 

Figure 8 5 Arrnngcmcnt of tl1c sourc.,~ and ,ub,tn1te in a con,cntional mok'CUl.1r h,.-.un ,·pit,." 
(l\lUE) ~-stem. (Courte,p>f M. B. P:mi,h. Bt'II Lthomlon,·~ Li1t"'nt T,'Cln,oll>\!lc, 1 
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or 

¢=2.64xl020
( ,/W) molecules/cm

2
~ (Sa) 

"here p is tJ,,. pressure in Pn. 111 i~ the m,1$S of a molecule in kg. k is Boltzmann ·s con. 
~tnnt in J/K. T is the tempen1ture in degrees Kelvin. mid M is the molecular weight. 
Tlwrefore. nt 300 K and 10-1 Pa pres ure. the impingement rote is 2.7 x LO'• 
molecules/cm· -s for o,)·gen (M = 32). 

EXAMPLE 1 

\ t 300 K. tbt· molecular diJJot•l<ir of o,)'gcn is 3.&l A. and the number of molecules per unit area x 
,s -;-~ x 1011 cm•:. Fmd lbt· limt• l\.>tjuired to form a monolaycrof oxygen at pressures of 1, 10 ... , and 
10"' Pa 

SOLUTION The timl! r11quired to form .t monolayer (as~uming l00% sticking) is obtained from 
tht> imp1nl(c1i, ... nt nite· 

·n wn:fon-. 

N N,.JMT 
I =_.... 

¢ 2.64 x lO"'P 

t = 2.S x 10◄ • 0.28 ms al I Pa 

= 2.6 s at 10 ... Pa 

= 7.7 hr al 10·• Pa 

To ,M>id t.'Olltaminat:ion of thl' cpila.xiaJ layer. il is of paramowit hnportam.x: to maintain ultrahigh­
vacuum conditions (-10~ Pa) for the ~IBE proccss. ◄ 

During molecular motion. molecules will collide with one another. The average distance 
traversed bv all the molecules between successive collisions with each otl)er is defined 
as tJic mec,; free path. It can be derived from a simple collision theo·y. ,\ molecule hav­
ing a diameter d and a velocity v will move a distance vol in the lime 01. The molecule 
suffers a collision with another molecule if its center is anywhere within the distanced 
of the center of anodler molecule. Therefore, it sweeps out (without collision) a cylin­
der of diameter 2</. The volume of the cylinder is 

lN = !:.(u)2 
\'Of= m/1\·& 

4 
(6) 

Since there are 11 molecules/cm\ the \'olume associated with one molecule is on the aver­
age 1/11 cm3

, \\'hen the volume oV is equal to 1/11. it must contain on the average one 
other molecule. Thus. a collision would have oc-curred. Setting -r = ot as the average time 
between collisions, 

Tl1c mean f rce path ().) is theo 

I kT 
A.=V'l'=--=-­

midl ,r.Pt/2 

(7) 

(6) 

and 

A more rigorou, deri\.tliou gives 

J:....,...,...._kT_ 
✓2,r/'t/2 

8.1 Epitaxial Growth Techniques 

,t::;~cm 
P(in Pa) 
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for air molecules (cquivaler~ rnolec.-ular diameter of3.7 ,\) at room h'mf)(.'rnhirt>. Tiicrefort: 
at a system pressure of 10 Pa, J. would be 660 km. 

EXAMPLE2 

,\ssume an crfu,ion oven geometry of area A - 5 c~n: ,nd , <li•1an~• L 1. .. ti ftb 
. . . - • ,u, " • - DCn\l'l'll IC '"P Q C own 

and tLc l,l,Jlmm :ir cmde substrate of JO cm Calciilate tJ, .. l'.I nE """' th I fi ll rr: • . . . • ~ , n ,... , ra ,. or w <•11usill11 o,'-'tl 
fillc,cl Mth gallium arsemdc al ooo•c. The surfo,'t' dc-nsi"-· of ualli11n1 atom• i.\ 6 X to" . d 
I h. kn f ., ,- • cm , ;.,1 

t 1c av1•ragc t 1c c~ o u monolaycr is 2.b , 

SOLUTION On hc-aling gallium arsenide, the \'Olatill! arsenic ,dporiw, fiN, 1 .. a,inj! a ga.lli,un-nc:h 
sol11li1m. 1:1~~cfon:. on!>: the press~n,s rnnrkcd "C.1-ric:h" in F'igun: 2.1 l .m.· of inh:r..,,t The pr"'" 
sure at ~ C _is 5.5 X 10 Pa for gallium IIJld 1.1 Pa for al'S<'nic (A$. T111• arri\'al r.,tt mn be ohl.ain(-d 
from thf' 1111p1ngemcnl r.itc (Eq. 5a) hy m11ltipl}111g It by AhrU: 

Arrival ratc= 2.64x 1o»( k x ; ,) 111olt'C11lc~fr111"•\ 

The moll'cular weight (M ) i~ 69,72 for Ga and 7-J 92 x 2 for A-:,i· Subslihtting ,aluc, ol P, M, and 
T ( l l 73 K) Into tl1c abo\'c equation gi•cs 

Arrival ml!: : 5.2 x to" I c111·-( for Ca 

: 1.1 x 1016 
/ c rn1-s for .!is 

The· growth rate of gallium nrsenide is go\ cnll'<l by thi: a.rri\•al role of ~Jlium. The ~•th r,Ui:"' 

8.2x 101
• x2.8 

6
xl0" •3.SA/~= 23nm/min 

Nolt' that tht" growth rate is n•lati\'ely low comp,1rcd \\ilh th11t ofVPE ◄ 

There am two ways to clerm a surface in situ for M BE. I ligh-tc:1111)\'mhm.' b.ikin~ 
can decompose the native oxide nnd remo\'e other ncl~orbed spt>cies b~ l'Hlpomtion or 
diffusion into tJie wafer. Another approach is to use a low-energy iou l>ea111 of an inert 
gas to sputter-clean the surface. followed by a low-tempemture anm•aling to l\'C>rd!•r thc 
surface lnttici: structure. 

MBE c-.m use a \\ide variety of dopnnts (c."Onipared with CVD and ;1.IOC\ 'D). :tnd 
the doping profile c:_u1 be exactly controllt•cl. llowe\cr. the doping p~ ·, is ,m1il.u to 
the vnpor-phase growth proc.-ess: A fl1Lx of C\ upomted dopant atoms arriws at ,1 faq.1mbll· 
lattice site and is incorporated along the gro\\ing interfoc1:. Filw control of die dopin!! 
proGle is achieved by adjusting die dopant Ou1. relath e lo 1hc flu., of ~ilicon .110111, !for 

silicon epiht-.;ial films) or gallium atoms (for gallium an.enidr epitaxi,1) l11111sl. It ,, .ibo 
possible to dope the epita,ial film usiug a low-current. low-cnl'rro ion bcan1 to implant 
the dopant (sec Chapter 7). 
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1111' ,ub,tnill' lt•mpt-•ralurt'\ for ~IRE 1'.llll-(L' from .J00°C to 900°C. and the gro,1th 

ni.1 .. , t.oag,· fro111 0.(101 to 0.3 ~1m'nun. Bt•c.,uw of lo\\'-t(•mpt"r:1h1re pru<.'(c"Ssiug and Liu., 
IO\, gn-...,tJ1 r:.itt• mam 111llqu,• doping pmfllt•~ ,111<l .1llo} co111positions not obtainable from 
t1>nwnhu11.J C\ D c,111 lx: procl11C\-d in ~113E. ~l.,ny novd "tructures havl' hc<.·n mudl' 
1Nne, \I B£ rht•,t• mdudt- tlw ~,,,ll'rlnfllN'. whid, 1, ,, pt'rioclic stn1ct11re c.-onsistrng of 
altc-m 1tm~ 11ltmtl1i11 l,11t·r-. ,11th a pt'riod k-~ than the electron mean frl·c path (e.g .. 
G.L\ \J G.11 \, \\ith t',tch l.1H•r 10 nm or I· sin thicknt>ss). ;\Ile! heti-rojunclion llt>ld­
.. fft'<'I tran,l\lor. 

\ fu1tlll'1 d,·,dopnumt 111 \ 18£ ha., repL,c.,:d tlll' group llf ele1n1:nt,J sourct.'s by nict, 
, lo~.m•c cumpouncb sud, a, trimethylgallium (TJ.IC) or triethylgallium (TEC). This 
:cppm.1d11, ,.illt'<f 11wt11lm',!,11111c 1110/crnlar beam epitm;y (~IO~IBE) ,Ind is also referred 
tool' clicmu·,1/ b.·0111 cpil/1\!J (CHE). ,\!though do.,dy rclatt-<l to MOCVD. it is t'O~id­
t•n-tl ., ,pt'l.1:tl fom1 of ~!BE The· 1neh1lo~ulic<, art> sun1ciently ,·olatile that the} c-.tn ~ 
11tl1111ltt~I dirt--cth into tJw ~fBE growth d1,11nbt-r a.~ a bc:lam ;u1d tire not dccompos~ hefore 
fomuug Ll1t' l>t•am Tlw dop:u1ts .m: gcnerallJ elcmcnt.11 sources. typiC',1lly De for P·l)l>c 
.uul )i or '11 for 11-typc GaAs t'pitnxi:il !avers. 

8.2 STRUCTURES ANO DEFECTS IN EPITAXIAL LAYERS 
8.2.1 Lattice-Matched and Strained-Layer Epitaxy 

For cou, cutioual l,01110(:pit,L-cial growth, a ~inglc-<"rystal semiconductor la)'er is gi-01111 on 
.1 ,ingll'--Crptal wrniconductor sul,stmtc. The semiconductor layer and tJ1e substrate are 
tilt' ,.111w 111.tt~·rial ha,ing the ~mne lattice const.lnt. Therefore homoepita.xy is. by defi­
nition .1 l,1ttice-matcbed epita.xial process. The homoepitax.ial prO<:ess offers one impor­
t.nit rnemL, of controlling the doping proflle!> so that de,ice and circuil pi•rformanoe can 
bt- optimi/,td For example-, an 11-type silicon la)er with a relative!) lo\\' doping conceo­
tmtion can he ~,~11 epitaxially on an 11· silicon substrate. This stmcture substanticalh• 
rl'<luc.-e~ tlw ~ries resistance as!iociated with the sub~trate. ' 

For bctt•rocpita,)'. the epit._t\'.ial layer llnd the substmtc: arc two li1Terenl ~micon­
duc·tor. and thtt epita,onJ l-1)t:r must be grown in such a way that ,u1 id,..nlized interfacial 
,tn1c-ture is maiutruned. Thi~ impLJes that atomic bonding acros.~ the mtt'rfocc ,nust be 
~-ontinuou,. Therefore tJw two semiconductors must either hti,e the ,.mie lattice pac­
in~ or ht' abll.' to deform to adopt ,1 common spacing. Thcsf' two cases ~re referred to as 
lntli,.,.·~mntrlwd epitaxy and \tmfned-layer epito-ry. respectively. 

Figure S.6o ~hows a lattice-matched epit:t,y where the substrate and the ti.Im have 
the \iunt· l,,ttice cou"tant. An important example is the epitaxial gro,\th of Al,Ca

1 
son 

,1 Cat\$ suhstrute wht:rt.' for .in) x between 0 and I. the l.1ttice constant of Al Ca, s dif­
fer; from lltat ofCaA-. b, less titan 0.13%. 

For the lattiw-mis~atcbed c.t~e. if the epitaxial layer has a larger lattiet.• constant 
,md is fle.\ible. it '"ill be comprt'sscd in the plant• of growth to conform to the substmte 
,p,wm~. El,tstic fore-cs then compel it to dilate in a dir<>etion perpendicular to the inter­
fa(.., •• This ~ pe of ,tructurc i.~ c-.Jk-d ~trdi1wd•h1) er cp1ta.,y and is ill11str._1tcd in Figure 8.6/J.' 
011 tl,c otlwr h.md. if tl1e t:pit:L'<ial 1,,ycr has a ~mailer lattice oonst.lnt, it wiU be dilated 
m tht> pbne of l(ro\\'th and co111prl•~sed in a direction pcrpt>ndiC'uJ,ir to the intPrface. In 
tlw ,,bo,l' stra.ined•ld}t:r epit;L\'\, ,t, the tnlirn:d-layer tltidaws~ increast:~. the total num­
l1t•r oi .,tout, u11d1:r ,train of the distorted atomic.: boncl~ grows, and ,ti some point. llli~­
flt d1...sh:allo1i- an.· nuck·atcd to rehcvt' the hon,o~eneou~ str.1in enerro, This th.ick:it('ss is 
rdPrred to ,c, tJ1p l"ntlral layrr tliickrw\s for tl1e ">·~te111. Figure b.& ~hows the ca.,e in 
wluch t11t re ,,rt' l'<ll!e di,loc.1tiom; .1t tlw ,nterfaet•. 

8.2.2 
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Figure 8.6 clwmatic ill~tmti~n or (n) latli~-mntch,'<I (/)) ,-tr.iin<"d' and (r rd.1.l~-<l hel1:l'QC:pi-
u~:1I <tnictun•,, I lomo,·p11.~,) 1s ~tn.wturully 1d1mtic.1J to the lat1ice-01atd1l'll hctcroep,tu.,)'. 

Th1t critical layer thiclme~ses for two material 5>-ste111s are shown in Figure 8.i: TI,e 
upper cur,e is for the ~trained-layer epita'()· of a Ce,Si1 l;i,·t>r on ,I silicon substmtc. and 
the lower curve is for a Ca, ,ln As layer on a CaAs substra'tc. For exnmple. for Cc

0 
S1u­

on silicon. the maximum epitaxial thickness i.s ahoul i0 no1. For tJuc:ker Rim~. edge dis­
locations will occur. 

/, rdatt·d heteroepibttlul structure is the st mi,wd-loyer m]ll'·rlntlirt ( LS) A ,up<.'r• 
lattil't' is an arti !lcial onc-clirnensional periodic stnrcture constituted b} dilfort:nt rnale­
ri,Js with a period of about 10 nm. Figure . show~• an SLS having two semiconductors 
with different equiJibrium lattice (,'Onst,ults a,> n_. gru1111 in :1 structure with a common 
inph111e lattice co11slant b. where 111 > b > O:- For suffiC'ientl} thin h)t' n- the l,,tticc mi,­
match i\ ace<>mmodakd by uniform ,trains in the layers. Under the~e co11diU01l\ no mis­
fit dislocations are genemted at Utt> interfal'l:s. so hi~h-quality C:J) talHnc matl·riill~ can 
be obta.incd. These ttrtificially stnichm:d materials <:;111 be ~01111 h) ~I BE. These m,lle­

rials provide a new area in ~emiconductor re carch and LX'miit ne\\ solid•statc de\iccs 
especially for high-spt>cd and photo11ic ,1pplicatioos. 

Defects in Epitaxial Layers 

Defect.\ in epil.t.\.inl hiyt>rs will degmde de,ice propt.'rtics. For example. deft.-ct.., c.u1 n.~ult 
in redu(.'('d mobility or iuc.:rca:.cd li:,lkagt• current. The defl'C'" in l'(>it.t,i:1I l.t}t'I"'. can Ix· 
mtegorized into fi1t' group~· 

1. Defi•ct.\ from thr .\llbstralt'.,. Tht•,c dcfct·l:i muy prop,1g,ttt· frolll tlw ,11b,ti.1tt' 
into the epit.t\ial la}c-r. To ,1,·oid tlw~c- <It.feet.\. di,loc:1tion-fr,,e wmironductor 
1-ub5trate:. are required. 
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Figure 1.7 Expt-rin1cn1.illy detcnnined critical layt,r thiclme~s for defect-free, ~tr.un,-d-laycr 
, p,t.m Qf G" Si on Si. illld CJ ln,M on CaAs. 

2. Defect~ from the interface. Oxid~ precipitates or any contamiuation at the 
interface of the epita~al la}Cr and substrate may cause the formation of mis­
oriented clusten. or nuclei containing ~tucking fault:.. These clusters and 
stacking faults may coalesce with nomlal nuclei and grow into th~ f'Hm in the 
sb.:ipe of an inwrtt:d pyramid. To avoid these defects, the surfoc:e of the sub­
stratt• must be thorough!} cleaned. In addition, an in situ etchh,tck may be 
u~d such~ tht: re,ers..ible reaction of Eq. l 

3. Pn>C'ipita/t'!> or dk>-locat/011 loop.$ Their fonnation is due to supersaturdtion of 
impuriti~ or dopants. Epita.xial la)Crs containing ,ery high intentional or 1mio­
tentional dopant:. or impurit)· conccntrnt:ions arc :.1c;Ct:ptiblt> to ruch defects. 

4. Lou.'-(111f!,.ll' ~ram bo1111dnriP-\ nnd lr~in~ Any mi~n('nted are,L~ of an t•pitaxial 
ftlm during growth m,l\ meet .u1d ooalc.scc to fonn tl1e~ defects. 

5. £dg1• dt.Jocnt,ons Thc~e arc fonncd in the heterocpita.~ of two latticc­
mi~matclwd w,uioonductors If hoth lattices are rigjd. tht!} will retain their 
fu11cL1rnt•11tal lathce spaetng~. and the interfaet.• will contain r0\\/5 of mi:.­
bonded atom, dl.'scribt.-d .L\ me.flt or edge cli locations. The edge disloottion\ 
c-..in al~ forrn m ,1 strained laH:r wlwn I.he layer thickne~s becomes larger th;UJ 
l.11P cnti(1J 1,,yer thiclmt."\~. 

11111111111 
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Figura 8.8 lllu.st.mtion of the elctnt'n~ . .nd fonnation of a straint-<l-1:.)'t"r ,uix·rl.1ttitx: ' •\rrn\\~ 
show the direction of the ~lmin. 

► 8.3 DIELECTRIC DEPOSITION 

Deposited dielectric rums arc used main!) for insuliltion :u1d 11;1.\,i\ ;1tion of disc·rl'I'-' dt•\iet•, 

and integrated circuits. There are tJ1n.-e commonly used depo,ition mctJ,o<l.> atm~plwric­
pre:.-~ure CVD. low-pre\Sure CVD (LPC\'[)), and plasma-enh:inced cltemic.tl ,,1pordcpo­
~ition (PECVD. or plasma dcpo ilion). PECVD ~ an l'.'nergi·-t·nhanC('d C\ 'D method in 
which plasma energy is ndded to tlw thcnnnl cnc"ID of a con,enlion:.J CYD ~1~1r111 
Consi<fomtions in :.elecbll~ o dcpo~ihon pl'O<'Css are the substmte l<'lllpl'ruture. the dt•po­
siticm rate and film unifom1ity, the morpboloro. the electrk-:.tl ,llld nwchankal propc.-r­
tics, nnd the chemic:il c:outpo,ilion of the dielectric films. 

The reactor for ntmo,pherir-prt'ss11rc C\ 'D 1 ,imilar to tJ1c one ~howu i.n Figun: 3 2. 
ex<.>t'pt that diffenmt g,tses arc 11sl·d at the~\.~ inl('t. In a hot-\,·all. recl11ced-prt•s~11rc n:ac­
tor like tJ1e one shown in Fi~ure S.9a, tJ,e qu,ut1.-tulx- is heated by a thn.-e-1one r11m.1l-. . 

and gas i, introduce.><! at om' end ,tnd pumpl.'d out al t.l1e op(Xl'ik encl. Tiw t•mic:oncluttor 
wnfers are held vc·rtic~tll) ,n a , lottrd quort1 boat.' Tiu: <1u,1rt1-t11be ,,,1111, hot l'l:t·,uiw 

it i5 adjacent to the funta<.-e. in <.'OntnL,t to a c.-old-wall rt>actor such-~ tlw lton1.nntal t·p1• 
tnx.ial rc•actor tlmt use~ radio frequt'IIC) (rO heating. --------------------------
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Figure 8.9 Schun.ibc diagrams of chemical vapor depo~ition reactors (a) liol-wall, reduct-d­
pn:s.\ure n:Jdor -b Pamllel-platc pLisma deposition reactor. rf. radio frequency 

. The paralJel-p~e. radial-0ow PEC\'D reactor shown in Figure 8.9b cous-ists of a C)'llll· 

dnc-al gfas~ or alummum chamber sealed with aluminum endplat~. Jn~ide are two par­
allel alununurn electrodes. An rf \'oltage is applied to the upper electrode. wherel\S tlie 
lower electrode is grounded. The rf voltage causes a plasma discharge betwee11 tlie elcc­
trodcs. Wafers are placed on the lower electrode. which is heated between l00°C and 
400°C by re~istan~ heaters. The reaction gases flow through the discharge from outlets 
l~tc~ along the ~u:cumference of the lower electrode. The main advantage of this reao­
tor 1s ,ts low deposition tempemh1re. I lowe, er. il~ t'apacity is linllted. especiallr for large­
diameter wafers. and the wafers rnay become contaminated if looseh adhering deposits 
fall on them , 

Silicon Dioxide 

C\'O silicon dioxide c-.umot replare tl1emially grown oxides, because tht: best electrical 
properties are obl",uned with thennaJI> grown fllms. C\'D oxides are used instead to com• 
ple111cnt thcmnal oxides. A laJer of undoped silicon dioxide i~ used to insulate multilc,el 
mt'lalli✓ ... ttion, to mask ion illlplantation and diffusion, and to increase the tl1ickne s of 
lhcnnall) l!f'0\\11 field oxide\. Phosphonf\-cloped silicon dioxide is used both as an insu· 
L1tor betwel·n met.tl 1.i}ers and ,IS ,1 final pa.ssh alion la)·er over devices. OAides dop<1cl ,~i tb 
pho,phorus, ,IJ'S.cntc- or borou are used <><:<.-:1sionally as diffusion sour<.-es. 

------
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Dcpo~ition Method, 
Silicon d.ioxidt> lll111s mu ht· d1·1:><>~ill•tl h., wn-ml 111etlic><' L' I , 1 I • • ( • 9 , ") • L\. < c11 O\\• t•111p1·rat11rP, •·po-
~•tiOn 300-500 C), tltt• film, .,n· lon1wcl b)' tl'actinct ,.·1r111,· dhp ,nt cl ·n I . . r .., • ,, ,m ,Ill 0'<\X<'ll , 11• (' IClll• 
w.tl n•achons 1or pho\phonis-dop,:<l mdd1•, an, -

Sill , +O1~Si0. +211 

4Pll , +50,~3P,O, +611; 

( 11) 

(121 

Tlw <lL'p0)'ition prc.lC<'ss can be performed dtlwr at atmosplu•nc pressure- in a C\'D r•'ilC• 
tor or at rechwed prc,H1re in an LPCVD rPactor 1Fig. lS.911). 11,l· low dt·rlOsition h-n,­
pcr.llurt.· of tlw sd,ulf'-O>.)'gcn reaction make, it a suitahl1.: pro<:1.:ss ,, 111.:n 111111, 11111,t lw 
deposited O\'l:r ,I layer of ,llu111in111n. 

F<>r intcr111C'diate-tempcralurn dc,po~ilion (5(J(hli00°C.:l. -iht"On din"ad<· rnn 11<• fonnl'CI 
b) de~mposing le~etl1)I0~1osilicate. Si(OC_ tr ),. in m1 LPC\'D rcactor.1111• c,,mpc,in1tl., 
abbre,1.1tt-d TEOS. 1s vnponzed from a liquid soum.:, Tht> TEOS t.'Ompound dt:compo,,t•s 
a~ follcm : 

;. 11L 

forming both SiOi nncl a mixture of organic and org.1110Mlicon by-product.,. \ lthnugh tilt' 
higher temperature required for the reucUon pre,i:nU its u<w over ,1lu111i1111111 it h ,uit­
able for poly!lilicon g.ites requiring a unifon11 insulatin~ layer ,,ith ~ood ,k1> <.-o,cmce. 
The good step co,·cmge is a result of en.hanced surfac:e 111obilil\ at liigllt!r tempt'r,lhire,. 
The oxides can be doped by adding small amount~ of the <lop.mt hydride, pho~pl1111e,, 
ar.-iue, or diborane). sim~ar to the process in epitaxial growth. 

The deposition rate as a function oftempemture ~:.Iii!'~ a~ e:q>1-E lkTl \\lit•ri: f. 1~ 

the ,,cli\ation encrro·. The E, of the silane--oX)gen reaction is quite low: about 0.6 e\· for 
undop .. d oxides and almost zero for phosphorus-doped o~de. ln <:ontr~t. £ for the TEOS 
reaC'tion is much higher: about 1.9 eV for undoped oxide .md I .4 e\' wl11111 pho~1,honi.s 
dopm!( t-ompounds are present. The dependence of the deposition rate on TEOS par­
tial prt>~Surc is proportional to (1-e-r·t ). whern Ph tl1e TEO p,uthtl pr,:ssurt! ,md I' " 
about 30 Pa. At low TEOS parlial pressure . the dt.>position mtc is dctemlint·d b, llw 
rate of the ~<1rfac.-e reaction. At high partial pressurl'S, the ,urface bt>co111~ 111•arly ~atu­
rnted \\ilh al.borbed TEO$. and the deposition rate i)e(.'Ome~ t:. seullalh inclept't1dl•t1t of 
TEOS pressure.' 

R1:centl). atmospheric-pressure and low-temperature C\')') p=t•~ ll'ln~TEO ,md 
ozone (O.1> ha,e been proposed.' as sho\\11 in Fi~re 8.10. ThLs CVD t1·chnol~ prodm.~, 
oxide films ,,itl1 high conformal.ity und low vhcosil) under low dt:po,ilion tempt.•rat11re. 
The ~hrink.ige of oxide film during annt•:tling is also :1 function of ownt· t-0110,:ntmtfou . • o 
~hown 111 Figure ~.11. Because of their porosit). 0 r TEOS C\'D o,iclcs an..· oft.-n ,itc.'0111• 
pnnit'd by plasma-assistt•d oxides to pcnnit pla11ari,~1tion in ULSI pro«.•s~illl!-

For high-tempernture depo~ition (900°C). l>ilicon dioxide b. fornwd b~ m1cti11g 

dichlorosihme. SiCl1Il~. wilh nilrou, oou<le at r~·duC't'<I pre:;surc· 

(14) 

This depo~ition give~ cxcdl1'nt fi1111 uniformity and i~ sonietiml·~ u,l·d to dep,NI m,11-
lating layers over polysilicon. 

Properties of Silicon Dioxide . . . . _ . 
Tablt! 8.1 lists dt1po:-ition methods :md prop1:rt1e, of silicon d1()\.tdl' 01111, . In ~e1wr.1I. 
tJiere is a cli rPct correlation bctwcl'll dl·tlO\ition lt·111peratun· .md fllm 11u,1h1, \ t l11!.!ht'r 
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figure 8.11 Oep.: ud.-nC'f' of the ~hnnk .. g.- of tlw O -TEO C\ D film on 07./.111~ ,,in,-entrntiou 
u,m:: :.nnc;dm~. (Courtr\\ of S. \ \ICO Co111p.;n), JUJ>'Ul 1 

TABLES.1 Properties of Silicon Oioxide Films 

Propc,rt~ 11,, m,.Jl) c ,Mn1 !-11ll .o TEO S,Cl.f 1. + N,O 
JI 1000'(: ~I -t50 (, at ;oo•c. .11 900'C 

Cmnp<Ntion 'iiO ':i10 11 ) iO SiO;(CI) 
D •n,,ty II~ 1..·1111 :?:? 2 I 2.2 22 
lklr.v;h,,: 111Jn I 16 14-1 1-16 l 16 
l>wJ..._1 rt~ ,1n-n1--th >10 ~ IO HI 

( 10. \ 'uu 

Et1..-h r.,tt• 
\ """ .'.30 60 30 30 

( l<XI I II O IIF 

l'td, ,,,tt• \. 111!n 140 1211(1 450 l'i0 
buliur\:otl IIF 

~kp CO\'t'f'.i£:t , on<-nnfonn.11 Co11fom1al Confonn.11 

---------------~" ure1ectrii:Depos11,on 

t1•1111wmt111,·, <l,•pmitl·d 11,ill,, ltlrn, ,UI' ,tnt<1111,1lh ,i1111l.u to sthmn Jro\ttl 11,al It.,~ 
!x•t•n llwr111ull) J(T(l\\11, • 

TIil' lo\\ 1·r tl1·11S1t11·, ,x·rnr 111 0!111, dt·pmikd lwlow 500 C. I h·.,tm~ ,l1•po\ll1·1I ill­
t'<>II dmx11l<· ,It l(•1111wr,1l11r<·\ b1·t,,, ... 11 6oo•c .111d HK>O'C l,1uw, <kn~ifl<·,,tirm, cl11nn~ 

wlud1 tlw mid,: thidm1•" d1·<·rca,1•,. wlwn•.1, till' d1·11,it) 111cn·.~1•, to 2 2 wr111 . ·11 ... 
r1'£m<:·bw ill(ll•x of ,ih<'lm dioxicl,· is I 16 ,it a ,,....a,l'l1•11~th of0.6.12'> µm. OxicJ,., ,,,th ll>\,, r 
iodil't'' un· poro11, sucli a., th<' oxide rc·,ulting fron, ,ilam•--O,)'J.tl'II cl1·ix"1tm11, ,,hi< Ii ha., 
a rdr.1ct1w 111tl1·\ of I A I The porous nattm.• of till' oxid(• ,J,u 1\ n·,pon,ihl1· for the luwn 
d1i'll·l·lri<: ,tn·n~th, whid1 is tlw ,1ppli1·<l el<>ctri<· field that \\ill (\111w ., hil!.h <:11m·nl to 

Oow i11 tlu• nxidt• fil111 The \'lc·h ral<•.-. of m:id<•, 111 a hy<lro011ori<· a<:·id ~h1tio11 dt•f><•rul 
on <k·po,itmn lt•1111wrat11n·, annt'aling lmto1), .u,d dopant <'<llll"t·111r.1t)(ln. u~uall>·· l111!lwr-
1111alil) oxi<l<:·s aw l'lclwd at lmH•r rail'~ . 

Step Co,crngc 
tcp OOH•r.11tl' rdatP~ the surfacl' topograph) of a dcpos1t1·d nlm lo tlw ,,11io11, ,tc·p, on 

th1· Sl•nurouduc.1or suh~trnte. In the> 1llmlmtion of idc.J. orcmifon,111[, ,h·p <:'<1wrn1t<· ,hO\m 
in Figure S.12.11, film thickncs~ i~ uni fonn along all "1rfncx•, of till' ~l1·p. TIil' 1111ifonnit)' 
of tht' film thickness, n-gardle,, of topography, is clue to tlw r,,pid mi~ration of rc.1c-l,U11' 
,lfil'r :1ct,c,rpl1011 on the ~lrp surfaC<'s.' 

Fib'l1rc 8.12b shows an c,,unple of nont'Onfonnal skp t.:<wemgl'. wlnc-11 n:s11115 when 
th<' rt•,,ctanls adsorb and react without significant ,urfa~ 111igration. I II tl1is instanw, tlw 

Figure 8.12 
,h·p (..'()\ L'r,1~1• 

(n) 

Film 

Film 
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8.3.2 

\\here/ 1, the, di,t.ml't' from tlll' tup ,urf,tet> ,ind\\' i:, the ,,idth of tht- opt•1Lin~. This typ1~ 

of ,tt·p con r.i,::.,· j, tluu .Jou; the H•rtit,il w.tlh with a pos~1blt• <:rack .,t the bottom of 
ch,· ,t,·p c':lust-d bJ .... Jf.,hJ<lo,11111! 

1!,ron dioudt• fonlll·d b, TEO' dt'COmpositiou .1! rt>d\1(.-Cd pre· ure giv1Js a nearh 
<c•nfonn.J c1M .'r.lt:~ du,• to r,1pid ~urfare migr.1tion. nnilarl}, tlw lugh-tetnpt'r.itur~ 
,Lcl,loro 11:me-nitrou, o-o<l1: l't'Jt-tion also rt•,11lt~ in ro11forn1.1l t'OV<'n\~l' Ho,,c,er, dur, 
mi: ,,l.tnc--0\\~•m dl'p<>tjtion. no surface 111igr.ihon takt!s pince. and the- ,tep t'Ovc-mgc h 
dek•mune..l b\· the .im,.J JJl~lt• \lost t.'1,1poratetl or sputtcre<l 111.1tenal.., have a step co,. 
em~ ,11nil,1r to tJut in F1mm.: 12b. 

P-Cla,, Flo" 
.\ ,nwutl, to~>h} 1, u,u.J~ requin:d for tl1e dl po~ited sih,-011 dioxide u,ed as an insu-
1.:itor bel\1ecn metal Lot·~ ff tl,e oxide used to co,er the lower metal !:tier is conc-.iw~. 
circuit f.ulure ma} rc,1;lt from an operung that ma} occur in the upper metal layer dur­
we depo,-1b0n , Ik-cu11w pbosphorus-<lopt>d sillcon dioxide (P-1?l1tssl dt•po,ited at low tem­
per.1ture, UC.'C'Ollll-'S "1ft and flows upon heating. it pro\ides a smooth surface and is often 
11.~-d to insu).1lt•. d1-cent metal Li,e~ Thi( proces!> is <:ailed P-gla.wflmc. 

F11:11~ .13 J10ws four cro sections of sc-.i.nning electron micro,c-ope photographs 
of P-~, CO\ t:rin~ a pol) ·ilicon . tcp. • All samples are heated in steam at 1 l00°C for 20 
minutn. F'1gure ~.13n ,how a (ample of glass that <.'Ontain.s a negligibly :;ruall amount of 
pho,phoru~ and <lat:~ not llow. :--:ote tl1e ronca\ity of the film and tliat the rorrespond­
ing angle (8) ~ about 120°. Fie;ures S.l3b, c, and d show samples of P-iliss with pro­
~hel} lu~Ler phospl1oru, conteots, up to i.2 wt% (wei~ht percent). l11 tbese samples, 
tJw d, -crt",i.smg ,tep JJ1gfos of the P-gla)s layer inc.Leah: h011 001\ i.J1<:rea't.~ "ith phosphoru:; 
con<."l'.'ntration. P-gbss flow depenru. on ann1:aling time, tempt•ratun:, pho,-phorus con­
centmtion. and the annealing ainbieut.10 

Tl1e ,111~le 8 a.~ a !unction of weight percent of phosphoms 3S shom1 in Figuru 8.13 
mn be approx1m.1ted b) 

(16) 

If "'l' want an an!!:le ~m:Jlcr tJw1 45°. wt• require•• pho,phorus conc-entrallou larger tbnn 
6 \\t% HO\n-wr, at concentrntions ,lbo\c S wt~. tlie metal film (e.g, aluminuml ma) 
be rorroded ~ thE' .ic1d pn.xluch fonn,-d durine thc:- re.1ction bet11~'(·11 thl· phosphoru 
111 tt,<' o\'idt> and atm01,pheric moisture. Tlicn•fore the P-~Lss no" pl"0<.'1.'S$ uses phos· 
pt1oni, concentration., of 6 to & ,\1'l . 

Silicon Nitride 

It "dtffic11lt to \!Tl.I\\ ilicon nitride by tlll'nnal nitnd.111on (e.g .. with arnmoni,l. .:-.H 
bec.m~ of its •kl\\ g-l'0\1th r.ite ancl lugh gro\\th tc1n1wrature. Howcve>r, .silicon 11itrid1.1 
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Figure 8.13 Sc1111n111g elt'ctmn microgr.iplL~ ( 10,000x) of ,ampfos .mn<>alcd in -<t, .un Ill 1100 C for 
20 1111111,tc, for llw follm1in~ ,wight pcm.-nt of phosphonis: '(a) U ,,t%, lb) 2.2 11t'l, 1c-) 4 6 11t'l, 

:uid (d i .2 wt'k. 

film~ c;u1 be deposited l,v an intennccliatt'-templ'mlul\' 1750°0 LPC\ 'D pmc,•,, or a low­
tempc:raturt- (300°C) pia.,ma-a.s.sisted C\'D procc •. 11 

ii Tlw LPC\ D film\ ,ire nf sloa• 
chiomC'lric composition (Si N ~> witl1 high densit) (2.9-3 1 wcm ). Thew film, C.UI Ix· ll~ 
to pa;,si\'ate dcviet!s hcca1.15c tlie} scnt• as good b.mit>rs to thl' diffu,ion of watt:r ,111d 

sodium. The nlnL~ ,Jso c-:u1 be ni.ccl as ma.d,s for the selccti\(• oxicl1tto11 of ,,Ikon lx'(.'au~ 
silicon nitride oxidizes wry lowl\'and pr<·,cnh the undcrl}it1gsilicon from o,1dit.ing. ~w 
filmi. deposited h}' phisma-ns,btc:d C\ D nrt' 1101 ,toid1ionwtri~ :mct h.1H• .• 1 lo~wr dl•11,1t~ 

(2.4-21311fcm ) Bec.,usc of the low d,•p<>sition hmtp,.•r.,tun•. <1lico11 111tnclP him, l-all be 
depo\ited o,er fabricated (biccs and ~enc ,IS tla·1r final pa, ivntion. Pl,1,111.1-dl'\><N!l'(I 

nitride prol'idcs 1::'<C'C'llcnt sc-r.1tch pmt,·t·lion. wnc, ,l, ,1 muistun.> h;mil'r, ,md pn:,enb 
:sodmm difT11,ion. 

In thc LPC\'I) pr<l<.'t'SS, clichlormilane and ammonia m1ct ,tt n-duccd pn•,~ure tu 
deposit stliron nitride al temp<.·r,1t11n,s l>t'l\,·1,>(>n ;oo·c and 1,oo•c TIil' ~ ICIIOII 1' 

1 :-; +611Cl•611 ( lil 



'ill, +'\H 'WI iNU+3H: 

2S1JI .. -r~1 -"'.;:::..:"~2SiNIJ +3111 

oixi, 
(181,) 

The proc:luct, dept•nd ~tron~I) on deposition conditions. _The r.,di.tl-Oow, pm~llel-plite 
reac-tor (F°1!! .. Sb) ~ 11\l-d to clt•po 1t the nt111s. The depo 1b0n rote genemlly 1ncre~es 
\\ith 111cn:.u-in1:t tempemture. power input. and reactant ga.s pn>ssun-. . 

Lan:-., conC<•ntrahons of hydrogen are contained in pbsma-depo~1ted films. The 
plbma mtride 1.ilio referred to as SiN) used in serniconductor pl"OC(.'s.sing gene~.illy con­
t.1ub :20 to 25 .it'J. h,d~en. Film~ ,~;t11 low tensile stress (-2 x 10 dynes/cn.-) can be 
pn.·p.U't"d h} pb.,m.1 'ttc~sition Film resisti,itie rJJ1ge from 10' to 10: O-<:m. depend. 
mg on s1hl'Oll•to-nitrogen mtio. wbere,l!- dielectric strengths are bctwe11n 1 x 10' and 
6 10 \ 'tt·m 

ll.3.3 low-Dielectric-Constant Materials 

\., dt'\iCt- ~w~ continue tosluink dO\m to the deep subrrucron region, U,t>y ruquire a mul­
tilt."'el u1tercon11ection architecture to minimiz.e tJ1e time delay due to p.na.tjtic re istant't' 
(R) and capacit:mre (C). The ~ain in de,ice speed at tl1e gate le"d is olT.sct by the prop­
a~.1tion deli} .it tl1c metal interconnects because of the increased RC time constant. as 
\ho,m in Figure .14. For e:<arnplc, in de,ices witl1 gate length of 2."0 nm or less, up 10 
.;oq of the time delay is due to the RC dela) o( long interconne<:liorL~.1

' Therefore. the 
tl~1"-' mterconnt'ction network become~ a limiting factor in dctemlining chip pcrfonnanre 
mtitrics ~uch a.\ ooice )JX•f>d. cro'>S talk, ,Uld power consumphon of ULSI circuits. 

Rt·ducmg the RC time constant of ULSI circuits requires intcrt;onncction materials 
\\-ith low resi.\ti,11} and interla\-er films ,,ith low capacitance. Note that C = £,Aid. where 
£. b the dielectric pennitti\,il) A is tlie area. and dis tJ1e tltickn~!> of the dielectric mm. 
R~anhn~ the low-capacitance hsue. it i., not e,IS\ to lower the para:.1bc capacitanre b) 
mcrt•,1.Smg tlud."lu:,s of tht• interl,l} l.'t dicle,·tric (which mal<C's gap filling more difficult! 
or dccr'l'a~ine; ,11nng lici1~.ht and .1re:1 (which rt!~ults in the incre,L~e of interconnect resis• 
t:m<."I.· l. Tiicrt>forl', m,,ttc>riab with low clielectnc const,mt ()ow k) Ml' rl'qmred. The diek-<:· 
tric pt·nrnttmt} i~ N J11;J to the proclutt of k .md £, "here k ,u1<l ~ an.• tl1c diek'Clric con.\t1111t 
and pcnnitth'it} of fret/ ~C\', ((•,pt'Clht•ly 

11w propert1,·, oftlie iuterL't)er didt.-<.1ric fllrn and ltO\v it is fonm.•d have to rnet:I the 
foUo,\111{! rec1u1remeub. low didectric OOIL\tant. low residual strt:\S, high pl:umri1.ation 
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Figure 8.14 C,Jculated g,1tt< ,.md i11terco1inL>cl dda)' ,·crrus tc:dmol~· ~cncmli1m Thl' didi-ctnc 
cons!.mt for the low-k material is 2.0. Both Al and Cu intr:rc.,mnt'1:1$ are O.~ 11111 th,cl. and 43 pm 
loo~ 

car bility. high capability for gap filling. low deposition ten,pemture. implicit) of pro­
~. and ense ofintegnttion. A substantial number oflow-k material~ h,1,-e lieen ~~11thest.l<-d 
for the intermetal dielectric in ULSl circuits. Some of the promising low-k uml\:rials :ull' 
shc,•,11 in 'fable .2. These materials am Ix• either inorganic or organic :u1d can Ix· deposited 
b) •>itlier CVD or spin-on technique . u 

TABLE 8.2 Low-k Materials 

Oewm1inan1 Materlab 

Vnpor-phu,c clt:po~ilion polynwn. Fluoro,ilicnk gla.,I (FSC) 
Pa ryll'lll' , 

r (II) lt•m· F 
Black diamond (C•dop<.·d o,i<lc) 
Fluorirutctl h}d=tbon 
TcOon-AF 

Spin,on pol)11wr.. II 'Qi~ISQ 
Pol)1111i<lc 
Si LK (,11·n111.,tic 

hy<lroc.1rbon polp,wrl 
PAE [poh,dl) ll•rw l'thl'f') ) 

Fl11orim1tt·d amorphou., <-..1.rbon 
Xcrogcl~ (pon,u., ~ilic;1) 

Dielectric Con.,tant 

3.S--10 
26 

2-1-25 
2..i-30 
2()...2 I 
1.11'3 
2. 3.0 
2 i 2.11 
2i 

2 (l 

l 1 
I 1-2.ll 
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EXAMPLE 3 

S0llm0N u-t ,. ~• thl· m,w.,._..-110031 di1111·11,ion uf the, win•,. Hr~~l.mce 4 ~n.J to pi dl\i<k-J 
h, th,· (fl)"·"~hon.J ,1n•,1 or tll\ \\lre. ,o 

I I ) / ___ ,_\ ---:-7") 
RC ,>- Xlf 

I r p.1t'i111! 11 idth 

10' ) ( ., 0.5xJ0"'xl0') ,..f,.7><10,6x----,-- x 8.85xl0 x2.7x OS 
0

.. =2.57p, 
,- 0.25><10' .x i 

&.3.4 High-Dielectric-Constant Materials 

Htl:'1-k malt!ri.Js are also requir(>d fc>r ULSl cireuits. especially for dynamic mn<lom acce~ 
uwtnol'\' 10H,\~ll circui~ The ~loragc capacitor iu a DRA~I has to mafotain a certain 
,.1lut' of t>;lp.idt,1nce for proper operation (e.g .. 40 fF). For a gi,en cupacitance. a mini­
mum d c- u,n.Jh ,elect,-d to mret tJw conditions of tJ,e m,txin111 m ullowcd leakage cur. 
wnt Rn<l tl1t· mi11i11111111 rt.>quued breakd0\111 voltage. The area of the capacitor can ~ 
incl't';L>ed hy u.sing stacked or trench tructures. These structures are considered in 
Chaptt•r 9. Howe,·er. for ,1 pli.mar stnicturc .• 1rca is re<lut-cd with incrt>O$il1g DRA}-1 den­
~1t1. 111l'rt.fon:. tlu: cl.ielt>etric com,t.u1t of tJ1e film must be incre(L)ed. 

• . cwr.tl hi~h-k m.1tcrials hmc bt>cn propoS(,'tl such ru. wrium ~trontium titanate (BST) 
,md lt•,1d :t.irco11111m titanate (.PZT). These materials are shown in Table 8.3. In addition 
tlwrl! an· titan,11t-s <loped ,1ith one or more at-ceptor.;, such as alkaline earth metals, 0; 
doped ,11th one or more donors. such as rare earth elements. Tantalum oxide (Ta!0

5
) has 

,1 d1elc-t1nc con t.111t 111 the range of 20 to 30. As a reference. the dielectric collstant of 
1. i~ in tlw mn~c of6 to 7. and that for SiO_ is 3.9. A Tap1 mm um be deposited bi 

,1 C\ I) proce5S 11sine: gaseom, 'faCl1 and O. as the starting materials. • 

TABLE 8.3 High-k Materials 

Bm;irv 

~late rials 

Ta .O. 
no_ 
Y:0, 

i "· SrTiO CSTO) 
(B.1 Sr TIO (BSTI 

Bu11i ,Zr O ,1 BZT J 

(Pb, La Zr 1i >0 ,1 PLZT) 
J>b, \I~ \lh_ ,0 1P\fN 

f>l~Zr. ,.Ti. 1O,1 P--Cf• 

25 
.io 

Ii 
i 

140 
300-500 

300 
800-1000 
1000-2000 

>1000 
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EXAMPLE4 

A DHAM capacitor ha., the following p.,r.un ,1 • , C O fF , ·t· d' ., , t tr.. , ,. 4 cell ''t.e (Al I ,,., : I '· ,or~, J(.'()11 IOUuc. 1r Wt.' , .. ,,la<X! SiO \\ilh 1'. O (k 
25 

.' . ~, µ m . ,lfl( ,., • 3 0 
•·qu1wlcnt cell area of the c-,ip.teltor-i '¼ ' ) wi

thout chan19nl( thickm:"'· \\h.lt 1, th., 

SOLUTION 

so 

The refore. till' l'quiv-,dent <:ell sire i~ 

► 8.4 POLYSILICON DEPOSITION 

3.9Xl.28 2SXA 
d d 

A 
3.9 . 

= 2S X 1.28 :: 0.2 µm• 
◄ 

Using polysilicon as th~ gate electrode in .MOS devices is a significant development in 
~10S tec_hn~!ogy. ?ne un~rtant reason is that polysilicon surpasses aluminum for elec­
trode rehab1lity. Figure 8.1.:> shows the m:oomum time to breakdown for capacitors with 
both pol)'SUicon and aluminum electrodes. 1' Polysilic:on is clearly superior. especially ror 

)(Yi 
Polysllicon t'k'Clnxlc 
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Figure 8.15 ~la.,imum lime to brc,1kJ0"11 \'t'r~us o\ide thickne,s for .1 pol~"1licon d1•<:tr0<k and 
an aluminum tk-ctrode." 



► 014pte1 a. Filln Oepos,1,on 

I Tl 111.t•nr.>r timl' to bn.•.tkclcm11 of .1lumim1111 ttk•ctrotlr.•, b dut• to 
d11111ll J It> Cl'\ll (',, It' I I . . I fl I I 
tl ~ f ., 1111-11,1m 110111, inti, till' 1h111 o,1de unclt'r ,m c cctm·.u ll' t Pol\'silicou 

It' llll!!I ,11011 0 ,1111 • ' 1 I 
.. , I liIT 1 111 ,u,tn.'t· to cn•.tl<' ,J1;1llu" jum:tu,n, ,1111 to t•n,urt> o 1111ir ron. 

L• W,_'(_I U'1'< ;1., .1 t "' I f. f . I 
·· 'I I 11 \ •I Lt,1111 1) 11,1,, 111d111lt· tlw 111:um ,1t1urt• o t,1ou11C'lo1, .111d ht"lt. t:;d tocr.,tlll llll' \l lt'(I • ' • • .. 

,ahw re,i,tor- d L- 600°(' d 650°C 
\ l<,.,.pn.•"m•,• n•.1tlur 1F11! " !)/1\ opt•r.tlt' , .. ·tWt'l'l1 ' an i, 11,1:<l 10 

d<-Jl!Nl polr1Lt'tlll h~ p) 1olw111g ,1!.,11~· a<.'C'01,;,li11g tu tlw n-:u:tion 

Si1!4 ''' 51+211 , (19) 

Of tl1l' n,v rno,t common lo,, ·pit· " ' tl' Proc'l,'''l''· Ollt' o!x •nik~ ,1t ,1 prt•ss11rt• of 2.5 to 
130 p1 u~lll\! JOO~ ,iLuit•, ,, lll'n·.~, tlw otht•, r.molw, a diluted 1111,tur('. of 20~ .to 3Q'k 
,ibne 111 mt~,·n ,1t tht• ,amt• tot,J pre~,ure. Both proc,_.~,1·, <:an CT<'~5.tl pol). 1licon on 
1,w,tln..._1, 0 ( ,,.afl"I' 1wr n111 \\1th )!oo<l unifonnih (1.e., th1c~,ll'..St'~ \\1tlun ± 5%). 

fii::ur,' S.16 ,lruw-,. tht: dtpo,itio11 ml<· at four ck·po.,ili_on tt'mpcmh1~<'s ,\~ low s ifan1: 

partiu pn "Ill•'• tlit• d,•,1C1.J1Jo11 mlt> t, proportional to tl1e silrute ~':· ~urc ,At lugllt'r silanl· 
l'OII<, ntn,tJou, .,tur.tbon oftlw dl'J>O 1tion ntk occur;. Dt"[)()Mliou at reduced pres~ure 
~- ne,1 r:uJ, lumh-d toll mpt·1.1turl'\ b<•t""~•11 GOO 'C and 650~C. In this tempt•mtu re mnge. 
tJ,; <ltp<>";boll r.itl!. , ,,ri1·, a., t'~'P -F./ k'fl. wlwr':' E i~ I ., e\~ whicli L~ t•s.wntiall) i~de. 
p<'ll!lrnt of tlw tot.J pre\\llrt' 111 tltt: rcador ,.\l h1glwr ten_,pemture~. g,L~-~hUsl' reactions 
trutt rt:':'Ult 111 .1 rouitla, lo<N'l> ,1tU1erin~ d<.'posit lx.'COme s1g111flc.u1t. and s1lane deplctio11 
OCClll", rn,1,illl! p<x•r 11mfor111ity. ,\ t ll•1111)!>1';\lUrC'. mud1 IOWl'r lli.u1 600°C. th<> dcposi-
0011 rnlf' 1, too ,luw to ht• pr-actic,J. 

Pr(l('('" p,u-.uiwters that .uT1•c:I the palysilicon ,tnrcture are depo~ition temperature. 
dop.1nt<- and thf' lt~.it l"ldl' applied follo\\ing the depnsition ~tep. A ('Oi11111nar stnicture 
r,·,ull\ "lieu polJ,1l1,'0~ c, d1:pos1t<-d al a teinpemt11re of 600°C to 650°C.. This structure 
consi.~t, ol pol,1t·r\,Ltllinl' grains r.mging m \tU' from 0.03 to 0.3 µm ac a preferred ori-
1·11t.1tio11 of 110 \\'ltcn pho~phonis i!> diff11~ed at 950°C. the structure changes to CI)-S· 

1.Jlitt·, and gr.un MA' rnc-wase~ to a ,i,.e bf.tween 0.5 and 1.0 µ111 \\ 11en temperature is 
mcrea.4.'d to l(J50 C during o'<id.1hon. the grains reach a final size of l to 3 µ m. Although 
tl1e initia.11} dt-poqtc.>d film .1ppe,m. amorphous when deposition OC.'\:nrs below 600°C, 
gi'O\<th d1ar.icteri~bc.-. \imil.,r to Ut<' pol} crptalline-~a.in colununr ,tructure are 
ob~l'r\ l-<l .1flt1r dopiug an<l lre.1tiu~. 
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Pol) _1llt'Ot1 c.-an_ lw dnJWd b) chflu,inn. ion impl.111ta1Ju11. or tltr ailclitran of clo ,1111 

~-L't'\ dunng dt'pci-1t1011, rt•ff'rrt•d to a., 111 , i111 dn7,111" TJ1,. 1 pl t t' I o<l P 
I I l ,.,. 111 .,n ,1 IClll 1net 1 1\ mr,\I 

cornmon )' u w< x-c;m,c i,f iL, lower [>ro<.~•,smu tl'111rv>r11t11 ..... , r· ~ 1- I ti 1 . f ,., ,~ • '"' 1i,rrc o. 1, 1ow~ lt·, wH 
rc~~l .111re o ~111glc-<-I) t,11 , ilit-011 ,ind of 500-nm nnlv~ilit-<m don1•cl ti I I I . 1 . ,, . ,·-.. ,.. WI 1 [) ro<p IOfll\ W'U 
:111tm1011y u.-.111~ 1011 1111p ,111tatro11 The ,on impl·•,,1 111·1O11 •r . d I 

- ~ l•<X\.,_, \\ ,1.\ Ctlll\1 f! rt•f 111 
Chapter .' . hnpla1H dos(•, ann1:1Jing h·mpcrutun.-. . 111d ,umcalu1~ tinw all mOucnC'f' th,· 
,hc-<.•t rl"ml.ulct· of smplanh•<l pol} ilicou Carrier lr:tll\ •,t tlin «ft•;n bo ., · 

•-t . . • • ' • ,.,,.. unu..ine, cau,1· ., 
H'I'} 111~1 rp-.l~t.~nc<· Ill the lii h_tly 1t11plt1nl<.'d pol~\ilit-on. ,\\ (,'igurl' 8.17 illu,tr.,lt•~. n·\1\• 
tance drop~ rup1dly approaching that of 11npl:u1tl.'d 5111£tlc-cry,t.tl _.Jit1m. as tlie carrin 
tn,ps llt'<.'Omt> satumtl'd with rlopanls. 

8.5 METALLIZATION 
8.5.1 Physical Vapor Deposition 

·~ie mo5I <.'()mmon m_etliocls or phy,;ical vapor deposition (PVD) of 1111•t ,tls are e,apor:..,. 
t1on e-lx·am evaporation, plasma spray deposition. and spullPring. ~fol.ab .uu] 1netal 00111. 
pounds such as n . Al. Cu. TiN, and TaN can be deposih.!d by P\'D Et-apor.1lion O('('IJ1' 

when a source material is heated above iL~ meltinl!, point in an c,·.tcu.itt>d cl1:unb.•r. TI1c 
cv,1pomted atoms then lral'el at high ,·elocit)• in sir.light-line traJt-'(.1one, . Tlw sour<X· l"dll 
be melted by resistance he-dting. by rfhealing, on~it11 a f~ ,d clec.-tro11 beam. fa,tpamtion 
and e-heam evnporation were used extcnsil'ely in earlier genc:ralion~ of 1111P~tt:d ,,r. 
cuib., but they !rave been replaced by sputtering for VLSI circuits. 

1 n ion beam sputtering. a sour<.-e of ions is .tccdemted toward Ilic target and impinge~ 
on itli surface. Figure 8. 1& shows a standard sputtcrini S}~tcm. Thc ~pntlt~rt·d material 
depo~its on a '"''fer that is placed facing the target. The ion (•urrent and enc~ <:an Ix­
independently adjusted. Since the target and wafer are pla~ in a chamber thut h.L\ lower 
pr~~ure. more target material and less contamination art: transferred to the "afer. 

Uuc method to increase tJ1e ion density and, hence. the sputter-depo\itiOn r,tl<.' i, to 
use ,1 third electrode tJ1at provides more electroru. for io11i1..nlion. Anotlu:r 111etl1o<l h to 11'-t' 
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I 1111111" 
i ('"..(ll~n1Jl1>r 

nt Substrat., 

(al (bl (cl 

Figure 8.ll a ~t.mtl.tnl ,putt<•nnl! 1/i) Lt.ml!•lhM1· ,puth•rinl(, (<") Spt1llt>rin~ \lith ., cull11nator 

,1 111.,._'ltctic f,dtl. ,uch IL' t'lectrrm cyclotm11 n·so11n11ci: ( ECR). to ca~turc ancl ~piral clcc­
lnt1L', u,cn'.L<lll~ tlwir ,omzin~ t•fficie11C} in the 1icinit)" of the sputllmng target This h.'ch­
ruquc, n:fenrd to ,t, III0/!11dro11 -~1J11/11•ri11g, has found "idt'spre.,d ,lpplications for the 
dt•po,itiou c.r.Jurninum .md its .Jlo} at a rate tbat c.u, :ipproacl1 I µm/mm.. _ _ 

!J1ng-throw 5Puttering is .111otlwr tech111q1ll' used to control the an~1lar distnbutio11 

Fii!llrl' ~. I 'lb <h011 ·" long-throw sp11tteriJ1g s, ,tem. lo stancfar<l ,putterin~ configurations, 
th;rt .. u-c two prim.in r~;L\Oll\ for ,1 wide :ingular distribution of inc.-icJcmt flux at the sur­
f1,"t.': the u..e of a ,111.JI targl!t-to-substmtl! separation. d .. : and scattering of the fht, by 
tlw 11orki11g ~15 ;1., the: nux Lrn1 cl, from the t.u-get to tl1e substmte. Thes~ two factors art' 
linkt-d becau.\t· .1 ~mall d,. i, net-cl(,d to achie1c.: good throughput. unifomlit): and film prop­
ntit·, ,,i1l·n ther~· is ,ubstantial gas sc;-attering. A ~olution to thL~ problem h to sputter at 
n.·n low prt•N1re,. ,I c,1pability that has been de,elopcd ~ing a 1arict) of S}~ems that 
can ,u,tam the ma~netron plasma under more rarefied conditions. Th .. ~t ~ystems allow 
for ,putterinl{at working pressures of les." th:in 0.1 Po. At these pressurt: ~, gn.s scattering 
i, b~ important, and tl1e target-to-substmtc distance c-.in be great!} inc1ca ... cd. From a 
,imple gt'Omt'trical argument. this .tlluw:; the angular distribution to be gr,•atl} narrowed. 
,\hich pcnuib more clc.:position at tJ1e bottom of high-aspect fo,1tures ~ud1 :~ <.'On tact holh 

Cont,tCt lioles ,,itl1 large aspec.'t ratio :ire difficult to fill with material, mainly becau'><' 
~<.,altering e1~11b c.111..e the top opeuine: of the- hole to ~ea! before apprec1,1Llt: material has 
deposited on it, floor. This problem C-dll Ix, overcome b} collimatin~ tlu sputtered atoms 
by placing ,m arr.t) of rollimating tubes just ,1bo1•e the witfor to restrict th,. depositing flu.~ 
to nom1al :t5• Sputtcnne: with a collimator 1s shown iJ1 Fi~1re 8.1&. A101m whose Im• 
j<..'<.1.ory 1s more tl1;u1 5 from nonnal are d<•positt-cl on the inner surfae<.· of tl1e collimators. 

8.5.2 Chemical Vapor Deposition 

C\'O is attrae:tiw for 11wtalli.G.1uon bec.1use it ofTe~ coatings tl1at are confonnal. has good 
step CO\t·m~t and e:..111 coat a lare;e number of\\e.1fers al a time. Tlw bit.\ic C\'D setup h 
tlw ".trnc ;L~ th.ii 11~! for dcpo,ihon of clielec.-tric-s and pol)- ilicon (see Fi~. S.9a). Low­
pn: ~un.· C\'D 1s capable of producin, <.-onfom1al ~tcp CO\er.igc OH:r a wide range of topo­
w,1phwal profile~. oftt•n with lower electnc.il rc~istivity than that from PVD. 

One of tli1· 111.1jor new applic,1tto11s of C\'O met.ti deposition for inte~mtcd cimut 
pmduclioll ~, 111 th!! .1m1 of rc•f r.u:tory met.J deposition, For example. tung\tl•ll ·s low ek'<'• 
Irie.al TC'isl111I} (33 µ!l -c:·111) and refracton n,1tun• make it a dcs1mhlc 111ctal for u~ in 
i11tPgr.1tt-d c1m1it fahric-.1tion. • 

8.5.3 
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CVD Tungsten 
1\ing 11.'n 1s usrd hoth a, a c:-onta,·t I . d . 
deposil<•d b, 11,11,g \\' r ... ti . p lll!; '

111 
,L\ '1 fiN-lc.:wl 111<:t.1I. Tu11R'ott"11 t,u1 I><• 

,, " ,.., 1c. sour('C gas SIii('(> 1t • ll cl I L 
pcratur(•, \VF" c·an be: rl•dncrd b)' ,II c j I I\ .1 'I"' l a.,t um!, .,t rooru INn• 
CVD \\' is :.\s follows: I ·on, l)'t rog(•n, or ,il.,nc-, Tltt· b,L\lt· 1,;h1:111"tf} for 

WF, + 311, -t W + 6IIF (hydrogen reclucllon) 
2\ \ 'F~ + 3Si ➔ Z\\" + 3Sir• (~ilicon reduction) 

(20} 

121) 
2\VF + 3Sill ➔ '>\\' 3S'F . 

" • - + • 1 , + 611, (sal.trw rcd11ct11m) (22) 
On a Si <:ontuct , the s<,lectivc pro<.~~ ,tart r . 1. d . . 1 • , ' rom ,\ s1 1mn re uct1on proo· ~ Tl · 

procc~s proVJC es :i nucleation l.t}Cr of w grc11\1\ 011 Si but 1101 on s·o Tl .1 1 ' • <l m 
ti d . \ , 1 •· it l)l l'ORt'n n: Ul· 
on p17cs~ c:in epos1t \ rnpidly on the nud<:alion h1)cr. fanning tl1(• plug Tl11· li,dro 

gen rec uction process pro1ides e~ccllcnt confonnal c:ov,•r ,ge of tlic I I • Tl _-
roc:c I o • d I • • opogn,p ,, 11~ p \S, • we,er, oes not 1twc LX'rfoct selec.-tilit)· and thn IIF . L. . od • · ti 

t• • "bl r ' ~ g.L~ '"'•pr net of 1t· rcac son 1s rcspons, e 10r the cncroach,nent of the O ·t1, II , • ti 
face of depo~ited \ V fllms, lCI e, a:. we a., ,or 1c ro11J1;h sur-

.· Tiw siln,1e r~~ucbon_ proce~s gi1es a high <lc:position r.,te ilfld 11111d 1 smaller\\' w-.un 
:;1;:e than that obt.unecJ with the hvdrogen reduction pr~~,.. I dd·t· tl '·I f 

I , """,.,, 11 ,1 1 1011, le prou ems o 
encro:ic_ unent and a ro_ugl1 \V surface are eliminated bee.ii.IS(.' tJierc 1, no IIF b,,·-procluct 
g_e~er,tt1on. Usually. a s1lane reduction proce ~ is uS<..'Cl a.s the fir..t step in bl.mk<:t \\' dt· 
s~tion to sen·e as a nucleatiou layer and to reduce junction d;1111agc. Mtrr the ,il.uai• red1:;. 
hon, hydrogen reduction is used to ~row the bhlllket W layer. 

CVDTI, 

TI1 1, wicJ~~- used as a cliff usion barrier metal layt•r in met;tlw.ation and cm he clt.>!Xhited 
by sputtenng ;rom a cornp:<>Uncl trtrget o: by CVD. CVD TIN can pr01idt· better ~tcp cuv­
cmb th.m P\D metJ1ods m deep sub1111cron technology. C\'D TI!\ c.--a1i lx• dt·posited1 .... " 
usin~ TiCI~ with NII1• II/ i• or NJI/H1: 

6TiCI, + ~ ll , ➔ 6 TI ' + 24HCI + N~ (23) 

2TICI~ + N~ + 4H:-+ 21iN + bllCI (2..J) 

2TICI~ + 2NIIJ + 111 ➔ 2 TIN + bl lCI 

The deposition temperature is about 400°C to i00°C for NH. reduchon and is high<:r 
th:u, 700°C for the N fl I ! reaction. The h.iglwr tlw depoMlton tempc:rotur~·. thc,, bdkr 
tJ1e TIN fiJm, ,tnd tJ1e less Cl intilrpomted in 1i (-5~ ). 

Aluminum Metallization 

Alumi!lum nnd its alloys :lfl' used c,ten~ilely for metallization in inll'gmtt'<I circuits Tlw 
Al fiJ111 can he deposited b) PVD or CH). Siure alummum ,uicl its .Jlo) ha1c low re~1,­
tivities (2.i µO-crn for Al and up to 3.5 µfl-cm for its allopl, these metals sati.5f) thl' lo,\. 
re~;stance requirements. Aluminum also adheres well to silicon dio-odt!. llm1,•ll•r. tllf' 
use of ,ilurninum 111 i11tegrated circuib with shallow j1111ctio1l, ofien c-ri•.1tt•s problem,. ,uch 
a.s spiking :md electromigmtion This ection considt•~ the problem, of .uu111inu111 uwt­
allization and their solutioll). 

Junction Spiking 
Figure: 8.19 shows the pha,c cliagr.un of the Al-Si i) tem at 1 :11111.

11
' Tlw ph,t,t' J.i.1gra111 

relates the.-.e two component~ ns a fu11cho11 of tcrnpemturt:. TI1c: Al-Si i) km 1·,hih1ts 



l ,0 ► CJ!.apter 8 Film D•pos,tton 

11,•,~ht 'I "l1<"n 

10 1(1 ;lO JO 50 60 ill so !l<1 

\\'I SI 

11 11.S I ti I~ ~ II 

~- ---r--

---t--4 1500 

1100 

u 

JI ~-------+---

... I , 
600 I - " I 3 I i I I I Si -! 

11 1 : •• -j 
II J 
11-

S:"'i 

Si-..1 

7 
,lll(l(J IO :)) 

I 
11) -II) .;o fiO 71) YI 00 100 

Figure 8.19 Pla.uc diagnm of the aluminum-sihcon $)~km!• 

e11trctir c·hamctt•~tics: tJ1at is, tlte ,tddition of either componeut lowt'"' the ')"'tem's melt-
111~ point lx·lo11 that of eitlaer metal. Herc. the minimum melting tl'mpt·rnture called 
t'f1tt•1-tir. 1, mp, mt11m, I\ 577 C. correspoudin~ to a 11.3% Si and Sb. 7% I <:orupo ilion. 
Tiu.• melting po111ts of pun• alulllinum and pure silicon are 660 C .tnd l 4 I 2°C, respec­
ti\ el), lkc:1u.o,e of tl1e eutectic ch.1mctcristie\, during aluminum depo,ition tl1e temper• 
ntuw 011 thr :.il1con ,ub\trate must be )united to le:!>, than 5ii°C. 

The i11St't of Figure S.19 ~hO\\ the ,;olid <olubilitv of silicon in aluminum. For exam­
ple, tlw ,oh1b1htJ of )1lkon in aluminum 1\ O 25 wtci ,it 100°c . 0.5 wt<;,; at 450°C. anJ 
0.S \\t'l ,It .30Cl'C. TI1ert>fott', \\hercwr aluminum C.'Ontacts sihcon. the ~11ic.'On ,1ill cli~­
~olw into thr ,Ju111111um during ..inm•.Jmg. Tlw .unount of <ilicon di oht:·d will depend 
not ou!) 011 tlw \Ol11b1ltl) <1t the .,nnt•almg km{>l'mtme but also on the volume of alu• 
rnin111n to h, ,-aturalt.'d ,,ith \ilicon. Con~1der a longalun11nu111 uwtal lint• m contact \\ith 
an attd Zf of "!icon, as ,l,o~na III fil.{IJ~ S 20. \ fter .u1 .mneahnit time t , tJ,e ~ilicon will 
cl1fTu , d1.,t,m~ of ,,ppro'Omatel) \, Dt along the aluminum line from tJw edge of tJ1e 
cont <1 \\hr•1t· D 1, th• diffu,1011 ooeffic-wnt ghen ~ 4 x 10-1 t·-cp(--0.92/kTl for silicon 
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Figure 8.20 DifTutjon of ~lliron in aluminum m1-1aluzation • 

diffusion in deposited aluminum films. Assum.ing that this length of aluminum is com­
pletely saturated with silicon, the volume of silicon consumed is then 

Vol= 2§,(HZ)s(&) (26) 
P,. 

where PoJ and p) are the den il.ies of aluminum and silicon, respectively. and Sis the sol­
uhility of silicon in aluminum at the annealing temperature:' If the consumption takt:S 
pbet! uniformly over the contact area,\ (where A = ZL for unifonn dissolution). tl1e depth 
to which silicon would be <.,'Onsume<l is 

(2i) 

EXAMPLE 5 

Let T " 500°C, I =- 30 min, ZL " 16 µm2
, Z = 5 µm, .uid H • I µm. FmJ th., dt·pth b. iusummg 

unifonn dissolution. 

S0llJTI0N The diffusion coefficient of silicon in aluminum .it 500·C i~ a.bout 2 x 10 'cm2/s: tbu~ 
VDt h 60 µm The dtm~ity Mio is 2.i/2.33 • L 16. At 500°C. Sb O.S wt~. From Eq. 27. we h;,i,~ 

.:ilx 5~ b=2x\ l6 f'S~x l.16=0.35µ111 

Aluminum will fill a depth of I> = 0.35 µm from" hich 5illcon 1s con5ume<l If at th!' contad poinl 
tJ1ere i1 n ~hallow Junction who~ lle11th •~ less 1han b. Uu: diffu.,ion of "ltcon into aluminum Clfl 

short-<:m:11ll thl' junction. ◄ 

In a practical situallon. the di~solution of silicon does not take pince unifonnJy. hut r.tther 
at only a few points. The e[ e<.-tivc area in Eq. 2i is less tl1an the a<:tual oon~act area: hcn<.-c, 
b is much larger. Figure 8.21 illustrates tJ1e actual sit11atioo m the_,,_,, JUnttion ;ire,1 of 
alumfaum penetrating the silicon ,It only the few points where ~-pike~ are fonm.'d. ~ne 
way to nn.nimize aluminum spiking is to ndd ,ilicon to the alu1111nuin by C(H,apontllon 
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I , 'llt.lOC \k\\ ur . ,l11111111u111 lilm, l't•llt.1cti11!l; ,11tl~•11 '\oh, tlw .,l11n11n11111 ,p1k111~ Ill 

uutil tlic ainount of ,ihl'OII l,mtaint'tl b~ tlw .11lm -.;1L1,fil', tJ1e ,<>lubilih n:<1uirt•mt:ut. 
.\notlier uittl,od 1, to ir1tf()(lttl"-' a h,ITTfor nlt't,tl l.1wr b..-l\\t'l'II tlu.• alu11~in11m and thf.! ,il­
K 11 ,uh,tnth ( r,i:. :?:?). Tiu, IJ.tml·r 111l't,u l,t}l'r mu,t nwd tJw follo\\1n~ rcquiruml•nt~: 
It mu,t (01111 low c.-ont.'IC't n•,1,t,Ul('(' \\ilh ,ihcon. ,t 111ml not react ,,,th ;J111mnu111. a11J 
it, dcpi>-1tion. ml fon11.1tion 11111,t be t'Ornp.1tiblt• \\itl1 tlw o,t>mll pr'OC'I: s B.tmt>r mC"L­
. t- ,ucl, a, utwuum 111tmlt• 1·n, • ha,t• lx'l•u e,,1l11atl'<l and fonncl to bt' stahle for t"On­
l3Ct ilJIDt.'Wll!! It 111pt•r:1h1n·, or up to S.50°C fur 30 minutl'' 

Ele<"ln>mii;rntion 
\, df!',. 1., ., b.·ro1111 ,111,Jlcr, tl1t• rom~nding cum•nt dt>nsity l'lt·rome, la~cr. High cur­

rent den,1u,·, can c:111,,· dt•,i~ failun_, due to elec-tromigrution Thl' tenn ,·lectromigra­
'"'" n•ft·I"'> h> the tran,port of m.L,, (i.e .. ,1toms) in metah under the iollut•nt.'C of current. 
It 0<c11r.- I,,. 1h1• tr,m~frr of 11torm•nt11111 from thl' l'll'Ctrons to the po,1the metal ions. 
\\11l'n I luzh cum·nt pa."t'' through tJ1in metal conductors in int~rated circuits. metal 
IOIL' 111 omc ~orL, '"ill pill· 11p, and ,oids ,,ill form in otlwr l"l~ons. This pileup can 
,hort-circuit :i<lprent t.'011d11"or-, wl1t•re.~ tlu: , oitb c.i.n re,ult in .in open circuit. 

The m.:ari ,,,,.,, 10 fm/11re (-:-.ITF) ofo conductor due to dt'Ctromigratiou can be rdated 
to tJ1c cummt cl.-n~ih fJ) and tl1t> actfraliun em•rg_v b) 

-:-.tTF - ~e,..J E..,_)\ , . '1 ff 

I::_qx-nmental~·. :1 ,':1!1lt' of E. = 0.5 p\ t, obtairwd for clepo,ilt.-d nlununum. nu, indi­
c.-att, tl1.1t l,m-tt-111pcmt11re gr.un-boundan dHTu,iou i~ the prima~ ,ehiclr of matl'rinl 
trnn,pnrt. ,met: Ill £. = 1, 1 cV would diar.1ch.'rizt• the ,df-dilTusion of ~iu~le-cn,tal alu­
nunum TI1e rll'Ctromi\(r.1tion rc,i,tanc • of .Ju111in11111 conductors can be: inc~,L,c.-d b\' 

flclJ 
mid,, 

Figu,.. 8.22 Cr,_~-.- •~on.al \1C\1 of 11 \IO'>fl T \\1th II harrier nwtal ho.·l\\tx-n the sJurmnurn :mJ 
.!ilin J I lOln~I•• ,:ate electrodr., f "h, I,• nncl pol) iht•in 
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11~init ,t·,,.ral tt-d111i1111t•, Tlil•w tc-dmi11u1•, 111c·l,1tl1• II" ·11 ( I 
C , • ., n)lll\t \\1 I oop,~r cg, \ "ith 

0.5~ 11), t nt,1p,11l.1t111g tlil• comluc-tur in a dwlt't:lnh I r · 1 I 
c I <l .

1
. • '• > 1111n111Qr,1 mg O\Y~••n I unug 

II Ill l'l)(N 1011 • 

8.5.4 Copper Metallization 

It i, wl'il l..11own that both l11j!h-c'011duc-li,1l) \\iriuu 111d IN, I I .. I. ., • ., \•t 11• C't,nt--<.·un,lJllll 11m1 ,. 
tors .tn' rt•qmrl-<l to lower llll' RC' hrne d,·lav of tlw int(•roonm·c"t lll·t,o\11rk Copp<·r 1, the• 
obvious d101t'<.' for a Ill'\\ 111tt>rcon11l'ctio11 111t•lwhz·1t,·,.11 llt- 1 , ·11 . I .. 1 I • d I I • • "' U,l' 1 1,1, u~wr t·mu utt1,·• 
it) ,m 11~ wr 1•k•ctmm1w-1lio11 rt•,i,tJOt'{• than ·1l111111nu1r1 Cof'N r c J I 11 • . • , 1 .. • -.m >t' < c·po,ttPt ,, 
P\. 'D. C\ D, and l•lt•c-tTOChc1111c.u mHIUJ(k I IO\\"l'\.t•r the UI,(• ofC1J "'' Jt t • I I . . . . • .. ,111. t·n1.1 '"' rn,,lt•• 
n,1_ lo J\ Ill U LSI c·1rc111tidm.\ d':"~back~. ~uch .IS it, kudl•Jl()" to t-orrocl1• 1111dn \(,,nd.ml 
dup m.1n11fot1.unng conchhons 11, l.it-k or a foa,ihll· cln l'td1i11u mdhod or l \I bl ' ·11, . t' "d . ·1 I .. • ,I I ~ 
p.~1,,1 mg o~ e s11111 ar to A'-20 on Al ,111d ii\ poor ·1tJh .. ~·1011 to -''"lc~·:tnc t • I I . • , W" " ' fll,I l'n,I ~. Slit· I 
,IS S10. ,111d l~w-k polymer.:, Th~ wclion disru~q-, e<,pper 111t•t.1llizatiou kclmicim~. 

Scw~u .~ITl'rcnt tc-ch111qucs for fahric.,bon of 11,ultilC'\l'I Cu intnronnl'<.t, l1.1n- 1>,.,.11 
report.:<l .- The first mc-tJ1od l\ a <.'On,c-nhonal 11wthod to pattern tht• 111t-t.1I hm•, fol. 
lowl•d lw d,electric deposition. 111l' set'On<l method i, to p.1tt1•m Ull' dit·lt"<:trk 1.,w/ fir.I 
and fill c-oppcr rnetal into trcncl1('\, This SIC!p IS follow~>d by clwmical 1111'dwn;c11l 1,rn. 
/.\lune discus,t>d later, to remo, e lhr exec<-) metal on the top s11rf.tt1• of tlit· diell'<-tric 
and leaw Cu material in the holes and trcnche,. Titi\ mctJ1od b a.bo knm,11 1~~ a cla11111. 

~CCIIL' proc-css. 

Dam~cene Technology 
The approach for fabricating a copper/low-k dielectric mterconnl'ct ,tmcturc 1s b\ the 
clan1US~·n<· or dual cl1m,ts<.-ene proce~s. Figure 8.23 shows th,• dual d<1m,1SC"e11l' \l•q~t•ne1• 
for an aclvant-ed Cu interoonnection structme. For a l)pic.tl dama.l;Ct.'nt· ,tn1ctun•. tn•nd11.•, 
for metal lines are defined ,u1d etched m tJ1e interla) er diele<:trie I LD\. foll<J\n:d bv mct.J 
depc>"ition of Ta. /Cu. The TaN h,} ur wrws a~ ,1 difTu,ion b.ITTier l.1~1•r .md pre:, t:L~ts oop• 
per from penctmting the low-k clielec.-tric The excess ropper metal on tht· ,urfatc.· i, 
remo,·ed to ohtain a planar structure "itl1 metal nu.I\ in tlw cliel('('tnc. 

For the d1111l clamascene process, tl1c ,ia.~ and t,;nches in tht· tlirk'C'lric- ar,· ddinl'il 
using two lithograph) and reacth-e iou etchine; (RI E> ,teps beforu dep0'itin!! the Cu nwtal 
(Fi!!;s, ~ 23a-d. Then a Cu chemic.ti 1nl!Ch.utical polislung proce,\ i, ll"t-<l to l'l'mo, e the 
metal on th£> top surface. lca'l-ing the planarizcd wiring and vfa imlx·clclt"<I m thl' imul.1-
lor. One special benefit of the du,u dama~ceni: tt·chniquc h that thl' ,1.1 plu~" nu\, of 
the s:imt· m,1teri,u as the mt•tal lint> and the riskof,ia dec.tromi1?,r.1tio11 fiulun· ,, n.Juc-etl. 

EXAMPLE 6 

If ,w rc:plaC\! Al \\1th Cu "il't: .t"oci,1ti,d \\ilh wmt: low-I. didl"<.1ric ti. • 261111,t.-ad of., S10 t.~"r 
what pl·~'l'llt.1gt· of rt-<lm:Uun in ll11· nc tlllll' con,t,Ull \\111 ht• .,e:hit·H"<.l?TI1c tt,1'thih c,f ·'' "2 7 
µ0-<:m. and thl' n -,i,tMtv of Cu i~ I 7 µ0-< rn 

SOLUTION 

◄ 

ChcrnicnJ fcehnnical Polishing 
In rerent ,ear,. tlw dc,dopment of cl1~·111k.Ll 111l'Ch,111i<.'al poli,lunl! (C:~IP) h.1, })('(.'l!111c 

iUCfC',lSingl)· 1111port.llll for 111ult1lt•wl inlt·r<:1,1111l>(.tm11 ht:<•,111st• 1t ,, tlll' onlJ kchno~ 
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figure 1.23 Proce:-, '>eqm,nt-e u.'t-<l to fabricate: ., Cu lirll'•'>tud ~lnictu.re u mg dual cl,,mJSCC.>nc. 
o R~,1,t ,1t-ncil appli«I lh) Re.,ctiw ion t:lching dielectric and resist pattl'ming fc) Trench .ind 

,ia <ld1111t1un (d} Cu dt·JlO'ilion, foUowed by cht-mical mt-ch:mi,·.il polhhlui:. 

tli.,t ,illO\, \ ~loha.l pklllatization (i.e .. makes a nat surface across the " hole wafer). ft offers 
m.my a<hmtages O\Cr otl1er l}'pes of tt:chnolo{!jes. including better e.lohal planarii.ahoo 
o,er large.: or small structures. reduced defect densil}. and the avoidance of plasma dam­
age. Three CMP ,1pproacl1es are summanwd in Table 8.4. 

T11t• C~IP pr0<.'t' consists of mo\ing the ~ample surface ,1gai11st a pad that carries 
\lurry lw"\e<.'n the samplt• surface and the p.id. Ahrash·c particlt•s in the slurt)' cauSt> 
mc.,chanic.t.l cLu11al!,t· on the ~ample \urfaet-. loosening the mllterial for enhnnced chen1i­
c.tl attack or fracturing olT the pie<.·es of surface into a slul'T) when.• tJ1c~ dissolve or an­
~-wc:pt a\\",t}. TI1e process is l,'lilored to pro\ide an enhanct:d matena.l removal rate from 
liil!,h point~ on ~urfac:es, lliU!o affoctinl!. tl1e planari1.ation bec,mse most chemical actions 
an- 1SO!mp1c \feduni~tl l!,ri.11ding alone mar ll1eon>ticuly acl1il'\'(' the dt-.sired planarization. 

TABLE 8.4 Three Methods of Chemical Mechanical Polishing (CMP) 

\ldhr,d 

ROW)OIP 
Orh1t.1I C.~IP 
1..ancar (,~IP 

Platt•n ~lo\'l.'m<·nt 

RO(al) .i1tainst rotat1111!; wafer c.1mer 
Orh1t.1I .1g:unst rotating w,1.fc.r c;1m1•r 

Lfo, :.r .ll{.iin,t rot.itinit w..fu c.111ier 

SIWl)· Fettling 

Dripp1nl{ to p.id ~urf~ 
111roul{h tht- p.1d surf.ltt' 
Dnppmg tu pad surfill'C' 

8.5 Metalhza11on ◄ l 7S 

bt1t ,~ not cll·,ir.iblr l,r<.,111.\(' of 1•xtt•rt\l\t• ·is.~·i itt·' 1. t I 
I r • • 'U (i.'lmlll{(' () I l(' lll,1tt•n.tl iurflll'l 11,cr,• 

an: tire<' 111,1111 parts o the pro<.'<'s, (al tlw surf.i<.-c to I 1· I ·d· (I) I 
ti •k • 1•·1 • • 11 J ,t:poi,,1:. , l1cpad,,,lud11\ 11 e) n < umm cnn _, _111g l u, trall\ft•r of m<.•th·mital •,ct 

O I 
ti ..r •·- . 

I ( ) l I I } • ' 1 11 0 It· \lh Mtt · uc·111g polislu•d an< C t ll'' uny, w He l prO\idt·\ hot!, chrmical and r it~·h · al ·lli F'' 
I C'I p • •• 1 .. ,uuc < 1-ct,. 1gun, S 24 ~h<M t u: ,, \t•,up. 

EXAMPLE 7 

8.5.5 

Tiu: o'.<idt· t<•mov..d r.tlt• ,md the rc:mov.J r.1.tc of., la)"r und •n, , ti th d ( JI -' 
·• • ~" 1 •· ou c l, t-u , Mop f,y,·rJ art- lr and 0.1 r. rc,pt'<:tivch-. To rt•nlll\t' I µrn of o~idt' 4nd Jo 01 µn, to 1 I ' I . , 

• • 5 5 • •. J • • · ' p ·')''f, l ll• Iota fl'IIXI\.., tulle 1s , m11111tt', hn th,, oxide rcm1l\·.J r.11., 

SOLUTION 

Silicide 

..!..+ 0.01 =5.5 
Ir 0.lr 

r = 0.2 µm/ min 
◄ 

Silicon fonns many stable metallic and semiconducti11g compounds ,,itl1 met.ti\. St'\cr.il 
met,i.l silicides show low re~ish;ty and high them1aJ stability, makin~ them ,uitahlc for 
ULSI application. Silicidcs such .ts 1iSi_ and CoSi_ ha,e reasonabh 10\,. resi)thitit>s .md 
are geoemll} compatible with integmtt>d circuit pr<>CC\\ing. Silicid~s lx:come important 
metallization materials as de,;ces become smaller. One important application of ,ilicidt• 
is fo, the ~IOSFET gate electrode, eitl1er alone ornith doped polysilicon 1polyc.ide) abow 
the gate o'Cide. Table b.5 shows a comparison of titanium silitidc and coh,t.lt ,licidt• 

Metal silicides have hcen used lo reduce tl1c contact resistance of tlw \Ourw and 
drnrn the gate electrodes. and interconnections. Self-aligned rnetal sil1tide h:ch110I~ 

l'olisluni: ,h,ll) 

1111'1') ,upplv 

Figure 8.2-4 Schcrn.1tic of a CMP poli,twr. 

TABLE 8.5 A Comparison of1iSi1 and CoSi, Films 

Propt•rti<.', 

Rcsisti,,t) 
Silit:idl•lmetal r.llfo 

Silimlc/Si ratio 
RtJcliw lo n,1llv<• o,ull· 
ilil·id,1tio11 lt•1111><.'r,1t11n• (0 C) 

Film ,trl:',, (ch1w/c1112) 

1iSi. 

13-16 
2.3i 
1.0-t 
\'t·\ 

'>()(h'l.5(1 

I 5x JOJO 

CnS1 

22 2'> 
3.56 
()~), 

'.'.u 
a5CPJOII 

12 X 1019 
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,alu:ul,) ha., IK't'II pnm·n to h,, ,1 lu~hh ,1ttr.1ch, 1• tech11iq11<.' for improving tlw f>t'rfor. 

111, un ol ,uhnucn>n d<.•, it't'' and cirt·111h Th,· ,df-align,·d prOCC£\ 1L~t·s th<.• ~ilicide gute 
·I -trotll· L' tlw 111,1..,k tn fon11 tht- ~nur<.'t' aud drain ,•k-ctrodt'~ of a ,MOSf'ET kg .. bv 
•'- • • • • ti I r 1Dn unpLrnt.ition. rou,id,·i. 'ti in Clt.1ptcr 7). ?111, proc<.•~s c in m1111111vc ll' ovt•r ap o tlie~• 
,·lcctrocl,., .u11l thu, rt!dt1t't' p.tr.bilit· c,1pa<.·1tM1et,''· . . . 

Ftl!llll" ., 2.5 ,how, till' polyddl· ,111(1 ,,11icidt' proct•~~•:s. A t)l''.c.J polyc1d1• lom1ation 
"-Jlll'nw i., ,lu"'u in Fil{im· .25o. For ~pulll'r ~t·pos1t1011: :1 _lugh-lcmpcmture. high. 
purih c,rnipouml 1.,~i•l 1, usP<l to 1,n,un· tl1t' _q'.1ahty ~f 1h11 s1hc1d~. The 11_1ost t-on1inonl) 
u~i><I ,ili(1()1,, for th,· pol~cick• proces~ an• \\ S•:• T11S1;, _and Mo ':· T! ic> ar~ '.11~ rrfrat­
ton, tlwnu.,lh ~1.,hk•. ,ind res1st,111t to proc't'"ing clicllll('Jls. ,\ ~elf-aligned s1hc1de pro­
C'\':, l' illmtr.itl.J in Figun' .251.,. In tl1<' prot'C~~. tlw 1x>lpilicon gate is paltcmed without 
.un , iliriclt· .. uid ,1 <id('\\1JJ ~,>-1ccr (silicon o,;:icl<.' or silicon uilridel i fornwd to pre,-cnt 
shorting tlit' i:.itt' to tht· <ourt'I.' and drain clurin~ the siliciclation pr()('c •• "~ _rnf.'tal layer, 
t·ttllt'r Ii ur Co. i, blankl'l-sputlcrt·cl on th,• cntin: stmcturc, followed by s1ht·1de sinter. 
in". Silrcidt• ;, fonm:d. 111 pnucipk•. unl) where the metal is in oout,lCI with i. A wet chem. 
,c.J ,1,L,h tl,cn 1111,t·• oil the nnrcacte<l met.ti. leadng only tl1e $ilkidc. Thi.~ technique 
ehmin,1t,:, tltt• uN'tl to p.tttcm the (.'(>111po~itt.' pol)cidc• ~.,te stnicture and adds silicide to 
tlw ,oum• clra111 ;tr<';\ lo rt'cluc:e tlie rontac:t rt•sistauc,.,. 

ihcrdt·, .ire promising 1nah:rial~ for UL I circuits lx•cause of tlu:ir low resisli\ity 
.uitl •. ,~JJ1•nt tlwnn,1I ,tab1lil). Cobalt silicide bas been widely investigated bt!c-.iuse of 
it, It>\\ rl's1,b\il"> and lugh-h:rnpemture thermal stubilit), 1 lowever. cobalt is sensitive to 
11.itht.> o\lclt', •'-' ,wll .l, an O\) gen-t't.llllaining environment. and .i large amount of silicon 
,, 0011,umed durin!! silic·icl.ttion. 
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figure 8.25 Polmd,• ,ind '>Jhmlc! p~,,c.·, Cai l'ol}t1rli· , tmct11rc· (il ~.1k oxid•· ,iil polr,-tliron 
.,11,J ,,licul rl,·prNlior, (111) p.,ttc•m pol)l'id1: .nu.I i,·, lighth d<JJX'd drum (LOO) i111pl,111t s,d,~ 
,,.,IJ tonr~1tm11 .ind !'()IIK'l' '1lr.11n irnpl..nt. /11 S,tli<.'ldt• , tmt-lur••: (i) ~.1t,· pattt·min~ (poly,.ilicon 
""'' I.DU \1<.lt'\\all, .llld ~IUC\' rlr.un implant hi llll'l.J rn. Co) "l'fMl\llJOll (riil ~llllll'JI to 
forrn ~l1t,cl1· anrl fh) ,,•lf'<-1.i, "' ti l'lt'h tu r,·111ow 1111rt•,1ct1:d rnl'l,11. 
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EXAMPLES 

Calc11lntc tlw lludow,s of coh,tll silic.ic.k- for a cl1·\11(•d ,heel n:,ista 1c;: f o 6 n,o 11 
Is J '! µ0-cm. I () • "' ft "L\h \.it} 

SOLUTION 11tt• n:,i,tivily i, 1•,111al tu the product of the ,ht'c•I rc~i,t,ijK•· and 1h,• Rim lhi,-1.ncw 

p=R,x1 

Then 

p 18Xl0 ~ , 
l =-=---=3xt0 cu, =300 n111 

R, 0.6 ◄ 

8.6 DEPOSITION SIMULATION 

SUPRE~I Illa)' be used to simulate the deposition process. Ukc <:tch simulation, depo­
sition modeling is very straightforward. Simulation is executed ~ing the 0EPOSmON com­
mand. which deposits a given amount of user-specified material on top oft.he current 
stroctur.:. The material deposited may be eitlier undoped or uniformly doped lf sing!..-. 
crystal sili<.'On is deposited. then tJ1e crystal orientation mu~t also be specifiPd lf pol)'~il­
icon is deposited, tl,e temperature must be specified for SUPRE~I to detennine tl,e propc-r 
poly-;ilicon gnun size. 

EXAMPLE 9 

Suppose we• want to sill)ulate th<: deposition of 800A CV D silicon nitrid<: on top of d dry o~ b)'-'r 
:1pp:oximatcly 400A thick. If the p-type silicon suhstrot..: b doix-d "ith boron at a level of 10" cm-1. 
u~ SUPREM to detennine the final oxide and nitride layer tluckne<scs . .is \Wll a:. the bonm dop­
ing proflle m the oxide and nitride layers. 

SOWTION 11w SU PREM input li~ling is as follows: 

TITLE 
cov.~oo 
INITIALIZE 
C~ENT 

DIFFUSION 
C~ENT 

DEPOSITION 
PRINT 
PLOT 

STOP 

Deposition Example 
Initiali.i:e silicon substrate 
<109> Silicon Soron Concentracion•le15 

Grow 400A oxide 
Tir.e-49 TeJ1perature•l000 Dry02 
Deposit 809A CVD nitride 
Nitride Thickness• 0.08 
Layers 
Chellli cal Boron Net 
End Deposi tion Exa,,,ple 

After simulation is complclL'. the rc~ult,_are ~hO\m in Fi~rc 26. which indi~1lt) llmil ntid: .llld 
nitric.I., layer thickness..: of3i9 and SOOA. riispectiwly. ~md depict., the boron m(,'Qrporut1on m th~ 
oxide 1,,ycr. 

8.7 SUMMARY 
Modem semiconductor de,ice fabrication requires tJ,e use of thin fums. In t.hc ep1t,l'ci,u 
growth process. tlic substmte wafer is the seed. High-quality, singk·-cry-..tal fllm~ c~i be 
grown al a tempcrahire 30% to 50% lowur tlinn the 111clb11g point. The 00111111011 tt:clnuqu,.,, 
for epitnxiu.l growth are dwmical \'Uf)Or deposition. nwtalorgan.ic C\ 'D. ,u1d molt'<'ul.1r lx:.un 



~Depos,ton 

Figure 1.26 Plot ol boron 111~11rpomhon 11110 tlw o\idt· WJ1:r. u,ine: SUPRE\I 

Refereoces ◄ 179 

Tr, minillll.d' llw HC tinw dl'la) thw to (),lr\l\lh<.• n,-,1,t n, . . d . I . 
r I " 1 "" C:t(),lCJl.tn(,• l 11• ~,lio,1,• 

pr0<.'I''' ,or u llllll' <.'tl11t:1cl\, t'Opper nwtalh1,1t1011 for 111t •r-1 11 di I . . J r . • ,~ Hlt'<-1~. :In< uw- t· r·ctnc-
con,tant rnnll•n, \ ,or mterln\cr Olm~ art· ,·,tcn,iwl) II\C•d to ·t ti • 
I I ·1 I • int'( 11· rt·r1111rt·11wnh of 

t u: 11111 ti ""' mtcrconnL'<'t stn1<:t11r1•, of UL.SI drcuit, 111 uJdit ti • I h 
I 

... 1 li ,
1 

. •.1. . • • • 1011. u, c 1aptt:r c \C~l,\t'(I 
UsiH. € t'(•ln<.'-COrt\l,U\l 111alcn,u,, lo 1111pro,t• tlw <1.1tc m,ul·i\or 1~ ,.1 d • . "" • ,.)n1Jn11,1nt,• ,111 tu men·.,.,.. 
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PROBLEMS 

, EC9fl0' \.1: EPIT\.'\l U. GHO\\T ll TEC11'1QUl!:S 

• J. r,11,I 11 , • .,n r.•~•· mok<.'111:if\ doc;ih <>f o11r .11 300 }. Uhl' mol~ubr w<:ighl for ,1ir i\ 29) 

:?. Thl' cl1,t,t11C1· I"-'"' l'II "1un.-..· .111d \\.lfl'r in ,1 d<'p<><1l1on ch,1ml>l•r 1s 15 cm E,11111.11(< tlic 
pn·"llr-<' ,11 which this clht.uK't' LX'<'Olltl' lO'l uf tht• 111,·an fn.•,· path of ~Olll'l.'i.' 1110l1'~1ilt°' 

•3. 1-'md thl' 11umbc:·r of .1toms pt·r urut ,1n.·J. X nl·.-Jl'd I<> fonn a mo11ol,1}'\!r under clow­
r;1elini: ninJ1t.1<>n (i, c,u:h Jtom •~ 111 l-t1nt,Kt "1th its ,i, ,u:ii;thlKmng ,tlorm), assurning 
ti,., J,am,·ti·r ti of tht utono 1, 1.6/J \ 

•,t •• \-.,,111,,. 11 dl1l'IOII o,,·n l!l'<lffit•tn of .\ 5 cm' and T. ,. 12 c-111 (.1) C.1k-11l.1tt! the.- arri"al 
rJlt• of )!,ill11J111 J11J tlw \IBE i:rtJ\\th l'llll' for thl' dTu,ron men filll-<l \\ith !(allium 
:uwmtl,· .11 9;0 ( M For J 1111 ,•rru,1on own opcntll•d al i00°C under the ,.une geom(•· 
tn, ,-...lc-uLt.- tl,l. tlopinit l"tllletlltr.ition (;u.:,uming tin illOllh arc full> inmrporJtc<l in tht: 
~.1llrnm i&N'nr<ll· l!M\ll al ti,, •. trorl'llll'nlionl-<l rult• Thl• mol1'<.'Ul.lr weight for tin is 
11'> 6Q anti th•· pn. "11w at';()() C for 1111 i, 2.66 X IO P.1 

SECTIOS .2: iTRl'CT RES A,, o DEFECT I~ EPITAXIAL LA\'EU ' 

5. Fmd thr 111o1.,1rnn111 pt·l't't'nt.tl!<· of In ( 1.,· th 1 ,,Jue for Ca,ln1 • .\.<. fllm ~•TI on C,L\.s 
m~tratc mtl1out form.1tion nf mi~flt t.L,loc,1t1011. If thc- fln::t.l fllm 1h1clmcss i, LO nm. 

6. Tiic L,tt,cc mi<fit,J, uf a film is <ldlned as/• (001~ l -tl (f)ltnoff) ~ 611,./a where 0 0(s} and 
a rJ) .i.n: th,· u1t,tr.un,-d l.1lbw COrl'ltai1t, of the sub,tr.111:' and the tllm respt·clivdy. ftnd 
Cher ,alllt'\ for lr1:\.,,--Ga,~ .uid Ct---Si S)"tl'III\ 

SEcno:-. .3: OfELECTKIC DEPOSlTIOX 

7. ., In :1 pl.&)111.11-d, po,1tl-<l silicon nitride.- tl1at cont.tin, 20 at't lwd~ ·n .. nd h.1.S a silicon­
to-rut~•·n ratio 1s~:--:l of I 2, flnd t and y m 1111' en,pirical formula or 1N II (b) If the 
v..ui,lion of film n••ihti,ity \\ilh s~ ratio I\ given by 5 x 10-" C\"p(-33.3j'l for 2 > Y> 0.1), 

wlwn· y,, lJ11, ntlio. lind the rt:,ish•it) of lhl:' fllm 111 (a) 

The dicl,-ctric ooru1,mg of iO;, Si :\ 1 ,llld Ta_O~ arl' about 3.9. 7.6. ,mt! 25 respectively. 
Wh.it L'> thl· capacil.u1re ratio for thP capac.itors ,,itl1 the Ta,O., ,llld o'l:id, ·111trid1'/o~de 
diel«1ric-. for tht· =c dleledric thicknc s. prmided thl• oude111itrid,· 'oo<lc h~ thiekm:» 
r .. bo l. l I for tl1e cmdt' to th<· nitridl:'~ 

9. In Probll'm b. ir BST ";th .i didcctric t'f>11,t:tnl ufSOO is chown to n•pla,-e T320,. cale11-
la1e thl· J.f\'a n.-ducnon ratio to m.untain the \.,Ulle c-.,pacitanci: if U1t' two fllms h.,w the 
~,· th1dm,..,., 

10. In Probll'm ~. c:..k-111,111• the cqm,alcnt thicknt·\S of tlu, T,t.O. in tt•m1s of SiO. tl1icknc~ if 
both haw the \.111te c-ap.,citancc: A.'-,tllllc tlw .,ctu.il thieknc~\ ofTa10 . i~ 3µm. 

11. Ju .. ,ilanl'-il\)~en r.·.,cllon to dcpoqt undopt-d S10. fl1111, the dt·p,hilion r..tc i~ 15 
nnL•min .,1 -t25'C. \\11al lcmpc:r-Jhtrl' i\ re11um:d to double thl• clcposition n1tc? 

12. Tiu., P-1(1,L" flow proct·,s rcquin·, tcmpc:r.ituw, ,tl,o\c IOOO'C ,\ ~ dt-vi,'t: diml•nslom 
lx-rouu• ~mJ.ler in UL<;I \\e mu,t 11\l' J°'"'r l•·mpcr.itim·, Sul.(.l!f't m<"U1ods to obtain J 

,111,,olh lnpo•~r ... phJ .11 < 900"C for dcpo\ll<·<l ,ilimn <liU\1cl1.> that ca,1 Ix· 11~t-d ,1, Jrt 1ruul.1• 
tor bc-l\\t·, n mel.tJ l.1\l'r.. 

ECTJO~ .1: POU- lUCO:\ DEPOSITlO:\ 

13. \\1,}· i, ,ilJn( rnon.· olkn 11\l'd for pol)~11ico11 dq)O)rbon than ~ilroon d1lorick•? 

1-1 . bpi.mi win tlit· dt·f>'Nllon 1,•111pt·r .. ti1n• for pol\"ili<.'011 fllrn~ h modcrateh low. u~11Jllv 
bet\, <"<'II 600 C .mci f,,",O'C. • • • 

Problems ◄ I &I 

ECTIO, 8.5: METALL17ATlON 

15. An 1·•llt•a111 cv,,puration ,pt,,m., mc-d to ,lt•JXI\Jl .Jum,nurn t<l fonn \IO'> c I If 
tlw flath,utd vnlt,1~t· of tlw t,,n..,·il,tnc...: ~ ,hiflr·d h . 0" \ ' I f. ..~, "" fl J ti • I fr, .--· ) ,_, x-wn,,• II t·-b.·.im r.w1.,11011 

11 It 1111111 wr o n~t•d O~lll,· ch.1rx1•) (the silioon dlO\idc tlilckru , 1, SCI . 
tlll'w ch,1~1·, bt.• rcrnovcdf ~ nm • 11,,.. ' 11 

lG. A mctul line Ct c 20 µ111 \V • 0.2-5 µ,n) Ii'" a ,h,•l'I r,'\tltanw uf 5 0/u. c.Jlul 1. ti 
n·,i,tancc or the metal lin,· " 

1 
ti: 

17. C,1lc11late tlw thicloll' \t:\ of the 1iSi .. 111J CoSI wh.-rl' tlw initial li :md Co filu h , .. 
l1C\\C\ afl• 30 nm. 1 t llo. 

18. 

19. 

20. 

· 21. 

Compare the .,d.,..,mtaic1:, .1n<l di-..1<.h-.mta«.:s of1iSi •nd ,... __ S r ., ·u I' 
,,. • , K '--" 1. ,or ,,111(;1 r ,,pp 1c--.1h1m, 

1\ _dk·lec.~ric matcri.11 is placc,d bctw1•1•11 tl1t· two p,1r.tlld 1m·tal line, The ft:ngth 1, • I cm. 
\\1dth \\ " 0.2', µm . tl11cknc~~ T a 0.3 µm , .md ~at1ng S O 36 µm. (a) Calcul.otc tlw RC 
tune d~l.•)·, ,:i1e metal i\ Al with a rt:si,li\it)' or 2.67 µ.0-cm. and th~· d11•l1-ctric IS oude 
w11h dwleclric con,tnnt 3.9. (bl Calc-ulatc tl1c RC time tlcla)' 11,c m•·· ., • c· 1th . • ~lJJ ~ .,u \\ J. rt.-us.~ 
th·11> of I .7 µ!l -c111, and tl1c dickclric is organic pol)incr \\1th tlit·lc-<.1ric l.'01t,tJnt 2 'i 
(cl Compare the rL"iull!. in (a) and (b). I low much c.111 wc dl"Crt:.1.St· th,· RC lime di·I•\:, 

Rcpc,1~ Problem\ 19 (a) ,md (b) if the frin~ng factor for the c .. pacitor, "3. The frin~ing 
foctor is due to tl1e sprc,1Jing of the cleclric-flt:ld Imes bcvond the lenj;tth :md th,· ,...,tlth of 
the metal lines. 

To avoid clcctromigration problems. the ma:omum allO\•l-<l cum:nt <kll'litv in an alu-
1111n11rn nmrwr is ahout 5 x JO' N ern·. If the runner is 2 mm long. I µm ,;;di:'. and nomi• 
n.tlly 1 µm thick. and if2~ of the: nnmc r 11:'ngt.h pa.~se, O\·er steps and is onh 0.5 µm 
thick there, flnd the total resistance of the runner if the n.•,15tJ,itv i, 3 )( 10 • 0 -crn Fmd 
the maximum voltage that can be applied across the runnl'r. • 

•22. To use Cu for wiring. one must ovcrc.-omc '(',·era! ob,t.«'lt•s tlw diffusion of Cu tl1rou~h 
SiO?- adhesion of Cu to SiO ,. :ind corrosion of Cu. One Wd) to owrco11w th~• ob<.l.llCl,-s 
LS to me a cladding/adheMon la~er (1:.g .. Ta or TI:<:) to protect the Cu \\11"1:~ Consider a 
claddcd Cu wire \\ilh a •qua re cross )<'Ction of 0.5 µrn x 0.5 µ m and oornpan: it ,.,tli a 
I 1.>ered TI, IAlfriX "ir<.' of the <..irne size. "ith the top .md hottom 11:-,. la)t' I"\ 40 nm .. nd 
60 nm t11iek rc.spectivdy. \\'hat h the ma.~n,um thickn~s of th.- cladding la~,-r 1f the 
n.•s1\lances of the clnddt-d Cu \\ire ,md the 1iNIAl/fiN \\ire are the \alllt>? 



9 
Process Integration 

\hcl"O\,~IH'. photonk-, .u1cl po,wr i!pplication:- ~Clll'ntll) c1nplo) discrete de\ ire . For exnn,. 
pie .111 l~lP.\lT diode i< 11~~.J ii.\ .1 mkro,,,1,r ge1wrntor .• m injl-ction la:.er :ts an optic-al 
...our<."C', .u1d ., tlJ\ mtor .t ;l hi~h-powt•r ~-witch. Howe\'er. mo.<t electronic S} ten\S are built 
011 tlit> int.-i!,ralt'd c1n"fJ1f which i~ ,m ensc•mble of both active (e.g .. transistor) nnd pas­
,hc e.J.!., n ,i~tor. c,1pacitor and iucluctor} dc\'ic.ses fonnecl on ,uid within a single-cl) ta! 
Sl'llllt"(lllduc1or ,ubstr.itl' .u1d i11tercom1 ~led by a metallization patkm.1 lCs have enor­
mou, .1J, ,lllta~es. m t'T W$Cn?k de, ices comlel'lt.'Cl b) wire bonding. The ,1clvMtages include 
. ) k<lul-tion of tlll' inkrl'Onnc-ction parasitics. be<."Jll can JC with multile,·el metalliza-

tion cm '1.lb,t.111h,1ll~ rcducl' the o, l'ntll ,,iring length: (h ) full 11tili7 ... ltion of a ~micon­
ductorn tfer, ,11\'a bt-mtt~ dc,icc~ C'M be closd} packed within :u1 IC chip: and (c) drastic 
n><luc.tion m pnx-c~~ing cmt. ~use \\ire bonding is a time-consuming and error-prone 
Opt' r.1tion 

Tim d1.1ptcr discusws rornbinations of the basic processes described in the previ­
ou:, ch.1pkr. to fabri<.<1lt.> a<:tiH· and passi\ e components in an IC. Because the ke)· ele­
nwnt of ,u1 lC i\ tlw tmn,istor. specific processing sequences arc cb doped to optimize 
its perfom,anl't'. The chapter t-onsid'-'~ tltree major IC technologies i!SSociated \1ith the 
tl1ret> tr.ULsistor families: tJ1e bipolar transistor, the ~IOSFET. and the \IESFET. In addi­
tion, it clise1~ ,t•s tlw fabrication of microelectromedumical system,; b\ micromacltining 
1ed1111c111e, 'pec-ific-all} it co1 ers the following topics: 

• Tlw dt•~ign and fabrication of IC resistors. capacitors. and ind11ctors 

• The proce~ing sequence for standard bipolar transistor and advanced bipolar 
de1ices 

• The proccNin~ sequence for ~IOSFETs. with ",->ecilJ empha.\h on CMOS and 
mcmoi: d<-\.i~, 

• Tlie prore~sing <;equcncc for high-perform,mcc· MESFETs and inonolitl1ic 
m1crow·avc !Cs 

• Tiu.' major d1,1ll1mgcs for future microelectronics. ind uding ullnbh,Jlow junc­
tion. uhrathin O\lde. ne;,w interconnection mntcriaJs. low pmvt:r dissipation. un<l 
i,olation 

• ~licrodectromed1~uii,.J syst£>ms fonned b) orientat.ion-dt:pen<lent etching. ~ac­
rifici,J dd1i11g, or LICA (Utl10f!:1Uph), clc.-ctroplatine:. and molding) processes 

• Tlit• ~i,uolation of JC fabric:ahon proce~~es u$ing UPREM 

Fi<,m.• 9 l 11lu,trall"" the interrel,1bonsh.ip bdwcen tht- major process ,teps used for 
rG l 1hrication Polished ,nJt:r- ,\ilh a ,pec1flc rcsisti\.ity and orient.1t.ion are used as thr 
sturtmg 1n.1terfal. The Glm fonnation. tt:ps include tlwnn,Jly grown oxide nJms (Chapter 3) 

1d depo~1tt.><l pol) ilicon. <lwk-ctric. and metaJ f'ilms (Chapter 8). Film fonnation is often 
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...-----t lrnpur1ty 
dopm~ 

Wafer 
out 

Figure 9.1 Schematic now diagram of integral~ circuit fabric-.ition 

~ollowed b)' lithography (Chapter 4) or impurity doping (Chapters 6 and 7). Lithography 
is generally followed by etching (Chapter 5), which in tum is often followed by another 
impurity doping or film fomiation. The final IC is made by sequentially transferring tl1e 
patterns from each mask. le,·el by level. onto tl1e surface of the semiconductor wafer. 

After processing. each wafer contains hundreds of identical rectangular chips (or dice). 
typical.l) between 1 and 20 mm on eacl1 side, as ~hown in Figur~ 9.2o. The chips are sep­
arated by s.iwing or laser cutling; Figure 9.2b shows a separated chip. Schemalic top \'iews 
of a ~ingle MOSFET and a single bipolar transistor are shown in Figure 9.?.c to ghe some 
perspective of the relative size of n component in an re chip. Prior to chip sep,uution. 
each chip is t-lectrically tested (see Chapter 10). Defective chips are usunlly marked "ith 

-50 to 1000 c-hip~ 
Sourco.• 

101 lo 109 

component< _,,,,,_,,,.," @ @ MOSFl:.'1' 

,,----------..IT-:'"'::~::::::-: -- I to 10 µm 

',,, ~ f-+-----M-2 to lOµ,n 

I00 to300mm 
(0.S lo O 755 mm tluck) 

', ',,:~:~-~-----!::or 
I 1020mm ', 

CoU-:ctor 

B.\Sc Emlllt-r 

(II) Cb) (c) 

Figure 9.2 Si7.e comparison of a wafer to individual <.'Ompon1:11ts. (a) Se011cood11ttor \\,lfor 

Ch) Chip Cd ~10SFET and hipolnr tron)istor. 
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, dw ofhbd, ml... Good chips .m: ,L·k-ctt·d ant! pack,,gl'<I to p~,i<lt.' •~I •'l!Propriau.• ther. 

111 
l dt"ctnC,il .mil 111tl'a'(lllllt'<'hon t•n,ironnw nt _for d~tromc ,1p_phcatJ()ns: 

IG dup, nM) l'Ont.un a f,•\\ l'Ompcmt.•nh (tr.111,1~tor-. dioc.lt•,. 1\'q~tt>:-', r.!p.wito~. etc.) 
!lr a, 111.,m ,L, .1 billion or mun-. ·int'<' tlw 111, 1mhon of thl' 111011ohtlut· IC 111 1959. tlu, 
numhc.'r ,,r C'l>lll(Xlllt'llh (111 ,I stat,•-of-tlll'•,ll't IC chi1? 1.1:1~ ir?\Vll expo1wntiallr \\'e ll\11-
.Jh n. ft•r tu tJ11. ccunp11·,al) of an IC a, lb lc"d of 111kg:nition. Small-.,c<1lr 111tcgrat1ou 
, ·1 n•fer-. to up to 100 t"Ompon('nt~ pN chip. 11wd111111~rcolc 111t,·gmlim1 {~ISI) to up to 

IOOO 
001111

><>11.,.,t, fl'-'r dup. /ar-,1.,-..,c"/1· i11t1-g,"t1t1011 (LSI) t~ up to 100,000 romponents 
[)t'r da.ip. 1<'tl/ /n,r., -w'llh 111tq!.1r1tlcm l \'Ll Jl to up to JO' t'0111ponents per chip, and 

11
/tnilnre,·-,,.,,/, i11k~mfr<III ( U LSD to laritt>l' 11umbt'1-s of component:- (>t'r chip. Sectiou 

9.3 de,;nbe, t-,o l'LS I chip~: a 32-bit micropro<.-t· ~or chip. which contains o, er •12 mil­
lion rompom·nt, ... md a 1-Gh d)namw rando111 aro>,i. ull!lllOl) (DRA}-1) chip. which con­
ta111, O\t'r 2 billion ,-om1>0nenl\. 

9.1 PASSIVE COMPONENTS 
S.1.1 The Integrated Circuit Resistor 

To fonn ,tn IC lb•~tor. \\tt c.u1 dt>_posit a rei,bth·e b)<'r on a silicon substrnte, then pat­
tt•m tlw la~t-r b, photolithograph) and ctclung. \\'e c;Ul also define a "indow i11 a silicon 
dio\:itlt- l.1,t>r !,.'T0\~,1 tlwml.lll) on a silic:on ~ubstn1te und then impl:mt (or diffuse) impu­
ritit-, of the opposite com.lucti,il~ typ._. into the w·.uer. Figure 9.3 :;how,; t11t' top and cro5:;. 
~,-ctt0nal ,i,·w:. of twu resil.tor- fonne<l by the latter .1pproach: One ha:; a meander shape. 
,.nd tlw otht:r h.15 .1 b.u- ~hi1pt.•. 
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Rgure 9.3 lnlLW.!.kd circuit re\1sto" All nal'm\\ lint', Ill t.hl' l,u}tt' StjltarL· ari•a ha,e thtt s.u~ 
,J I \\ o111d ,fl rontatt, :U-<' t.lw <;u11e <izt· 

-----

9.1 Passl\le Componenu IFIS 

Cousi<lcr the bar•shuped resi,tor fl~t. TI1e diffe .,,.111.·--• I IC r f U , typ. t · I I • f ·"" C()fl< uc.-tanet· t , o ,t th111 I ,)"' 
o ,c p· c ma cna t 1t1l 1s o tl1id m e" dx pnmlll'I to Uw • ~ , I I • 
~h0\\1l by tl1e B- 13 eros~ sectiol\) i, si r net ,uH ,,t ., l f'f)tl1 r (.~, 

w 
dG = qµ, p(x)-dx 

l 

wit.ere _w is th~ widll~ of llw ?ar, L is thl' lcl\gth ol the bar ( \\i' nc:glcet the <-ncl cont,u·t 
ar1.: .. 1s for the llme bemg). µ 1s the inobili•" of a l1oli· , ,d { ) • ti cl • · Tl I d ' •1 • · " P :t ~, w oping C(,nc,.,11t r-,. 
0011. w Iota <.-on uctancc of the entire implantc:<l rt>mon of ti b • • b • ,... ll' ar 1s g1,·c11 y 

G = J dG = q \V j µ rp(,\ )dx 
II l " 

(2) 

where ~• is the juncti~n ~ep~•- ff the value of µ
1
, (which i, a function of the hole oon­

centmtion), and thla! distribution of 11(x) arc known, the tot.al <.-onductan<:c C-.ill be l·valu­
ated from Eq. 2. We CM write 

w 
G eg-

l 
(3) 

J 
rj 

where{!. = q 
O 

µ1p(x)clx is the conductance of a square resistor pattem: that is, G = g 
whenL = W 

The resistance is therefore given b)· 

Ra .!_=.l:._( .!_) 
G W g 

(4) 

where l/g usuallr is defined b> the symbol R,, and is called the sheet resi tant'\.'. TI,c ~heel 
resi.stance h,1S units of ohms but is conventionally specified in uni~ of ohllls per ~wm.· 1 QA]) 

1, lany resil.~ors in an integr.\ted circuit are fabricated simultaneouslr b) defining dif­
fertmt gcometnc patterns in the mask, such as those $hown in Fil!l•re 9.3. Si11,-e tht! ~amc 
processing cycle is used for all these resistors, it i~ convenient to separate llw re, i.\tance 
into two parts: the sheet resistance R ~· detcnnined by the: implantation (or dilTu~ion \ pro­
cess: and the ratio L/W. determined b)' tJ1e pattern dimension~. Onc:c tJw valu1: of R,, is 
known. the resist11nc:e is given by tJ1e ratio U\I'. or the ll1Jlilbl, r of squor ... ~ (each squ.1rc 
has an area of W x W) in the resistor pattern. The end contact area!> will introduce addi· 
tional resistimce to the IC resistors. For the type shown in Fi!!Ure 9.3, each end contuct 
correspond~ lo appro:<imately 0.65 squares. For the mem1deMhape rc~istor the t'lt>c·tric­
fteld lines at the bends are not spaced uniformly across the width of the rcshtor but ,\fl' 

crowded toward the inside corner. A square at the bend do('s not contribute e,acth l 
square, but rather 0.65 squares. 

EXAMPLE 1 

Find th1: valu(' u( :1 resi tor 90 µm long and 10 µm "id<- such .1.:1 the bM•,hap1:d n•,istor in F'1~rt• 

9.3. The ~hcct rcsist .. 111<:t' i, I kruD. 

SOLUTION The rc,istor <."Ont,1i11s 9 squart·~. Thr l\,u l'llt l cont~b t-orre,po11d tCJ l.3 □. 1ul' ,aim• 
of lite re~i)tor is (U + 1.3) x l k{MJ ., 10.3 kO. ◄ 

9.1.2 The Integrated Circuit Capacitor 
Bus1t:ally. two type of capacitors :m· med in integrat<'d circuit,· MOS capacitor"S and 11-11 

junction~. The }-10S capacitor c.1n IX' fabricated b) n~in~ a h~:"i l\' doptttl ~on (,uch 
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, an rimlkr rt>ciou' ,L, one pbtl', till' top 1nl•tal dt•t·trodt' as th<• otlwr pl,\lt•, and th,, 
mt;,iven111~ o\ldc l.1wr .L'o tit<• di1•lt•ctnc 11w top a11d c10,~-,L'<'t1cmal \ic-ws of a ~1OS cap.ic­
th>r .in• ,hc,1\\11 in F1~ttrl' 9 -In To fonn a ~10 t~1p,1c.·itor, ,1 t_hick o~de hl)er is th<'nn,illy 
!!TI)\\'fl 011 J '111ron ,11bstr,1tt· X<·,t ., wincl(lw i, litho~r:1pllically defim~cl and etched in 
tJit• u,HI,·. D1ffo,io11 or ion 1mpla11t11tio111, used to form a p· rl·gion in the \\111dow ,trea 
\\fll'n'.L' tht• ,urroundin~ tlnck o\Jdl' ~l'l't'' ,L' a 11HL,k. A thin o.x:ide lny,·r ,, tlwn tJier: 
m II} j.,'lowu 111 tlw \\i11clow an•a. foll1)\\ed b,· a mc1,1lli1.atio11 step. The capac,tanw per 
unit at<., 1, i,wn t>y 

(5) 

"heft' £ h tht" clidt'<.1ric pennitli,ih of silicon dioxiclt.> (tJ1~ dielcct ric.• con~t.u1t £./e,, i~ 
3 9) :uu1 di, tJ1,. o\.idl' tlticknt.>~s. Tu 111cn>ase the c.1pacita11ce forther, insulntors witl1 higher 
didt-ctnc ro1i-t.111t~ an,, hdng ,tuclil-d. such as Si,;,,;, and TttP,, which ha, e dielectric con­
~t nh of, .u1d 2.5. rl·,pt"Ch\t•h Tht• ~1OS c.1pacit,ulce is co;sentially ind~•pendc11t of the 
.,pplwd, olt.,gl'. ll\.-cau,t• the low •r plllte of the c.,p,1citor is made of heavily doped mak­
ri.u Thi, al,o n'<iuce, tlw ,L,ocr.ttt'd ,('rit•, resist,ulce. 

Ap-11 ju11d1on h ,onwtillll'' u~l!d as ti c,1pacitor in an integrated circuit. The top and 
t·n>'- •.!>('t.iional \U-\\ of.u111 -p JUnction <-.1pacitor are shown in Figure 9.-lb. The detailed 
f.ibric.ition pl'Ol.,.,s " con.s1der<·d in cction 9.2, bec.\Use this ~tructure fomis part of a 
bipol.1r trJJl,i,tor \ ~ a t-apacitor. tJw dt·, ke is usually re,en,e hiascd: that is. the p rrgion 
is n."t.'™' bu't·d w1tl1 rt:S))l'<'t to tlw ,, • region. The capacitanc.-e is not a rorllotant, but ,anes 
,ts l\'11 .. \ '11) 

1-. whe"" , ·~ is tl1e ,1pplicd reverse voltage and \ ', is the built-in potential 
of thl• JUnction Tiu• sf'ric~ rcsist;w~ is ro11sidcrably higher thnn that of .1 ~1OS capaci­
tor bl'cat1,t' the p n:giou has higher rcsisthil) than docs the p region 

EXAMPLE 2 

\\n.1t l' tl1C' ~!Ott'(l ch:trJ1:t' ancl thv mtmbt•r of l'lectmn~ on .i ~1OS cap:,citor \\1th .u, .u'Ca of 4 llm' 
for :i d1clt."ctn,· of M 10-nm thick S1O_ .ind (b) 5-nm tl1ick T.'lp. :> Tlw Rppli<.-d voltage ~ 5 V for 
hoth c-.i..._.i, 

(al 

Figure 9.4 

[;/_, 
n 

Cb) 

f 
A 

SOLUTION 

(.ii 
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m3.9x8.85x l0 ' F'/cmx 4xl0. t·m· x~ 
10 ' C'III 

=6.9x l0 '<; 

"l11111hn uf dct1ruu,=6.9x 10 "C:lq= •'-'>< 10, 

(bl Ch.inJtinit !lat· dil'lt•t1.rk t-011,1.mt fm111 3 !J to 25 . cl I I k 
oht 1i11 Q <; <ss x 10 n (' I I ·• an 1 

1t· l nt m·s~ from IC! 11111 to :; 11111 ,w 
, • •• ,m, 1111111 ~r ol vlt-ctmll\ • ',.'>,5 x In I (;;q = :; 5.'3 x Ur • ◄ 

9.1.3 The Integrated Circuit Inductor 

lC induttors have hecn ,~iclcl) 11sed m 111-\ '-bas<·d mouol'tl •. · I 
. • ('l'IIC ) l I 1 • I lit nucrow.tH' inte~ralt-< <.·1rcu1ts ,, ,, s . \ \lit I l 1e incrca:.cd 5rw•ecl of si)i,:on d•·,1• . • d . d · ·t I . . r-- ~ , <:<' au .1 vall(."l'llll'llt III mul-

ti eve mterconncction tcchnolom.• re inductors lia,e 5t-1rt.,d to w,c,.·. I . . .1. N' • , ~ ,.: dH· rnorv .1111 more 
i!tlcntron m s1 rC'on-basecl radio frec1ucnt"I .t.nd high-frequc,i~· . 1· t· \I , , ., 
f • I , '-J app lei 1011~. . ,UI\' l'Jllu.\ 

o mt uclor5 can be fabricated u~ing IC procc~es Tit" 111ost nnp I ti 1' · I 
I . . . , • , . ..- II ar me 10< IS t I(• 

t 1m-f11m spir.1I mcluctor. Figures 9.5n and b ~how tlu:- top, ic.-,\· and th . ero ... · f 
·u ) j f C S\ ~c,1011 O 

~ ~, t'On- >asec , hvo- evel-metal spiral inductor To fonn ,l ~piml inductor. a thick oude 
'.s thP711nlly grown or cleposit~d on a sili_con substmtl'. The fi~t rm:tal is tlwn dcp0'iill·d 
and de fine~ a., one enc~ of the mc!uctor. '.\ext, :inotlwr dielc•ctric i.~ depo,ill>d auto met;J 1. 
A vu holt• 1s ~lcfinecl hthographrc.-.-Jl) and etched in the oxidl.'. ~letal 2 i\ dt:positc.-<l .mcl 
the• \111 hole is filled. The spiral pattern can be clcftnecl :incl ctd,ecl nn metal 2 ~ the 
scC(\nd end of the inductor. 
_ To C\.,\luate the inductor. an important fir,.ire of merit is the qualit)· f.1c1or. Q, whida 
1s dPfm~cl as Lw!R where L. R. and ware the inductance, rcsistanw, and ftt•riuc.-nc.·y, 
resp< cthely. The lngher the Q mlue. tlu: lower tl1e loss from resi,tancc. and lll'n('(.• the 
hett, r the perfonnancc Figure 9 .. 5c shows the cqui,·afont circuit modt>I for an IC indu<'­
tor. R ii. the inherent resisthit)' of the metal. C, 1 and C, i ,ire tlw coupling t·dpadt,tnt"" 
bet-.,,·eu the metal lines and tJ1e sub,trate. and R , and R . .irl' tht> resi\t,mct·, of tl1e 
silicon substrate associated with the metal lines, re pectiv<'ly ·Thi! Q ,·.Jut• incrl•,L..e-, lin­
early with frequenC.')' initially ,u1d then drops ,1t higher fl't.'qucnci1·, lx-c.111\t· of p.ira.,ihc 
re\lstances .mcl cnpacil,uwes. 

Some approaches cxi~t for i111pro,i11g the Q "alue. Tlie fir-l is to u~· low-<lil'lt.><'trit•­
ron,t;u,t nmterials ( < 3.9) to reduct' C

1
,. The other is to U\c ,1 tluck-filrn ml"t,J or low­

rcsishdl) metals (<'.g .. Cu. Au lo rcplac:e :\I) to reduce R,. The third .1pproad1 use, .m 
insulatin~ substrate (e.g .. silic.'011 on sapphire. silicon on ~la.~. or quartz) to reduc~· R, 

To obtain tlw exact ,alue of a thin-ft.I in 111d11c-tor. complicatl'cl simuL,tion tools mu.,t be 
emplo)e<I for both cirt:11it ~imulation ,mcl imh1t1or opti111i;,~1tion. Tlw modd for thin-ft.Im 
inductors n11.1~t t.tke into ,lct'Ounl the r1.•sbt,U1Ct' of the 111<.'tal. tlw c.1pac-ll,lllet' of the o\ide. 
line-to-li11l' capacit.mC\'. the re!'ist;u1cc of the s11l)\tr.1t~. tht> c.·.1pac:it.mcv to tire ,ub,tralt\ 
a11cl the induct:111c,'(• and mutual inductant't· of llw nwtal liues I knt't.'. it is 1110n: <liJnc-ult 
to ~lculatc tl1t• intcgmtecl inductance th:m to calcul.itt• intrgnttt-d capacitanc.'\.' or rt i.,tan<-C­
llow~,·er, a simple t•quation to estimate tlw ,quare pl.111.1r spiral inductur i, )!iwn .L~' 

L µ ,.,/r • l.2xl0"11:, (6) 

where µ11 is tlw permeabilit) in , ,1cuu1n (•17t x 10 - II/ml. L i( i11 henric>, 11 i\ tht• 1111111-
h<•r of tum, .. u1d r is till' radius of the ,pir.11 in rnctl'r.-. 
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(11) 

\f1ul 1-

,,,,., .. 

(bl 

Cc.-1 

\M,.I:? 

Omit· 

Figure 9.5 n d1<·m.1tic \icw of., )piml inductor on ii ~ihcon sub,t.ratc. (b) J'>t>r..p<-ctiw ,it-w 
.J, ,i: \ - \' r \n t'<3111,-alent ,,mut model for III intL,grat,-d inductor 

EXAMPLE 3 

fo·or .in mtcl(rJll'tl 111011<:tor \\ith an induct.met· of JO nil, what is tl1L l'\'<Jlllrt'd mdiu..<, if the mun­
her of tum, 1, :20:. 

SOLUTION r\t'l"Ortlmg to EfJ 6, 

I0xl0 , 
-----. =2.0Sxl0 111=:?0.8 µ111 
l.2x10 xlO· 

9.2 BIPOLAR TECHNOLOGY 

◄ 

For IC: ,1ppl1c•,1hon., . t·~JX'<,a.11) for\ LS) and L:LSI, the sizt of bipolar tnmsistors 11111\t 
Ix· n'<luc .. d to meet hi~h dcn,1h r11<111ircmt·11t~. Figure 9.6 illustrate, the reduction 111 

tile' u.e ofthl• bipolar trJJL~1.Stor in recent )Car., The main differences in a bipolar tr.in· 
,btor in an IC. comp.UL~ ,,ith .1 <liscrt'le tmnsistor . • m: that all electrode contact~ Jrt' 
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(dl 

figure 9.6 l~l·du~hon of tl111_ liuriwntul an<l vcrtic:.il dimcn\iOO) of a bipol.,r tr-.mmtor 
(11) Junction 1,olaho11. (bl Oxu.11• i'>Olation (c- and di S<.-alcd o,idc isol,uinn • 

located on lhc t~p surfa~e of the IC wafer. ru1d each tr-J1~istor mu\t be elcclrically iso­
lat<'<l to prC\·eut mteract1ous between cbiet:s. Prior to I 9i0. both the> lateral and \erti­
c-.il i~ )lation~ were p~>.ided btJHI junctions (Fig. 9.&). and the latl'r..J p 1-.olahun l"(.'g!On 
,v:,~ ,Jwa)~ reverse biased w1tJ1 re)pect to the 11-type t.'Ollcctor. 111 19il. tlwm1al oxide 
wu~ U\Cd for lateral isolation. resulting in a substantial reduct.ion in de,ire <i7,e ( Fi~. 9.6b) 
lwt".u,' tlw base and collector contacts ,1but the holalion rc~on. In the mi<l-1970), th1: 
emitter e.,tended to the walls of the oxide, re\ulting in an additional rcduction in area 
(Fig. 9.&). At the present time, all latero.l and ,crtical dimensions haw been st-.Jecl d0\,11, 

and emitter stripe widths have dimensions in the submic.-ron regiou (Fig. 9.6d). 

9.2.1 The Basic Fabrication Process 

The majority of bipolar tmns1stors used in !Cs .ue of the 11-p-11 typt• ht>cau<e the highcr 
mobility of minority carriers (electrons) in the b,ise region results in higheMJwe<i per­
fonnance than c·an be obtained "ith p-11-p types. Fi~ure 9.7 sho,vs .1 perspl'cbve vit·" 
of an 11-1,-11 bipolar trnnsistor. in which lateral isolation is pro,ided by o\ide w.tlls .md ,11r­
tic.J isol.ltion is pro,ided by the 11 ·-,, Jllnction. TI1c- latcml o\"idc i'iObtion approad1 redut't'S 
not onl) the de,icc si7,e, but al o the pam:.itic capacitanc1• l>1.-causl' of the smalll•r tlil-'lec­
tric constant of silic:on dio~de (3.9, t'Omparcd with 11.9 for silicon). This set-I.ion now t'On­
side.--.. the major process step. that an~ used to fabric-.1te the dt•,ic:e ,hown in Figure 9 , 

For an 11-1,-11 bipolar transi~tor. the starting material is a p-tYpe. lightly doped 
(-l01l cm '). <l 11>- or <100>-orienled. polhhl'tl silicon w.tfor Bl'c.msc• tl1l' junction, 
are fonncd insidl• the w1111c:onductor. the ehoitt> of <.'r\ tal orientation is not ,IS critic.11 
as for ~1OS de\'iC<'s ( et• St>etion 9.3) The first step is to fonn a burir<l la)cr The 111.uu 

purpo,c of this layer is to minimia• tlw st•rit•s re istant.'I.' of the t-ollct·tor A thid. oxide 
(0.5- l µm) is thcnnally irown on tlH' wafcr. and a window is tlum oi.x•nl'<i 111 tlw o\idt>. 
A pn•<iscly controlled ,unount oflow~'ne'R' .uwn.ic ion, (-30 ke\: -10-- cm ) is i111pLu1t~~d 
into the window region to si•n·e a~ a prrcleposit (Fig. 9.M . :--c,t .• 1 lugh-te,npenitur~• 
(-l l00°C) clri,c-111 step fonn~ the 11 · buried l.l)l'r. which ha.~ a t)pical ~,ll'l't n·,1\l,llll'1.' 

of appro,imatd) 20 !l/0. 
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11 • bun<'d hl\l'r 

p ,ubstr,,tt> 

r ~ b'-~--I' • dianstop 

figure 9.7 l't,l'J)<.'(-tiH' ,it"' of .111 o~dt>•1~ol.1tl-<l bipolar transistor. 

(c) 

Boro11 dwn,top unpl.ult 

I I T t t ♦ I 

~ 
(di 

Figure 9.8 Cro. Acctional vii." ' of bipolar tr.iosi\tor fabrication. (a) Buried-layer implant.1tion 
1/JI Epita:cial h1~vr. (c) Photon: i.sl mask. (cl) Chamtop implant. 

The second ~tep ll> to deposit an ri -type epitaxial layer. The oxide is removed and ~lt' 

w,tfer is plat-ed in an l'pitaxial reactor for epita:<ial p-owth. l11e thickness and ~he doping 
cona>ntmtion of the epita.xi.-tl lri)er are detem1ined by tl1e ultimate use of tJ1e dcvwe. Analog 
drrnit.s (with their higlwr , ·oltages for amplifl<:tttion) require thicker layers (-10 µm)_ and 
10\wr dopiJ1~ 1-5 x 10' cm 1), whereas digital circuits (\\ith theirlower voltage for S\,,tch­
ing) rvquire thinner Liyen. 1-3 µm l ;111cl higherdopings (-2 x 101

• cm 1
). Figure 9.8b shows 
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;1 cros~- t-etioual vit-w of thl' tlcviw af\cr tlw "Pita.u.J proccs~. :--;ot<· tht1t there· ll ~11111: 

outcliffuslon from the buried layer into Utt• c-pittt~ial L'l)cr To min1111ize outd1ff11 ion ., 
low-lcmpt-mturc epit;\.\i,tl process should be cmplo)<:d. and low-dilf11~i\ity imp11rilil~ (c.~ . 
1\ s) should he uwd in the h11ricd lawr. 

Tlw third step i, to fom1 the lat~•ml oxide isolnUon region ,\ thin o\iclc pad 1-50 nm , 
i~ thcnnally grown on the cpitiL~al la)er, followed by a silicon-nitride d1·po-ilio11 (-lOO nml 
If nitride i~ depo~itcd directly onto the silicon without tJ1e thu1 oxid<' p.id. tlw nitride nH\} 

cause damnge lo the silicon surfaoc during suh~C'C)11cnt hiit;h-tempcr:.iture ,tcps. ~l'Xt tlw 
nitride-oxide layers and t1bout half of the epitaxial layer are ctchl-d 11s111~ a pliotorc,1~t 
a.s mask (Figs. 9.8c and d). Boron ions are then implanted into the cxpo~ed silic:on ;tre:l\ 
( Fig. 9.&/). 

The photoresist i~ rc1noved, and the wafor is placed in an oxicl:111011 furrult~. Smt,, 
tJ1c nitride layer has a very low oxidation rate, thick oxides will be ~rown only in the are:ls 
not protected by the nitride layer. The isolation oxide Ls usually grown 10 a thieknc ~ \1u;J1 
that the top of the o:.ide be<.'Omes coplanar with the original silicon surface to minimize 
tJ1e surface topogrnphy. This oxide isolation process is called loco/ uxulatio11 of .,II/con 
(LOCOS). Figure 9.9a shows the cross section of tJ1e isolation o\icle after the remo\al 
of the nitride layer. Because of segregation e!Te<.-ts, most of the implanted boron ions arc 
pushed underneath the isolntion oxide to fonn a,, larer. l11is is called tlie µ· r:/101111('/ 

st"}> (or clwn.ttop) because tJ1e bigb concentn1tion of p-type semiconductor \\ill prc\.cnt 

r---=======~-r;::;::::~--a-s,0
2 

f ,,• 

i 
,,-oo,c 

(n) 

(b) 

(cl 

{dl 

- -p• 
chaMlOp 

figure 9.9 Cro~Ncctionnl vit'w:- of bipolar trou,istor filbric.thon (a I O,1 d~ i'<ll.ition 
implant. (cl Remo\.1tl of 1h1n o'<idc. (1/J E,ntllcr ,ind t-olk-ctor unpl,ull 

ti, ) B; "' 
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I I , t t,I .. lu.,h-cond11d1, ii:\ p,1tli- (or cl1an11f'ls) a11101lg lll'ih'•· 
•m\'Cl'lOII Ill t• 1111111,1 l'J)(l'-'1 , ~ ",I 

bonn11 I umc,cl kn•1, · I k 
n

,:, r l • t rorrn tilt' h c.,• 1t•i,oi1. \ photort•,1st 1s u,t·c "-' a mas to pm. 
1e ,ourt I ,tt·p ,~ 0 1' • 11 ) I t <l t f, 

I Ir I I _. , l1i •n !x1ron ion, (-JO c111 ,lrt' unp UJt I! _o 0011 the 
t .:t tl1t• m::l1t i,1 u I it• ul'' tt'> • , • . II l 

I F. . 9 !:lb \ notht>r hthoi,.1pl1tc pl"O('t;_ ·,s remo,cs .1 t w t}1111 
hi: e r,~OIL '' I<)\\ II Ill 1v;un • ' ( "'· 9 "~) 

d 
l it t Ill JI ure' lit' ir tilt' c-t•nt,•1· of till' h,1sc fl'~(,)J\ r1g. .;x.· • 

pa o'.11,n ,,<r'1''11 • ' ,· "o .·,, tl;e ('111ittt•r r1·irion. \ , shown ill Figure O 9d. th(• ba~1: 
11• 11 I 1 ' t'.P '' 0 1' r . • I • J 

I t I b' 1 
J>hoton•,i\t uH~sk Th,•u, .1 low-,•1wrg_v. u~ 1-arsemc-do\e 

,; n1 1ct area 1, P"' \°(; ,., • l II t t t • - I t t 
O I 

fonn, tlw 11 - t•1111tt1•r .111d t it• 11 co et or con ac regions. The 
-10 cm imp .u1 a I t r l t t ti b 

___ 1 I '1n J ml'l.1lli1..tlion ~lt•p ,onns t 1c con 11ct~ o 1e ,\S(', 1:111,t. 
photorc~t i- n.•1m1,\"U, am •.• 11 • • _ 

lt•r aml roll•'<-1or, IL' ,lau\\11 nl f1~n 9.,. . . . . 
h

- l . b IJ (ll"OC('ss then.• lrl' si, film fonu:1t1on operation~. ,Lx hthogmpltic 
In t l' ,a,it· 1po 1 • • , E I • , , ... t tion, 111d four l'tching opcr,1tions. nc I opemtion mmt he 

O(lt'r .. uou\ ,01ir 1011 1111pJJJ1 •1 • • • 

J 
' 1 U .. , ui•l 1,10nitorcd F:ulUT'(" of am one of thl' operations general!) wiU 

pn'<.1.'l' \ l'llll ro l'U • ' • • 

render tht' wafer u,el,,-, . . 
11,.. clorine prufiJp, of the: t'Otnpl<'tl:'<l ta.m,istor ,1lone: (\ coo.rd1nt1te pe_rpe1~d1cular to 

I 
..r, d p··~,

111 
.. tla~•u<'h tlw enuttt•r. l,,1.,e. ,u1d colh:ctor ,ire sho,,11 in Figure 9.10. 

t ll' ,urntt .UI -~ ... .., to _. cl, _I.IT. • • f 
11,e ._.mittu prufilr. 1, ibnipt \x'C.a~e oftlw cont"l'l\trotion-ue~•l ~nt uu,u~1~1l} ~ ~ni: 
11i,• b,L-e dopinl! prolilt> b<'n,•.ith tlw emitter can be ·'.PP~OXt'.nat,<l h, n C.m s~nn dis~n­
l>ution for liuute-<l -..oum.> dilTusion Tlw colll't:tOr dop1n~ ,~ given by tl1e epita.xial dopmg 
bd (-:? x 10 cm ) for a repre,e11t.1hve "'itching tro.ns1~t~r. li:owc, er, at large~ depths, 
th<· ooll~tor dopuii't l'01ltentr.i1Jo11 increru.es because of outdiffuSton from the l>uned layer 

!l22 Dielectric Isolation 

111 di(' 1.soLition ~dat-mc de'.'t'ribed pre\iousl) for Ull' bipolar transistor. the device is iso­
Ltt~I from other cfe-.icc b, tl1e oxide l,,)er around its periphel) and ~ ~lated from its 
rornmoo ,

11
\»tmte bj •111 p junction (buried layer). In h.igh-,-olt . .ige appUCcttions, a dillcrent 
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.ipproad,, c.illl•d dkl1·ctrlr l.111/atlo11 1, u,,,11 to fom1 in,11h1li11g tuh, to 1,ol.ih• ,1 uumhn 
of pockl't of ,mglc-t·I') st.1I wmit'011dm:tor<. 111 tlu, apprn.1c-li till' dt.·\1et•" i'41l.i1t·d lrom 
hoth its t'Olllmon ,uh,trah• and ,t, ,11mmnd111g nt·111,hbor. b) .l clh·k'('tric 1.,,,·r 

1\ proct'" \l'C!lll'llet• for tliclt-<:tric- i,ol.1tio11 1, ,howu m Fi~1n 9 11 ,-\;1 o'.\ide l.,,,·r 

'.' fomwd U1'1cl'.'. ,I .. l O(h-O~('lllt·d ll•tvpc ,iJit'Oll ,ub,tr.ilt· U\111~ ln~h-,·nt•r~ O\)gt•n ·,on 
11npl,111t,1tmn <F•!!· 9.1 lfl ) Nc>xt tlw ,,afn umll'rg01,, a h1gh-tnnpcr,1t1m· a11111,;1(111~ pru­

t'<'"~ \O that tlw 1111planted o,,-gcn will wact \\ith ~ili1.'011 to fnn11 tlw o:tid1· l:iwr 11w cl.1111-
,1)!c rt·,ullin!! from i111pl.ullalion h .,l,o ,uuwalNI out in thi~ prOCt',, (Fie · 9.1 lbJ MtN 
thh. we ohta111 1111 n , ilicon la)W tliat i'> folly 1,ok,tc•d on an OIOUt• (nimwh .1 ,ilicon-un­
in~11lntor. or SOl. la>cr). This pr~<,,, ,, c.illc•d SIM OX (scp.1ralton h~ 11npl:111k<l oxy~cnl. 

inet• llw top ~'.lic'011 is so thin, tlw i~olation n~gion aJ, e.1.,il)· fomwd h) tlw LOC O pru• 
w~s illu~tmte<l 111 Figure 9.8r orb) ,•tc:hlng a tn.:nch (Fil! 9.1 ld anti rcfilli11~ it \\1th m1d1· 
(Fig. 9.1 ld). The other prUCE'~~es are :tl1110,t thi: Sllllll' ru. those III Fig11n•s 9.~ thmu)!.h 
9.9 to form thl' ,,-type ba,t', 11 • emillc·r. and 11 c.-ollv<:tur. 

Tlw 111.iin adv.111t.ige of th6 teclmi11uc bits high breakdown \'Oltagc bc:l\\\'t·n tl1,· ernit­
ter an<l tJ1e colll-t-tor. which c.ui be in cxc.-c.ss of SC\'cml hundred ,'Oil\. Thi, k"Clinirp1c 1, 
aho rompatihle with modem C~IOS integration (St•ction 9.3.3). This C~IO~-comp..1til,J., 
pro<.-t,,, L~ \'Cry uscfol for mixed high-voltage and high-density IC~. 

9.2.3 Self-Aligned Double-Polysilicon Bipolar Structures 

TI1e> proc:css shown in Figun; 9.91' needs ru1othcr litl1~ph.ic. tcp to <l1·fi11e an o,J(k' rc~on 
to se[><'lr.\le the base and emitter contact regions. Tiu~ gi,·c\ ri,,. to a brgc inacthc tle,iC"t• 
area \\ithin the i~olate<l boundary. which increases not onl) the p.i.nc.itic: c.ip,1cita11n·,. 
but aho the resistanCE' that <legr.1de tran J tor perform,incc. The mo,t clfocti\e w.i, to 
n:dut'c- these cfTccts is by using n self-ali[!.11<'<1 structure 

. 
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i 

11•1)-pt' 

(n) 

s10_ 

II 

kl (d i 

figure 9.11 Prucc:.., w,1ucn<'< for dil'lt·<:tr'ic hohtlion b,pol.,r dl•"L" 11,inl! ,,lico11-011-m,ul.1tor 
for high-,nh.,~t· ,ipphc-.ilion. (al o,,)')!l'II ion m1plnnt,1llon (/1 \ mic,1l1111! al ln~h lcmp• 1at11~, 111 

fonn tl1• isol,1tion <lidl"Ctnc (cl Trench iwl,10011 fom1ctl h, •• cir\ t•tdun):. pro(.,-" (,/ 8·•" 
emitll'r. ,111d wlkctor fcin11ut1on. 
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Tht· hKH ,,i,IC'h u,t'll ,dl~.J1~ll'd ,tmctu,c" tlw douhll·-poh ihtt111 , tn1cture \\l tli 

\";Ult -..I ,-ol ,tic,n 1;m\ldl•<l b~ ., llt'tll'h n·fllll'<I \\ith poly,alit-on. ,!town m Fi~un• 9 12 
f<ii:un: 9 J, ,110"" tlll' dd.ult'll ,t·11ue11t'l' of ,tt·p, for tht' ,df-.J.ii:,w<l Joubli•-poly,11icuu 
0-,....,,) lupaLtr ,tnil-tun•." Th,· tnm,1,l(lt 1, built 011 .111 11-t)'pt• t'pit.l\l,il layer A t l\•tid, 

ppm•.unatrJ, ,.0 µ111 111 tl<'pth i, t>tdwtl b, n·,1<.11w iou ,•tchin~ through th,• 11· ~ul><:oJ. 
lci:tor r~1'()n min d1t> 1, <uh,tr,llt• 1'."l!i<ln \ tlun l.1\\'T of tlit•nnal t>\Ult· ,, tht'n ~ro\\1t .uid 
M:1' , tlu· n-.·u 0,itll· for thl· d1,111nt·l ,top 1111pl.mt of lx1ron at tlw bottom of the 
tn>1ich ,i,e tn:·nd1 1, thc11 fillt•d with 11ndopt'<I poh,1hron und cappt>d b, ., thick planar 
firJd o.,1d ~ 

nie hr,! Jll'~ tlll'OII l.1, l'r I\ tll·po\llt·tl .md ht'a\.il) dop1:d wit!, homn Tlw p. po))"Si). 
lron (rollt'd poh I) '"11 lw mt·d .,, .a ,olicl-pha.w tliffu<ion ,ouret• to form tlw l'\trirl!.i(' 
b,;,,. r~n and tlu• ~l\t' ..11-<tmc.l,• Thi, IJ}t'r 1< C'O\\.'ted \\1th a chemic-.1.I ,.apor d<.'pcxi­
llon o'Oc.leand mtn,lc (Fi~ 9 1311). Tlw t'llllttl·r tml)k L\ uS(.-d to p.1th:n1 the em11tt•r regions. 
11ml I dT\ e1d1 pAA't''-' i, 11-.ed to pmc.lut-e .111 Op<.'ning in the C \ D oxide ,u1d pol) I 
Fu: 9 l,lb) \ tl1t•m1.1l ,,,ult• i, tln-11 ~m\\11 o,er the etched strul'tul\ ,ind ,1 rdati,elv 

tlud.; mu!.~ (,11>pm\1111lltt>I) O.J-0.1 µml L' ltf'C)\\11 011 th<.' vertical sidt>\hJls of tlw hca,i]; 
dvped pol) ·n,e tluc kilt'" tif thi, O\Jdt• dctcnmnes the spacing between the l'<l~e of the 
ln-.e and t>1mtter <.-ont:iet,. Tht· l·,trin,it· µ· b,Lw re~ons are also formed durin~ the tlwr-
111.il m1dt• ~,1h ,kp a.- .1 rc>sult of the outdiffu<ion of boron from the poly l into the 
,ub,trate (F1(: 9 13c). 8t't·.1u,t· boron <liff11s<.'s laterall, as \\CII a,; vertically. tJw e,trinsic 
h.t c ~<1111\ill be .,bit.' to 111.1kt' t"Onlact \\iUa the tntrtr~1c base n.,mon that IS formed next. 
umk-r the l'uuttn t'Onlatl. 

folk,.\in(! tJ1e 11\idt• l:nl\\th ,tt•p. the intrinsic b.lSt' region IS fanned ll!'ing iou impLm-
1, 11011 ofbomn (Fig 9 13<1>. Thh scT\t'\ tu st>U-align tJ,e intrinsie and e~tri.nsic b,lW regions. 
:\flt!r tlic ro11t1K.t is dt·ant"<l to remo,e anv o\idt' Ll>er. tl1e scco11cl pol}~iliron layer is 
depcNteJ and unpl.utlt'tl \\ith ,b or P. Tlw 11 · pol) ili<.-on (called pol) 2 i u ed as a soUd­
plia-c diITu,10n ,;ource to funn the emittt1r r~on and tJw emitte:r elt.>ctl'(Y.k. \ ~hallow em.it­
ll'r ~011" tlam fonni:<l through <lop.mt 011tdiffus1on from poly 2 A rnp1d then11al anne-.il 
for tl1e b.1."'~ and ,•mitler outdiffu~ion ~tep, fac1htates tl1e fomiation of shallO\, emitter-base 
uul roll,'(.-tor-ba.-.e jundion~ Finall\'. Pt film is <lcpo~ited and smt<:rro to fom1 PtSi o,er 
tlw ,,. pol) 1hrnn ermtkr (llld tJ1<: p· pol) ilicon base cont.1et (Fig. 913r). 

TI1L.~ ...,1f • .J1gned stmth1rc allows tht' fabrication of emitter regions smaller than the 
minimum Ltl1<>'~phic dimension \\1wn the <iclewall-spacer oxide is grown. it fi lls the 
mntac·t hole to '\Omc dl~ree h,:c.uL-.e tl1e thenual oxide occupies .i 1~,•r volume th.111 
th,• ori~n.J ,oluuw of polysilicon. Thus. ,m opc:rung O.S µ111 ,\ide ,\.ill ,hrink to about 
0 4 µ111 .r ,1<k'\\, II o-odc 0.2 µm thick is gro,\1) Oil each sid~· 

E C 

figu,- 9.12 <:ros, S<Xt1on uf :i M:lr-al1i,wJ doohl pol~,1hcon h1polar lr.m,l\tor with ach ,lll(,:d 
tn-n, 1 1 , ' , t,, n • 
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► 9.3 MOSFET TECHNOLOGY 

9.3.1 

\ t p~ ·nl. tlw \1O5.FCT 1, thl' domin.mt dt•\1et· u,C'c! in UL.SI c.•irr1'.its lwcm1w it e;111 1 ... 
w.\lt-d to , 111,JJt,r tl1nw1Nom th,111 otlwr hpt;'~ of dC'\1<.-c,. The: dominant h•chnol<>K\ for 
\IO fl-..T 1, c '.\JO<; romplt•uwnt.lf) \ 10 FETl tedrnoloro. in which bot1111-cluuuwl an<l 

1,-c J1,11111d tit•, in.·s (cilk'tl X ~ 10 .md PMOS. rc,pt'<:''\ l'.ly) art· pro\~ded on tlw same l'lup, 
G.\10 lt-chuol~ 1, p.u1m1br .1ttr.1cti\l• for Lil.SI c.·1rc111ts h<.>c.1use 11 hns tlw lowP,t ()O\\'er 

,v1isun1ptl()11 of .JI IC' kchnol())t\. 
Fii:iin• 9.11 ,how, till' rtc"dut'lion in tlw ~izt.' of llw ~1OS f ET m rt't'Cn t years. In th<­

'.irh 19;0,. till' c;ak lt•nl!th \\ ,l' 7.5 ~1111 and the t'<>rresponding dt·,i<.'t' a n >,\ ,,~is al,0111 
6000 µm u tht• dt•\i<.'t' is ,c.·all'd dt1\\11. thcrt' 1s a dmstit n•duction in the devic1: arl'a. 
fur a \10 Ji ET \lith a ~att· lt•n1.,rth of 0 5 µ111 . the dtc"1icc an.•,1 ~hrinks to It's:. thm1 I% of 
tht• tr.irh \10 FET. Dl'\ 1('(• 111i11iaturi1.1lio111\ t>-q>eclt'd to continue. Tiu.• gntt• length illill 
prul>.lbl\ <ll-<'l'l',L\t' to k,,, than 0 10 µ m 111 the c.•.irl) t\l'l'Ul)-first t~nlury. The future tn'nd, 
of ~IO!)fET dnm:~ .m· ron,iderecl brie0y in l'Ction 9.i 

The Basic Fabrication Process 

figure!) l.'> ~how~ ,1 pt'l'P,:t:t1,l· vic1\ of ,Ill 11-diannC'I ~IOSFET prior to final mclalliz.1. 
tion ·Tht· top l.1wri., a pl10,pho111~-dopcd silicon dioxide (P-gla .. ~) that bused ,l~ an insu. 
l.itor bt.-1\\t't'II tlw polysihcon gall' and the gate metalli,.ation and nlso ,l, a gettering la)er 
for mobJe 1011, Compare Figure 9.15 \lilh Figure 9.7 for the bipol11r tnim~tor and note 
th.,t n \(O!>Fl.'T is t'lm,idcrabl) simpler in it~ b;~ ic structure Althou~h both de,ices use 

rt"\,'l(UJ 

0.511111 

~ U µrn:) 
:~-u l x 0.1 µm 

1) J µin 

figure 9.14 R1'<1nt11on 111 tl11, :in-a of the \10. FET ~' tlw ~.,tc lcni:th {1111nimu111 rl'.1l11rt• 
I, r ~th i, l'l-dua:d 
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Pol~•,ltt,,n 
gult• f'ld<l o\l,I.• 

Figure 9.15 1'1:r.pt'<:ti,1: view uf .m 11-d1.,11n,•I \tOSFIT: 

late:'J oxide 1solalion. tJ,cre is no need for vertit~J isolation in tlw \IOSFF.T, whcre-.u a 
bunccl-l:1y~r 11 -p Junction is rl'quircd in the bipolar traruistor. nw doping profile in a 
~!O~FE:r IS. not a.~ t'Ompl_i~·ated ,lS_ that in a bipolar tr.u1sistor. and C'Olllrol of the dopant 
d1stnb11tion 1s al.so l<>s~ cnlic.~, 1_1us ,(-<.·hon 110w consider. the major proce,~\ lll-ps tli,lt 
arc us<:d lo fabncat<: the <le,1ce 111 Fil,rure 9.1.5. 

To process an 11-channcl MOSFET (NMOS). the starting, material~ :tt>•tvpe. li~htl . 
doped (-,10

15 
cm-

3
). d 00>-0~C'nted. ~lished ,ilicon w,tfer. n,e < I 00> ori(•nWtiun is pj· 

ferred 01 er <l 11 > because 1t has an 1nterfac'{' tmp <lcnsil) that is about one-tenth that 
of <l ll >. The first step is to fonn the oxide isolation region using LOCOS technol~. 
Tl~c process seq~ent-e for this step is similar to tl1a1 for the bipolar tr.u~istor. A thin pad 
o~de {-35 ~111 ) is lh~rmall~· gro1111. followed by a silicon nitride (-150 11111) tlc•position 
(F,~. 9 I~). The.ach1c dc\lce arc:,1 Ls dd'ined b)· a photor<'~i~t ma.~k and a horon chanstop 
layl!r :md 1s then m1planted through tlw compo~ite nitric.fo-oxide layer , Fig. 9.161,1. Tiit• 
nittidt: larer not t'O\'<.'rl!d by the photoresist mask i~ sub~equcntl~ re,nowd by t•tcbinJ!. 
After stripping tlie photorc,ist. tlw 11•afor ~ placed in an oxidation fuma<.'I.' to ~row an 
ox,di: (c:,tlled the field oxide). where the nit rid<.> layer~ remo1 ed. and to dril't: in 1111: boron 
implant. The tl1ick11es~ of tlw field oxide is 1)1>ic.JI} 0.5 to l µm. 

The second step is to grow the gate oxide and to adjust the threshold voltaite- The 
<'Otnpositt• nitride-oxide b>er 0l'er tl,e acti\'e cbice an-a 6 rcmO\t-d. and a thin g.1tt> oud,• 
la)er (less than 10 nm) is grown. For an cnhanc-enwnt-modc 11-channc>I de\ice. boron 
ions al'(' implm1tcd in the diann<.>I region. as sho,m in Figun• 9.1 Gt. to incrt•,ISe the tl1rcsh­
uld \'Oltngc to .1 pred<.>tmninoo ,.1h1e (e.g .. +0 .. 5 \ '). For adeplt.·tion-rnodc 11-c.11.1.nm·l clelit,· . 
. in.cnk ion:. arc implanted in thl' channd re~on lo decrease tlw thresholtl \Oltagt· 
(e.g .. -0.5 \'). 

Tlw third step is to form th<> ~ate. A polrsilicon is dC'po,ited and i, lwa,ily doped bJ 
c.liffu~ion or implautation of pho~phoms to a typical sheet rcsht,llll'C of 20 tu 30 
Thi~ resistance i~ adcquak for ~IOSFETs 1,ith l!ate lengths la11:,'l'r th.Ul 3 µ111. For small,,r 
dc,iC<'s. polycidl! (a com~ilc l,1yer of metal silicicl<.> mid polp,Jicon. sud, a., W-polyddt•} 
c:;m bl' u~ecl as the gatC' matcri;J to reduce till' ~llt.'et re~ist,mcx> to about I 0/0 

The fourth ,tt>p i~ to fonn tlw -.oun.'C .md drain. Afkr tl1<.> jt,llc i.s p.ttknlt"<I l Fi~. 9.1&/), 
it ~rvcs :ts a 11111.~k for tlu.' 11~t>nic i111pl.111tation t-30 kc\ : -5 x I 01• cni':, ~u fonu the soun-e 
:md dr.lin (Fig. 9.1 ia), which .ire ,<.>lf-.11ie;ned \\ith n.•~pt'('t to the gatt•. At this stage. tin.• 
only overlapping of tlw ~alt• is due lo l,1tcml slm~lin~ of tht' impl.111t1'<l io11., (for 31.1-k~•\ 
\ ,. a is only 5 nm). If low-ll'1111wmtun· pm<..'l.'sses art• tN.'<l for suhst'<}t1tnt ,teps to 111111-

1111i1.e latc•rni dilTu,1011. the par.t,itic gatc·-clrain and g,11t•-so11r<.'t' <.:ouplin~ l~1pacitanc.-i~ t,m 
be much ~rnalll•r tJ1,u1 the gate-diannd capacit~u\CI'. 
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Figure 9.16 Cross-sectional ,1t.'\\ vf ~\!OS fabric.,tion "''llll'llt'\'.r fo) Fvn11a.Uo11 of S10 .. Si :\ ,. 
1111 pl,uton"'"' byr" iii) Boron 1mpL,n1 ,., f1dd uud1·. fd } C:Jlt:. 

Tht• la,1 ,tq> h mt-1,1lliz.ition. A pho,phoru, -dopt.•d oxid1• (P-,zla." l h dt:positt>d owr 
rl,e rntm· w,1f.-r .md b flowed b) heatin~ the wafer to ghe a swooth s11rf,1<.-c topogr,,ph) 
(Fi'· 9 17/,). Conl.tc·I ,,indcm Hr•' cf,,firll'cl anti ctdwd in the P-~l.t.~s. A 1111:t.J la>er. ~ud1 
1, Jumm11111, 1, tJwn dt1JXJ\1tecl :111d pattt·m,:c.l. ,\ cros~-,1·ction.1l ,;,.,, of the complctl'd 
\10 FET 1, , 110\\11 in Fi!!urt• 917c .u1d the c-orl't!,pondinl{ top ,iew t\ ,ho\\11 in f 1gurt> 
9 17d Tlw ~.,11• t-ont,,c:t i\ 11,u.JI~ uudt· 011t~1dr tlw .1cuw dt•,it-t•. n•a to a\'oid possibl~ 
d.1111,11:,• to tliP thin g.11t- o\idc. 

EXAMPlf 4 

\\'hat u tlat> m; \1111u111 ',!.,tc-to-sonm• ,-olt •I!•' tla.,1 \fOSFET \,itl, 11 S-11111 ~iill' midt· c-.u1 ",th­
uud~ h\11111r tl1a11hc· o.u,11• brt•,u..., ,111,\TI ,t \ ~l\'/un mtl that 1lw ~111i~trnk wlt,,~t• i, wru 
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Figure 9.17 ;-..~IOS f.ibrk,1ho11 ,eq11cnti.· " (n) So11n.1.: and dmi11. 1/,) l'i!l,M depc,-1tio11. k) C ,,..,_ 
wt m 11 uf tht• ~IOSFET (d) Top \ll'\\ of tht• ~IOSFET 

9.3.2 Memory Devices 
Mt'1t1orie, ,m• de, ices that can 5lorc digital infomrnlion (or <lat,1 I in tt·nn, uf 1,1/\ • hin.,~ 
d.igit ). \arious nwmol) chip, hau,• lwc:n tii•,ig111·d and fabric.,tccl 11,111g ~\IOS tt-duml­
o~. For mo~t large 11u.•111orit•\, the mndom ;"'C"t''-' 111e1110~ (R:\\ll oma11iJ.11iun ,, pn·­

f,·m·cl In a HA~I. menlOr\ cdls an• o~ani,l.'cl in a 111atri., ,tmcturt·, .mcl clat., t.111 II(• 
H<"<'l'\\(•d (i.c· .. i.torcd, rt>trie, 1•d. or emwd) ill random order. ind1·pt•111lt•nt of it\ ph~,it.J 
lo<:ation A !otatic nu,dom .,cc·t"-s mt•mol') (SH.\\t I c,111 rdain ston.-cl clat., incld1uitdy a., 
long a~ thr pmwr suppl~ is on Tlw SH HI ,, h.,,icall~ .1 flip-llop circmt tl1.1t l~lll ,tnn.· 
one hit of infomrntion An SIU M c,·11 li.L, four l.'nhant'<'ml'nt-modc \IOSFET~ 1111d t,\n 
cleplt•tion•mocle MOSFET,. TIil' clrpletion-modt• MOSFETs t·,111 ht• n·pl.tC\·d h) n-,i,­
tor.; funned III undopt·d poly,ilicon to 1111r1i111ilt.' po,wr t'tlll\11111ptinn.' 

To rt·<h1t't' tJw cdl ar1•a .uid po,wr c:ons11mptio11. thl' d~ 11.unic• r.mdo111 llt't't''\ 111<•111-
t>I')· {DR.\M) Im, hel'll dcwlopt•cl. F,gun• 9 lbt1 ,hem tlw dmnt cli,tg~.1111 of tht· lllll'· 

tr.ut.,hlor DRAM t't'll in which the tmn,,,tor ,1:r\t'' ,t, a '"1td1 .111<! one h,t of 111fon11.1llo11 
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Figure 9.11 ml'(lc-lr.111,~\tor DRA\f cdl "ith .1 ,tor.11,w capacitor· (a) C,1n.-.ut diagram (hl Cell 
L.}0111 (' Cm-, t'(.tloo tJ,ruu~ /\-A' r/J Double-lt--.d polpilic.'On. 

c.-.m be ston·d in the \tor.1~e t,1pacitor. TIil' voltage level on tJie <.·.1par1tor dctcnnines the 
,tatl· of tlie c-ell. For exampll·. + L5 \'maybe dd1ned as logic 1. and O V defined as logic 
0. Tlw ,ton·cl ch,1rge ,,;11 be remm ed typi<'alh· in a few milJisec:oncb, mainly bec-Juse of 
the lt•;tkag<, current of the cap.1<.itor.. Thus, d)1iamic memorit·s require periodic ·refresh­
ing' of the ,tore<l chare;t'. 

Figure 9.18b ,how, the l.1yout of a ORAM cell, and Figure 9.15': shows the com:­
,poncling <.·ro,~ <.ection tJ1rou~h A A' Tl1t• ~lome;e c.tpalitor uses the c:hannel region as 
one pl:1tt•, tlw pol~ ,illcon ~ate as tJ1c othn plate. and tlw gate oxide ,L~ the <liclcctric.111e 
row Lim: i~ ., met.ii track to rninirni1..c tJw dcla) due 10 pam.silic rc\i,tru1cc (R) and para­
,ilJ<: <·,1p,1<.it,uwt· C) tlw pmduc:t of which i~ tJw RC dday. The column line 1s font1l-d 
~ 11· tW'fu,1on The intem.J drain r<>gion of tJ1t· ~IOSFET ~<·rws ,l~ ,1 conductive liuk 
heh,c·Pn tlw imcr..ion la\'er,; uncfor the ~tomttc gate and tlie tnmsfer gute. The drain region 
um Ix: cli1111nalt:<I w,ini.: t11!' double-l~vel poly~ilicon approach show11 in Fi_gure 9.l'id 

U-J 

1'1w wt-ond poh,ilit'tlll Plc·<·trod1• h scp.1mted from th . fl t I ·1 
I . • I . I· ' ti . I . I · 'I , .,, po } ,1 11-011 c:apa(.1tor pl.,tc 
l) ,m O\lt I ••}tr 1,1 i, t wnn,u ,. ~mwn 011 tlw first-I .. •I I ·1· I f, 
I I I I I ,.. , · 1 't po , \I lt'On )(• on• tht• \t·corul 

t• t•t•trC>C t• t:L~ 1t•1·n t l'mllicl Th,• cl1.ir••l· from tht: >I I • I 
. . I J· I I . • ,.. '" 1111111 Ill!' um t u.-r1•fore he· tr,u1~-

nutll < 1r<.'cl} to I 1c ,m .i under tlw ,111r:1«l• ,,,t .. b, th · f •,.. .,. • t: lTmt111u1ty o m,l'n.ion I , • unck•r till' tr,msfcr ,uicl ,tor.i)te gate•~. • • a,t n 
To mt·t!l tlw n•quir<.'ntl'llt\ of h.igh-dl•nsih DHA~ls tlu· DI" •t I I 

I I I I · I li . • • • '"·' \tru<.-ture 1,l, lf't'n 1•,tt ·m <.'C lo I te t urc < mc•n,1011 with \tackc·d or trt•ncl c· n· .. t F · I 1 1 
1 -1 .. ,1t1 ors. 1j!11rt• \U9n :.hO\\" 

,l sun() e trcnc I tt· 1,tru<.'turt· • Tlw a,h~mtua1, of the tn•n~I t · tl I • · I II I · .., ~ 1 ypt.• I\ i.it l u_. c--.ipa,it:111<~• 
ot t w t·c ca11 ll' 111crca:.cd hv inc-rc•asina the cl<•pth of ti,•• t-•n~h \YI.ti t · · h 

f . _, ., ~ .. ~ mu mcrt•.ismg t l' 
,urfocc art-,t o silicon occupu:d b)· the cl'II 11w 11nin diffi,",lti" r aki I . • " .:\ o 111· ng trent· •·t\pc· 
et•lls ilfl' tlie etc-lung of the <let•p lrc•nch whid111t-cds a rm111•1<··1 l>0tt d. I . . . • , "-' um oomc-r. an l 1c 
gmwth of a 11111fon11 thin dielectric film on tn·nch \\·ill• F'1·m1h, 9 191 t .1- I • ~- ,.... , ~ . 1 s 10\\~ a \lat'J<1•< 
~ell stni<.'lun.i The storagt· cap~cita11cc incre,L,('S :ts a n·\u)t of stae:lcin~ tlit• ~tor,1gc• CJJ)JC· 

1tor _o~ top ~r tlw ilCCl'SS tn111,1stor. Tltc WPlcctrit: L\ fomwd •~ing thl' tlwnnw o:udaboo 
or C~ D mtnde 11wth1xls between the two poJy5iJico11 plate~. Hent-e, the stacked <~•II rro­
C(;'ss 1s l',L,1er than the trend1-typc pl'OC('\S. 

. Figure 9.~0 shows:' 1-Cb DllAM chip. 111is memory cl1ip II!,(•\ 0.1$.µ 111 dt-"iRn nilt..,. 
french capac:1ton; .uid its pcriphcnJ circuits arc in CMOS. which is discussed in. Se<.tioo 
9 3.3. The mc111ory chip lw an arcaof390 mnl (14.3111111 x 2i.3 mm) that contaiMQ\~r 
2 billion components and operates at 2.5 V. 11,Ls 1-Ch DRAM is mounted in an &S-pin 
cemmic package. wluch c:.1n prO\ide adequate heat dissipation. 

Both SRA~I 1111d DRA~I arc volatill' memories: that is. they lose tlwir stored data 
\\hen pown is switched off. Nonvolatile memori11s. on tlie other hand. can retain tht'ir 
dat.1. figure 9.21a show:. a Ooating-gate nomolatiJe metnof\·, which is basicallv a con­
wntional MOSFET that h.ts a moclifled gate electrode. The ·,-ompositt• gate ha.~ a regu­
lar (control) gate and a floating gate tJ1at is s11rro11nd1.-d by insulato~. Wlwn a l~c posith~ 
volu~._. is appli11d to tire control gate, charge will be injeckd from tJ1e channel region 
tJiro11gh the gate oxide into the Ooating gate. \\111:n the applied vo\t,,ge is remo,·t-d, the 
iujrcted clm~e c-.m be stored in the floating gate for a long time. To rcmu, e tJ1is d1~c.. 
a lar~e negative volta~e must be applied to Ute control gate so that the cl1~e will l>t: 
injected back into the drnnnd ~on. 

Another version of tJie nonvolatile memory i., tl1c ml'lal-nitride-oude-semicondu<.-tor 
(MI\OS) type shown in Figure 9.21b. Wlll.'11 a positive gate volt,1ite is applied. dectruns 
c-,m tunnel through the thin oxide layt.'r (-2 nm). be captured h~· the tra~ at the 
oxide-nitride interface, and thus become stor,-<I charges 1h,,n,. 111c e11ui,al1•nt ctrt-uit for 
both types of nonvolatilC' memories can Ix· ~prescnll><i br two c-apacitors in seri1•s for the 

Bit bnt-

(o) (bl 

Figure 9.19 (11) OJU\I \\ilh ., tl\'rtch l"l:11 ,tml'1111\',Q t/J Olt\'.\I \\1th ,1 ,11111,lc,l.1~,·r ,txl,.J­
c.ip,ictlnr cdl. 



Figure 9.2D ~ I-Cb OR.\\I that (."()llt,un, o,l'r 2 billion <.'Ornpc>ncnts. (Phot~lph oourtc ~ of 
lli\l 1c:mc.-n, 1999 IEEE Int ubd St.,k Cut'Uit Conference.) 
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figure 9.21 '1:()n\'olahle mcmor. UC\icc- (11) Floahllit•~,1k 11om1>latilt· m<.-mo~. (b) \!~OS 11"' • 
\'OU.I 1, r on r. t:,1111\'alent crrcurt of 1•itl1t·r typ<• of no11\"ol,1hle m<•moi, 
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~ult• stni<.iurl•, ,l, 1llu,tmh•d in Figun• !J 21c. Tl11• d1argc, ,ton•d in tl11• c,p; r
1
tt>r (C

1
) crmse 

,, sl111't iu dll' tl~11•,hold \olt,1.g,· and tlw dl'vit(• rt•n1,1111, ,1l tlw higlrn thrt·sliolcl \olt.,g,, 
sluft' (logw I). For ;1 ,wll-de,11,,rtwd rn<.-111or-y dc,1cc, tl11• d1arg,• rl'l<'ntion tiuw c;

111
1.J4, 

0
,,., 

LOO) l'.lr-. To er,l\1• tht: 111(•11101) (i.1·., tllC' ,tim•d drargc) and n·tum thl' dt'\ite to ,1 knwr 

thn·shold ,oltagc· ,t,1tc (logic 0), a gait- ,olta~l" or otlwr nw.111, <~11th ;1\ 11ltra,iol1•t li~ht) 
c·an IX' 11wd. 

'\011\'olatilt· ,,·mirontluttor 11wrnol) (N\IS~I) h,t\ h1•t>n t·,t(•n,i,cl~· 11<.<•d in port.11,1,, 
electronics S)"-l<

0 ms. such a., r(!llular plrom·~ .1nd cl.igital camem., Anntlwr intt-r1•,h11~ ,1pph­
c.1tio11 i., the cl1ip card, ;iJc;o called tlw IC t·,ml. Tlrr photo i11 Figun, 9.22 i, ,111 IC c,1rd 
The• diagram ,lt the bottom of Figure 9.22 illu,tratcs tlu.: nomolatile uu·rnory <li•,it't' tliat 
,tores the data. which t•a11 Ix· r,·acl and written thro11ili the bu, to ;i t•(•utl",U proct•)sing 
unit (CPU), l11 (:ontr,L,t to tlic- limitt0 cl \'Olu111t- (l kB I in,idt· a c'Omcntaonal rn.,giwtic t.1p<· 
can!. the )i;a, of the nonvolatile memo!') can I~ increawd to 16 kB 64 kB. or en·u larger 
depending on t11c applit-ation (e.~. one could sto1,• pt'r.iOnal photos or fing1•rpn11t\), 
Throu~h the re card read/write machiiw,. the data t~111 be u~t-d in numerous applic~,­
tions including tck·oommunications <.·.1rd telephone. mobile radio). p.1p1wnt tra1L\.1Cticms 
(electronic- purs<'. credit card). pa)· t<·lt"-ision, trnn,port (electronic ticket , puhlrc tr.ins.­
port). lwalth car(' (patient-data tard). and ilC'Ce\S control The re tard \\.ill likdr pl.1) :1 

ccntml roll' in the global infonnation and ~er\'kc scx:iel) of Ull' foturl'. rq 

CMOS Technology 

F1~m• 9.2.'la show:. a CMOS inverter. The gate of the upper P~1OS dt·\icc i!; connected 
to rlu: gate of the lower N~lOS device. Both de,iccs are enhancement-mode ~1OSFET, 

I 
I 

I 
I 

I 
I 

I 
I 

ICc-.ud 

CPU 

I ROMI R\\f I 

--·' • ) '" S\I I • aro·,\c.'d thruu):h thl· bu, of Utt• Figure 9.22 ,\n JC c,rrtl 1111 d,11.1 )ton.-u III t w •,' • •· can "' • ,,, ,. 
I • ·1 'Cl'U) TI,n•· an.• )t:Wr-,d nwt.11 patl\ t-Ulllll'(;IJII~ to tlrt r~ l Tit c,.,11tr,1 protl.!S'lh~ um ) I 

rnuchirw. (Phot~nipli l'Ollrtl.:W of Ht•to111• Information ,,km Co, LTI • 
------------
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\ ',. 

(al lb) 

,i/100) i 

{c) 

figure 9.23 Cornpl1:mcntllt\· :>10S (C)tOS) invMer. {a) Circuit di:igr,1111. (bl Circuit layout. 
c (.nx., -.t.-ction .Joni! dotkd A-A' line of (b). 

\~itl1 tlw threshold \'Oltagc ' 'r less tl1a11 a-ro for the P~ros device and vr. greater than 

zero for the NMOS device (typicallr the threshold ,·oltage is aboul 1/4 V m>). When the 
input \Oltagc 1\' l is at wuund or at small positive values, tl1e P~IO dc·vice is turned on 
tl1e gate-to-grou11d potential of PMOS is -\'1>1>• which i~ more negative than Vr ), and 

tlte N~IOS de\.ice is off. Hence, the output voltage {V.) is \'Cl} do"c to V00 (ltigic 1). 

\\11en the input is al \ 'no• the n 1OS (with Vr., = 0) is turned off, and die ~JOS is tunied 
on(\ " = \100 > Vr ). Therefore, \I eqm1ls zero (logic 0). 

The C~IOS inverter has a unique feature: In either logic statt•, one de\ice in the 
~eric~ path from \ \,0 to ground is nonc.-onductive. The current that t1C1,\S in eitl1er steady 
stall.' is a srnall lcakage current anJ only when both devices arc on J uri11g switching doe~ 
a significant cummt flow through the c :-.10 imerter. Thus. tbe a.ernge power dissipa­
tion is small. on the order of nanowatts. As tl1e number of compon ·nl.) per chip incre.ues, 
power dis ipation be-comes a major limiting factor. Low power consumption is the mo~t 
attmcti\ e featiJre of the CMOS circuit. 

Figure 9.23b show a la)'out of the C~JOS inverter. and Fig11ni 9.23.-- shows the de,ire 
cro!iS se<:tion along the 1\-A' lirl<'. In tlu: processing. a,, tub (a.lso called a p wdl) is first 
implanted .u1d ~ul,scquenll) drhen into then substr,itc. The p-t)p<> dopant conccntra· 
lion m~t ~ hi~l enough to overcompensate tl1c background doping of then substrate 
The subsec111ent pr()Cj•s~<.".\ for tlw 11-channcl MOSFET in the p tub are identical to those 
d .. ·\cribed pre\iously. Fort.hep-channel MOSFET. 11B or '(BFY ions are implantc.-d 
into tl1e 11 ~ubstrate to form the so1m:c.• and drain regions. A channel implant ofilru• ions 
may be 1Lw<l to aJJw.t the thn·~holcl \Oltagt.? ,1ncl .in 11· chnnstop is formed underneath 
t11c field oxide around the p-channel de,ice Because of the 1' tub and tl1e ad<lition:il steps 

9.3 MOSFET Technology 20:; 

needed lo mtikt• th<: ]>•channel I\IOSF'ET. tlw nurnlx·r l)f ,1 'P' t k .. C'IO . . . JI d bl I ~ ' 0 11111 I ,i .~ s (1 ((•1111 
1' e~senha }_' 011 I' t lilt to 111,lk(• an ;'\~1OS circull Thu, tl1t·r .•. l d rr l 
I 1 

, f . ~. c ts .t r.1 u-0 wtwen1 
t ie comp cxity o p mccs~111g and the rcduttion in po,wr <.-onsuniplion. 

Imk,1d of the 1' tub JI.bl dcscnlw1l an altem,1tc .t"prot1d, L\ to 1~ . 1 I r I • b I . , 1· 1 L· .u1 11 11 > ,orrni•< 
m ,,-type 1.1 slralc. ,l'- s 10,~,1 111 J•igure 9.2411. 111 thi ca.,e th" "- I . · I 1 · I .. , ' • ~ 11··11)(• < op.1111 cont•·n• 
!ration 11111st X' ug I c11011f.'1 lo ovcrcoinpcnsatc for tlw IJack ..... 01 id d • . r I I 

(. , , • bo ..,. 1J 0[)1111!: 0 l t (' /I ~II >· 
stmtC' 1.e .. " 0 > ,'-. ,). In Lh the p-tub aud the 11-tub •1ppro,.clt ti I I . 1 1.1 ·11 l I d d • u I , C lallll(• IIIUUI ih 
w1 w < cgr:1 c bcc:iusc mobilit) b dctem1inccl bv tJ1e tohl <lop•itl l , : , ) \_ 1 . • • " 1:om.-en rahon 1., 

-ti o • ~ nFa?proa9c ~ ~~m1~1~vo scpamte<l tuhs hnplantcd into a li~1ll) doped ,uh~tr,tlt• b 
s town 111 '1~11rc .uuJ. us structure is c.-allrcl a /wlu t11b I Bt•cauw n<> O\I r . . ) cl • ·t1 f • ' • t'Cllllpc·1l~1-
tion is ncec c in_ c1 ~er o lite l\\1n tub\, higher channel ,nobilit) can h<.· obl,tiawd 
. All_CMO~ c1rc111b._ l~av~ the potential for a troublc~o,ne problc-r11 <.:a.lied /ntrlrni> that 
1s :L"-~•atcd with pnms,tac bipolar tmnsistor:.. Tl,~e para.,ilic dt•,iw\ conJ.i t of the u-p-1a 
tr.msrstor fonncd ~y the NMOS source/drain regions. 11 tub. and 11-type \ubstmtc .• L,; well 
as the ,,-11-p tr:ms1~tor formed hy the P~JOS sourett/drain ~"ITi<)"" ,1.hfl'V> J, t t . I " ·"· ,..,, •;r ,u , m P .. tn< 
1' tub. Under approprintc conditions, the collector of the 11-11- p <ll·,ire \upplif', bn.\c· cur­
rent to the n-11-11, and ,ice versa in a positive focdback arran~emenl. This latchup <:ur­
rent can have wrio11s negative repercussions in a C~IOS circuit. 

An effective proo·s~ing technic1ue to eliminate the l.1tch11p probll'm b, to uw deer­
trench isofatio1~, as ~hown_ in Figu~ 9.QAc.11 In tlus technique. a trench \\itl1 a depth det·pcr 
thun ~ie well 1i. formed Ill ll1e ·1hcon by anisotropic reacti,c putter etching. An oxidt' 
layer 1s thermally grown on the bottom and walls of tJw trc1ich, which i\ then rcfill..,d h, 
deposited polysilicon or silic.-on dioxide. This technique C'.ln eliminate latch up ()(•c;ius;, 

tJ1e Tl-channel and p-channel devices Me phpicall) isolated b} the remtcd treuclt. Th!! 
detailed :.teps for trench isolation and some related C~IOS proccs,~ arl! di.scu ed nc~t 

l1wn11:J 
o.,itl<> 

n 

,, 

(a) 

V-t'pil.i.') 

11 • -511b,tmt,· 

(b) 

(I') 

,· 
nili<-o11 or 10. 

Oi 

Figure 9.24 \'ariow. C:>10 slructuf\", (11! 11 tub. (/11 T\\in tnlt ' ,., Hd\11,'(.l tH nch 
11 
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II ~ "'vin wc:11 or a retrogmde well. Tlw h1in. 
II • " \10 • • ,n Ix· 1 ~111!! e 'H' • " '' I I · I 

nit' \\t' 111 ,I'- • C, . ' L' '\;llllpll', it lll't'( \ ng 1-tempt.'rJt11n• pro. 

I ·b·t l Ill' ch,ud, .,nt.,gc.!,, r or t I ) I ,,di pn>C\·,, l"' 11 ' ' ,t 1 • 
1 

t·"' . turll' (lone;er thl\11 '> 1011r.. to ,1c 1it•1<> tlie 
L . 1""'" C) ind ., ong l r11u"on . I . I l't''''II!! ,wu1 •· """ • • 1 1 • 00 , ·s the doping conc.-entrut1011 1~ 11e. 1est at 

reip1irt'<I "di dl·pt11 of :2 to 3 µrn. i~ 1_:1•~ pr-tl;c;e·pth 
r I d . ~t'' mo11oto111t,u \' WI • I . . tlw ,un,u .... • ,111< c-cr, ,r • d tune high-ttncrgy ,mp ant.1hon 1~ used (i.e 

:I I X"t''' t,•111~mh1rtt ,ln • I rf: ) ., To h'l ure I re prt . rd- 1 ti . ~t •·id of d.ifl'usion from t w su ae(! . Sincx, tl1e 
• I t th • dt•st "-' ( l'P l in l • . I II d I . I 11npl.int111~ t ,.- ,on ° 1 • 1 t 

1
. 

1 
,,wrm.· we c.111 deMgn t 1c we ept I wit I dif. 

l . I . d I)\ till' imp .in ii ,01 l ·e,:• I k dl•pt 1 " c t·tl•nmm• • 
1 

m f tlw well ill this c-,i.se can ,ave :i pea • at a c:er. 
forcut 1111pl.111t,1tion_ 1•11•·~- T re pr?r1' ~-~ call .. d O rrtroarad,• well Fie;ure 9.2.5 sh0111 a 

th 1· ,ub~tn1h· u, " , ~ " . . 
t.,in dt•pth 111 c ''. ,ron . • rofile, in thl• retrogmdl.' well and the con, enbonru tl1enn:tlly 
oompJn-On oftlw impunt) P I d t pe retrogmde wells i~ around 700 keV and 
thffuq>tl \\,•11.'! Tiu- <'Ill'~ for _I ll' •-~- ;m !~11}· the aJ,·antage of high-energy impl:u1t,1. 

,_ \ ·t ,'i:h A~ 111entio1wu Pfi.'11 
• • di • H 

-100 M ' n•,pt-c • • •" II under low-1t•rnrx~n1t11re ,tnd !>lrOrt-hm<· con lions. ence. 
tiu111~ tl1.1t rt t·,111 fonn t:ltc lillil.' . d ~re~•(> tlte device density. TII<' retrogmde well 

d I . I tNal c 1NOll an 111• "" it t,u1 r..' ut,· t 1' '
1 

• 
1 

. tit. ,.,..11,.,11uonal well: (a) Because of high doping 
dd r l tl ac' mt,,•11;'~ 0H'r t '-V ' 

ulfof\ """"' •1 1 101 
• 11 • _. : .... , . lower tli•u\ that of the com l'rltionnl well. ,md the 

ti bottom tht• Wl' IV\l~ul'h, i, ' d I nt•ar It' • . . _ f. (b) the chnnstop can be fom1c at l 1e same lime as 
btchup problem t~U\ bt-

1
11111

~
11111

,e~uc.ing pre>ce! sing steps ,u1d lime; and (c) higher well 
tlw n:tro~.1de Wt' 

1111P ·"~ 
1011

~( , dumcc of punch through from tJ1e drain to tl1c source. 
dopin~ in tlw bottom c-,u1 rt uce ic 

1,11• ----------------;Bo~ro;n:l 

101• 
II I 0 

O.,xh !rum N lk,111 ,u,Lu• µin 

Figure 9.25 R,·tl'O',tr-.iclc ,,.well 11npla11IL'<I 11npuritv conccntr.ition pror.11:. Aho ~hown 1~ "con· 

,, ntron.JI\ cliffu~:<l ,wll 11 
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Ad, anced holation Tcchnolo,o· 
Thi.' t·onwnlio11al isol.,tion proce\s (St·<·tion 9.:3 1) h," soml' di~adv.mta~t·\ ti.ill rn,1k1• it 
unsuitable• for dt•t>p-,11b1nitro11 (0.2.5 µ111 fe,1tur1·s anti smaller\ fahric:-atiori Tiu• hi~h­
tempt•r.1h1w ux1datio11 of s1liton ancl l<ml( Oll.itlition 111111: n·,ull in the t·ncroad1r111•11t of 
the chan,top implantation (u\ually boron for NMOS) to the ac11w r<•gion aJl(t c.iuw \', 
sl11f't-. The area of the m.:ti"e region is rl'dutcd h<.•c-.11.1.\t! of the l.iteral 0~1dation In addi­
tion. tlw fleld-oxid<.• tluc:kne,\ in ,11b111icron rsolatiou ,pac.'in~ is ,i1-:nillc:u1tly IL~, tliAn tl1f! 
thick,wss of flcld o;,.lde ~rown 111 wider spattl\~\. Trench isolation tcchnolC>gy c.-:111 ;1n1id 
tl1esc problcrns and ha., heromc tlie ma.in,tn•am tcthnoloi~y for i--olaticm. 

Figure 9.26 show\ the proce~s ~cqucncc for fonninR a deep Cl.r~cr than 3 µnr ) hilt 
narrow (l<•ss than 2 µm) trench isolation ,tn,cturc. Them arc four ,tcp,: patterning llw 
area: trench etching and oxide gro11th; refilling with <liclt·<-tric m.,terials. ~uch .~ o:1:1de 
or undoped polysilicon: Md pla11nri:,~1tion. This deep-trench isolation can be U5<'<1 in both 
adqrnC(;d CMOS :llld bipobr dc,iCt!~ and for the trcnch-t)'pe DRAM . Sint-c tl1c isola­
tion material is deposited by CVD, it docs not need a long time or a high-tcnrpemt11re 
pr()C('ss. ;md it eliminates lateral oxidation and boron encroachrnc·nt problt>ms. 

Anotlu~r cxmnple is ~hallow-trench (depth l<:ss than 1 µm) isolation for CMOS. ,hrJ\~11 

in Figure 9.27. After patterning (Fig. 9.2ia). the trench .1rea is Nched !Fig. 9.2ibl am! 
then refilled with oxide (Fig. 9.27c). Before refilling. achanstop implantation c-.u, be per• 
fonned. Since the oxide has ovcrfllli.:d the trench. the oxide on the nitride should be 
re111o"ed. Chemical mcchanic:il polishing. which wa.~ discussed in Section 8.5.4, is used 
to remove tJ1e oxide on the nitride illld to get ii llat surfat.-e (Fig. 9.2ic/). 8t.'C",U1se of its 
high resistance to polishing. the nitride acts as a stop layer for the CMP proct•ss. After 

l.2µm 
5µm 

l 
(11) (b) 

150nm 

n orp 
1ub 

(c) (di 
. . . 1 ,·-trmch L..O).llion )tnrctun• (a) Trt'nd, 

Figure 9.26 Pn><.-C'-~ sequence for lonnm1-: a < t'cp. naIT(II I I do.· ,...,uon to fill th•• 
111,L~k p.1ttemi11~ (b) Tt1.·nd1 t'lchinl! .md O\ldt· W'0''1h. \l'I Po 1,11co11 p< 

lrt:ncl1 (t/) Planari,.ilion 
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1·1~ ... , .. ,,,t 

I I ' \ ,tn,~• '. =--=-

- o"'k 
-

(al 
(b ) 

C\ ll o,..J.• 

rPi 
((') 

(d i 

fit•,. 927 ,t,.JIO\,•ln:ncL i-.ol.ltion for C~IO •. (n P'.1ttemm1t "1th photo"'.·,i,t on nitridcJov~ 
1,111 ,, f, o~ etc·h,n~ and ch.u1,1<1p tmpl.mtation c C.:he111ic.u ,.1por dt·pos1hon C\ 'D) oxide t,1 

ttfill ,f Pl.m . .r ,urf.u-e afkr dwmic-.il mt-<:hanic-.11 polislnnl! 

tJie poh,hiug. t11e nitriUl' laH·r an<l the o,,de laJ~r cau be remo, -d by Ir PO, and HF. 
re,pectivel): ·nu, uutial pl.111JJ'iz .. 1lion step is helpful for the ~ub\t•qucnt polpilicon pat• 
ll·mml! :md pl..inaru.1lions of the rnultile\d interconnection proct!~ses. 

Cate Engineering Tcchnolog, 
Jfo,· u,~· 11 pol} ilicon for botl1 P~IOS and :,O:~IOS gate:. the tJ1rl"l1ol1.holtage for PMOS 
\ \, = -0 5 to -LO \' has to be adjusted by boron implantation. Thi~ nukes the channel 
of the P\1O a burird type. ~~ shown in Figure 9.2&. The burit.d-l)pe PMOS suffers 
,eriou., ,hort-<-h.mnd cffech ~ the de,ice size shrinks below 0.2.'i Jlm The most notice­
able phenomena for short-channel effects arc the \ \ roll-ofT. dr.li11-i11<l11et·d barrier low­
ering DIBL, ,uul the h~c leak.1ge current at the off <;late. so that <'\t'II with the gate 
,oltag1• al wro. le.tk..1ge current flows through source and drain To .1lbfate this prob­
lem, 01w can changt' 11· pol~,iliron to,,. pol) iliron for P~IOS. O1w lo the work function 
dilJ'ere11cx (1 0 c\ ' from fl· top· poly.,ilicon I ont> c-,m obtain ,\ surfac • p·I) pt.· channel de-.i«> 
\\ithout tlw boron \"1 ,1dju,hnent impl.mt.1tion. I lencc, ;1$ the lt.-clm ,le~· :,hrinl~ to 0.2.5 
µ111 and I~ do.J-g,1tt- ~tructure. an· r~,quirt'd: p • pol}'silkon g-ate for P~ 1OS .. md n • po~~­
icon for ~\IOS c Fig. 9.:lSb). :\ comparison of l 'r for tl1e surfac.-c cl1anncl and the buried 
channel ~ ,l1own in Figure 9.29. :-.:ote th.it the \ ' of tlw ,nrfat't' channel rolls off 11101\' 
slowly Ill the deep-submicrou ~ine than 111 the buried-ch.1mwl ti, ice nm makts the 
mrface-ch.mncl dt•, ice with p • poh ,ilicon ,uit.1ble for clecp-submic·ron device oper.ition. 

To fom1 the p· polysilit-011 g,11l' 1011 unplantati<>n of BF is cornmonl~ used. JJO\,'l'\"l'r, 
boron pcnt·tr.ites t•asilJ from tht' polpiliron through tlw o:<ide into tlll' ,ilicon ,ubstnite 
at lnl!h tcrnpcraturt', , re.ulting in .1 \ 'T ,hift. n1h pE"netmtion i, t'tJ1,m<.'ed in the pres• 
t'll<.'\' of .111 F ,1tom. l11ert: ,in: mdhocl~ to rt,duce this effect u,t of rapid thermal ,1nneal­
i11~ to re-due<' tht." timl' at hid• kmpcr.1t11rc, 11nd, cons<'qucnth tlw diffu~ion of boron: 
use of rutrided o\idt• to suppn· :. tl1c boron pc11ctration. smre boron c.m l',c 1ly roinbint 
\\ith mtmgt>11 and bC"rumes It>~ mohile: and the makin~ of ,1 rnultila)er of polysilkon to 
tmp tlw boron :itom~ at thl· interfaet• of tlu: two l.1)1·~ . 

llon,o 11nplu11 
lmrwd d, ,nnd 

,,,MOS 
,urt..a• channd 

(b) 

I J,:t.l,· J,'l"~t 
11nu.11 •tn1,t11n-

LOI) 

u- \10) 

, .. r1 .... """""'' 

n-\lOS 
\lllf1tr· d,.,m..-1 

I..OC:OS 

Figure 9.28 (t1 .\ comentional lo111t-d1annd C!\.IOS ,tmctun• \\1th a ~in,di, polywkoo i..t,· In'). 
(b Ad1,m~'(1 c~,o ,tni~1urc< \\1th dual poly,ilimn ~.Ill·\ 

-0.2 
Surf.a• ch.u,nd 

p· I~ 1hco11 it.it•· 

() I .••···---- . ,,. _, .•• 

c:: . . .. 
~ O:? 

Cl.I 

0.ti 
0 o.s I u 

l.(µ111 ) 

Figure 9.29 111l' \ ' mll-orr for a hnnl.J·l)l>I.' cl,.mm·I aml for .i ,urf..,-..-.~pe dwm,·1 1ru- \' 
drop~ 1 •'•)" quicJ..h :~, tlit· d1.1n11d k-n1,'1h IIC(.'tlllw, I"" th.111 II:; µm 
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l:'il!llll' !I JO ,ho\\\ ,I 111ic·m1m'K'\'"Ur d1ip {P1•11t1~1111 I) !"·'l lul, an .ltl',1 of about 
.:!( mu, md c-ont.un, -t2 million t'l>t11po1w11ts 11u~ l l l t·h1p ,, f,1bnt-.1tl-<l mmg 0.1 '>-µ111 

c. ~1O'> ll'chnolo1~y "ith a ,i,-11·,, ,J ,1h1111i1111111 nwtalluatton. 

9.3.4 BiCMOS Technology 
Bi( \IO 1, 1 !l'dinol~ th.it t'llillhu1t', both <?~10 and b1po!ar clc,iet• stnicture~ in a 
,m~l IC . Thi· l'('.1.-or1 lt> t'<lmbuw tllt',t' two d10n1•11t technologit•:, ,, to c·~:tt<.• an IC dup 

tJ I I 1 t Ol• 1l0tli (' \10 • 111d b1polur de,1t't":>. CMO c:\l11b1h ad,1111t,1gc, 
Ml u, t It' UI \,111 ,l\!t'\ ' · I I 

d - ho I noi.,c' m·m,n uid p.1cking dc•nqh, wlwn.',IS b1po ar tee rnologr ~h0\i'5 
ud111('\'l'r '"'P.t t~lu· ,,., ,n.•e<l cu~t·nt clriw c-.1n1l.llhi1 .. md analog <.·,1p.1bilit} \s a rt:,uli' ., ,. 111. i;:1•,111 ,,,,, .. ,-- ,-· • , s I . 
for II i,,1.11 d<·,,~11 nilt· B,C~IO • c.•;m h ,11t• a higlwr _spt.'t'd_ limn CM_O •. >etler JX'.rfor-

'~• c··,--111, tJr,11 C\ 1O ., lo,H·r n1111w diss1pauon tl1011 b1pol,1r. and a l11glwr 111 . .l.JlC'{• u, .u1.1.v;;,, '"'' ~ • ('~ d • 
t I .. t11111 t,,1,ol 1r F1m•re 9.31 ro1111>;1re~ .1 B,C~IO an a CMO fna;c 

(',:IIIIJ)Olll'II l t'll'ln • • ... ~ . > • . -e,• 

f• ("10 1,,1·<•rtcr the c-urmnt to dm·c• (or to c-ha~~) thu 11e,t lo.,d. C,. ~ the ~.itt•. or u .. , . . 
1 dram curn-nt I ,, for ,1 BiC\1O imertt-r. the curnmt 1s /,~ / 1,,_. wlwrt• 11 "~e current 

i::.un of tJit• b,pol.,r lr.m,l,tur .md lr" i~ thl' b.'ISc cum.>11'. of the bipolar tr.1ns1stor and i, 
t'(}~tl to tht' dr.un curn•nl of M 111 tJ1c CMOS. inc:e h 1~ much la~er tJ1m1 1. the ~)X'ed 
( 11 lw ,ub,t.illti.JIJ enh,u1red 

Figure 9.30 \licn,..:rnph of• :J:Z-h1t Pt nt111111 I 1111cropr01.•'''><>f chip (l'hntO\..'l'Vpii l'Ollrtc:,y of 
Int I Corporation 
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Bi('~IOS hil, li<·1•11 widl'I) IN•d III man, ''l'flh(' 1ho11, 111 ti . I 1 
SUA:\I • t \ I • 11 t:.ir \ t .,,, tl ,,.,, 11s,!<I 

Ill , • tlrMII' t t II' pri·,1•11l hllll' 81('\f()S l ·ti I ·I L. , •• 
I r • 

1
• . ' • • 

1 1110 '~ '·" 1><'t·n "'l,,•,~fulh d('\I') • opt•c ,or lr.Ut'i<'t!1wr, amp 1fwr, ,mt! o,dllitor .ippltc ,t · •I ' 
nw11t ~lo,t of tlw B'C\1OS I • itm, 111 ,,,re ,.,, <0 1111uunw,11io11 t-c1111p-·n I " • (lTIX't'\\\•\ arc• ),IM·d OIi tlu• C' \IOS procn,, \\ith ~ ..... 
mcxh 1c-,1hon,. ,11d1 a, adcJ111~ 111,1,k., for lnpol.ir tran,l\lt f b . 11 , II 
I (F 9 3'>). r I I 1r ,I nc1ti<m 1,, 10 CJ\\lll'' '''-•Ill• p 1· •~- •• •~,or., 1ig 1-pnfon11a11et• 13,C~IOS 1,...,., .. • I, •' ti · 11"' 

, • ...... " ,t.\C'(J 011 ll' l\\111•\\ t • (' \I()" prtX.'C.'SS. •· ·' 

The 1nit1al 111atenal 1\ ., 11-hpe ,ilkt,n \ub,tmt.- \n 11 • h 11n· d I · ti 
1
· -·' 

I II . , . • I! ,l}t'f l\ ll'll fJrf11<: <.1 
to re'< 11ce_ co t-<.-tor rr•sL,tant't' 1 he h11m-<I p "'>••r i\ fonnt·d ' " 1•011111,pt 1 1 t 1 • 
I I I I u! ,l 1 ,I 1011 f) IIU'll 'ol\t.' 

t it• t op111~ 1:1 u_• to prt'w11t punchtlin,uj.(11 \ li..,1,tl)· <lon.•d ,1 •p' J· · 1 
I • ., r· •t I <l\l'f I\ jtT0\111 llll 111' 

1\.Ucr. anc a 111111-well proc:t!,s for tlw C\JOS i, n.•rfion11, d Tio 1 .J • ' J I -' 
• • . . • . ,. ,·~ , • l Ill~•· ••I! I pt·n1im1.111l,~ 

for tl1t b1pol,1r lr.msl\tor, four ,1cJtl1tio11al 111,t,k., ll't' nt·t-<.hl TI,1-\ ,r., ti,, l, · I • 1. II • , • • • IIOl'C ,, nu, ... 
tlw ~'O 1.1c~or dee:''. mask. tlw ba,e I' m,l,k. .mcl tl11· poly-t.-rnittl·r 111.1.,k. In ,,tlu•r pro-
C('s,mi stc_ps._ th( 71 n~1011 for b.1w ccmt,1<.·t can be> foniwd 11itli th,, p impl.,nt in tlw 
so11rc.·e/dr.un 1mpl,t11tation of thr P}.1OS. and th<> 11· cmitkr <.~111 Ix· fonnt'd with till' 
,011rC<'/drain _impl.111t,1tion of tlw N ~I OS The acl<Ltio11,J lllillok. .u1cl lon~n proc't!s\ln~ time 
<.-ompan•d with a standard C~lOS an: tlw 111.un dr.mhack. of BiC~IOS 11,t• .uld,1tor1.1l 
C.'O!>l ~hould be JUstifit•d b} the enlitu1<:<:d 1x·rfnnna11c1:. 

\ ' 

r 
(n) (bl 

Figure 9.31 (11• CMOS logic ~1h· fl,) Ripol . .r C:\1OS BiOIOS 10\:it· l('ak 

llun.-J 11 l,11,·r 811ri<"<l 11• I.,,, r 

11p11 lilpul.,., 
pol>~licon c•nulkr 

Figure 9.32 Opti111m·d 13it \10\ dt·,1l-e ,1nict11r,· 11:t'I f1'.1turn 11,cl111I,· lf.w,i,1,,.J 11 1111cl 11• 

h11ri1•d l,1wrs for impro\t'tl p.1d.anl( d111,1t), <t:p,1r.1td) uphmi,,.'ll 11 ,,11d /' ,wll, {l\,m-,wll 
CMOS) fonill'<l 111 an 1·pil,1~,J 1.i)t:r llitl11nln11\ll' hack~ruuud dopint: and a p<>l),1hc11111 mitt, r 
for 11nprowd b1pol.,r 1x•nonn.t11<.,·.11 



Chapter 9 Process lntegruuon 

► 9.4 MESFET TECHNOLOGY 

J 
·'I . I •I{· p roc.,•"ill" lt'd1111c1m·,. Ill t'OilJlllll'llOII \\ith lll'W r,,hnc:,. 

\ . I c • 111 \!•U 10111 ,\1'l I I, .-.. f •1• • • 

I 
. ·l . li i\l' und1• l)()"1blt· tlit> dl'\t•lop11wnt o s11c."011.1tkl'·• gil-

bOU am C'll't'Ult .1ppn>.1C. ll ' · • • ' 

b I I' ' t ·I ,·•Jrun ( • 1Jh11111 1r--1·1uch· h.c. thn•1• in1wrt.•nt ,1ch,111t.1~c, t'Olll[>.ul"<I 
urn ,,...cnl< t' -.. t-<: 11 v --.-..• •· • • • 

I I I I I ·tron molullt\ "hich n•,ult, in lower ,l•n1·, 1·c.•,1,t;111cc for .1 mv,•n 
\Ill 1 ,111.'t>II uc w r l' 1-c • . 1 . I • . <l • .,. 
_, I J rcln·1·t, •l~·•"--1l 1 m\cn dc.>ctnc Odtl. w uc- I 1111prows c.·,1cc• ..,:lt'<", 
uc.'\l("i" g<'Ollldr.. II~ tl' < •~ '·' • • ._. . . • ·r ~ 
uml tlu· ub,Lt, to b..- 111atl1• q•111iinsulut111g. wh.ich <•;\II pro,1<l1• ,1 l,_1tt1<'l'•m

11tdwd diek•nnc-. 

111
,ufat • .J ,ul;,tr.iti· !lo" ,·H·r. ~.,Ilium ,1r...:111dt• .1bo h.1., thr(•I' _clis.1th11ntagC's: a WI) ~hort 

muwrit\-<.~irni r ltft>tilllt'; I.id, of .1 ,t,,hk•. pa.__,h ,1tinit nati.w oXJdc: ;~nd ~·rystul dt•foct~ th.it 
lltt" 

111111
, onlcf' of ni.,~nitmlt· higlwr th,111 in ,ilicon The ,hort 1111nonl)•c-:1rnc.•r hfotinw 

.md the I id, of lul!h-,1u,ilit\ 111, 11Jatin~ film, h,1, ~ prewnt~d till' development o'. bipolar 
Ut'\'K'C'- l!nd ,ldJwtl \ 10 • tt-chnol~ U'1lll! l{alhu111 an;t•mdl·-_Thu~ the ~111plias 1s of gill­
hum IIN uidt- 1C:. trt·llllolo~ 1, in tht• !\I E FET ,lfe,1, in which our mrun <.-oncems ,ll'e 
the m,IJOrit, camt•r-' tran,port ,lllcl tlll' mct.1!.,c>miconductor ~nta<:t.. . 

,\ t}pi~:J fahril~ttion ~t•qut-llt't· for ,l high-perfo~n.inre_!\I E FE_T i:, shown m Fi~re 

9_33 \ L,H·r of C:.L.\" i~ t•pil,t\J,J.l~ i,-t)\111 on ,1 ~e1111111~11.hltinii; CaA~ substmte. followed 
b\ :ui ,,. c,..;,111_1ct l:Mt!Fi~-9.13a). \ mt•s.1 etch ,tl'p i, perfomwd forisolation (Fig. 9.33/J), 
imJ ,

1 
,wt.ti L1}<'r"t, ,.,•-.1r>c>r.itt·<l £or thl' ~ourt.-e and dmi..11 ohmic contac~ (Fig. _9.33c) A 

di.:mnd rt'<'t" ,,1d1 1, fotlmH-<l h} .1 gall' recc,, etch ;u1<l ~ate c, apornllon Figs. 9.33d 
.u,d f') Af'tt•r a liftoff prot't·~, tJ1.1t re mow~ the photorc~ist. shO\m in Figure 9.33e, the 
\IE FIT i, ro111pl1•ted tFi){. 9.3:1/). 

Tht• 11 • contact l.M•r n:duc<:~ tJ1e . ourre ;u1d <lmin ohmic <.-onta<:t r1:sistances. Note 
tlut tilt' l!3te" offo:t ·to";inl tJw ,ource to mini111i7,e the source rc,1st·u1c-e. The epitax-

1.J 1.ner 1, thick 1.'llough to 1nin111111-e t1w effect of surfare depletion on the source and 
dr.-w; re,i,t.UIC'l'. The.· g.itt' elc-ctrodt· has maxirnal cro--s-sectional area with a minimal foot­
pnnt. ,\luch pro.id!:'~ low g.,h.• resistanw ,m<l uilium,ll gale length. In addition, the length 
r L ) 1, de,1ant.-d to Ix: e;rcater than the depletion ,\idth at g.1te-drnin breakdown. 

co\ repr,.:·ntab\t' fabric.1tion ~equencc for a ME FET intcgrall:'<l circuit is shown in 
f i(!Urt 9. ·>4 In thi~ proce \, ,. • soul'l't! and drJ.in regions are self-aligned to the gait: of 
e. ch ~IESFET. ,\ rel.1tiH•ly li1tht ch.mncl implant is used for lJ1c e-nltanc~mcnt•modc 
\'\\il('h.ing dt'\lt-e, ,md ;1 lwa\ier i1nplant is 1Lscd for the depletion•mode load de,ice .. \ 
gal<' rcre i!. U\ll.1lly not u~ed for ,ud1 digital IC fabri<:iltiou bccau,e t11e unifonnit) of 
each depth is diflkult to control. le.iding to unacreptablc vari.ition in the threshold ,olt­
agt•. nm prore,s ,rquenC\· c.m al~o Ix• u<;t-d for a mo1wlitl11r minvuav i11tt'gratcd Ctr• 

r-1111 \l~I re Xotc tit.it ~lium .1Nmicle ~IESFET processing trc-lu•oloro is similar to 
tht• ,,l1<-on•bt1>1><l MO FET proce,;sing tcdmolo~. 

G.1Um111 .iN.-'JUd1 I( ;s ,\.ith <.-omplexitic, up to the largc•~ilc inlt'j.!rabon ll', el (-10.000 
romporicnt~ per chip) haH• l~en fabricakd Bt>c-aust' of the luglwr dri t \.doc:ity (-20'! 
hi~lwr th,m ,ihcon), ~.Jlimn .1rscmtlc ICs han- a 20'l higlu:-r spet d th tn ~i li<."Cm I Cs tl1at 
tN• tlie ,.imt> c),,.,ig:n mlc,. l (o\\t'\.t'f ,uhstauti;J 1111pro\.ement~ in cr\'st,il qu.uil) ,ind pro­
cc "inf kthnol<>&' .,re lll't-<le<l l><'fore g.Jllum arsenide can wriousk dnllenge the pre-
1•111111t•11t po"tion of ,ilicon 111 l, LSI .tpplic1t1on, 

9.5 MEMS TECHNOLOGY 
·n,. rt- h,b k1•11 r.1p1dl~ growin~ inlt'~I Ill m1r.mrlretro111rd11111ic-0l ,y.stt11~, I ~IEMS) \Ul('l' 

the l.itc 19~ \\ h<'n a :.-piumn~ rmcmmc>tor m.idt· from pol),ilic.:011 \\'i.L~ fabnc-c1tcd on., 
1l1co11 dup 1 11v· 111.u111facture of ~ilicou ~I E\IS .idoptt:<l m,myoftlw lughl) dt .... l'lnped 

h:"< lmolo~e, of 1lic.-on 11\tt-grale<l etn:mb. Thi, .ipproach h,1., c11.1blccl \I EMS product~ to 
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Figure 9.33 

D \u(,. -.:1,,l111111· t-onl<1<-t 

1''abric-.;lion '<l<jll\•ncc of J Ga.\s \1£ ·r J-;T • 

T 

be produced at lo,\ c.-o,t b, using b,lt('h fabric-ation. JU't a, for lCs In ,1JcLtion to th, IC 
folnkabor\ procc,,, some \pt:ciali;r.cd tt-chnique, h:tH: l>t-cn dewlopl·tl for ~IE~IS Tlu, 
st'Clion COll!>idl'rs three ~p<-'<'ialii.ro etclung techniques: bull. mitrom.1chi11in~ ~urfar,· mK ro­
machimng. :.u1d tlw LICA prt>Cl''~-



I t.Td u rui..-1 
hurlu,1 

T•g.,t,• 
fomubon 

, ~!f..,J~~I n• 
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t·1nl lewl 
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C".ot1l.lct \\ii> 
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Figure 9.34 F'.ihri<::it ion pmc:,_.,, for \IESFET din:ct-<:ouplt'tl FI-..7· l~c (DCFL) "ith .i<:tivc 
lo:.d· '-01< d :it thl· 11· ~ urct• :111d Jr.mi r~~ on.- ,1rl· ~·lf-,Jigm-<l lo tlce i:ak 1 
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9.5.1 Bulk Micromachining 

In hulk 111it'rornad11ning, lltl' <ll·\it1• (t•.~ .. a wn~r or an ,lChutor) i~ ,hapt•d Ii, t·lc:hin!( fi 
larg(• ,111~lc-t·l)"t.1I '1th,tratt- 111\.' 111111, arc· p.1tknwd cm tlw hulk ,uh,trat,· ,; deflm• th,• 
bola~ion and lrnm<ln~w funt11011, Oric11lation-clcpc11ck•nt \\c-1 d1c11ucJ t·tc·l1111\( ll-c:lmiqm·, 
pro'1<lc lug,l1-rc\Olutio11 cld1 ,u1cl liJ?:hl <l11ncmio11al l'Ontml, Often,., hulk-niicrouuc:hi"'-<l 
<lc·vic-c ust•~ lwo-,idt-<l prO(.'t!\\ illJ?:. c·rcahug a ~eir-isolatt-cl ,truc11m• \\.ith one ,idc r-:qxi-;c-<I 
lo th1: nwRsurc•cl \.;mabl1:s. ,uch a., 1111·d1,111i<:al or c:he111ic·al )i1,1Jtal,. \,t.ilt• l11l' otlin ~idt• 
is Pnclowd in a clt•.iu padc:1gl·. Two-sidr-cl stnic.1ur<'S an• \t."I) rohu~t for operation 

111 
l'Jl\l• 

ronnwnt~ hoslilt> lo 111icroclet·lm11ic <ll'\ it-c,. Sirnplc 11wch,111il·.J dc:,ic1·s ,uc·h ·" 
diaphr..igm pres,nre ,c11SOrs. rnt•mbra,ws. :mcl canllk·,N•l>t·,1111 pit·1.or"'-i,ti,l· ac:celnmiou 
sen!lon- .ire• fabrit·atcd <.-ommer<:iall) b} this tc•chniquc Fi~ure 9.3,5 illll\tr-.ii.-, ,

1 
rabric.a­

tion proct,,s of" ,impl1• silicone rubb<.•r mernbr:uw." 

9.5.2 Surface Micromachining 

Surface-micromachinccl dC'\iccs are <.'flnslructe<l l·nlireh from thin film~. 11wn: ,m.: q,,... 

em! cliITere nces and tmde-oITs b1.'t:wee11 stnict11re, mad~ from bulk .md thin film llldkri­
als. 1)pical dimensions for bulk-mi<-romachine<l st·n~or.; an· in the millimet,•r r.111gt·. but 
~urface-micromad1i11t!d de\i<.-cs arc of micromelt•r clinwn,ions Surfac:"° mi<:rom.ad1i11ing 
pt·nmts th<' fobrit'ation of.structurally cornplex dc,it"t!s br stackin~ and patteming layer. 
or "building blocks" of thin films. whcrt>a., multila)crt.-d bulk de,ic'Cs are difficult to ron­
slruct Free-standing and mO\·able parts c-.m be fobric.·,1tc<l usin~ ,acriflc.ial layel". Figure 
9.36 illustrates how sacrifitia.l etching lt-chniques c-.m be u~-<l to create an clectro~tati(• 
mic:ru,notor with,, ell-defined. submicron tolcmnce hc·twecn tlic rotor and l11e wntl'r hub.'7 

9.5.3 LIGA Process 

L[G,\ i, a Cem1an acron) m for litl,ogrnpl,ic. galva11ofon111mg. nl,fvn111111e ' ' It c.-on.,ist~ 
of three ha.sic proc:c.~,ing stt•ps; lithogr.1phy. electroplating. ,md molding. Tlw LIGA pro­
et'ss is based on X·r:l)' rndiation from a ~)TIChrotron 11w proc.'t.•s~ can produC\• micro~trul·· 
tures with later;\) dimensions in the micrometer range and strnt1uml heights of Sl'\'cr-.il 
hundred miC'romNer, from .i \'l'lriety of materials. Its potenti,tl .1pplic.itions CO\t'r micm• 
ell·ctronics. sensors, 111krooplics. 111itro111tx·hanics, an<l biotechnolo~--

SU.con,• 
nahbc-r -► 

D\J 
(bl 

(e) (di 

Figure 9.35 F.1bric.1tiu11 prOCl''-' ur \1111pll· ,,ltc•om! nihllt'r 111e111hr,~1l' _1a '>,tn<l<" <lepo,ioo:1 ~'.~~ 
p.lltcming. (/,) KOi i l'lthin!(. If' Silil'(llll' ruhlKr ,pin co.1t1111(. (d' :--:,tndl· l\'111<1\,J on b.'llk It 



Dunpl, ., palknl<.J on PSC 

/ 

PSC n.•moval 
I PSC lawr ..\ndoor< (>Jlknu-.:1 on ,1 . 

/ 

T u,b c~od f 

(a) 

(h) I •1· t 
• • l'SC' phosp 1os1 1c.i e Figure 9.36 (11) S.icriOcial procC\\ Oow_ for an ck'<.'lrostattc uucro111otor. '• . 

gla.),. (bl Pliotogmph of a 111icro111otor.1 • 
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An example of the LICA proocs, is shown 1r1 Fi~urc 9.37. An x-r .. r resist, m11gin~ 
from 300 µm lo more than 500 µmin thicl..-..w~. is ck-po~ited on a s11l>\tmtc "ith an elcc­
lrically<.'011d11ctiv(' surfaCC'. Lithographic p,1tlemingis don<' with extc•ndi,<l 1,xpcxurt- frorn 
highly collimated x-ray radiation lhron~h an '<-ray mask, ~ shown Figure 9 3i o. ,\ flO\H•r­

shaped trench ~lnict11re is fon11ecl in the thick l'l.'$iSt after ck,-.clopcr treatrncnt I Fig. 9.371,). 

Thk:k 
PMMA 

ConductJ,•e ~ul»trat,· 
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md.d 
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figure 9.37 Tltl' LIC,\ pnX't' ' · 19 
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c~1o pL1,· for lnJrt(ion mo!J.ui~ 
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f co•1rtt111r,I I 



. Is ► (bapar 9. Proctss lntllgrot,on 

IC') (0 

Figurt 9.37 cvn11111mll 

I Ill<' huu, 1m,l,loJ 
plJ,IIC ,tn1c-t11r,;• ---@ 

• 

~ll'tal l' Ull'n l'lt't'lropl,itL'd on till' 1•,posl"tl bottom conductiw ~u1f,1C't', fillin~ the tn'nch 
-~ .mcl l'O\l'OII\:( thl· lop ,urfal';\· or till' n:,i,t (Fi~. 9.3id. Tlw llll'l,U stntC'lurc ~ fon11cd 

nft,·r rt'lllll\llll! tilt' n·,i,t (rig. 9.3icl). Thi, ,tniduN' c.111 Ix· used rq1eatcdh ,IS a mold 
111 rt for injt'<:tion moldin:,! to form multiple ph,tic rt:plicllo of tlw on~nal plating hast 
(fig 9 3ie). Tiu.• pl.1trnl! b.1.,t' rcpl.ic.1.,. in tum, ,~u1 bt.· u,ecl to dt--ctropl.1tc many metal 
,1nict11rt, :.., thl· flu.ii product-.. ,L~ , lto,\71 i11 fil!U"-'' 9.37/ ,md ~. 

The cli\tiuct .1th.u1t.1~1· of th1• LI C:,\ proce" 1, I lw .1b1hl) to crc,,tl~ tlm>e-<limen$ional 
~tmctnn , .L, thick ,L'> hulk-1111<.·romachull'd dt>, i<.'\.'S. while n-tarning lhl' ,..imc degrt-e of 
clt•,1~ 1 fle\.ibilil) .1., surfaCt· 111kromad1111..in~. However. the initi.J ,,,1chrotron rac~alion 
pro<'I.·,, 1, a, Cl) ro,tly skp .. ut<l the mold wpar.itron ,tt-p, m.1, n·,ult in degmdation of 
till' on\!irul mold iru-1·rt. 

9.6 PROCESS SIMULATION 
SLPRE\I t.111 I · ,·,tn•meh uwful for tlw ,imul.ition of a lOmpll•k IC fabtic..ihou 
\l-tJ1tt>11C't· .\~ .1n t'\.1111ple l'Onsi1li·r a ,im11l.11io11 of tl1t ~ ~IOS P' 1 ~iliC't>n gatc> proce~ 
d ,c.:rib,-,f in •-<·hon 93.1 Tiu· uo,, wction oftlw dt•,i('(' tn ht 111111ht1:tl \\,lS sh0\111 

imtially III ru:un• !J 1 i c .mtl h n-pt·all'<I hrrt· 111 Figut1.• 9 JS. Three, ,·rtictl rt.Won~ of the 
dL'\it, .... cle1io1e,d b, cul line-. , \ -, \ : B-B: and C-C', art mnuhted ThPSt• 011,·e s1mula­
tio11~ rt·pn·,,·nt th~• c·t·11tn of tht· cl1·1ic.:l'. tlw ~ourt.•tddrnin rL•gion, .uni lht" field regio1~ 
r,•,pt'<-t1,'PI). 

Tl1t> ,tmcturt• ~' ,1111ula1t•cl u .. in~ ., total of fht· SL. PRE~! input clt•c.:b. The fir;t dl,d 
,1111111.tlt· proc.-c"mg III llw ,1ctiw r,:t;o11 of tl11 d, ,it'<-' up to th pomt ,t which tJw pro­
l'C" ,equenre cliH•rg,·, for the ~.ik ,mcl ,ourwdr.011 n·l-(ion~ 1111· ,t·<.>ond and third <ll'<'b 
,tart with tlat• r.-•,ult, from tl1l' first deck .m<l c·mnpldc procc,,111g for the gate ,uul 
,u1m·t1clr.u11 rt•g10n". fl"'pt'tlheh Thh i, 11,'C'Ompli,hcd hy u,mit thi.: SAVEFILE \tateuwnt 
.it tl1C' t•n<l oftlic first tk·d, to ,.t\t' the ,tnrcturt•aud ,ubwqut•ntly 11,i11g tht ,,1,1.-d ,trur­
h1n• 111 If,,, INITIALIZE ,t.1temt>11h III tlw ,,:,,ronil .uul tl1inl dt·d, .. , . TIil' fourth tit-ck i, sim• 

1l.1r to tht• first. ,·,et·pt tlut 11 ,1111111.at<•~ tl1t> pmcc:·,,ine; in tJ1c fid<l rci;on. The fifih dt'<l 
mmplet•·~ fidd r(•\!ion pnx-c: ~ing 

11u• l't11npltt,, prore,, -,(~IJt'JK'<' h .~ follo\\,; 
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C' 8' ,\ ' 

Figure 9.38 , \1OS I ~ • • t t·\1c(• or SU PREM ,nunl.1111111 

J. lk¢n with a higl.-re~l\tint\ <lO(b p-t\n.t• 1· ..... • , r-- s1 10011 sumtrate. 
2. Cro,, a ·100-A Si02 p .1d l.i)l' r 

3. D A t'~\il au_ 800- ,ili<.-on nitri<lt• l.1}'l'r on top of tlw pad oxi<l,·. 
4. Stnp the mtnclt· from ,ITt:,l\ ouhidt· of the at·hw n•giou 
5. Implant boron mto tlw fit•ld region,. 

6. O.~di7.e the field rt•~om for 3 hour., .it 1000'(; in w1:t O . 
7. Etch do1111 to the sil11.-on in the ,ictiw region. • 

8. lmpl.mt boron to wt the thw~hol<l \'Olt,,~c of thc MOSFET. 
9. Grow a ~00-A gate o~dc:. 

lO. Deposit 0.5 µ111 of polysilioon. 

11. Dopt.• the poly. ilicon \\ith pho!>phoni\ using POCI 

l2. Etch the pol~. ilicon in the .1reas ouL,idc tl1C' gate n•~ou. 

l3. Implant Jr:-enic to form the sourcetdrJ.in region,. 

l4. Drivt.• m the sonrce/dmin As implant for JO minutt•~ JI LOOO·C in di)· or 
l5. Open contact holes in thl' gate. soun.-e. and drain regiom. 

16. Depo~it phosphonis-doped SiO, (P-glass) on•r tlw \\~1for \Urface. 

17. RcOow the P-gl.~s at 1000°C for 30 minute~. 

18. Rc·opcn tlw cont.1ct hol<'s. and clef>O.\il aluminum. 

Plot~ of the doping profiles in tl1c gal(• (section J\- ,\ '>. ~Ourct>/dmm (sl'ction B- 8') 
and fld<l> (s<:_ctt~n C-C') region, are ~how11 in Figt11"l's 9.39. 9.40. ,uld 9.·H. n·,pec.:tht:h: 
1 hr SUf REM mput li,ting i~ i.1!> follow,: • 

TITLE 
COMI.IENT 
C()\I.\IENT 
INITIALIZE 
COl.11.!ENT 
DIFFUSION 
COl.l.l!ENT 
DEPOSITION 
C0\11.!ENT 
DIFFUSION 
CO"I.I.IENT 
ETCH 
ETCH 

NMOS Polysilicon Gate-Deck 1 
Active device region initial processing 
Initialize silicon substrate 
<100> Silicon Boron Concentration•lelS 
Grow 400A pad oxide 
Time.40 Temperature-1000 Dry02 
Deposit 800A CVO nitride 
Nitride Thickness-8.08 
Grow field oxide 
Time• l80 Temperature• l080 R'et02 
Etch to silicon surface 
Oxide a 11 
Nitride all 



!20 ► Ch1pter 9 Process Integration 

ITCH 
C<H-!ENT 
I-.iPLAlfl" 
((),P,lE"1' 

DIFFUSION 
CO"NEHT 
DEPOSffiON 
COM"ENT 
DIFFUSION 
PRINT 
PLOT 
SA\IEFILE 
STOP 

rmE 
C()loNEPlr 
C<H-!ENT 
INITIALIZE 
CO't'!ElfT 
p,tPLAHT 
CO"NElfT 
DIFFUSION 
C()Ml,lENT 
ETCH 
C0'1'4ElfT 
DEPOSmON 
C0'-4'4ENT 
ETOi 
C0'-4'4EHT 
DEPOSIDON 
PRJl{f 
PLOT 
STOP 

TITLE 
COM"IENT 
CO'NENT 
INITIALIZE 
CO"e1EHT 
ETCH 
ETCH 
C0'1'1EHT 
IMPLA'lT 
C~ENT 
DIFFUSION 
C~EHT 
ETCH 
CO'NENT 
DEPOSmON 
(()',f,lEHT 

DIFFUSION 

Oxide all 
Implant boron to shift threshold vol tage 
Boron Dose-4ell Energy•50 
Grow gate oxide 
Time•30 Temperature•lOSO Dry02 HCl"'9J 
Deposit polysilicon 
Polysilicon Thickness•0. 5 Temperaturea600 
Dope the polysilicon using POC13 
Time•25 Temperature-1000 Phosphorus solidsol 
Layers 
Chemical Boron Phosphor Net 
Structur Filename- nmosactiveinit.str 
End Deck l 

N'40S Polysilicon Gate-Deck 2 
Cate region 
Initialize silicon substrate 
Structur-nmosactiveinit.str 
Implant arsenic for source/ drain regions 
Arsenic Dose•SelS Energy• lSO 
Drive-in arsenic and re-oxidize source/ drain regions 
Ti~e-30 Temperature-1000 Ory02 
Etch contact holes to gate, source, and drain regions 
Oxide 
Deposit phosphorus-doped Si02 using CVO 
Oxide Thickness-0.75 C.phosphor•le21 
Reopen contact holes 
Oxide 
Deposit Aluminum 
Aluminum Thickness•l.2 
Layers 
Chemical Boron Arsenic Phosphor Net 
End Deck 2 

N'40S Pol ysilicon Gate-Deck 3 
Source/ drain regions 
Initialize silicon substrate 
Structur•nrnosactiveinit.str 
Etch polysilicon and oxide over source/drain regions 
Polysilicon 
Oxide 
Implant arsenic for source/ drain region~ 
Arsenic Dose•SelS Energy•l50 
Drive-in arsenic and re-oxidize source/drai n regions 
Ti~e-30 Te.~perature- 1000 Dry02 
Etch contact holes to gate, source, and drai n regions 
Oxide 
Deposit phosphorus-doped Si02 using CVO 
Oxide Thickness- 0.75 C.phosphor-le21 
Reflow glass to sl'IOoth surface and dope contact holes 
Time-30 Te~perature-1000 

(().\\\!ENT 
ETCH 
CO'NENT 
DEPOSITION 
PRINT 
PLOT 
STOP 

TITLE 
COMMEl{f 
C()M',IENT 
INffiALIZE 
COV."IENT 
DIFFUSION 
CO'-r-lENT 
IMPLANT 
COY."IENT 
DIFFUSION 
CO"IMENT 
IMPLANT 
CO'-\"IENT 
DIFFUSION 
COM"IENT 
DEPOSITION 
CO."NENT 
DIFFUSION 
PRINT 
PLOT 
SAVEFILE 
STOP 

TITLE 
COM"IENT 
COM."IENT 
INITIALIZE 
CO~"IENT 
ETCH 
ETCH 
CO"-'IENT 
IMPLANT 
COM'IENT 
DIFFUSION 
CO~"IENT 
DEPOSITION 
COM'lENT 
DIFFUSION 
co~..,ENT 
DEPOSITION 
PRINT 
PLOT 
STOP 
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Reopen contact holes 
Oxide 
Deposit Aluminum 
Aluminum Thickness• l.2 
layers 
Chemical Boron Arsenic Phosphor Net 
End Deck 3 

N"10S Polysilicon Cate-Deck 4 
Is~l~ti~n region initial processing 
In1t1al1ze silicon substrate 
<160> Silicon Boron Concentration- lelS 
Grow 400A pad oxide 
Time• 40 Temperature-1000 Dry02 
Implant boron to increase field doping 
Boron Dose• le13 Energy- 150 
Grow field oxide 
Time•l80 Temperature-1000 WetO2 
Implant boron to shift threshold voltage 
Boron Dosea4ell Energy- 50 
Grow gate oxide 
Time- 30 Temperature-1050 Ory02 HClX-3 
Deposit polysilicon 
Polysilicon Thickness-0.5 Temperature-600 
Dope the polysilicon using POC13 
Time•25 Temperature-1000 Phosphorus solidsol 
Layers 
Chemical Boron Phosphor Net 
Structur Filename•nmosfieldinit.str 
End Deck 4 

NMOS Polysilicon Gate-Deck 5 
Isolation region final processing 
Initialize silicon substrate 
Structur• nmosfieldinit.str 
Etch polysilicon and oxide over source/ drain regions 
Polysilicon 
Oxide Thickness-0.07 
Implant arsenic for source/ drain regions 
Arsenic Dose•SelS Energy- 150 
Drive-in arsenic and re-oxidize source/drain regions 
Time-30 Temperature-1000 Dry02 
Deposit phosphorus-doped Si02 using CVD 
Oxide Thickness•0.75 C.phosphor- le21 
Reflow glass to smooth surface and dope contact holes 
Time•30 Temperature-1000 
Deposit Aluminum 
Aluminum Thickness• l.2 
Layers 
Chemical Boron Arsenic Phosphor Net 
End Deck S 



Figure 9.39 Plot nf the dopinl( prollle in thc gutc rej!ion 

Figure 9.40 Plot of tht• dopln~ profile in the 50urc<•ldr.iin region. 
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Figure 9.41 Plot of the doping pronle in tJic field regio11. 

► 9.7 SUMMARY 

Th.is chapter considered processi11g technologies for pas in: components. active dc,ires. 
I Cs. and ME~IS. Three major lC technologies based on the bipolar transistor, the ~IOS­
FET, and the ~IESFET were discussed in detail. It appears t1iat the MOSFET will be 
the dominant technology at least until 201-t because of its superior pcrfonnance com­
pared \\1th the bipolar transistor. For LOO-nm C~IOS technologJ~ a good candicllte is the 
combination of an SOI sub trnte ,~th interconnection using Cu and low-k materials. 

~IE~IS is still an emerging field. MEMS has adopted the lithographic: and etching 
technologies from IC fabrication. Specialized etching technique h:wc abo been de,d­
oped for ~IE~IS: hulk micromachining usi11g a.n orientation-dependent etching proce--s. 
surface micromuchining using sacrilkal layers. and the LIGA pr(x:ess u,ing x-r.t} lithog­
rnph)' with highly collimated radiation. 
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PROBLEMS 
.•\stcri.<h dnwtt· t!,fflc11/t pmb/e,m 

ECTION !J.1: P.\ srvE COMPON'E:\T ' 

t. For a ~hc-,•t n-,i-1,inCt• or 1 kn/0. llnd tlie m;,t~1111111n n:~btancc lh:11 c,,11 ht folmcah:<l on a 
2.S x 2 '> nun clup min~ 2-~tm linl'' \11th u 4-µm pitch (i.c <lhtanet." lwhH•t n tht• centc~ 
of tlw p.1rall,·l Hues). 

2. D c\lg,1 ., 111 •~k ,t·t for,, 5-pF .\1OS ,.,_,p.1citor Tht• oxidi- tluc-knc.ss 1, 30 11111. A.,,umc lht1t 

tlw mininmm "1udow ,iw i~ 2 x IO µm and the 111.iximum rei,~truUou error; are 2 µ111. 

3. Dr.aw ,1 rompli-tt· ,tt-p-hy-skp ~ct of ma:.h for tlw \piral inductor with thrt·e tum, 011 a 
suh,truh• 

.f. D,·"gn •• 10-nl I ,qnan. sp,r,il mdnttor m which 11w total lt-nl{lh or the inh:rconnt-t·t ill 
.'3.5() µ 111; th, ,pac10)! l>t!hw,·11 tum, is 2 µm. 

ECTIOX 9.2: Hfl'OL-\R TECIINOLOCY 

5. Or"" the e1rrn1t il1J~r.u11 ,1mf dt"\ict· cm" ' l'<:lion of .1 d,,m,x:J tmn,btor. 

G. hl1·11t1~ thl' pulJk)'e nr 11w foll(A\ing st.-p, in sc-lf-nli1,.rnt·d donhl1•-polyi.1li<:on hipolar stntt· 
tur,•· RI 11udo1x•d JlOl,-,-iJ,con III tfl•nd, in Ft){ure 9. 13n. (b) the: poly 1 m Fii,irc 9. 1311. and 
(c) tlu p<1h .? in F'i~uri, 9.13r/ 

Problem~ 22.5 

SECTIO 0.3: MO FET TECIINOI.OC\' 
•1. 

In • MOS pmcC\\lll~. tlll' ,tMling llli!tc:n,1] h II IH)'pt: 10 n-l1U <100,...,n,•nt,.J ,UK:011 
wafor Tlw '\Ourct: nod dmiri ,m· formed hy an.1.•11ic implunt.itinn uf JO mnvc:m· ,.l 3(J kt•\ ' 
Utrongh a ~••t<- ox,_dt· of 2S 11111. (;t) t\llrn.all' th1• thrc:diold ,ultal(,· cfrnngt• of tht uc,,ci•. 

(h) Dn1w the: , lupmjt pr~r.11.' .Jong a C00rdin.ott· pt•rpi:11tl1cuh1r to tlw 'lirfat1• .ind P·L"in~ 
tllrungh llac ch;,nn,•I rcg1c111 ur tlw ,ourcc: rc\(ion 

8. fa) Why is <100> orivnto.li<Jn pn•fem•d in • MOS fabric.,lion::> hl \\1iat :itt thl' dii.a,l,an­
t,,gcs •~ too 1hl11 ~ Oeld o,1dt•" w,c<l 111 N:>.IOS dt•vil-c~·• (c) What probl1·ut, 0e1:ur ff a 
polyi.lk1m gall! 1, u.wd for 1Mc lcugl11\ k-~s tl,an 3 µm·• Can ;1nothn m.itcri.,I bi· ,

11
1,.11 

luk<l for poly:,ilicon? (JI I low is d ,,·lf-aligucJ ~,•h• obt:tin«-d and wl,at an, Its .1d,~tag,,,, 
(I!) Whal purpo~c doc~ P-glllS) scivc? 

•o. l"or a llcx1ting:-gatc n(Jnvolatilc 1111•111()1)'. tlw lower imulat<Jr Im,, "diclcct.r\c ttm,t.11,t of 1 
and b 10 11111 thick The in,ulat<Jr :ihove the llo.ituig g.ite h:.- J dick-ctne t-onst,ont of lO :ind 
is 100 ~111 thick tr lhe t:um·nt density J in the lower insulaltir. i\ given by J = oE. wh .. 11.• 

O= 10 • S1,1n. and llw current in th11 other in,ulator i> nt~li~l,I)' ,m.JI. flriJ tl,c lhn ,laol<l 
voltugt.' ~bi.ft oft he device c11L..cd by a 1·olt..1ge of 10 Vapplic<l to thr• ctmtrol g:tlt> for(al o 2.5 
µ.~. and (h) a sufficient!}' long lim<' lhat / 111 the lo11't r m,ulator IX'l'CJrnc, lll')tls1t1bly •m.ill 

10. Dr:i.w a compk•tt stcp-hy-,lcp \l'l of ma.sic.\ for the c:i.,os IIM:rtt'r shown in fi1t11ri• 9.23. 
Pay particular ollcntion lo the cmss section ~h01,11 in Figure 9.23c for your ,c-alc. 

•u. A 0.5-µm digital CMOS technolt,gy ha.\ 5-µ111-11idc transistor,. Tha.: minimum 11in• width 
is 1 ~•m. :md lhe nw1alli1..:1tion la)'er con,i~I~ of 1-µm-thiek aluminum. ,u.~uml.' thatµ," 
•WO cm1N-s, d h LO 11111. V m> i, 3.3 V. and 11w threshold \'OltJgc 1$ 0.6 \'. Fmallr. a.ssum,• 
that the 111,00111um vohagt: drop thnt c-an be lolcmlc-d is 0.1 V when a I µm• cro , kcl1on 
aluminum wir<.- is eanying the maximum current l11al ~.in hr ~upplie<l by the '.\IMO tran• 
, islor. I low long., wire can be allowed? Use n sil11ple \(111are-law, long-chauncl model to 
predict the lllOS current driv,• (rufotivity of aluminum h 2, x 10-· n -c111). 

12. Plot lite cro,;s-seclioual vit-ws of a twin-tub CMOS ,1ructure of l11e following ,ta~c~ or 
procesi.111g: (n) n-1ub implant. (b) ,,-tub implant. {c) twin-tub <lriw-iu, (di non,1•k-ctJ\'I.• p' 
llOUrccldrnin implnnt, (c) ,clccU"e ,1 :,()un.'C/dmin implant 11\ing photor,·,i!.l .is m.JSk. .md 
(I) P-gh,s d<.-po!iition. 

13. \\'Ii)' do wc use a p · poly:,ilicon gntc for Pi\1OS? 

14. \\1tat is tlw boron iwnelmlion problem in p· p<ily,silic:on PMO ? I IIJ\1· 11uuld you dimulJ!c it' 

15. To obtain a good intcrfacial property. ,1 hulTun•d l,')"'r i, 11,11.111) c.lepo,itl-d bcts,\'\:11 the 
high-k materilll nn<l substmtc C;ilc;ulate the cffocti\'e O\ide lhitl'lless if the ~tackL-d gate 
cli11lcctrlc slnictur\' is (ll) a buffor1.-<l nitndl· of0.5 nm and (h) a Ta.O. of 10 nm. 

I 6. Describe the c1L~:1d,·an1age, of LOCOS tcdinology ;u1d till' ath·,mtugc:s of ~ha!I0\1 •trench 
isolation technology. 

SECTIO • 9.4: MESFET TECll~OLOGl' 

17. \ Vhat is the purpose of tlw polyunidt• 11sl-<l in Fil(lin: 9.3.Jf' 

18. What b the M\.\011 lliat il is dlffic:11l1 to mnkc hipol.ir tr .. nsistor,, ,mtl MO Ff:Ts in C',l;\.,~ 

SECTlO ' 9.6: PROCESS SJMULATrON 

• 19. 

· 20. 

U,c SUPREM lo sim11la1c the bipolar prtx.-cs~ dtscnb1.-J in St-ction 9 2.1 Plot till' llopini: 
pmflles along tlw following 1ertic:.1I cross sct:lions· (a) frorn tlw top oftl1e ~- lVlll~~-t. 
(h) from the top of the cmittc:r t"On\;wl. ;mcl (cl fmrn th1.• top of tht· ,"Olin-tor l'<>nl.ict 

Use SUPHEM to simul.ile thl' C!',IOS (ll'OCl'\~ de,cnhcd b~ F!\,l\ln' 9 2.'3 Plo1 tht.< oopiu~ 
pmfilt·s ,along the followinJ! vcrtic.11 cross st'Clion~. (.i) thro11~h th1.• P~IOS ,ourtt tlr.un 
region,. (b) through tlw PMOS gate region. (cl tl,mngh tht• ;-;MOS "mr-w dr.un r.-.:ion, 
,md (d) tl1rongh llw , ~1OS ,,,ti: rt>giu11 
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IC Manufacturing 

\f;a11uf.1ctun11e ,~ ddmt.J 1L, tin• pn»•s, b> "hich raw n1.1tt-nals ,ll"l' converted mto fin. 
1,ltt!d product, , ~ 1llu,trakd in fil!lJrt' LO l .• 1 111,11111f.1ch1tin~ Opt'r,1tio11 t-:ut he ,iewed 
grapluculh 1 ') tc111 ,,1th ru" 11ut1•n,1l~ a11d supplies wn.ing as ib input- .u1tl fini hcd 
" 1ruoel'CL1! protluc:t., ,,•nu1~ 1is outputs. 111 inlt'\.,1nltt'd circuit 111,u1ufadurin~. 111put mate­
rial mdudc· m1ron<l11l'lc11 ,,11fr•,-.., 111,111.,tur... dup.111t, . . 111d metals. The output< are till' 
ll, tliern,ch ·n1c t\p., ofpl'Ul"l'>.\('\ that ,ui~t> in tC m,11111fact11ri11g. ,"111c-h h:l\C been 
tl1<' ,uhject, ofpl"e\1ous cluptt'r.- m du, t, \t, md11dt' o:1.1dation and dcpo,'ition pl"OCe ~. 
ph tobtl1oi?r .. ph\, • td11ng and t!up1111! (1111pl.u1t.1tion ,md/or diffusion) 

110'>, '\l'r, before l11n,l11..J IC\ can lw put to thE>ir intendnl u,c in , .irfo11s commer­
dal Plrctrot1k- ,, tcm, and pnxluth ( \Itch ,L, t.-ompulcrs. cellul,u phone!>, an<l digital cam. 

m., >. i!\ r.&I otliN J.c) pnx-v,, ,, 11111,t ta1w place. TI1csE' includ<' clN:trir .,1 lt'sttng and 
p.1Ck:igm~ Tt ,ting t, nt'I "-"11') to Jidd high-qualil)· prodoc-1\. Qualit} re111,u·~s con for. 
nt:u1re of all produtt to u ~I or JX'<:1fk-.1lio11s .u1d the r1:d11ttio11 of ,my, ,:JAhility in the 
m:u111f:ict11rinl! proc-e" \ I.uni.lining cp1aJit\' oftt·n involves the u.,e of .st ti tical process 
t"ontrol. \ clc 1i:1wd expt•nrnent i~ ,ut <'!Clrerncly useful tool for di.soon-n ug kt ) variables 
Ui;1t mflucnce c1u.w~ cl1ar.1clt'n,o<.-,, tallitical t':\perimental design IS a P,J\' t:lful approach 
for'} lt•m ,tm,IIJ ,, J'\UI!! co11trolL1hle proces conditions ,utd dekn11.ining thdr im{><tct 
011 output p;1r.unt h' r. tlut ml'a\111\.' <p1alih·. 

\ kt·\ nwlric tJ,at c.m be u~ed to C'\aJ1utc .my 1tt,111ufadurin~ p nx't':ss I\ cost. and 
,•c,-1 1, d1l"t'ctl, imp.1cted b~ 1,elcl l'i, Id rt•fe~ to tl1e proportion of man•.if ctured prod­
uct d1.1t ~rtonn a, rt-quired b) a ,et of speciJk·.itions. Yield 1s in,e~d \ proportional to 
tl.e tot,J m,mufacturing <.'Cht; Tiw higlwr the· ~ield. tlw lower tl1e l'O. t F111.1.ll~ c-omputer­
hllt....,,-at~ m.umfu<.1unng l' ainwd .11 ophmi7Jng tlie rost-efTecti\'eOl'SS of d c·ctro1lics man­
ufi urin!! lw 11,ing the btt°"l dt'\t•lup1rw11h in computer hardware and ~oftware technole>g\· 
to 1•11h.111t"' npcm,in• m,inuf.tc tunn~ method, 

TI1h d1.1ptl'r ck\Cnhc~ fl:!Ch of these ('OIICt:pt., Spttciflc:.uly it clhcUS.\t'S tlw follow-
mg top1cv 

• Elt.'Ctnc:'tl te,tin~ and te,t ,tructun:·., 

• F.11·<:trorncs p;1Cbl!i11~ pl"OC'C',~ 

• ·1..1l1'til'm proc."l•\s control :md C\"()t'rirnental desig,1 in thl' c-ont.-·d of JC 
, 111111f.1ct11n11e 

iu.. rr::uttub 
"Uffllies 

Fi911tt IQ l Bltd diagnun, au tn11l:1c.n1ru11? ,l ti•m 
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• IC ,wld allll ,·,mnu, \1t·ld m0<lt•l, 

• Co111p11tl•r-i111t·1,tr ,1k<I 11u1n11f,1ct11ring '"l(•m, 

\ it•,wcl from a ')'h·1m-lew l pt•f,pl'<:tt\t, IC 111.m11fact11ri11~ iutt•rwt~, "llh m:.,rh 
,lll part- of th<> prod11c·t1011 prcx•J-s, indudin~ dc\lgtt f,1hnc'.iho11, intt-grnlion ,1v,cmbl}, 
It ,t1111,t • • u,d paC'kui,ng. Tlw t·nd n•\11lt 1s an ,•lectrouit• ,y~tt-111 th111 111,,,,ts ,11) 't>f·dflcd 
p1·rfornmn('\.', q11:lli1,, N>,I, and rcli.1h1ht} 1e11uin•1111·111, 

10.l ELECTRICAL TESTING 

£k•ctrical 1111 ',L,11n·11w11b pcrforuwcl 011 le~l ,tn1c:turc•, ,m• .1 major m(•<'h.u11sm for.~ 'C\Y 

m~ intt'gralerl circuit) 1t'ld (~el' St>ctiou 10.5), ,t, ,,l,IJ ,1, other inchC':1lo" of product p.•r• 
fommnt.-c. ud1 1111·:1snrl'ment, arc performed both <luring ,ind al tl1c t'Oncl11sio11 or tlw 
fohril'(ltion process. In .1<l<litiu11, elt•ttrical tc>,ting oftl11: f111al product i, cn1cial to t·n,url' 
l{U.Jil), TI1cw conc~pt, are clisc-u,,cd i11 more detail i11 the following \IIO\t-<.1iou,. 

10.1.1 Test Structures 

To assc•s., the i111pac-t of the prcscncc of dcfoct, un scmironductor wafors <.·au\ed h} p,1r­
uclcs. contaminaho11, or other sources. specially dC'signcd It's! ~truclures an· uwcl Th1·,e 
,;tnictwt>s. also kno1rn as 1u·oc.es1 r~mtrol 111011itor. (PCMs). include ,inglc Iran. btc>I"\. sin• 
gle lines or c:onduchng material. ~1OS capacitor.. and interconnctl monitor, Product 
w:1fers typical I) contain se-.,er.tl PC~ h distributed ,,cro.._, tlw surfat.-e citlwr i11 die ~lll'~ 
or m tl1e scribe lines between clit• (sec Fig. I 0 .2) 1 

Proce· • qualit) can be clwckcd ;1t ,·ario11S stJ.e;es or manufac.-turing through in-liuc 
mcasnrcmenb on PC ~l stnicturt's. Thret• typical intcrconnl>Ct test strutturcs ,ire slmwu 
111 Figure 10.3: Using s11t h te,t structures. mea.suremcnts are p<'rfom11:d lo assc,~ the 
,rt!seuce of defecb. which c.an he inferred by th<.' pn',entv of ~!tort c·im1it,. or oiwn cir­
t uits u. ing. imple resistance measur<'nwnts. For c.xampll'. the mc,mdcr ~tnictun· fadl• 
it.11(,s; tll<' det<.'clion of Opt'll drcuits through i,wreaw<l t>nd-to-cnd resi.,t.111c-c of Ull' 

llllll llllHlllHllllllllll 
lllllllllllllllHllllllllllllllllll 
lllllllllllllllllllllllllllllllllll 

lllllllllllllllllllllllllllllllllllll 
llllllmlllllllllrnllllUlll~DII 
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lllll llllll ~llllllllllll 
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Figure 10.2 Confil!lmlliun nf pniJut'h .md PG~h 1111 J l~Jlit·.tl ,,•1111cor,dut1or" ,It 1 
1 



(b l 

Figur910.J l\;NC' 1,•,1 ,tnl('t111t, fur 111h'n"tl1111t'l"I l.1}1·1,.' ta} \II .1111.l.·r ,tnntur,·. 1/,J Douhl,-. 
comb ,iructun <" Cmnl►111,•ai11lc M"mh ,tml·hn•· 

m"anck·r rlw ckmblt'.'-curnh ,tru(·tnr'l' c,111 hJ..,·"1,,• 11(,• u,,·tl to clrt,•t-t ,hort, ,lncc ,lll\ 
t':\lt:1 ro11d11cti111? rn;11, nal hnil-!111!! tlw 1,,u l't>mh, "ill h'OU('(' th~ rl.''L,'t,ut<'<' bt•tw,•l'n coml;, 
1i,11fiamth fl1c coml~1111",mdt'r-t'llmh ,tn1clurt• ('0111b111l'' tlw <-.1p,1bilitk·, of Lill' other 

t¼u tructure, wul pnmit, tit,• dl'lt•<:lion of l>oth short,; ,mtl opt>ns \ ',Lnnu, t-0111bin,1tions 
of ,,,dth, of line, u,d 'I' n-, 111 tl11·,1• l\',t ,tnrcturt•s allow tlw collt><.11on of ,t:ilhtic-s on 
Jcf.con5 oh. nou, ,i,,·, 

10.1.2 Final Test 

F1111<1io11al t, ,tmg, t rl11.• t'l1111pll'lio11 of 111.1nufaduri11~ 1s thP fln.J arb,trr of pl'OC'C~s qual-
11, aml ,ieJcl n,r purpcN~ of tin.J 1c,ti11).! is to ,·11,111\' that ,tll produth pt•rfonn to the 
'l)t'('1hl'.lho11s lor ,,lud1 thl'J ,wr,· 1le~ig1wd. For intc~all'cl drcuit,. the test proce,s 
dl'pCud, 11 '!,'W,ll dcaJ on ,,hl'llu•r tht• d1ip ll'Sll•d i, a logic- or memo!) dt'\iC't: In either 
C'rN', 11tom.1h~ tt',t l'<)l•ipmt·nt (,\TE) i, u,ed to apply a 111casuH•1111'11t st11n11lus to the 
cl,1p tnd n t'Ord tl11! rl'sull,. TIii' 111,1Jor fuucticm~ of the j\TE ,ll'C input pattcm genera­
tion, p: Item ,1ppltc:11to11. and output re\po11st· dt,tection.! 

Dunn~ t"Xl1 f,mt11011.1l tnt C)dl•, mput \<'<:tor.. arc sent thro11gl1 the d1ip by the ATE 
111 a tinll'<l ,C(l'1c11Ct'. Output n: panw, .ire n'.1d ,md t-otnpawd "ith c•qicc:te<l resulti. 
1111, :-t~1uent'C 1, n:pealt.·d for t•ac:h i11p11t p,1tll'nl. It is oftt•n m·Ct·~al) to f>('rform such 
It''" at ,.mou~ \11ppl} ,olt,1gt'~ and oper:itin~ lt-mpcratun, to <.'11,un• cle,ic-e opemtion 
. t nl.l poh•11ti ,I n:.'l-,'IIIIP.~. Tiw 11umbn and ,t•c1uc•nct• of fo.iluw, 111 tlw output ,ignature 
an• in<l1cn11,e of rn.111uf.1tt11ring proc,:•,~ faults. 

Tt"t rt ,1111~ m.,y he t''q>l't"~L'U i11 n ,.1ri1·I) of w •. ~~.a Two t>.\,unplc·, art• ,ho,\11 in Jt' igul't', 
IO 4. ml 10.5. Fi~•un· 10..t ,ho"' a hm-d1111e1t,ional plot c; llf'(I n ,lmu>o ,,lot for a hypo­
theti<.nl bipolar product. In a ,1111100 plot, the outlim,d ~l1.1dc·cl rt"glOO is whPrt' the clc"iCI.' 
IS i11te111fod tu oper.11<•. \\Jule tlu• hlank nn•.c outside repre\l'llh tlw fa.ilurt' n:~on. \ 11otl1er 
I) p1ml 1t-,t output 1, tlw t-cll m.1p ,h0\\11 i11 Fii,m· IU.5 Cdl maps ar<' , t'I')' u\t>ful in iden­
bf)ing ,,ml "olatln~ de\ 1<.-e failure, , p.1rticularl} m memory arr.1p. In .,ddilton. tl1e pat­
lt•m, ~••111•r.1tnl in tlw et•ll 111,1p 111a) he ro111pilcd. l:.1t,1l0~11l'd. and wt1·r compared ,,ith 

hlirary of 1·,i,ting dl(ft'CI l)p<·s. tll!'rt·b_, wiling 111 tlu• di,1~11o~i, of fault-

► 10.2 PACKAGING 

I :JO.o I d fm -d. the t,•rm 1111cka!!,111~ r1·f1•rs to tlw ,l't of 1t·d111olo~e, ,111d pm<.'t'ss,·s tJ1,1t 
ronnec I IC, ,,,th dt'tirurn<.· S) tt•m, ,\ u~cful .m,Jl>l..~' L' to t-on,1tlcr an ell'ttro,uc prod­
u ~ .1, the l111111a11 bod), l.ike tlw hod~. the~ pmdtll'h h;aH' ·br.iins.· which arc nnalo­
):OUS to re, 1-:lt'<.iromt· pad:;1~11g pm,idc th,· Nlll'r\'011\ ')'lt'm" a, wdl ,l\ th1• "skdt•t.J 
S\ em" '!be p:rd: l!f' h rt ,pms1hle for 111t,'m>1111{'(·h111!. (Xl\"'nng. c'Ooliug, and prot1'<.1:ii11( 
tlu.• IC Tltis <.'Onccpt i, illu,trntecl III Fii,1r,~ 10.6. 
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Figure 10.4 fa.unpll' of l\,o-dirnen"onJI \ult.,"'' , lunoo plot tor 1t l>1pnl., r IC 1 
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nufnttunng 

°' roll C!k-ctmlllt' '\ h 'lll\ l'Oll,1,1 ur 'l'\t'l,11 ),,, •• , , or pad,.1\(lllt:, t·ach ,111!1 dhhn(· 
ti\ hpt>Sof mll'l\,)1t11t~u»i lk·,il"'' Fn~nn· 111.7 tkpi<-t,, tl~1, p.1d,.1\(l11\( l_iit·r.u"<.·h\ • U'\t'I o 

of on,dup mil nunm-ction, l11p-lo•pn11t,•tl <1n·u1t board or dup-lo-111od11lt• co11. 
nt'ctiOnS ronoprue lr.\t-1 l . . mtl lio.1nl-10-bo.U\l 111tt•rc-o11111'Ct1011, ro111pn.,t• Lt·wl 3. l ,1,'\t•l, 1 

t consbt of t'Onnl'Clion\ 1,.~l\11Tll ,11b.1,w111hht·, ,111cl bt'tw,·t·n ,),l••m~ (such ,l , cm11. 

putt'r to pnultT n ,pt-<·h,l'h. 

l D.2.1 Die Separation 
, funct1011al h ,t111i: indirnlu.il IC, tor tUt"l.•) mmt b1.• wp.1r.11t-d from the sub-

trntc This h f"('ut1.,lh tht• fir--1 ,tq> 111 tlw p.1t·k,1gi11)! proC"<''-~ In ,1 <.'0111111011 nwthod 
that h , ~ 11 ,1,~'<.I for m,111) w,11"' th, ,ub,trull' wufer i, mounted tin u holder ,llld S<.·ribc<I 
m botl1 du x .u d !I J1n-<t11,11, 11,11,g ., d1.11noml ,t·rilx· Tiu, L' d01w ,Jong ,crilw horde" 
,3 to 2.50 µrn 111111dth 111.,t 1r,• fonm.J 1ro11111l tlw pt'ripht•l) of tlu: d1"-' dnnng fabric:.i­
uou Tt, , hord, r- ,in• :i.h1.,'l11'd with the c1y,1.il pl,uw, of the ~ub,tratc if p<>s., ihlt.'. After 
sc-nhm'.! the w:J't'r is n mm,·d fmm tlw holclt•r .u1d pb<."C.-d 11p,1de-down on :1 \oft ~up­
port \ roller 1, then U\<-d tu ,1ppl) pr•·"un', fracturing tlw wafor .tlong the ,crihe line\. 
1111' mu,t be ccompli,hcd \\1th minim.ti d.1111.1gL to tht.> mdmdu.J die. 

\lore modem die (l p ,rntion prc>1:1•,,1•\ 11w ,1 dianwnd ~aw r,1th1>r th,m a diamond 
nLic In tlus pl"OC'('dun~. tl,e \\afl·r 1, .1tt.1d11:tl to an adJu,.,i,t• \hl·t•l of myl.tr film. The 

'-l" {, tht"n u-;('t) 10 t'1th1.-r rib<> tht• 1, .1fcr or lo cut t'()rnplcteb through ,t. \ficr ep.1-
rn110n, the tU«', r..- remon-d from tlw lll)br. Tlw sep.ir.1!1-d dice ar1• tJwn n·,td) to bt.• 
p~ 11110 p;ick:l!:t''· 

10.2.2 Package Types 

Tiu:re are 111111 I r uf approoclw to the p.irkal!lng of ,ingll' IC,. Tlie d,111/ 111-/inr pack­
a:,r or DIP (fie;: IO S). ,, the p,1t.:kage mo~t people cm,,1011 \\he11 Uu'.) think of inte­
i,:,tt!<l cin·,111, The DIP 11,L., clt:wlopt'<I in tlw l96(k qukkly became tl1t: pmmm package 
for IC, anti ha., Ion'.! dominakd tl,c clct:tronit-s paclc.1~11~ markl'l. ·n1c VIP<' 111 he made 

figure 10.7 l:ltt1mnk- p:i hil?lll~ blerlln:h) • PCB pnnlt•tl c1m11t lio:inl \IC\!, 11111lt1lh1p 

ioduL 
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Figure 10.8 Oual m•lint· p.ick.11(•·.4 

or ph,tic or ('l r.11111<:, "ith llw latter c,Jl<'<l tlw C,·, DIP 11w O·rDI t> t:onmts ol a DIP 
constn.ctc<l or two pil'ce~ or ,and\\idl(.'d ccr.1n11t· with !l·ad\ protniding from IX'tWeNl 
lht.> ccr.11nic pl.1tt•s. 

In the l9i0, and 19S(h. ~111fart· mount ,,ad,ow, ,H·rt• d1 ... elop<.-<l in r,· pon,1· lo., 

need for higher-den~il) inler(.'()!lnt•ct than the DIP approacl, l'Ould pm\itl<' In <.'Ont~t 
lo DIP,. the lemls of a surfat'<'·lllOunte<l [Xtcknttc do not pem tr.1tv lht.' pnut,--d tirt"uit board 
P('B) upon which 11 i~ mounted. Tlm means th,1t the r-1ck.1g,· can lx, monnh•d on both 

51de, or the bo,ud. tl1ereb) allowing hi~her den'lt}. One t·xample of wch a 1).1t:k,1ge b 
the quad Oalpack. or QFP (Fig. 10.9). which ha\ ll·,1<.b on ,JI four side, to further incrc;c;t• 
the number of input/output 1/0) 001111t'Ctio11, 

:-.tore recently. the need for grcah:r and gre,,ter number, of 1/0 co1111t-<.-tJ011s 11.1.s l1·d 
to tl,c <lcwlopment of pin grid arm} (PCAland ball grid array (BG.\ \ p.1t:kag(>'\ IFip 10.10 
and JO Ll , re,_pe<'tively). PC,\s have .in VO densit) or .,bout 600, and BCA, l,m ha\'c 
densities greater tl1an 1000. as comp,1.1cd with .1bo11t 200 for QFP\, BC;u C".l.11 be iden­
tified b\ the solder hump~ on the bottom of the package With QFP~. a.-. tht: ~p.,cing 
beh\et:n leads lx-<.-ornes tighter. tl1c 111anufa(.'luringyield clccrea.w mp1dly.11w BC:A allow 
higher densit)' and take, up less ,p;ice than the QFP. hut it, manufat-turing proce-"~ is 
inhercntl) more c,pen~i\'C. 

Figure 10.9 Quatl n.itpack 1 

Figure 10.10 Pm i,id arr-.&v pack.i~t•.• 



7bt' 1110,• n-ce-ut dt·\dopuwnt III pad .. 1gin~ L" tht• chip ,uJ~• p.1cka~t: (C P), which 
t ~,:i 111 F1i:ure 10 1.! {' ·p,, dd111t'll ,1., p,1ck.1~t'' no iargl•r than 20~ grc,1ter tluu1 the 

of the I • dit" it" If oftt.'n t.ikl· tht> fonu of minhlturued ball grid ,lml\~ Tl1ey a~ 
Jesig;ncd to I 1l1p-dup 111ountt-d (~•v l'\·taon I0.2.3) \1.>111~ ro11H"nlio 11,J t•qu1pnw11·1 ,uid 
,older nfu, (. P, m ~ l)p1c.1lh m.mufac-tun•<I 1n ,l pl"OC't' , thut cn•,ttl'S t', tcmal powl'r 
and -ii,1:al I O t-ont.1t1, .,ml enc.1p,11l.1tc:, tlw fuu,h,·d loilicon dk prior to dicing tlw wafer. 
f, nt1 ~ C , r~ pm,1(1•· ,m intt·rt·on11t-cho11 (mme\\ork for IC., . o that bdore d.icin~. 
c:.d, tlie h.t., .all tJ1, funt-1.1011, l' it .. t•, h!m ,J dt:ctrical cont.,c~. enc:-.1psulutio11 of the flu­
khed ,11iron) of. ron, 't'nt1011;1) fu lh p;.wk.1g1.>d IC 'fo o t•~ , l'nlial fo,1t ure • of this ,1ppr0Jch 

t' that tl,e le.id, and 1111t•q)(N'r W}t'r l,Ul ,tdded l.1n-r on the IC used to pro,i de c.>lcc­
tricil fu11ct101ulil'\ and mt'\:li.uut,ll ~u.bilit\ 1 ,ire 0e\ible enough '° tl1nt tl1c packugcd device 
,, c.~mpli.,nt to d1t' It ,t fhture for full tt:,t111g ,llld bum-111 and the p,tck.tge ca.11 acro111. 
,nocblt tl1e wrt1r.J nonpl.u1aril) .1nd tlll'nnal c,,,ansiou and <.'Ontntetion of tbe undcrl,·-
111!! prir,r.~i nn:wt boonl tlunng ,\.,,,•mbl} and opcr.1bon. ' 

102.3 Attachment Methodologies 

\ n IL mu.,t b, mounll.-d and bcmdt-<l to ,1 p.1d. .• 1ge. a11d that p..1clc.1~e mn,t be attached 
to , pl"Ultt-d c.·ut,111 bo.trd bt fort.· till' IC c-.m lw u..'-t'd in .t11 ele<."tronic v~tem. ~lethoch 
oJ ttadlin!! I , lll'l" ~fenl'<I to•'-' u'td l parkof!,mg. The technique u ed to bond a bare 
1li,• to a p11cb~,· h,b ,i~Lifkant dfoc:t un the ultimate ell'Ctm ... -u. meeharu1:al. and ther­
m:il proprrtlt, of the t'lt'C'truruc s-. tern being m,mufoctured Clup-to-packnge iutercon­
rlt'Ctiou u te1wr:JJ) Ct'Ornplishcd b\ either \\ire bonding. tape-a11ton1ati:d bonding. or 
ILp<hip bo11di11d se(' F11! I0.13 

\\1rc Booding 
\\ are bonding is tl1e olde t att,1chmeut 111etl1od and i. still tlie dommant technique for 
clup, ~,tJ1 fc-.\~·r thJJ1 200 I O connections. \\'ire bonding requires con11c,cti11g gold or 
aluminum ,1i~• bet\,een c-hip bonding pads and cont.1ct poinb on tlll' packnge. 1Cs are 
flr.t .1ttacbc-d to du: :.ub,tmtt.' u~ing ,1 them1ally conductive ,1dhei.ive. with their bonding 

\ folJ 
oompotan<I 

" t 

\\)rd,oud 

P. ·t, • P, l-.1n, I. 

Figure 10.12 Eum~ ol t\,n hp1c.il L P, 

Soltl,·r- -

<.lup f.1r.· 

lhl 

(cl 
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Clup r .... .,, 

Figure 10.13 lllu.,tr.1ticm of (111 ,,i rv lb) 01p-chip a.nd (cl tapt,•,111tomatt-d bondml( • 

pads facing up\\.i.rd. The /\u or Al wires are then att;1ched between tilt' pads ,md sub­
~mte tL'iing ultr.t<;nnic. thcnnosonic. or tl1ennocompre.sion bonding.~ AltJ1ough automatccl 
this proce • is still time-consuming ince each "ire must be attacht-d indhiclmtlly 

Jn the thNmocompn.•.ssion technique (Fig. 10.1-1). a fine \\ire !ll>-75 µ111 diameter\ 
is fed from a spool through a heated capillary. A ~mall lwdrogen torch or electric ~.trk 
thf'n melts tl,e end of the ,~ire. fonning a ball. The ball is then positioned owr tlw chip 
~i:,11dine1 pad, Ute c:.apill(IJ) is lowe red, and tl1e ball clefonn~ into a ··n,ul hcad·· due to pre,-
urc and heat from the capillary. (The substr:.ttl' is maintained at a tcmpcmturr of 150~c 

lo 200°C. and the bonding interface temperature rnngc,; from 2b0°C to 35<r C). Ne,1, 
tlw c.1pillary is raised. and \\ire 1s ft>d from tJ1c spool and po~itioned ow r the p..ickage 
s1.1bstratc. The bond to the packuge i a '"edge bond produced h) dcfonniu~ the wirt• 
\\ith the edge of tlh~ capillury. The cApilhry i then rahed :ind thr 11irt: is brok11n nt·,u 
the t>dgc of the bond. 

Oxidation of Al at high temperatures makes it difficult to fonn a good ball at thc.> c.>nd 
of the ,\ire: in ,1dtlition. m,my epoxic~ cruu1ot with~t:111d tl1e temperatures net.•dt>d in thcr­
moe,,0111pre ion bonding. Ultro~o11i<' /J(),u/in~ n:pn.-s.:n~ a lower-tt>mpcrolure _,1ltenmtive 
that relies on a combination of pre urc· ,md rapid tnl'Chanical ,ibmtion to lonn bond\ 
(Fig. 10.15). ln tltis approach. the ,,ire i~ ft'() fron1 a spool through a bolt.- in the hond-
111g tool, which is then lowered into posilion ,~ ,m ultr.1.~onic vibr.1tion at 20 to 60 kllz 
c;:au~es the met.ti to dcfonn .1n<l llo" (e\im at roo111 teinpemharc) Ali the tool is r.u,~,d 
.1fter the bond to the p,1d.-..1~e h formccl. :1 dan1p pulls .ind breaks the \\irt· 

Tlu•n,1().~o11ic lxmdl111! i~ ,1 cornbination of tht• otl,er two tt>chniqul' . The suh~tr,th' 
temperature i.s m,untained .1t about 150 C. ,md ultmsonic ,ibmtion -~ti ()fl.' sun: .uc uw<l 
to cause tlu: metal to 0o" under prt•~urc to fonn ,l "cld. Thenno\C'lmt· bonder. ,m• 11u1tc.• 
f1L\t-tliey are c-Jp~tule of prodll<:in~ 5 to 10 bond-, pt>r weond. 



-1 
fol (bl 

\\1n: 
(,I) I.Wl'l1J 

fol (0 

Figure 10.14 Th,·nnuc~m1pn>"inn bon<linl! pr<K,-v,~.' {11 ) Gold ,,ire in a cnp1llary {IJ Ball fonna­
l io11 c a. ,1 lini: (,l) \\ m: loop an<l l-<ljtt• bonding. (e) \\'irc hmkl'n .,t l.-<!gc (/I ( .roruetry of 

b.111-,wdg•• lion<l 

(al 

(di 

rn""~m• .wd 
uhn.,onlc­

t'lll'tg\ 

tofonn 

(bl (c) 

Figure 10.15 ·1tr<1-.oni,· homli111! pnJ1:c, ~ (o) Tool }.I\Udc, ,,itl' to the patla~t•. (hi Pre~11re and 
11ltr. "'"'~ 1·ot·I)() £orm bond. (c anti r/J Tool f€'t>d~ \\1rc ,md rt'()'Js1buru above tl11: IC {c) Wire 
1,m~,.,, ut bond 
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Tope-Automated Bonding 
Tapc-auto11111tcd honding (TAB) wns dP\dOpt•<l in thr earl) 19i0s .i.nd is oftt·n 11, 1,d to 
bond packagt>s lo printed circuit board\. In TAB. chip~ .m• fln.t rnountt•d 011 a flt•,ihlt· 
polynll'r tape (u,unll) polyimic.k·) contnimn~ rt'peate<l copper iult•rc.-onnechon p,1ttrm, 
(F1g. 10.16). T~,e copper b1tl.\ ar11 dt,fined hy lith~rnph) Md etd1111g. ,111d the IC',td p.1t• 
ten, _can c~ntam hun<lrcds of ronnections. After ,uigning the IC p<1d, to metal intrrron­
lll'Chon ~tnpcs on the tap<•, attachment tak(•s place by thcnnocompr~~•on (Fig. 10.1 i ). 

Cold bumps arc formed on either ,ide of the die or lapt• :tnd arc> uwd tu bond tl,11 di,, 
to the leads on the tape. 

A benefit of TAB is that nil bonds arc fom1cd simult:ineou,I), whicl1 signiflc-.mtlv 
improves ma1111focturing throughput. I lowc, er, unles.~ nil tl1c leads are t.-oplan;1r. reli.;. 
bility problem~ can result. TAB also rc<1uir1>s multila)er solder bumps with compln. met­
allurgy. Cenemlly. these bumps use gold or copper a.~ the pri,naryoort,tituc:nt. \\ith titanium 
or tungsten serving II.\ a diffusion barrier to pre, ent alloying. ln addition. a p.,rticul.tr t.,pe 
can only be u~t·d for a chip and package that matches its ioterconnecl p,tltem. thereby 
rendering TAB an extremely customized process for which thC' bonding equipment is rel­
atively expensive. 

Flip-Chip Bonding 
Fllp-cfop bondlr1g is a direct interconnection approach in ,vhich the lC ill mounted up-,i<lc­
clown onto a module or printed circuit hoard. Electrical connections arc made ,ia sol­
der bumps (or solderless materials such :is epoxies or conclueti\'e adhesives) loc-.ited o,er 
the ,urface of the chip. Since bumps can be located anywhere on the chip. flip-chip bond­
ir•g ensures that the interconuect distance between the chip and package is minimized. 
The VO density is limited only b}' the minimum distance between adj,1cent bond pads. 

ln flip-chip processing. chips are placed face down on the module sub~trate ~o that 
r10 pads on the chip are aligned with those on the substrate {Fig. 10.18). A solder rellow 
pwcess is then used to simultaneously form all the required connections. thercb)· drns­
ticnlly improving throughput compared with wire bonding. However. the bump fabrica­
tJN, process itself is fairly comple:,, and capital intensive. 

Solderless flip-chip technology involves stencil printing of an org::mic pol)l11er onto 
,111 [C. leaving the bond pads uncoated./\ high-<:onductl\ity organic polymer p.1.Ste is then 
\tc11c1led onto the bond pads to form the sol<lcrless bumps. " 'hich are then cured. The 
-.one organic polymer is stenciled onto the bond pads of the sub trate. Alignment is then 
1(."(.'0lllplishecl, and the finnl bond is formed by appl)fog pressure and hc-,it to the bu111p • 

Pol)mt·r 

Figure 10.16 Tnpc,n11t1nnatc·d l>o11din~ ' 



(o) 

(b) 

Dtt' in rnalri.t 

(c) 

figure 10.17 TAB procedurt'., (al Leads lowered into position :md :ilignt!<l above bondmg pads. 
b Tool descend~ and perfonns bonds. (c) Tool and film are raiwd so .i n_w die c.in be mo\'ed 

into po ilion 

,..,,, ........ 110,,~ 

Chip ------ ----/ -- --­-- -------Ch.ip silt• path • 
Sub,1ratc 

Figure 10.18 Flip-chip hooding.' 
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10.3 STATISTICAL PROCESS CONTROL 

re mn'.1ufact11ring processes must be stable, repeatable, and of high quality to yi<:ld prod­
ucts w1tl1 acceptable perfom1ane:c. This implies that all incllviduah in\'olved in 111anufac­
turing :m IC (inclu<ling opemtors, engineers. and management) 1nust conlin1Jouslr seek 
to improve manufacturing process output and reduce variability. Variability rcduc.1ion is 
ac.-cornplishe<l in la.rge part by strict process control. ThL~ section focuses on ~tntbtic11l 
proCIJ$N control {SPC) techniques as a means to achieve high-quality produt-u. 

SPC refers to a powerful colleclion of problem-solving tools used to achieve process 
stability and reduce vnriahility. Perl,aps the primary and most technically sophistic.ited 
of tJ1ese tools is the control chart. The control chart \Yl\S developed by Dr. Walter Shewhart 
of Bell Telephone Laboratories in the 1920s.'' For this reason. control charts are also often 
referred to as Slrewl,art control chart$. 

A control chart is an online SPC technique that is used to d(;'te<.'t tl1e o<:eurrence of 
shifts in process performance so tl1at investigation and corrective action may be under­
taken to bring an inc,,orrcctly behaving manufacturing process back under control. A typ­
ic:il control chart is shown in Figure 10.19. This chart is a graphical displa} of a quality 
characteristic that has been measured from a sample versus the sample nu111bcr or time. 
The chart consists of (a) a center line. which represents tJ1e mean \'alue of tl1e charac­
teristic corresponding to an in-conh·ol state: (b) an upper control limit (UCL); and {c) a 
lower control limit (LCL). The control limits are selected such tJ1at if the process is under 
statistical control, nearly all the sample points will plot between tl1em. If tlw variance 
of the quality characteristic is a1 and the standard deviation of the char.1cteristic is a , tl1en 
tJ1e <:ontrol limits are typically set at ±3a from the center line. Points that plot outside 
of the control limits are interpreted as evidence that tJ1e process is out of control. 

10.3.1 Control Charts for Attributes 

Some quality chamcteristics cannot he e,1Sily represented numerically. For example. we 
may be concerned with whctJ1er or not a wirc bond is defecth·e. In this case, the bond 
is classi.fled as eitl1er defective or nondefective (or equivalently, conformin~ or nonc.-on­
forming), and tl1ere is no numerical value asso<:iated with the qualit) of the bond. Quality 
chamt'teristics of this type are referred to as ntt rib11te.\. 

Upper control llinit 

f 
~ ~~~:.:.::..::::..::::.:.:... ___________ _ 

ample number or timl' 

Figure 10.19 TypiclJ <."Ontrol chart' 
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T,,u comrnonh 11,t·d t-ontrol clll\rts for :1ttribute~ nrt' tJw dtfcct chart (or c-<:hart) 
nd tJae d,ji-ct 11,m~ity chart (or u-<:lwrl). Wlien ., spt'<-•1fication i, not ntisfit•d in a prod­

uct. dcfl"<.t or 11onc.-011forn1ih lllay re!>ult. In ~uch c.,w~. it is pos,iblt.> to develop co11• 

tml cli.ut, for ,·1tl1t'f tJ,~ total numher of dl'ft•cb or the defect de1l.~ity. These charts -~urnc 
that Un' p~ ,·n~• of dl.'foch in ,,u11ple~ of t"Onst.,nt ~izt' i~ appro~riat~I ' modeled by the 
Pohw11 di,tnl,utio11, 111 \\h1ch tJw prohabthl) of a dt>foct occumng 1, 1t1n"n b) 

~ 'e' 
P(,)::::-,- {l) 

.I . 

\\ht·n.· .1 1, the numlx>r of defec-t, ,111d c L'> a t:on~tn11t greater th.m iero. For the Poisson 
di,tribubon r i, both tht• lllt.',lll ,u1d nuianC't' Tht.'rt•fore. the c-chart with ±3o control 
limiL, L' ghcn b~· 

UCL=c+3·./c 
Centerline = ~ 
LCL = c-3,/c 

(2) 

:u,umml! th.it r: i" kno"n (:Vote: if 1J1t>,e calculi1tions )iclcl a negative ,.due for the LCL. 
tJre ,1,111clud pmctiet· ~ to set the LCL equal to 0). lf c is not known, it may be estimated 
fmrn an ob,enro averJ~e number of defecu in a sample (c). In this case. the control 
clurt bt'("()1nt·, 

EXAMPLE 1 

UCL=c+3✓f 
Center line = c 
LCL=c-3✓f 

(3) 

·uf>P"'<' the in,p«-tion of 25 \1l1con wafers )iclds 37 dcft.:cts. Set up a c-<:h,•.rt for thh sihlalioo 

SOLUTlON \\'c e-timate c U\JO( 

_ 37 
8 c=-=1.4 

25 

nm u th .. center line: for the c-cliArt. Tlw upper and lower control limits can Ix· found frorn Eq. 3 
;i., follow, 

lJCL=c'-t3-R=5.13 

LCL=r-3.ff =-2.17 

S1111.-. -2.1, < 0, \\I! ,et the LCL eqwl to O in tl11s case. ◄ 

Suppo!>e \\c would like to ~et up a control c:hart for the m .. crnge number of defects 
O\l!r a sample size of II products. ff there were c total defect, among tht II samples. then 
Urt.• an:m~e number of defects per sarnple is 

C 
11=­

n 

The p.1mmetl'rs of a 3<J dcfr·ct dt•n\ity chart (u-chart) ,,re· tJ1en given by 
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UCL=ii +3.IE_ 
~ ,, 

C(•ntl'r line ~ ii 

LCL=ii-3l-

"here II is the nwrage number of deft-c:l) o,·l·r m groups of ,ample \ii,e 11 

EXAMPLE 2 

(5) 

Su~rx1,1.: an IC rllanuf~lurcr wants tn ust.iblbh a dcfoct dcmil)· cli.trt Tw,·nl) tliffon·nt '-'mpli·, 
of ~m: 11 ~ 5 waf<•rs are msp<.'<-1cd. and a Iota! of 183 duft·<·u arL· found. Sl·l up tht• u-chart for thi, 
\1tuahon. 

SOLUTION \\'e 1:,timatc ,, u~ing 

- U C 183 
u =-=-=--=1.83 

m mn (20X5) 

Thi~ 1~ the center line for the u-chart. Thc upper and IO\wr t-ontrol linnts c-.m be found from Eq. 5 
.i., foUowi. 

10.3.2 Control Charts for Variables 

UCL=u+J [=3.64 
~-;; 

◄ 

In 10any cases. qualit) characteristics nre expressed as specific num(.'ric measurements, 
r,l!Jic:r tJ1an assessing tJ1e probability of presence of defects. For ex.unple. tire thickness 
of ,t film is an important chamcteristic to be measured and controlled. Control chart~ for 
rontinuous variables such as tJai.\ can pro\"ide more infonnation regarding manufactur­
ing process perfom1nnce than attribute control charts like the c- and 11-chart.s. 

When attempting to control c:ontinuous variables, it is import.mt to c.-ontrol both the 
menn and variance of the quality characteristic. This is true hec.mse shift'i. or drifts in 
either of tJ1ese parameters c-.in result in ,;ignific:ant misproces\ing. Control of the ml'an 
is achieved using an x-cha.rt. and ,•,triance can be monitored using the \tandarcl de,fa­
tion a.s in ans-chart. The names of these two charts originate from tJu: ,111111,l,· menr1 (t) 
and w11npl<' variottC(' (s!), which. respectivcl), ar(' ¢ven by 

__ \, +x, + ... +x. _I ~ 
X - -- .t...., .'C1 

fl n '•I 

(6) 

, I ~( -)' S' =-- .t...., .\, -.t. 
11-J , I 

where x,. Xi, .... x,. are obsen-ations in a sample of si1.c II The square root oftht· sample 
vari1mcc is kno\\11 as the wimple stmulard dcl'iolfor1 (s). 
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, , 1ppo,e m ,.m,plt·, of ,u<' 11 .,re rolll'ct<'d lfi1, r:····· i_ art• the ~a111pl<: me:m,. tlw 
t. •, -unl3tor for tlll' tnll' me.m (µ l 1.) the /!ro11cl a1,·mf.!t' (.'\). "Inch,, gi,en b) 

= \1+L+ ... + .,. 
\ = - ' (8) 

m 

11 c-,· 'i' l''timatt·, µ. it is uwd ,t, thl· t"t'lllt•r lute of the i'-ch,Lrt It can ,11,o be h°',11• 

tl .. lt 1{" qu.iht\ d1,m1l·lt'listic ,, nonn.111) d.1.>tributed with u lmown meanµ und stand,1rd 
lk~Utlon a 1Jwn i 1.S ,u,p nonnalh di~tributl'd \\ilh me,u1 µ tmd l>tandard dc.•vintion cr/V,i 
n,u, Ull' ~ ·1lt'r lint' .md control litn11~ for the x-ch.1rt arc 

UC.:L=f+3 1!!.. 
\n 

Cenkr line = f 

- {q 
LCL =I-31.:::.. 

\ II 

(9) 

mre a '-' uroo.10\<11, it mu,t al(O be estim,1tcd b) analyzing past data. Caution must 
be 1ppli.-<l III doing ·o ,inre ~ 1twlf c,uinot b • used direct!} as thee ti mate because ~ is 
not an ,mbiaf<-vi e tim..itor of cr (The tenn 1111/,/nsrd refors to the ihiation in which the 
r~'Cted ,.Jur of the.• c.•,tiJnator is equal to the parameter being cstinMted.l instcad.) actu­
.111} i· 11n1.1tt•, r~. where c, c a tarutical pammeter tJ1at is dependent on tl1c ample size 
('tt'\.' Table 10.1). Form <:ample of i2e 11. the average ample standard deviation is 

I ., 
s=-I,s, 

m I 

It tum., out tJiat the tatistic s I c, is in fact. an unbiased estimator of a. 

(10) 

In ,1ddibon. the standard deviation ofs is a ,ft -c; . Using thi~ infornution, the con­

trol Ii mil'> for tl1e )-clutrt can be ct up as follows: 

UCL=s+3 s .}1-c; 
c, 

Center line = s 01) 

\\1at'n-; le, is u~ to~tim.1tc a. the !units on the corresponclingx-chart ma> be defined as 

' 'CL = 3.r V , =.\ +-,-, 
c,vn 

Center line = x (12) 

EXAMPlf3 

UPI •--e i- and •·dW'b .ue to be ..... uhli bc-d to rontrol linNidth for ;1 litbogn1play proct>Ss. Twenty· 
f", difTcn: nt \j),fllpft.,. of "12L' n • 5 linl'\~1<lths .u'I.' na·asur .. -d Suppose Lhc grand an•rogi: for the 
1251,ru:, l\ l 01 µna lfi • 0.09 mm, "h;i.t ue the control limits for the s-ehart? 

10.3 Stat1st1cal Process Conuol ◄ 24 J 

TABLE 10.1 c, P1r1m1ter for • Chert 

s.,mpl1· Si,.t• (11) c, 

2 0 7971) 
3 I) l)',62 

I 0.9213 
5 0.9 100 
6 0.9515 
7 09.594 ., () IJ650 
9 ()Jl693 
10 0.9727 
11 0.975-1 
12 0.9776 
13 0.979-t 
14 0.9'>10 
15 0.9523 
16 0.9$35 
Ii 0.9'>45 
I 0.9»4 
19 0 9562 
20 0.9!,69 
21 0.%76 
22 0.9SS2 
23 0.9SS7 
2,.1 0.9';92 
25 0.9596 

II> 25 4(11-l) (" ,. __ 
' - 4n-3 

SOLUTION The valuL· for c, for n " 5 (found in Tahlc 10.1) i\ 0.94 11,c upper and lower cuntrol 
limits for i can be found from Eq. 12 as follow~ 

C = 35 4 14 U L = t +-::-:r;;= . µm 
c,-.n 

= Js s LCL=.1 ---,-=3.8 µm 
r ,vn 

The uppl'r and 10\,t!r control Ii mi~ for scan be found from Eq. 11 as follow~ 

UCL=:i+J s J1-c! = 0.19 µ111 
c·, 

◄ 



► 10 .s STATISTICAL EXPERIMENTAL DESIGN 
E.\ nm~ 11t, ,1!10,\ UI\ ,·,tig,,tor-. lo <ll'l,•rn1im• tlw l'ITt'<.·ts of ,en-ml variablt•s on 11 giv<•rt 
P"X' , or pnxlul·t ,\ d, ,·lf!.11t·d ,·,p,•rlmrllf h ,t tc~t or ,cries of tests thnt imolve pur. 
pox•ful d,anc,·, 10 tJ,.•w, ,1ri:iblt!~ i11 orJ1·r lo ob~t•rw thl' t•lTt'Ct of till' <:han~t-s on that 
pro..--.:·".,, prt>1l11t·t ·1dtL,t1ml t':tp1·ri111,·11tal dt•.,,f,11 ,_., ,lll t•ffic,cnt ,1ppro,1ch for S)'\tC1nat-

lh '•IJ:111!! tl1l·~v l"C1111roll.1hll' proc.'t· , , .iri:lbll's and ultimatt•ly til'krmining tht>il' irnp,K-t 
,m f'IRX't''' or produd qn.Jit~. or both. Thb ,1ppro:wh i, ust•ful for comparilllt nwthods. 
d cfot,ui.: Je1k11d1·1wi,•~ . • wd t•,v,11111~ mo<ll'l\ to pn.•dkt elTt'<"I!>. 

St ,b,btal proc,.-~, ,-011trol ,u1tl t'\lll.'nmental dt·~igi, ,,re do.,t'l) intcm.'latc•d. Both tl'rh. 
1 qut, ldlJ bt• u,oo lo n--dut't' vuriah1lil). llowl'\ er. PC is a p:JSSive uppro.1ch in wlud1" 
pmct..,, L, momton.>d and ll1t.1 colk-<:kd. wht•re.is e,'[X!rimental de~ign requires active inter­
wutJOn in perfam1111~ tc:,h on the proct> s undt·r di.!ft!re11t condition~. £\pt1rimen1tu design 
cu1 abo bt> lx:ndltial in i111ple111enll11~ PG ,inc-e dt'signt'd expt•riments Ill:\) help to iden­
tm tht' n,o,t mf111l•Ol1,J r=•s~ \,Ui:1bl1•s. ,b wdl :\S tl,eir optimum ettings. 

Q\·~r.ill. c,pc.·n111t•11t,1l de,ign is a pow1.1rful engineering tool for impro,ing a manu­
foc111riul! Pml'- \pplic:.1tion of expni,nent:u design technique~ can lead to impro,ed 
~wld. n-du,.-d ,.1ri.1b,lit), reduc.'t'd de,elopmcnt time., nud reduced cost. Ultimate!}'- the 
1"('5Ult b t·1J1.u1t't.-d 111,mufacturabilil) perfonnance .. md product rdiabilil). The follow­
in~ 5<'C·ti01u illu,tralt· the 1N: of t.'\[X'rimcnt.11 design method~ in IC fabrication. 

10.4.1 Comparing Distributions 

Con\1dt>r tl,e, ield d.11,1 ,n "fable 10.2 obtuned from :in IC manufacturing process in which 
l\,o b,1td1e, ol 10 \,,Jer. were fabricatt.--<l using a standard method ( Metl,od A) and a mod­
ifit>d m .. 1l10d 1~letl1od B) 11,e question tow answered from the c,-p('riment is what evi­
denet: if ,u1, doc, tht! datu coUec.'le<l pro,ide that }.Jethod 6 i.s ,, aliv better tl1an 
~ktLod .\ ? • 

To .mswer tltls question, we cwnine the average )ields for each proc.-e~s. The rnod­
ifit·cl 1m·tl1od , ~fl'thod Bl gm·e ,m average yield that wa.~ 1.30% hi1.?l1er than the standard 
1111:tl1CJd. HO\H~,·t~ duet~ tl,e considerable variability in the indhitl~,al te~t ri;>sults. it might 
not ~ t'On-t.'(.-t to 1mnl('d1atel) c.-onclude that MetJ1od B is superior to Mct11od J\. In fact. 

TABLE 10.2 Yield Data from a Hypothetical IC 
Manufacturing Process 

\\.a.frr ~lt-thod \ \lcthocl B 
Yield 'J / \1t-ld 1~ 

b9.i Mi 
2 !>1.4 S6.I 
3 >4.5 S3.2 
I '>I'> 919 

5 '>7 3 $6.3 
6 i9i 79.3 
i '>5 I ~ -2 
i, '>Ii b9 l 
9 \3.- 3, 
JO '>-15 '>'>.5 

:\,,.,,.c,~ '>I 24 \.554 
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It 1, t-onccivnhlt• that tlw cllffon•nt'<' oh\1·1v•d ,.,..,,Iii be d 1 ..1 ., 
~ ~" 111, o c•xpc1111w11tJ.1 error op,•r-

,,tor t•rror, or cw11 pur1• ch:111<:t', ' 

T~u· propt•r app~o.,~•h ~o dctcnmM \\11ellwr lllC' tlilTl·n...nct· bl'twt·t·n 11,c two m ,tnll· 

fo<-tunn~ pto<'t''\t•s ,s .s1grufic:a11t h ., liyJ'ollw~h tc\l. A statlsttc-.tl hvpotht•\f' i, :e , t,iti,­
'.11r11t nbout ~Ill' value, of_tJ~1• p,,m.nwtcr, of ii probabil1l) dtstrihulio;1, A hypo! h,..,j\ ll~t 
I' tin 1tvaluat101~ of the n1ltd1ty of ll1c hypotl11:s~ accordi11g to ~mnt• crilC'nou J lypoth<·,1.,, 

,ll'c expwss1:d m the follo,~1ng mannvr: 

110 : µ = µ., 
11 ,: µ t; JI , ! l3) 

when· the stutenwnt 110: µ " µ0 i~ c 1lled the r1t1// hy71t>llic,i~. and 11 1: JI .e JI, ~ calk·d 1lw 
altn,1at!t·1· liypot/1('.~/.~. To perfonn a h)-potht"sb te,t. we• ,tl<:ct a random s.1111plt! fro1n a 
population cornputc au appropri1tt1• lt>Sl 5latistic, :u1d ll1cn citlwr ac<'<'pl or r!o'jcc.'l tlw null 
hypotlwsis, For the yield experiment. the hypotlu.:,h test c.u1 be rcpMt•nt,,d ib 

Ho: µ~=µ .. 

11 ,: µ\ .C. µ R 

where µ , :and µn represent the rnt!an yicld5 for tl1c two methods. 

(14 1 

To t!V-.iluatc this hypothesis, a te~I ~tatfatlc is rerp1irecl. The appropriate h:,t stali\tiC 
111 this case is" 

(15) 

where Ti, and y8 arc the sample me.ms of the yields for each method, 11, and 11 11 arc the 
number of triru:. in e,1ch s:unple (10 each in this case), and 

5
: = (11 1 - L}s! + (11" - t)s; 
r 11, + n8 - 2 

(16) 

which is referred to as the pnoletl cwtimatc of the co111111011 1Aria11cc of tbc two pr<>ces~s. 
lhe demoninalor of Eq. 16 is ca.lied the number of def!.reN of fnwlom for the hypoth­
csis test. The values of the sample ,•arinnce..s arc c:ilculate<l u5ing Eq. 7: ~, = 2.90 ,rnd 
s

11 
= 3.65. Using Eqs. l6 and 15 then gives vrtlucs of~ = 3.30 .u1d I = 0.Sb, rcs(X!cti,cly. 

We can use Appendix K to detennine the probabilit) of computing ti ,i;, en I ,tatis­
tic with a certain number of degrees of freedom. This probabilit) i, represented h) the 
shaded region in the figure in the appencb. Interpolating from Appcndi, K. Wt' find tlmt 
the likelihood of computing a I ~tatistic with 11, • 11 11 - 2 = l dt,grces of frce<lo111 t>qual 
to 0.88 is 0.195. The , .uuc 0.195 is the ,tnthtical ,1w1iflcm1r.c oftl1c h~pothesis test Tiu~ 
me.ins that there is only a 19.5% ch.1nce that the obwr. c<l tlifft>rence bctw11en the mean 
yields is due to pure chance. In other worru.. wt c-.in be 80.5% ccmfidcnt th:1t Method B 
is really superior to ~frthocl A. 

10.4.2 Analysis of Variance 
The previous exa,nplc shows how we might use h)1)l)tl1esi~ tcmng to C'Ompan.· two di,. 
tribulions. I Iowcvc.>r, it i~ oft<.'n important in IC m,1nufocturing ,1pplications to be ablt.>_ to 
compnrt• :,<:veml <listributions. Moreo,er. we might also b<-111t<Hv,ted in dctcn111nm~wl11ch 
process conditions in p,1rti<:11lnr han· n significant impact on prOC\''-l- q~aht). ,\ ualy_,L\ '.if 
i:orinnci· (Ai OVA) is an excellent techniquc for accornpli~hin~ tbest.' obp:ch, c~ .\ '.\ 0 \ :\ 
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bu.ii ls on tllt' 1d1 j ol h\ JX>tlll',is lnlini: .111d allo" 11, to c-0111pan· <ltffor<>nt wb of pro. 
"l'undition, (1 <' • tn·.1h11enh), ,t, "di ,L, to dt·lt-nniJw wlll'tltl'r ,1 i;h•n tr1•.1111wnt n·,ull\ 

m st tJ,t1c.,lh ,1i,11fl1 .mt , .tri.1tion III tjUalih. 

n, .. \ \()\ .\ (11\>C't'dlll'\' I\ lit•sl illu,tmlt•d b) l'\11111plt•. In thl· following cLst'll\~iou, 
ro11,11l1·r 1111· cl.1t,11111~1hl1· 10.J. ,, Inch rcprt•,t•nlb h, potlwtk,11 defect den,itit•<. 1t1t>:i.,u1Vd 
011 " (t"f' fi hric.1kd 11,ini: four dilTen·nt ,ct, of proct'~~ l'\'cipl'' (l.1b(-Jed I lhrou~h -1 ). 
TI1ro11-;:!1 tl,1· u,._. of \.~O\A. \\\' ,,ill dct1•n11.hw wlwtli1•r tJ,e dhcrep,u1c1e, bctwcm l't'<.'lpes 
(u·. tn:-.11111,·nt, 1, trnh i:n•,1h'r tlu111 the , .1ri11tion of th!' ,ia diameter:, 1dlhl11 tlw indi­
mf11 11 ):roup, of n. proct.·,,t·d with tht• ,a11w recipe.• 

Let k be tJ1e mtrnbt•r of tn·.1h111·nt- (k ~ ..i III thi, case). ~ote that thl' sample ,ize (11) 

for t'.icla lwatmcut ,.11i1·, w t 11 • 11 , = 6 .. md 11, = ). The treatment llll'ans (in cm-1) 
an• :a., foll°'" y1 = 61. 'ii:" 66. !/ " 6.'>. ,111d y,:: 61. Tht> total number of -,.unples (.V) i., 
24, .u,d tl1P f;ntnd aH•ral!•' of .JI 2·1 ,amplt·~ ,, 'ij "' 6-t c-m •. 

u~ of quare, 
To pc·rfonn \\'O\ \ st•wnu ~<-y panuncter.. mu.st be romputcd. n1ese parameters, called 
,111,u of "I'""',. 't'f'<' to quauti~ <le,iulions "itluu and betwf.'cn diffPrcnt treatments. 
l.t-t !/ rc·pl't"5t'III tlie Ith ol>sen.1llon for tlw Ith treatment. The sum of squares within the 
tt11 trr tmC'nt ,, $H'll b) 

s = ' (i· -y )1 
I ~ • ..-t 

wlwrc 11, h the \-ample ,il.e for the treatmcnt in question 1md y is the treatment mean. 
Tl11· u 1tl1111-trt,1/111c11t 111111 of ~q11an.•s for all treatments is 

• 
S, =S ... Si + ... +S, = LL(Y, -y,f 

, .. 1, I 

To •Juan~- tJ,c ck"'fations of tJw treatment .weragl's from the grand avt>mgc. we use tlie 
l,,-,,n'r11-trrntmrnt ,11111 ofiq11arr.,. which is gi,c•n b} 

• s, = L ",(.v, - y")2 
I 

Finull), the tot:.J ~um of ,quarcs for aJI the data about tht> grand w.-rngt' 1s 

I 

SI>= LL(>' -y)l 
11 t I 

TABLE 10.3 Hypothetical Defect Densities (in cm 2) 

for Four Different Process Recipes 

Rt'l.ipt' I Recipe 2 RNipt· ,'3 R,•dJ>I• ·1 
62 6.'l 6'> 56 
60 67 66 62 
63 71 71 60 
59 64 67 61 

6.5 6', 63 
66 6', &I 

63 
5!1 

(19) 

(20) 
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Endi ' 11
~

1 of ~c1unr,•, h,1..\ ,111 a~\OC'i,ttecl numlx·r of dt·gn·t·, of fr("f•dom r1•1 111wd for 
Its ro111p11labo11 . Tlw drgt1'C'' of frt>c·dum for tlw w,·11 - l . t I 1 

I .1 f llll• rc,t IOCnl. M•l\\t•t·11-lrl'"1t11w11I :mt tol:u sum~ o wp1arh, n•,ix•c1i,·1•lr. ,ln.' • ' 

v11 • .V -k 
v, ,. k - I 
v,,.N- 1 

(21) 

Th_c: fin.il q11ai~111y n1:eded to <".UT) out .malrh of v.ui,tn'-'> 1, tlw poolt'fl •·~titnalt- of 
tlil' \'lln,u~t'l' qu.~liflcd by l'ach sumo~ square~. TI1i.\ c1uanlit}', lnt0\\TI ,1., tltC' 

11
,,,a

11 
,,

111
or,•, 

1s the ratio of the wm of ~quares to ti ,u,oc.1att·d number of di>=et·s of fl'l• -., 11 . • I • L.. I>" l-UCIIII. II 
w11 un-treatmt•nt. 11el\vt•cn-trcahnent. and lolal mean ~,1u,ires are therl'fort• 

I 

s L "· (5', - y)l s; = 2.. = ~•~'---:---
i·, k - I (221 

ANOVA Table 
Once tl1e parameters just described haw been computed. it i.~ customary to arr.u1~c them 
in a tabular fonnal called an ANOVA tab/<' The general fonn of the :\NOVA table is 
depictc..>d in Table 10.4. The: ANOVA table that c:orrespon<L~ to the defect density data 111 

Table 10.3 is shown in Table 10.5. Note that in botl1 tJ1e Sum of quares ,md Ot.'!tfl'C's of 
Fre,•dom rolumns, the mlues for between and ,\ilhin treatments add up to gi\"C the cor­
responding total ,-alue. Thfa additive propcrt) of tJ1e sum of ~quare~ .arises from tl1t> ,ugt•· 
bmic idcntil)· 

I • l 4. ,,. 

LL(Y. - .r)2 = L 11,(J, - .rF + LL(>' ->·l (23) 
,.1 1 1 I I t•I ,., 

or 11quivruentl), 

Sc,= S1 + S11 

The complete ANO\'A table provides a rncchani~m for tl'."-ting tJ1e h)potl1t"sis that all of 
tlw lreatnwnl 111eans are equ,11 Tbr null h)pothesis in thh ca,w is thus 

11n: µ, " µ;. = µ_," µ, 

TABLE 10.4 General Format of the ANOVA T1bl1 

S11111 of D<~rw, uf M 1:jn S11uan· F Ratio 
S011rt-c of \'arialinn quart·, Frt•1:dom 

131:1\,ccn 1r,•,1ttnt•nts I v, "k- I , 1 , ,J sf 
Within treatmenh s~ "• • .v - k ·~ 
Total S11 Vn c .\'- I ,t 

II 
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WU 11.5 ANOVA Table for Via Diameter D111 

·u111 or D{'ltn'<"' (Jr Mr,111 qu.ut· F Ruhu 
,re o(\\.mllOll ,l(UJJl'\ Frt·•-dum 

" .22~ I' 3 , . i6.0 tifs~ .. 13.6 '!kl\\fl' 11 11 ,.1111cnt, • r 

\\" thlu trr' .. hllt"flh 112 ,., - 20 '• 5.6 

Tot.,I \. 340 I' 
' 

2.J ,., • 11.' 

If dit• 111111 h1-potl1t·,i, wt•ru tnu.' the 1~1110 ,jl,~ would follow th~ F di~hibution with v 

11(1 , •• J('l.'f;~, uf fa't'(lom lntNpol.1uui from Appi:ndi\ L. the slg11if,_ca11cr /cod (i.e.: 
tlw fil"t ,ul,)Cnpl of tlit F ,,Jut'~ in the 1t1blt.1~) for the observed F ratio of J 3.6 with 3 
illltl 30 dt~n-e, o( fm.-do111 is O OOOO-t6. Thi.\ nwa.ns UK\I t11ere is only a 0.0046% chance 
~t tlii; mt•.u,, ::tn.> i.11 f.t,1 t-qit.11 .• md the null hypotlicsis 1s dis,·reditecl. In other words, 
we l'all be 99.995-t'l ~Utt" th.it ni,tl difTt·rt•nce, exist ,imong the four dilforcnt proce cs 
in our t•'Clll1plt>. 

10.4.3 Factorial Designs 

E:q>1:nincnt,J dt,qi,1 i~ .m org.u1w:d metl1o<l of conducting e,periments to extract tlie ma.x-
1mum amount ofuJonnahon from a limited number of experiments. Experimental design 
tt-c.hruqul' JI\' empl~<'<I in m.u1ufocturing to S}'Stematically aud efficicntl) e.~lore tJ1e 
<'fTl'Cb of a -.et of input \,Uiables. or focton (sucl1 as pl'()(,~ing tempemturd. on responses 
{,uch as )frl<l . 11w urli~ing feature in statistically designed experiments is tJ1at all fac­
to~ atl' \,Uit>d qmultan1..-ously, ,IS opposed to the more traditional "onc-,ariable-at-a-time·· 
ll•clm.iqui:. A properly dt-s-igned experiment can minimi?.e the number of e,-perimental 
run, tbat ,, ould otherwise be required if this approacli or random sampling were used. 

F'actorial e:<p('nmental designs ,ire of great practical importance for IC u,anufacturing 
.1pplkalio11'. To pcrfom1 a fac.1oriaJ t:xperiment. an investigator selects '.\ fixed number 
of lt--rrl~ for ead1 of a number of ,ariables (factors) nod nms experiment~ .1t all possible 
combination~ of the ll"Vt:ls. Two of the most important i~sues in factori'.tl t-':q>erimental 
design.~ are chocxing the ~et of factor.; to be varied in the experiment and ~pt'ci~ving the 
nin~e, OH'r which 1aruition ,,ill take plac.-e. Tlte choice of the number of fiwtors directly 
afft•ru the number of e,')X'rimental mns (and therefore the cost of the 1•)p<•riment). 

Two-Lel'el Factoriah 
TI1e r.m~es of tl1l' p~ variables invcsli1;.ited in factorial experiments <.wi bt discretized 
into minimum. maxi111u111. and 't'E'nter~ le, els. lo a two-level fnrtorial de.,1g,1. the mini-
11111111 .ind m,~lirnunr IC\el~ of l'.lch fa<:tor (nonnaliwd to t,Jw on vnlues -1 and + l. respec­
o,clv art' used togetJwr in e-.vl') po sible oomhination. Thu.~. ,1 foll two-lel'el factorial 
e"tpt:rirn<'llt \\ith n factors requires 2 expcrinumtal runs. The variou., fador le,·el com­
bmatioru. of ,1 three-f.tctor experiment can be repre~ented pictorially ,\S the vertices of a 
cube. ,b ~1,own iu f igure 10.20. 

T,iblc: 10.6 sh01, ,t 2 fac1oritil e.xperimcut for a CVD process. The thret' factors are 
lt•mpemtun: CT) preo;.~urc (P1 . .uid gas now mt1.• (F). The response being measured is the 
dt·pos1tion rJt1.· (0) in ,mgstrom, 1x·r minute. The highe~t aud lowest levels of each foe­
tor are repn."<cntt>d b) tl1l' + .ind - \i,,ts. respecu,·d). The display of levels depicted iu 
tlic firo,t thret• c.·ulumos of thi.\ table i.\ calk·d a d1'!>iJ!.11 matrix 
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1-1, I, II 1 I 1) 

(-1.1.-1) 

(I. 1.-11 

(-1.-1.-IJ (1.-1.-l 

Figure 10.20 factor b·cl combination\ of a threc..-fa1.1or t·~rinwnt r1:pn•\(<11t,>d .u the ,"t-rt1c,.·, 

nfaC'Uhe, 

TABLE 10.6 Two-level factorial Experiment 

Run p T F D (Nmin) 

,J, = 9-1.8 
2 + cl_ ,. 110.96 

1 + <11 = 214.12 

4 + ,I ,= 255.52 

5 + "·· = 94.14 
6 + + d, = 145.92 

+ + d- = 286.71 
b + + + cl,= 340.52 

\\1ial can we detennine from t.his factorial design? Furtlumnorc. what does tJ1e_dat,1 
colleclt'd tell us about the effect of pressure on deposition rnte? The clfoct of .my srn~e 
rariRblc 011 the response is cnlled a mni11 t:ffect. The method used to compute such am~ 

:ffect is to find the difference between the :wcmgt: deposition rate when the pres~ure is 

I · I (' is 2 4 6 and ) and tJ,e average depo~ilion mtc when tlw prt>ssure is low 11g 1 1.e .. nu . , . 
(nt11s l , 3, 5. and 7). ~lnthematically. this is e;,..-prcssed as 

P = d _ d = 1/'1[(</, + d. + d,. + d~l - (c/1 +,I,+ ti\ + d.)] : 40.86 (2-4) 
r· ,-

where p is tJ1e mnin effect for pressure, dr· is the a"erage deposition mt~ whl•n ~ie _pre~­
. . ·. b'gl and ,{ is t11c nvcmge deposition nile when tJ1e pr.:ssure IS low. \\ c mter-~urc 15 I l, , ,, . . . , 

pret this result as showing that the :weroge efft•ct of increasm~ pn.•ssure
1 
froni.1~ 

1~~"~: 
to its highest level is to increa.~c till' deposition rate b) 40.86 Alnnn. l1ie ot ier~i.w

1
1 c ec • 

r t , per·iture and now rote are computed in a similur manner. ln gene • • l W mJ1
1 
n 

ror t m • • 1 r •. , . • l Ill is tl1t> difference betwl?en t 1c 
effect for each ,·ariable in .t two-le,·e ,aclomu c~nn c 
two awrage~ of tJ1e respous1• (y). or 

Mrun dTei!I : !{. - !/-
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\\, al , mt..rr,tt'<l 111 tjU,mtif\111(( ho\\ two or mon.· factor-. l11tnr1ct For t'\llrn. 
pit- , tkit thi.: pn.'""''' t•Ot·t·t i, mud, !!'l'atrr .,t hij!h k111pemlllll'' than it i, ;it 
Jm, t:~rntun, A ,ut•,L,url· uf thi, i.11t1•r.it:lio11 " pm, i<ll•d O) tl1t• diffon.•1100 111:lwt>cn 
tlw Wrn!!e prr "In' dfoc·t \\llh 1t•111p<-r11h1n.· lii((h .iml tlll' :1,·<•rogl' prc"11rt• t•fft·t·t w,tli 
h-ropenUul"l" I :11, 8, couwnbon half of tht, cli1Tl·n.·11et> 1, c-.~lt>tl tl1t· _l'""''1m:--by-tn11p;·rnt11rr 
i t, roc11a11 or,, mholi.c.Jh 111,, /' x r 1utt•r.lt'tio11 Thi, 1nternct1on ma) also bt: thouiht 
of , ont"-half th°e Jilfrn·oCI· 111 tilt' ,I\Cr.t((t' tt•mpt·mtun• l'ITt><.·t, ,lt tlw two le"ds of pre,. 
,ure \l.,tl,ern.:11Jmll), tlm ,~ 

rxr= «ln_ -d,, -1 1t[ttl +cl,+cl +tl,1- (cl. +d +ti +c/.)] -6.69 (26) 

nie r-:.· f IIJKI T x F intrrJction, .w obt,urlt'd i11 ., ,imilar fashion. FuuJly, we might al~ ht: 
ml• ft',t.'1 m Ult' 111tt'rill.tioll of .JI tlut"t.' facto~. dl'note<l ,1.., the 1msrnm·-by-t1·mp1.'1'flt11n.•-by 

JL."ltl. rot,• or tlie r T xF inlt'r.\C'hon.111h 111k•mt'tion defines th~ aven\gc ~ere_nce between 
a\ h\O•f.3(-tor Intt:nactmn ,it tlit• Judi and low lcwl- of tlw thin.I factor. It t, gi, -en b} 

PxTxF=dm -elm =-5. S (27) 

It L, 1111pc,rt.,nt to not!.' that the rMin effect of ,UI} factor can be incli\ idually interpreted 
onh if tl1t•n· I) no t·,1tlt.!nc-..· tl1.1t tht· factor lntcmct. \\ith otlwr factors. 

The Yllh.•,. AJgoritlm, 
It c.ill bt· tl•Jiou_, to c.tlcuLtc tlw dTcct. ,1nd intcr:ictious for two-le, el factorial e;,.peri­
llll'nt~ \NII!? tl1r 111t'tl1od JU't described. particubrly if there urc moru tl1<m three facto~ 
,molH-d fortun;,h•h. tl1l' lirtr., nlf!_orithm pro,ides a quicker mctluxl of computation that 
1, ttl~ rel.111\t>lye.L,~ pmw.un111ed ,1a conlputer. To implement this algoritl1m, the exper­
unental cb,~ matm h ~t ~.in~ed in whnt i:- c.J.led vto11dorrl order A 2 fadorial design 
i!- ,n ,tancunl order wlu:n the first c.-olumn of the desiKJ' matrix consiSts of alternating 
minu, and plu, ,1-z,~. tl1c ~L'cond column conshb of succes.~ive pairs of 1111nus and plus 
,is,i,, the third rolumn con~i,t~ of four minus signs followed by four plu, signs, and so 
on In ~t'nt:'r.J. tlw I.th column comt~b of 21 minus signs followed b, 2 plus signs. 

n1e r.,te, cakulaboru for tl1e depo~ition rate data are sh0\\11 in Tablt• 10.7. Column y 
c-ont,un, the tie position rate for e.ic:h nm. These are considered in succes~ive pairs. The 
fil't four cntrie, iu column ( I ) are obtait1L-<l by addin~ the pairs together. and the next 
four ,ire obtainl'd bv ~ubtr.ic.-ting the top number from the bottom nmnbt>r of e,1ch pair. 
Column {21 is obt,tinl'<l from column (1 ) in the same wa,. and column (3) i.~ obtained 
from column (2). To obtain tlw eq>erimental effects, one' need only <lh1d the column 

TABLE 10.7 Illustration of die Yates Algorithm 

p T F 'J . I (2 13) Dhisor F.fTecl ID 

94 '> 205.76 67570 )5430 I, 192/>i A"g 
11096 -169.94 1>6729 163.45 4 ·10.&i p 
21-U:2 2-10.06 57 .'l6 651 35 -I 162S 1 T 
2.55'>2 62723 I0.5..59 27.57 ., 6.~9 PT 

9-1 1-1 16.16 264 l'> 191.59 I 4790 F 
l-15.92 .Jl.70 3 '>i.17 -H.i3 .j 11.9.'.3 E'F 

... 2'>6 'ii 51 i'> 2554 12.2 99 .j 30 .75 Tf 

,'3-1052 5361 203 -2351 -1 -5.SI> PTF 
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(3) l'lltril'S h) thl· Dh i,or l'Ol1111111 t·ntrie,. In ~cnn.il, tlw fir.t dlvhor "-111 I"' 2', a11d the 
rt•111,1i.11111~ tlh •"'"' will h<" 2· 1 The fir<.t t•h·1111•nt in the !d1•11llfit.1ti<m (II)) lulu,1111 "tlw 
grand •" 1•r,1ge of ,ill of tlw ohwrv,1tiom, ,111d tht· r1•111ainin~ identiO<:atinn, aw dt•nq•d hy 
locating tlw [>It" ,ig11, in lite cl1•,i~11 matrix 

.\lthou~1 till' \'ate, algontl11n pro"1dc\ a rt'latiwly stratghtforward 111t'th01lc,\o~· for 
coinpuling c.,rwnmcntal t•lfc:cts. it ,l1011ld bt· paiutcd out that mcxlcni aualy ... ~ of ,tali.\• 
tkal <.-:qx-rirnt·nt, b Jccomplblwd ,Jmo,t c,du""d) h) t'Omml•rdJlly a,ailablc ,t.,ti,ti­
cal ,oftw;ire pack:1g1•,. A ft-w of thl· 111or<• t'0111111on p.1ck:1g<·s l11cl11dP RS/I. SAS. and 
~ linitab. Tiu.:~l' pack:,gt·s complete I} all~fate tlw n<'t~sit) of pnfonning 1m)· ll-diom h.UJd 
c,1k-11laltons. 

Ft·actionnl Factorial De~ign~ 
A disad\l111t11ge of the two-lcwl factorial de\ign b tl1al the n11111bc>r of 1:xpcrinwnt.J runs 
increase~ c'q>Oncntiall) with the number of factor,. To allwiate tl11\ l'Ollt"l'ni.frartlo11n/ 
J<rc·torlal <k·signs arc con~tructed b}' syslc111.1tically diminating smne of tlw nut, in a full 
factorial design For example. a half fractional design with 11 factors rcquir~ only z-·1 

nins Full or fr.1ctionnl two-level factorial designs t-an be used to estimate tlw main t•ITect.s 
of indi\idual facton; a., wcll .1..s the interaction elfl•ct\ between fat-tor;. llowt·wr. tlw.,- c:an­

not be used to estimate quadratic or higher-order dfc<:ts. TI,L, is not a serious sbortc~ming, 
'>IIIC.'C higher-order effl·d:; and intcmctions tend to be smaller tl1an low-order effects (i.e .. 
mum effects tend to ht> larger than two-factor interactions, which tt.•nd to be larger tlun 
tl1rl'<>-factor interactions. etc.). Ignoring high-order elTects is con<.-ephlllil}· simil,lr to ignor­
ing lughcr-order terms in a Ta}'lor series e,-pansion. 

To illustrate the use of fractional factorial designs, let 11 = 5 and <.'Onsider a 2' facto­
rial dc~ign. The full factorial implementation of this de.sign would require 32 experimental 
runs However. a 2r 1 fractional factorial design only requires 16 run~. This 2'-

1 design is 
generated by fir-t writing tl1c design matrix for., 2' full factorial de5ign in standard order. 
Then plus and minus ,igns in the four columns of tl1e 21 de,igi1 matri, are each ·multi­
plied" togetJier to fonn a fifth colmnn. 

For ex,·unple. let's take anotl1cr look at our C\'D experiment. Suppose we only ba\'e 
tl1c time or re~ources aqti)able to perform four deposition e~ri1ncnb, rather than tl,e 
eight requm:cl for a 2' full focto1i,J design. Thi~ c.uls for ;1 2..., ~r:icti_onal fac.-torial alter­
n,1ti,·e. This new design could be generated by writing the full 2· design for till' pressun: 
and temperature variables, nnd then 11111ltipl}ing those t'Ol111111v to obtain a tl_,ird l.'Olum~ 
fur flow rote. This procedure is illu~traled in Table 10.8. The onlv dr-awb.,ek m usm~ tlus 
procedul\,' is that sinc,-e we ha,e used the PT relation to define oolumn _F. \\'\? c:.u1 no long~r 
di~tinguish between the effects of the P xT interoction and tl1c F 111,un elfoct. \\11cn thL\ 
occul'li. thl' two cffl't·t.s are said to be confowull'<I. 

TABLE 10.8 Illustration of ~ 1 Fractional 
Factorial Design for CVO Example 

l\un p T ,.. 

1 + 
2 + 
3 + 
.j + + + 
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► 10.5 YI ELD 
\'&n.ihllih III IC 111,mufocturinl! ptoct''st•~ c.in lead to dcfon11:1lio1~ or nonconformitie, 
an fiaa,h,~ produc·t,-, udi proct'~" <li turbanC\'< ofien result 111 faults. or uuintcnlion;~ 
di:m•!'f"> iu ti,.,. pt•rfonu.uiCt.• 01 confom11U1C\' of dectromc product!>. Tlte presenw of ,uch 
i ult .. ~i, qu:uitifit-d b, tlw 1r1:u1ufacturin~~irlu. r;d~ ~ d~fiucd as the pcroentngc of de,;~ 
or C'lmitl~ tlt.11 ln\.~•t .i nomi1111l perfonnru1~ Spt'l'tfication. 

\itrld c-.m ht• c.at~onl.l."><l as either fimrtro1wl or pammdrlc- Functional jield is deter­
mmed b, tfa• pn>portiou of fuU) fo11ctional products. Oficn referred to as hard yield, the 
fum:hona.l ,ield of 1c, is usmtU} cha.mctl•riwd b) OJX'll drcuits or _short circuiu caused 
b\ ph,,ic-.11 <lt>fecb (Mich ,b partick~). 1n ~Otnl' c.ise~. howe\'er. a luU} functional prod. 
uct still fail~ to met.'t pcrfonu.wce ~x-i£lc..1tions for one or more parnrneters (suclt as speed, 
noi,'-' lt·•t>L or pow,.-r con~11111ption). TIil' e situntions are described b, par:.unetric )ield 
(or <oft ndd). 

10.5.1 Functional Yield 
·nit• dl."elopmcnt of models to cslimntt• tl1e functional yield of lCs is fundamcntn.1 to man. 
uf.1cturine \ model tliat pro\ide.s acc:11mte estimates of manufacturing yield can help pre­
dict produd <.'OSt dt't1•m11ue optinmm t·qwpment utili.z.ttion. or be u~ed as a metric against 
wluch .,rou.1 ml•,i:,ured m(lnufocturing )il'lds can be eva]u,1ted. Yield mocfol~ are also crit­
ical to ~upport dc-cisions iJl\ol~ing m:w technologies ruid the identification of problem­
. 1tic products or pro<.-e. se,.;. 

A5 pre\iou~ly mcutioned. fundional yield is significantly affected by the presence 
of def1x·b Defect can re;ult from many random sou~. including contamiuation from 
e-q111pmcnt. proce.s-.es or han<iling. mask imperfections, and airborne particle:;, Physically. 
the:;e delt"Cts include ,hort5, opens. rni.salignment. photoresist ~plattc~ and flakes. pin­
holrs scratd1e~ . .tnd Cl) tn.llow,iphic Oaws. This is illustrated b) Fi~•re 10.21. 

\ield models are usually presented as a function of tl1e average number of defec.'ts 
per unit area (DJ and the critic.al area (,\ ) of tl1e electronic system. ln other words, 

r 

I I , 011,t 
- pmx:1,·, 

t·, lure, 
0(J 

rn,.,i 

3 

Figure 10.21 \ uious \\1lf• m \\ h.ich dust partidc~ Cl.II intcrforp "ith i11kn.-on11l·ct 111ask paltt-m5 
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)' f It\, 1).,) (2.1)) 

where ~· is the function,ll yi1·ld. The critu.:al :uea Is the area 111 wluclt ,1 di•foct oc-currillg 

has a lu~h probability of r~wl~lng in a fault. fo'or rxampl<'. if particli· 3 in Figurt• 10.21 i\ 
h1rge enough and conJuctivc. it ha.s fa.lieu inlo an area in which it c.111w, a ~hort l,ct-H·cn 
th~ _two ml"t:~l line~ il bridge~. Tlw relatiou~hip bctwC'en the yield, d1:foct clc.-n\it), a.u<l 
en tic.~ area as compb .. It dc·pcnds on the circuit geometry, tl1c density of pltotolttlw­
grapluc patterns. tl1c number of photolith~rn1phy steps used in the mru1ufacturing pro­
ct:SS, and otl1er factor... /\ few of the more common models th.it attcrnpt to qu.intif)' tJ1i., 
relnlionship are described next. 

Poisson Model 
The Pois.c:on )~eld model ~11mes lhat defcct.s are uniformly distrihutl!d aCTO\\ a ~ubstrale 
and that each _defect results in a fault. Pineda de Cyvez p~O\id~ an excc:llc11l derviation 
of thh model: ut C be the number of circuits on a ,ubstrate (i e .. the number of IC~). 
;t.ncl let M be tl,e number of possible defect types. Under these C.'(Jn<lition~. there .u-e C" 
nniquc ways in which the M defects can be dic:tributed on the C circuits. For t•xamplc, 
if tlterc ,tre three circuits (CL C2, and C3) and tlm:e <lcfe<:t typc.s (such 3!> ~11 = metal 
open. ~12 = metal short. an<l M3 = metal 1 to metal 2 short. for C;\;Unple). theo there are 

C" = 31 = 27 (29) 

possible ways in which these three defecL~ can be distributed O\t'r tl1ree chips. These 
combinations are illustrated in Table 10.9 . 

lf one circuit is removed (i.e., is found to contain no defects). tl1e number of wap 

to distribute the i\l defects among the remaining circuits is 

(C - l)'' (30) 

Thus, tl1e probability that a circuit "ill contain zero defects of any type is 

(C~}" =(1-½ r (31) 

TABLE 10.9 Truth Table for Unique Fault Combinations 

Combination Cl C-2 C3 Combin.1tion Cl C-2 C3 

MIM2M3 15 \13 \ 12\11 

2 \ l 1M2M3 16 \11 \12 \13 

3 .M1M2M3 17 MLM3 \ ti! 

4 MlM2 M3 1 \ 12\13 \11 

5 MlM3 l\12 19 \11 \12M3 

6 \ I2M3 \ 11 20 \ 12 MIM3 

MlM2 \13 21 \13 \ 12\11 7 
\tlM3 \12 22 \II \12 \13 

9 M2M3 Ml 23 \ ll \13 \12 

LO Ml M2\l 3 2-1 \12 Ml \13 

u M2 M l M3 25 M2. M3 \ 11 

12 M3 M2\11 26 \13 \ 11 \ 12 

13 Ml \12\13 27 M3 M2 \ II 

14 M2 Ml \I3 
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ub,t1111t111~ \/ • C,-\ D . thl· \idd 1, th<' nurnbc>r of circuit~ with tt•ro defc..'t'tc<1, or 
(

0

\ D 

)' =J~11(1-f) =c,p(-A, D0) (32) 

for,\ Cll'\'Utls to h.1, e :tl'r0 dt:fech, th~ l>t'come~ 

(33) 

nil· Poi.~111 modd is ,1111pll' .u,d n-l.1tivdy l',~) to dC'ri,l'. It provides a reasonabl 
j!ood l'~l1111.1te of ,,eld "lwn the critital are.1 i.~ small. I !owe, er. if D11 i~ calc11lah.'d basl~ 
on ,111-1IJ-.m.'3 circuit<.. 11,m(! lite ,1me D., for large-an>a )frld t:omput,1tion~ rt:sults in a 
yield e,h111,,lt.' tlwt i., o,erl> pc ,11111stic compared "ith actual mea.~ured data. 

~furphf( 'field Integral 
B T \lu,plt} first propo(ed thot tht' \1\lut• of the dl'fect density (D) should not be con­
~t • ln(te;1d, hl' re,Mned that D 111mt be ,u1,11ned o, er :ill circuits .md sub~trates using 
a nonr~il,a>d prob.ibil.ity dt·n,il) fnnction.f D ) The yield cm1 then be calculated using 
thl• intc..-gral 

Y=fe~ 0 /(D}dD (34) 
0 

\ 'ariow. fonns o:JiDI fom1 the b.~is for tJw differences between mm1} anal)tic-al }ield 
modeb. Tiu: PoMon modt.-1 assume· that fl DJ is a delt,1 function. that i . 

/D i = 6(.D-D11) (35) 

where Dr, h the a, t'rdge defect density as before (see Fig. l0.22o ). Using thi.s density func­
tion, the )idd is detem1i11~ from Eq. 34 to be 

~ ,h0\1TI before. 

(a) 

(c) 

r,.. . = f e ·.\D f( D)dD= cxp(-A.00 ) 

0 

Cb) 

(d ) 

(36) 

Figure 10.22 Prob.1hilit\ dt-rl\1t\ functi f, / tJ p m ,d I h . • • Oil\ or O 11: 0 1'SOn modd. (/,) the unifonn ~lurph\· 
' • r t ' ln.&11~1.ir \ furph) modd anti <dJ the cq>oncnbJ.I St-c.,ds modt'I. • 
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~lurph~ inilrull\ 1n\c~hiatc.>d a u111fonn dc•u,il) func-tiou, a., \h0\~11111 Ft~m• II) 22), 
Tlw <•rnl1111hon of tlw )fold mtegml for the 11111fonn den\ity function i:,\f•\ • 

1-e u,, 

2D0A. 
Y, (3i ) 

~lu,ph) later beliuwd that a Cau,,ian dhtnhution \\'01tld ht, a better n:O,,ct,on of tlw 
tn11.i clefc•<·I d«:"n~ity d"_ tnbution t.h:111 tlw ddt.i funt1ion 11~\'•·,··r s,,,c~· ho bl . t) · • .,~ "" " • .~ ~ \\\l\ tUld t.• 
to llltegratt> 1e yield 111tcgr,LI with II Gmmian funclion \uhstihikd forf(DJ Ii . . 

t l · · I I r . , I! ,tpproxi-
llli\ e~ 1t U\111g t 1c tri,mgu ar ,unction \hown in Figurt• 10.221' This fuu<-tion rt><iult.s iu 
Ule pcld c,pression 

Tl~e triangular ~lurphy )icld mo<lt'I is widely used tocla) in indust') to dett•miine tlic 
eOect of manufacturing procc~s defect density. 

R. B. Seeds w,\S the fir-.t to \c.>rif)· Mu,ph)··s predictions.' Howewr. St-eds theoriud 
that high yields were cau\<:d by a large population of low defect densilil.'\ (which are not 
l11gh enough to cause faults) mid a small proportion of high defoct cJen.tjtie,; (i e., high enough 
to t\\use faults). I le therefore proposed tl1e exponential densih, function gi.\cn by 

f(D) = .1..cxp(-D) (39l 
Do Du 

ar·tl shown m Figure 10.22.d This fun('tion implies that tJ1e probability of obsen ing a low 
defect density is significantly higher than that of obsening a high defect densih. 
Substituting tJ1is exponential function in tJic Mu,phy integral and inte~1ting )iPlds ' 

y - l 
"I"' rd.., - I + D A 

0 ,. 

(40) 

Although the Seeds model is simple, its )icld predi1..-tions for lar~e-.,rea substrates art• 
too optimistic. Therefore, this model bas not been ,1,idel) us<.,d. 

Okaoo. lag,1ta. and Slumada recogr1iwd the physical naturn of defect distrihutions 
and proposed the g,nnma probabilit) density function. 1 Stapper has likt'\\i.'it: dt'I eloped 
and applied )ield models us111g the gamma density fun('tion.11 The gamma distribution 
is given by 

(-U ) 

where (X and ~ arc two parameters of the distribution. and f(C£l is tlw gamma furwhon 
The shape of f(C£) is shown for seveml vnlues of (X in Figun! 10.23. In this distributiou, 
the ,wernge defect de11sit) is D0 = ex~. 

The yield model derin:d b) substituting Eq. -ll into Mu,phy's integr:11 i.s 

Y . =(t + A:o r (42) 

This model is commonly rl'f('rrctl to ,IS till' m•got,rc l>i110111inl modd 1'11e p.1r,11neter a 
must be empirically detem1incd. It is gcnl'rally called the cluster p.tr.u1u.·ter bt•c-:1u~ 1t 

increases with decre:\Sing ,.11i;111et.• i11 the distribution of defttts. If a is hi~h. tltl' ll tlw 
, -nriability of defects is lo" (littJc clustering}. Under tJw.\e condition,. the ~unma dt•n~it\' 
function npproach<'s a dl'ltu function. and t.lw neg.alive binomial 111od<'I rt.'<.IUl"t'\ to tlw 
Poi!.son m()(ld. ~lathcrnahcallr. thi. mean:> 
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Figure 10.23 Probab,lih cJi•n"I'\ fom.-11011 l<>r Lhl' g:umna c.li,tribution. 

(43) 

Jf a L~ lo". ou ilw other hand, tht" "uiabilily of defect across tJ1e \,ai:er is signiflcant (much 
du,t.•ringl. ,Uld th\.' ~.unma model n:•dm.-cs to the Seeds e,-p<>ncnttal model, or 

Y=lim 1+--0 =---( 
AD)" 

..... ., a l +A,D0 

(44) 

rr thl.' criuc..J u-ea t1nd defect den~ity are known (or can be accurately mensured). the 
nt·~••t"•' brnomi.tl 111odel L~ .u, c,cellent general-purpose yield predictor t11at can be u ed 
for ,1 , ,uil.'t\ of JC nu111ufocturing proccs es. 

10.51 Parametric Yield 

E\i•n ,n a dl:'fo•ct-free manufacturing environment. random processin~ ,•ariations can lead 
to Hll}1Tlg lt-,·els of sy te111 perforrnanci:. These \'ariations result from the fluctuation of 
11u111erou ph)srcal and en,ironmental parameters (linewidtJ1s. film thicknesses. ambi­
ent l1umidil): etc.). which in tum manifest themselves as variations in fin~I system per­
fon11.lfl,x• (such as speed or noise level). These performance variations k a<l to .. soft .. faults 
and are chMact<.'ri.wd by the poranwtrlc yield of the manufacturing process. Parametric 
\leld ~ a mea5nre of the quality of functioning .sy:.tems, wherea,; f11nc:tional yield mea­
,1irt:., th£> proportion of functioning units produced by the manufacturi11J process. 

A com111011 method used to evaluate parametric yield is Monte Carin ~im11latio11. In 
the ~lont<-' Carlo approach. a large number of pseudo-random sets of \..Uucs for circuit 
or S) tem p.munetcn; an.- ~(•nerated according to an assumed prob.ibilitv distribution (usu­
ally tht" nonnal distribution) based on sample means and standard deviations e=-tracted 
from measured data. F'or each set of par,uneteJS, a simulation is perfonni>d to ohtain infor­
mation about tl1e prt>dictcd beha,ior of a circuit or S)Stem. The ovC'mll p<>rfonnance dis­
tribution is then extracted from t11e :.et of ~i11111lation results. 

To illustrate the Moote Carlo technique, consider as a perfonnancc metric the drive 
curnmt of an 11-channel ~10 FET in saturation (l o...l- It Call he 5hown tl,aell 

I = ( Zµ .C., ~(V. _ V )2 
t> ' - 2l ) 1• r (45) 

\\ lwn· Z i\ tl1c \\idth oftJ1e de,ic , . T, is its length.µ. is the electron mobilit\' in the chan­
nd. C is tlw o~dt• t'apacitanCf• per unit .1rea. v,. is the applied gate volt.~ge. and \\ is 
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tlw threshold volta1-:e ufthc lr,u1sistor In lhi, t•411utio11, C ha funt1mn of tl11• thkkiu.-,~ 
of tlw oxide (d), :Incl \' 1 i, u function nf tlw oxJdt· lludmes\ ;15 \\t•II ,L\ tlw dop111g in tlw 
ch:mnt•l. or 11:,,, - f(C,, \I 1 ). Both of tlww di11wmions un: subj!'ct lo n1a1111fac-n1ri1111: pro­
cess variations. They can thu, lw characteriwd IL\ vnrying at'Ctlrdinit tn nonnal <lbtrihu­
hon!o with meansµ, nntl µ,and ~land.ml dc,fation\ o, and o.,. rc,1>ectiw•l) hcl' F,g. 10.2,1). 

U,ing tlw ~lonte Cal'lo ap1>roach. we can cstirnatc tlw parametric ~i1•ld of MOSFE1\ 
produced by a given munufocturing proc-css within a cntain rang(• of satur:11ion dr,1in cur­
rents by oompuling the ,,tlut- of L,,,_. for c~el) po, iblt: t..'<>rnbinaticm of G and V, n,c: 
result of these co111putations is a fl ,rnl performance: dhtribution likP the 0111.- ,hown 111 
Figure J0.24b. This probability density functio1\ 1;.111 tl1e11 be used to compute tht- pro­
portion of transistors havin~ a given mnge of dri\!; current . For cx;11r1ple, if we \\illlk<l 

to compute Lhc percentnge of MOSFETs nmnufocturcd tl1:1t would h;i\c a ,aluc of Io-.. 
between two limits a and /J, we would cVlJuaw the inte~al 

• 
Y(~IOSFETs will, a < Ip,, < b) = J J(x)dx (46) 

Thus. once the ovemll distrih11tion of a given output m1•tric is known, it i~ pos\iblt­
to c~timotc Lhe fraction of manufactured parts ,~ith any range of pcrfon11anre. fatimution 
of parametric yield is useful for circuit designers hccau~e it ht-lps identify tl,e limits of 
tl1e manufacturing process to facilitate and c-ncournge design for rnunufactt1rabilil) . 

µ 

(n) 

t,_ __ .1.a _____ µ..1,,-----~b---1 

(bl 

figure 10.24 (// ) Normal prob,1hility Ul'"""' f11ncho11, for C., jnd \ ', C/il 0-<•r.ill prol~1bil1t) 
drmsity fu11clio11 for 10 , 
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10.6 COMPUTER-INTEGRATED MANUFACTURING 
The .,.,t,t 11.._,,,ril\ of qu.uitit.1ti, I.' l''':Jualion of IC m:1nufacturi11g pr()C(• S(/S is :lC<.'Olllplislwd 
, 1;, t'OU1p1th:r< r;tlwrtku1 b., l~u•d. c:.J:ul.ltio'.~· Not onlr '..\ ti~~ more i:ffici<;nt, but in t0tLiy\ 
t'C'Onum,, 11 is,. •<·nt11J 111l' fabnc.11Jon of 111tegr;1ted c11-cu1ts can be qlllte e:>xpeu~ivc. 1 
f:it't, th,_; u t dt'<',tdt· ti.L, ~·t·n t'le<:tro11ics manufocturing l1t!co1111: so capital intensive tha~ 
, 111 . ..U companie, oftt•n flnJ 1t too t•,pc:11. i\·c to suppo~ thei~ _own mnnufocturing ope~,­
bou, \ t\picnl <tatt•-of-tJll'•-,u't l11gh-,oluuw mnnufoctunn~ fociht) tod-iy costs :.ever.ii order\ 
of m.,1,.'llitudt· mow tJmn ,1 oomp/lJ1lbk· fncilil) 20 ) <.'.it:, ,,go. This h,1s led to tlic rise of a 
Lage contract manufocturin,I! ,nclusll), 

-\., ,1 rt·,ult of n,ine costs. the challt•uge oofort• manufacturers today i~ to olTset such 
I.mt"' c,ipit,tl inH•stntt·nt \\itl1 n greater amount of technologic,J innovntion in the fnbn­
ronou pn>Cl·~, rn othcn worcb. the objective now is to make use of the late t de,·clop­
rneub io t'01nput,·r hanfa,tre ,md solhmw technologv to enhance m:u1ufocn1ring metliods 
lb.it lt.tH· bt-come pmhibiti\d)' e,pt.•11:,h'L'. In effect. this c'ffort in romp11ter-i11tegrated 

11111,u,fi1rt11ring, of utt(Watl'<.I ciJ"C'uits (IC-CIM) is ajnwd at optimi.7lng ll1e cost-effectivene_~ 
of t·l<'<troni~ numuf,1ct11ring in thL' s11111e manner in "hich computcr-nided clt•sign (CAD) 
h,I,) dr.1111.llicul, .iffoctcd lht> CCOIIOlllic of circuit dt>sign. 

t nder tJ1e 0\ ernll lw.1di.11g of reducing mtmufacturlng c:ost. sevcr;J ·ubtnsk; h.we been 
identified. Tht"t' mdude increa.siug fabrie;ttion yield, reducing product cycle time. mrun­
t.uuing ron.~i-tent levt>l- of product qualil) and perfom1ance, ,Uld impro\ing tho reliabtl­
at\ of proccssine equipment. Since fabrication proces ·es often c.'Onsist of hundreds of 
~'<)Ul'ntial ~t~ps:) it-Id lo.~ m,\r potcnti,ill} ~ur at ~~·el) le?. Consequently. maintaining 
product qualit, 111 ,u1 l'l~-trom~ manufactunng facility rcqmres ll1e ~trict G'Ontrol on ter­
. ~~ hm_ttlrrtls ~r t·H'n thousands _of procco;s vnriubles. The interdependent issues of high 
>,cld. lugh quali~. ,utd low c:rcle lime can be nddressed by the development of several crit­
ical _cap.lbilitie:- 111 a _~.i~e-of-tJ1e-art I_C:-~I~I sy~tem: work-in-pl'OC<'"!, (\VIP) monitoring. 
t-qwpmc:nt conunuruc.1uo11. data acqU1S1llon and storage. proces..vequipmtnt modelina and 
n·,J-tirne p~ control. to name a few. TI1c empha.tjs of euch of these activities is to in~reasc 
~1r0_ughpu1 an~ n:d~re Jicld loss b~· p~venting potential mbpr()(.'f'S.~ing. but each prese:nts 
~1gri1.6cant en~eenng challe_nges m 1t.~ effecti\'e implementation and deployment. 
, A bloc:k_dh,gr.un of a t)p1cal modem IC-CIM system is shown in Fi1tUre 10.25. Titis 

di,1gr.11n outlines many of tl1e key features required for effident manufacturing operation.~. 11 
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The lower k·wl of thh two-lwcl architvctun: indu<le\ en,b<·d<l 1 11 I 
vid. c real-time c.-onlrol and :tnalysis of fabrication Pq11t1)111t•11t Tl !!( ro1t1troll ,,n. ~ ,111 pro-. f II · W\I• <.'On ro cl'\ o,tl-11 con-~'~! o person.' compl1lcrs and the ~soci.'111:cl c.'Onlrol -.oftwarc:- decli<.',1tt-d to uach mdi1 idu"I 
p1~re of cqu,prncnl. Tbe ~Cc'Ond bc:l of thi, lC-CIM nr<:hltc·ctnre is <.-om 'IO'<'d of ,l tlis-
tnbutcd local area fl(•lwork of computer work:. taliuns 111cl OJ,. )' [k I b 

d
' 'l . < .. \('l'\CI", Ill ('( \ :. C.'001· 

mon •sln ,utcd datub:1.se. Equipment c.-omm11nit·ation with ho,t comp t •. r ' 1 l b , :m el l • ~ . 
1 

• u t·rs 1s ,ac, ,tatn 
) ~ , ec ronac:, m_anu ac~unng ~t,anc nrd C'alled lhc (!.t:1wric ,,quI1,111rnt 11wdel (CEM 1, 

:!It.: CE~I ~t.~1dard LS ILS,:l m botl1 scnti<-'ond11ctor 111ru1ufacturingan<l pnutc.-d circuil bo.,rd 
,\Ssembly. Tlui; st.in<lard IS basL'd 011 the ,semlro11d11ctnr equipment ramimmiralionA 1 • 

dnrd (SECS) protocol. ~ 011 

. This type of lC-CIM architecture has great Oc::cihility, allowing ex-tension and adap­
t.Jti~n ~o mi:et constan~ly ~hanging_requirc:,nenl~. Over tl1e p~t w,·<•rnl }ear<., powPrful, 
flc~'lble. and <.:ost-effectl\'e mforrnation ~,-stems based on models ,uch as thl, luvl' become 
an 111tcgntl pa11 of tlie JC manufacturing rnterprisc. 

10.7 SUMMARY 

This ch:_1pt~r pro,ided 3.11 overview oftl1c rdev:utt issues in IC rmmufac.-turing. Thfa includi-d 
a_ descnpti~n. of clectncal testing and basic packaging processes, ,IS wc:-11 as ;1 prl'~cnta­
non of latisllcnl process control statistical expeaimenta1 desi!!,Jl. and yield modeling. The 
chapter concluded "~th a brief introduction to IC-CIM systems. In IC manufacturing. 
process aJld equipment reliability directly inOuence tl1roughput, yield .. u,d ultirnatdy CO\t. 
O\'er th~ ne~t se,·ernl ye_an., significant enhancement of manufacturing operations \,ill 
be reqUtred to reach projected t,trgcts for fu ture generations of microelf>clronic de-ices . 
packages. itnd systems. 
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l ~ , (J -- \ ' ,., 0 o 10 \ ' Find thl· t'\'ntn lhw :mu t'Ontro mul\ ,or e.1ch tn 11,•1 \\lln µ - ,;, .11,u • 

,,f the:-<,, l'<>ntral d,.uts 

R Prob! I mint 1h·11 µ u11d a an:• n11l.,1t"' 11 nnd thut "l' lm\'l' rolll:cted 50 2
• o1•·(l<.'al cfm .'i,,,~1

11
, 1.z .. · IO 'Thcw,unpl,· viddt-dJ~<nmcln,l'rngcof0.73'1 Va.ndan 

l«'T\',IU(III.\ 0 '-AM] l' , ~ · • 
,.,,·1111.:.,•, ofO 125 \ ' 

ECflO~ lOA: ST,\TISTICAL EXPERIMENTAL DESlG ' 

3. nx, foUm,ini: :? factori,tl ,·,pt·rirnent \\'.I> u.,i:d to analyze .1 photolithogruphy prooes.,. 
.\n.1.1\u thl' e,cpt•t1111cntal rl'•nlh u,,1n.l( lilt· Yutc~ tJgorithm. 

Run l::'Cf'O'•ltt' 0-• °'-"dop 11111,• O.J«· Tein)><'rnh111' Yield (~) 

I 60 

i ... Ti 

J .. 59 

.j .. + &s 

5 + 57 

6 + + li3 
j + + •15 
1, + + + 1)5 

•-1. Cuo,idt'r tlte ilirunghputs (I c .. wafers processed per hoor) of five diffenmt m:u111facturing 
p~...es (IJheU<>d A to E in lhc following table). For c.1d1 proce ~ d,,t\ wa• <.'Ollccted on 
thrw dilTt•n:nt d..tc, Pcrfonn an anal)-'$is of variance to determine whc .ht>r tlw processes 
.md proccs,,in~ dates arc si~ific:mtl) difTcrenL 

DAY A 8 C D E 

509 512 532 506 50!:I 
2 505 50'i 542 520 519 
J -165 -ti2 49[j 4l>.'3 175 

ECTION 10.5: YIELD 

5. M~um1ng ;i Po~on model. calculate the ma.timum dcfoct densil) ,Jlowiible on 100,000 
~~IOS transistors in c>rder to .ichk"''l' a func.'tional }icld of95%. Assume the gate of each 
d, ... ia· " IO µm "iJe and I µm Ion!'!. 

6. t:,,. ~lurphys yield inte~r.il to deriw Eq 3i. 3S. and 40. 

7 •• uppoSt- tlu.• probabiltl) den"I) function of the dcfect dt!nslty for a given mtcr<.-onni:c:t 
manul,cturing Pl'OC(."'S is !(i,i,n by 

/ID = -100D + 10 US D s 0 l 

If lht· cntrc.11 art•a for tlu, intl·rconnt.>ct i~ 100 cm', c-alcnlatt• 1he functional yield we c--.111 
cxpt."ci for tht pnx'C.<, m,cr tl1e r.in~e of defoct dcn,itie~ from 0.05 to IJ l cm . 

~_11 __ _ 
Future Trends and 
Challenges 

Since the beginning of the integrated circuit em in 19.59. the minimum dcvice dhncn­
sion, nlso called Ute mi11imu111Jeature length, bas lx·en reduced al an annual rate of about 
13% (i.e .. a reduction of 30% every 3 years). According to the prediction by the 
lntcmnlional Teclmolog,J Rondma7, for Se111icnnd11ctors, 1 the minimum feature length will 
sh1ink from 130 nm (0.13 µ111) in the year 2002 to 35 11m (0.035 µm ) around 2014, ~ 
$hown in Table 11.l. Also shown in Table 11.l ii, DRAi\l size. The DRAM ha.s incre:LSed 
its memory cell capacity four times every 3 years, and 64-Gbit DRAM is expected to be 
available in 2011 using 50-nm design n1les. TI1e table also $hows that wafer size ,,;II increase 
to450 mm (18 in. diameter) in 2014. In addition to the feature size reduction. chaJlen~es 
('Orne from the device level, material level. and system le,·el. as discussed in the follow­
ing sections. 

11.1 CHALLENGES FOR INTEGRATION 

Figure 11.l shows the trends of power supply voltage (\'1)11), tlueshold voltage (VT). and 
gate oxide thickness (cl) versus channel length for CMOS logic technology.· From this fig­
•ire, one ran sec that tltc gate oxide thickness ,viii soon approach the tunneling-cufn>nt 
limit of 2 nm. V 0 0 scaling will slow down because of the non.scafable \' r (i.e .. to a mini­
rnum , ,T of about 0.3 V due to subthreshold leakage and circuit noise immunity). Some 
challenges of the 180-11111 technology and beyond are shown in Figure 11.2.1 The most 
stringent requirements are detailed in the following subsections. 

TABLE 11.1 The Technology Generation from 1997 to 2014 

Year of the first 1997 1999 2002 2005 2008 2011 20H 
product shipment 

fl'aturc- ,iw (nm) 250 180 130 100 iO 50 35 
DRAM ,l7.e (hit) 2.56M JC l>C <>tC 

W:if,,r si1.c (mm) 200 300 300 300 300 300 ·150 

C,1ll' oxide (nm) 3-1 1.9-2.5 1.3-1.i 0J)-11 <l.0 

J1111clio11 deptJ1 (nrn} 50-100 42-iO 25-13 20-33 ls-30 

DM~t. d}1lQmlt m11tlo111 at'<.'<!S> tnl'mOry _ 

Soum:. /ntrrnna,m11/ frc/r,1(1/nw., Rn,1,/1111111 f,11 S..·111ic,md11rt<>l'1, S..1111co11ductor ludu,t,y h <0e1.11ton. S...1 Jui.· 

CA. 1999. 
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11.1.1 Ultrashallow Junction Formation 

Sc.>-<.-alled s~1?rt-chnn11<,l d'fects happen a:, the channel length is re<lnct·d. Tllb probk•m 
become~ enll~al a.~ the device dimension ~ :,caled do,111 lo 100 nm. To adiicvc au ultr-d­
. _hnllow 111nct1011 _with low sheet resist.uice. low-cmergy (i.e., l~s than J kcV) implanta­
oon tl--chnology with lugh dosage must 1)1> cmployt'CL Table J l. I ~hows tbc rc.·quirl><I junctiQn 
depth vcrsu~ the technology generation. The requirement~ of the junction for JOO nm 
arc depths around 20 to 33 nm 11ith a doping concentration of I x Hr''/c:-111 

11.1.2 Ultrathin Oxide 

A~ the gnte lengtJi shrinks below 130 nm, the oxide equiwh:nt thickness of tht: gate dit:loo­
tnc must be reduced aronnd 2 nm to maintain perfonnanee. 11011<:ver, if onh SiO (witl1 
a dielectric con~tant of3.9) is used. the k>akage through the gate becomes wry l;ig.h ~use 
of direct tunneling. For this reason. thicker lugh-k dielectric materials that ha\C lower 
leakage current are needed. Candiclates for the short tenn are silicon nitride (\,ilh a dick-c­
tric constant of 7). T~ O, (25). and 1i02 (60-100). 

11.1.3 Silicide Formation 

Silicide-related technolog>• has become an integral part of submieron de,'iet:s for reduc­
ing the p,u-asitic resistance to improve device and circuit performance. Tiw conventional 
Ti-silicide process has been widely used in 3.'50- to 250-nm technolOg), Howe,er. tlie ~heet 
resistance of a TiSi1 line increases witl1 decreasing linewidtli, wluch limits the use ofTiSi. 
in lO0-nm CMOS applic:ations and be)ond. CoSi! or 1iSi processes \,-ill replace 1iS¼ for 
technology beyond 100 nm. 

11.1.4 New Materials for Interconnection 

11.1.5 

To achieve high-spero operation. the RC time deL,y of the inlerconnection mu:.t be reduced. 
Figure 8.14 showed the delay as a fm1ction of feature size.1 It is obvious that gate delay 
decren.ses as the channel length decrea.~es. Meanwhile. the clelnr resulting from inter­
c..-011nect increases significantly as tl1e size dccrea.~es. This causes the total dela> time to 
increase :is the dimension of the device size 5cales down to 250 nm. Consequently. both 
high-condu<:tivity metals, such as Cu, and low-dielcctrio-constant (low-k) insulnton;, ,uch 
as organic (polyimide) or inorganic (F-doped oxide) materials. olTer major perfonnanCl' 
gains. Cu e.xhibits superior performance because of its high conducthity (1.7 lill•cm com­
pared with 2.7 µQ-cm for Al) nnd is 10 to 100 times more resistant to electromigrohon. 
The delay using Cu and the low-k material shows a ~;giuficant decrease compared 1\ith 
that of conventional Al and oxide. Hence, Cu with the low-k material is essential in mul­
tilevel interconnection for future decp-sul,micron technology. 

Power Limitations 

The power required merely to charge ru1d discharge circuit node in ,1n IC i proportional 
to tlte number of gates and the frequency ,1t which they are S\1itchcd (dock frequent')'), 
The power c-.ltl be t.>xprcsscd a:; P = l/2C\T1rif. whl!ru C is the capacitance per <lt>11ce. \' c; 

thl' applied voltagti, r1 i.s the number of de\iccs per chip. and/is tht>doc~ fn.--qucnc, TIil' 
tcmpcrnture rise caused hr this power dissipation in an IC pacbgt• ~ linute<l b) tl1e ther­
mal conductivity of the package nrntcrial, unless auxili:il) lk1uid or gl\$ cooling~ u~d. The 
maxi111~1111 allowublc teinpcntturc rise is limited hy the b.u1d~p of tl1e wt11il-ond11~-tor 
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S. ti b.. ,do·tI> of l l (•\') For ~uch a tcm1x•rt1ture 1i~c. the nm.xi111u111 power -100 fur.,,,, 1,1 u, ,:,• • • ,. , ., , I ., . . 
f · ·' I • I fonmuiet- n:t('kngt• ,~ ,,bout 10 \\ . t\s ,1 re su l, "c must limit ,lt ,p.,tnlu o ,l 1, pic.u ug l•p<'r r· I . , I 

ti tJ I ~•· mt. or the nuinber of g,1tcs on II cup. h!. ;in exa111p t>, in au 
, I ,er It' 111~\JII\Um cl•'-'' • < i ,.,,. • t)Q CIT I k 

loo 'l0 dc•vire, with C 5 x 10 u -. runnmg :ll a - • z c O<' rate IC l'Ollt.Wllll" ·Olli ., • • 

ti 
~ ,. . of .,.,td, w,• c-,n h4we i~ about 10' if we nsst11tw I\ I 0% <lutv <:vcle 

R' IIU\Jll\11111 I\UlllU<'r .,, ~ • • , , • 

Thi:; ,, a ,!e~1~1 t.-Ofiltraint fht'Cl b) b;i.~ic nrntt'riul p.inuneters. 

11.1.6 SOI Integration 
. 9 .... , . tioii .. , tJiu i~lation of 01 ,,~ul'rs. Roo.•ntly. SOI tcchnoloro• has received 

:'('OOll ~~llltll l'U ' , 1. • •fi 
I ., r tt. ,tioo Tlw ,d., .. u,tn~t's of SOI integr.1uon uecome s1~'TU ,cant as tilt' 

.1 grt",ll c t•ai o J < 1 ' • - • • f · SO d 
fc ltllno , .. 11,..1, 'l(Jpr<>:tche 100 11111. From a process pomt o view, I oes 11111um11111 t', ,_ , I'-~• d 1· • .1 

d ti ,.,.. ni>le, well ,tn,cture ,ind isolntion processe~. In 11 c 1tton. sluulow junc-not nl'e ,c ~.,, • . h · · k 
0011

, JJl.' dut'C't1r obtaml"<I through tlw S01 film tluck'.1ess. : er~ 1s no ~1s _of n~nuni-
fonn interd.ilfusion of silk-on and Al in the contact regions bec-Juse of oxide 1solnt1on ut 
ti bottom of the JUll<'tion Hen~. thl' contuct barrier is not necessary. From a device 
~~nt of l'iew the modem bulk ~ilicon dc,ice needs high dopi1'.g :i_t lhe d~n and sub­
~trute to eliminJtC <fiort-channd effects ,111d punchthrough. Tlus lugh dop111g results in 
Jti~h c.ipJclto.nre "lien the junction i rel'erse binsed. On _the other ha_nd. in SOI. tl1c ma.x­
i mum c.ip.icll,U1cc bel\,cen tl1c junction and substrate 1s the capac1tai~t: of the buried 
msuLllor whose didl'Ctric const.ull i~ thn:e time~ smaller than that of silicoll (3.9 ,·ersus 
11.9) 8.1.\ecl 00 ring oscillator perfonnance. 130-nm SOI CMOS technologr can nchievc 
25~ fast1;r ~pt.-ecb or T'<?<JUire 50% less power compared with 11. ~imilar bulk tcchnologl 

RAM. DR,\~I. CPU. and rf CMOS hm·e all been ~uC<..-essfuUy fabric.ated using SOI tech­
nolog_). Tl,erefore, SOI is a key t-:.111<l.idate for the future S) tem-on-a-chip technology. con­
"d<·recl in thu followin~ s~tion. 

EXAMPLE 1 
for an l'fl""·afont o\lde thic~11esc, or 1.5 nm, "hat will be the pby:.ical thiclo,cs) ,\hen tl1c high-k 
mah:n.,t~ llllride I t:/t.,. = i), Ta.p, (25), or nol (60) are u'lt'd? 

SOLUTION For nitride. 

d 

(£_) (£ ..... ) 
ii=~ 

= 1.s(2-) = 2.69 nm 
3.9 

U~inj!; the same calculation. ,w obi.tin 9.62 nm forTa1O, .uu.110.77 nm for TIO. 

► 11.2 SYSTEM-ON-A-CHIP 

◄ 

lncreasro compom:nt density and improved fabriClltfon tcclmolog> hu"c helped the real­
tZUtion of the sy,t<•m-011-n-c/1ip (SOC). that L\. :m IC chip that contains a l-omplete elec­
lronit· \) stem. D,-~ignc~ can build nll the drcuill)• needed for a complete dcctroruc system. 
,uch a .. , a c-.i.t11em, rn<lio, tclt'\i~ion. or personal computer (PC). on a single chip. Figure 11.3 
,bow\ an OC application for a PCs motherboard. Compouents ( 11 clup~ in this case) 
onet' found on boards become \irtual oomponents on the d,ip at thc right.ft 

Tiwre art• two obst11cles in the realization of the SOC. The first is tlw hugti t-omple:<ity 
of tlit dc,11;11 Since tht• component boarcl is pre~cntly designed hy different companies 

.V\I S ,11,.'10,:/nll.\t-d ,IRJ1nl 
,\SIC 11ppl1<-.11111,1,,p<'('i0t• IC 
crv CNll r.,I pn,c,•,,(n)I \Jilli 
PLI) • p"'l(r,unm.ol,1 .. lllf(lc d,•,,!r,e 

EJ 
I ASIC I 

ROM 88 OSI' l'LO 

!ROM, 

~i M IS I 
~ 

f\o;1nl co111pnn1•nh 

11.2 System,on-a-Chip ◄ 203 

V,m,..1,-onoponcnb 

Figure 11.3 Sy'>lem-cln-a-chip of .1 conventional pcr,onr,1 computer motherboard' 

using different de~;gn tools. it is difficult to integrate tlw <:0mpone11ts into one chip. Auotlwr 
difficulty lies in fabrication. In geneml. the fabrication processes of a ORAM arc signif­
ic.mtly different from those of logic I Cs (e.g .. CPUs). Speed is tl1e first priority for lhe 
logic. whereas leakage of the stored charge is the priority for memory. Therdorc. mul­
tilevel interconnection schemes using five to six levels of metal arc essential for logic I Cs 
to improve the speed. However, DRAM circuits need onJy two to three levels. ln addi­
tion. to increase the spe(!(I. 11 silidde process must be used to redu<..-e the series resistanre. 
:md ultrnthin gllle oxide is needed to incre.'\Se the drive current in logic circuits. These 
~equirerrnmt~ are not critical for memo1y. 

To achieve the SOC goal, an embedded DRAM technolog),' has been introduced to 
ffil'rgc logic and DRA~I into a single chip with compatible processes. Figure 11.4 ~hows 
a ,rhematir cross seetion of an cm bedded DRAM. including the DRAM t-clls and tl1e logic 
C:l\lOS clevires.7 Some processing steps are modified as a compromise. The trench-type 

Figure 11 .4 Schrmntil' t·ro-... section of tlw i?mlx:ddcd DHAM 111cludin~ DH \M t·dls .md logic 
MOSFt::Ts. Thl'rc ,~ 110 hc1~hl di!Tcrent'l· in the lrench cap;u~1tor t-cll bec,11,w of tbc DRAM t •II 
,tnit-ture. MI to MS ur<' nwtal intl-rconnl'<!bon), .md Vl to\' I .ire ,,o holes.-



cnp;ic1tor. 111,ttad of tlw st.,d.ed t}JW. 1s used ,o thnt tht•n.• 1s no l1L'1)?:ht dlffcrt:net> in th(' 
DR.\\I Ct"ll ,tn1<·hm·. In .1dclitio11. multiplt• ~.lh.-' O\itl,• thickuc,M'' <''-"I on thc ~nnic "~•fer 
to ~'C(>mmod1t(• 11111ltiplt· ,upplv ,olt;1gc, or to t'Olllbinc• nwmory and l~r rircuits on one 
chip, or both. 

► 11.3 SUMMARY 
R,"t:,111,e ol lht> rJpid reduction in featuri> k-n~h. IC ll·chnoloro will '-0011 rc.1ch its pmc­
uc.J liuut "' the cha.rind lc11~1 i, redu~"'Ci to nbout 20 nm. \\'h ,1t IC~ \\ill be bcrond 
C ~IOS L' .1 k.:) qut..,tion bt>ing ,L,kt><l b~- rosca.rd1 stil•ntists. ~lajor c.u1didatcs include inno­
\,ttl\ l' <l('\ltt'' b.LwJ 011 11mmtu111 mrd1a.nk .. u dTc·ds. because " 'hen the lateral dimen­
,,on ,, re<luct-<I to below 100 11111, cle<:tronic ,tructures will exhibit nonda:.sie.u behll\ior 
,lt>pendi.n~ on the matt•rial:,. ,md the h:mperatun: of operation. The opemlion of such 
dt•, we, ,,ill be on till' ,t·,1k• of :.inglc-clectron transport. Thi uppro.ich has been demon­
strated b, tl1t· ,111gll•-dectro11 ml.'mon cell. Tlw rc1tlv .. 1tion of ~11d1 ~,-sterns with trillions 
of compc;m•nh \\ill l>t> .1 major chaUcngt• bl.',oucl CMOS.' • 
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PROBLEMS 
1. ii C41~1late 1h, RC tirlll' oonsta11t of an aluminum nmncr 0.5 µm thick formed 011 u 

thcrmalh ~rO\,n iOz 0.5 µ111 thick. The leni:th and \\it.Ith of tbe runnn Jrt· 1 cm ancl 
I µin , respt·ctiwly 11,,. n-,i~li,il:) of the: nrn1wr i, 10 n -cm b) Wlint \\ill bl· tlw RC 
time- t-nn,tant for" polrilicon nmrwr (R "'30 !llhl of idcntie.J dirnt·n,ion" 

2. \\'hv do we nt•·d multiple n\.idc 1hicknc,-.·, for ii sph·m-on-a-chip? 

:J. :-;unnally \\c nc<'<l a hulTcrcd la~cr pl 1<:t!d h('l\\ct•n ., hi~h-k 'I\ O. and tl1e silicon ,ub­
~lmtt• Cakulat,· tl1c elTt•ctiw 0X1dc llud.,nc,s <EOT) \\hl'n tl1e ,tackl'<l l!llll' d.ick'Clric i> 
Ta 0. (k = 2.5 \\ith a thlclaw,, ofi5 A on .i bu0i·n:d nitride la\t'r (k - i and .i thickness 
11(10 Al \bo t-..lc11l.1ll• EOT for .i bufTcn-J OJOdc l.1ycr (k = 3.9 .111<l a thic:knc.._, of 5 ,\I. 

Appendix A 

List of Symbols 

Symhol Oc'>Cription 

a Lalti<.'f! con~111nt 
C Spl:ed of light in vacuum 
C Capacit;inc.-c 
D Diffusion t'OCfficient 
E Energy 
/ Elc•ctric field 
f Frc<1ut·11C}· 
It Pltmck comtanl 
I Current 

J Cu1Tent <lcmity 
k Boltzmann 0011.,tant 
1. Length 
111n Elc:ctron rc,t m= 
ii Refractive indl!x 
II Dens.it)' of free electrons 
n, Intrinsic carrier concC'ntration 

JI Density of frt-e holes 
p Prc!>Sure 

'I ~lagnitude of dectronic cha~ 

Q, Interface tmppcd chnrg., 
R RCJ>istrum.' 
( lime 
T Absolute tt•mpcran.m· 
Ll Callier ,·elocity 
\' Volt,1,ge 

t;, Pi:m1ilthity in \\\CUUlll 

£. ScrniL11nductor pcnnilthity 

"•J. 
Insulator pcm1illl\il} 

E/G, or E.,,Je., Dielectric con~tant 
). Wnn.-1,•ngth 

\I Freq1wlll')' of light 

lt.J P1:nn1:abili!y 111 •~1t'\1um 

µ. Ek<.-tron mobility 

µ,, llole mobilil) 

p Ht>,isti,'il) 

n Ohm 

Unit 

A 
emfs 
F 
cm''$ 
cV 

Wern 
Ill.(cpsl 
Js 
A 
A/cin: 
JIK 
cm or µm 
kg 

cin-:S 

cm 
cm· 
PJ 

C 
ch.ug1:~cmt 
n 

K 
Cll\!S 

\' 
Flem 
Flem 
Flem 

µrn ornm 
117 
!Liem 

cm''\', 
cm· \ ', 

O-cm 
n 
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Appendix B 

International System 
of Units (SI Units) 

Quantity Unit Symbol 

Lt:ngth• ).leter m 
.\las_~ Kilogram kg 
Time Se<.-ond s 
Tcn,pemturc Kelvin K 

Current Ampere A 
Light intensity Cimdela Cd 
Angle Radian rad 
Frequency llertz llz 
Force NC\,1on N 
Pressure Pascal Pa 
Energy• Joule 
Power Watt w 
Electric charge Coulomb C 
Potential Volt V 
Conductance Siemeru s 
Re~istance Ohm n 
Capacitance Farad F 

).lagnebc flux Weber Wb 
.\lagnelic induction Tesla T 

Inductance llcnry H 

Light flux Lumen Lm 

Oimeruions 

1/s 

kg-mis' 
N/m! 

N-m 
J/s 
A·s 

JIC 
AN 
V/A 
Cl\' 
V•s 

\\'blm" 
\\b1A 
Cd-rad 

• It Is more common In the semiconductor flcld to use cm for l<.-ngth and cV for l'll~~ (I cm 10-•m. l l'\' 

• 1.6 X t O•IQ ) ). 
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Appendix C 

Un it Prefixes* 

Multiple PrerL~ Symbol 
101' cxa E 101s peta p 
1012 tern T 
10' giga C 
10" mega ~I 
101 kilo k 
lo' hecto h 
10 deka da 
1() 1 dcci d 
10 l ccnti C w- milli m 
10"" micro µ 
10-v nano n 
10-1, pico p 
'0 IS femto f 
10-1• atto a 

• AJoptt-d by I ntcm.,tionnl Committee on \\'dgh1s and ~leasures. (Compound prefi.,,-s should 001 b(- u<..-d, 
,: R, notµµ but p.) 
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Appendix D 

Greek Alphabet 

Lt,tt.,r Lowl!rca.-.c Uppcrca.-.e 
Alpha a A 
B<-t-.i fJ B 
Gamma r r 
Oi,lta 0 A 
Ep~lon £ E 
Zeta { z 
£ta 11 H 
Theta 9 e 
Tot:A 
Kappa K K 
Lambda ), A 
Mu µ M 
".:u V N 
Xi ~ -Omicron () 0 
Pi ,r n 
Hi.u p p 
Si~na <1 1: 
Tau r T 
Upsilon V y 
Phi ¢ ¢) 

Chi z X 
Psi \1 'I' 
Om~a (J) n 



Appendix E 

Physical Constants 

Quantity 

\n~lrom unit 
\,~'l\dro l~>mlanl 

S(lhr r.idiu, 

Boltz111a1111 comtant 
Elcmt'nlal)' d1~c 
Electron n,st ma.s, 
Electron volt 

Ga~ con,tant 
P..-rmcability in vacuum 
Pcrmitti,il)· m vacuum 
Planck comtant 
Reduced Planck coml,Ult 

Froton re,t tn.~,~ 
p,,,-d of li~ht 111 \';\cuum 

St,tnd,tr<I atmo)phcre 
TIH'nnal mlw~t• :it 300 K 
\\'.i,dl·ni,.'111 of I e\' qu.mhun 

S~111hot 

A ~,·,. 
Ou 

k 
'I 

Ill 

(.'\' 

R 
A, 

G, 
I, 

fl 

Mr· 
C 

J(flq 
l 

Vi!lm: 

IOA.lnmalO 1Im Ill c-rnalO-llm 
6.0-2214 X 10 
os291;A 
l.3'>(166 x 10 • JIK (RIX.,.) 
1.6()'-2) S X 10 1"C 
0.9109-l x 10 'kS( 
l cV 1.60216 x 10·1• J 

23.053 kcaltmol 
l.9Si19 cal-'mol-K 
1.2566-t x 10 ll!cm ht x lU • 
1$.$5416 x 10 " Flem (I •µ,r) 
6.62607 X 10-34 j-, 
1.05457 X 10 " j S (/1 '2,rJ 
1.67262 X 10 r-1,;~ 

2.99792 X IO l11~, 

1.01325 x LO"•Pa 
0.025$52 \ 
1.239').I µm 
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Appendix F 

P r a p e rt i e s a f S i 
and GaAs at 300 K 

Properties Si 

.\tom<;/csn1 5.02 X 10.'..l 
Atomic weight 28.09 
B~akdo,vn l,t:ld (V/cm) -3 X 10' 
Cry<.t,J structure Diamond 
Demity (g/c,n1) 2.329 
Dielectric con~tanl 11.9 
Effective density of 2.86 X 10'' 

,tales in l0(>11duction 
band. Xl (cm 3) 

Eff11<:tive d,•nsitY of 2.f,6 X 101" 
states in ,•Jlc~ce 
band. '/\\ (cm 3) 

Elfoctive m:\S, (conductivity) 
Electron~ (m/mnl 0.26 
Hole, (m,,'mnl 0.69 

Electron affinity. z(V) 4.05 
Energy gap (eV) 1.12 
I ndvx of rcfr:1l'llOll 3.42 
l11trin,ic carrier 9.6.Sx 10'' 

COllC'l.'lllralion (cm 1) 

Intrinsic rc:-,istivity {n-cm) 3.3 X 10~ 

Lat lice constant (1\ l 5.43102 
Linear coefficient of 2.59 X 10-{. 

lhcnnal e~-p:.uision. 
Al.lL><r c•c 1> 

~telling point (°C) 1412 
~linnrity-carrit:r lifetime (s) 3 X 10 1 

Mnbility (crn1J\'.s) 
JI. (electron,) 1450 

J~ (holes) 505 
Spt'Ciflc hc,1t (Jig -°C) 0.7 
Thcnnal l'Onducli,ity(\Wcm-K) 1.31 
Vupor pre~,,m,• ( Pa) 1 at 16.SO"C 

IO"ul 900"C 

C,u\, 

4.42 X 1012 
144.63 
-IX JO' 
Zincblcnde 
5.317 
12.4 
4.7x 101• 

7.0 X 101' 

0.063 
0.57 
4.07 
1.42 
3.3 
2 25 X 10" 

2.9 X 10' 
5.6.5325 
5.75x 10 ~ 

1240 

-Ill ' 

9200 
320 
035 
0..16 
100 .11 1050"C 
I at 90<>°C 
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I(' 

0.0() 

0 01 
0.02 
0.03 

0.0-l 
005 
0.06 
0.07 

0.0'> 
0.09 
0.10 
0.11 
0.12 
0.13 
0.1-1 

015 
0.16 
017 
0.16 
0.19 
020 
1121 
0 .22 
0.23 

0.24 
025 
Cl 26 
0.27 

0.2'> 
029 
03() 

031 

Appendix G 

Some Properties of 
the Error Function 

erf(u) It erf(w) lt l'rfCtt 

0.000 000 0 .32 0.349 126 0.64 0.634 Sim 
0.011 2's3 0 .33 0.359 279 0.65 0.6-12029 
0 .022 5f'5 0.34 0.369 365 0.66 0649 377 
0033 &41 0 .35 0.379 3lS2 Cl.67 0.656 62.8 
0 0-15 lll 0.36 0.3lS9 3.30 0.68 0 .663 782 
0.056372 0.37 0.399206 0.69 0.670 $4() 
0.06i 622 0.3S 0.409009 0.70 0.677 SOI 
O.OiS 85~ 0.39 0..118 739 0.71 0.654 666 
0.0900,8 0.40 O.-l2'l 392 072 0.691433 
0.101 2'll (HI 0.-137 969 0.73 0.696 104 
0.112 163 0 42 O . .JH-16!> 0.74 0.704 678 
0123 623 0.43 0.156 SSi 0.75 O.i!J 156 
0.134 75\ 0.44 0 166225 076 0717 537 
0 .145 '167 0.-15 0.475 -lS2 0.77 0.723 22 
0 .156 947 0.46 0..J'>-1655 Oib 0.730 010 
0 167 996 (J.47 0.493 745 0.79 CJ 736 103 
0 179 012 0-18 0.502 750 0bO 0 742 101 
0.1&9 99-2 0.49 0 .511 66S 0.&l 074S 003 
0200936 0.50 0.520 500 O.S2 Oi53 11 
0 211 blO 0.51 0.529 24.J 0 .83 0.759 52'1 
0222 703 0.52 0.S.'37 '!99 0.8-t 0.765 113 
0.233 52.i! 0 .53 0 5.J6 -164 0.85 0.7706Gb 
0.24.J 296 () 5-1 0.554 939 0. 6 O.ii6110 
0.255023 0.55 0.563323 0.Si Cl iSI UO 
0265 700 0.56 0.5il 616 0.61> O.i86657 
11276 326 O.Si 0.579 ',l(; 0.69 o il9 8-13 
0 2f>fi000 U.S.'> 0.5'>7 923 0.90 0.79690& 
0.297 -t 18 0.59 0.595 936 0.91 l)!,01 !')S3 
0.307 S80 060 0.603 656 0.92 O.Ml67f>b 
0.31b 2S3 0.61 0.611 fi.'Sl 0.9.1 (l'Hl 56.J 
0.32.~ 627 U.62 0619 Ill 0.9-1 0816 271 
0.3.'38 90f; O.f~ 0 (;27 ()..f6 0.95 Cl S20 891 

It: erf(,r' 

0.96 0 2.5-124 
0.9i ()/)291)70 
0.9S 0.'>34 232 
0.99 0 '>3!> 50') 
100 0 lli12 701 
l.01 OMGSIU 
102 0 S50 ',3S, 

1.03 0 »t 7'>4 
1.04 () 'JS 650 
11.15 O.l>62 436 
1.06 0.&661-14 
107 0 '>69 773 
10\ OX;"3326 
109 0 l,76 '>03 
I 10 O'>W205 
I LI 11~'>.'3 533 
I 12 () '>'m 7!)') 

113 0 !)',9 971 

I 14 0 ')'91 0',2 

115 O.S96 124 

116 0 '>99096 
1.)7 0.902000 
1.11; 0904 b3i 
1.19 0.907 EiO'> 
1.20 0.910 31-1 
1.21 0.912 956 

1.22 n 915 53-1 
1.23 0.91S 050 

l.24 (Ut20505 

I 25 0922 900 

126 092.5236 
1.27 0.92751'1 

(rur1lirtt11 d) 
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cur.:murJ rrf{u l IL' •rf<1d 
(ru11t11um/J 

.:rf:u l II ,•rf(1L·) <:rflu ~rf(u) .-rfw) IC' l'rfi IC U' 11· u u 

1.74 U9'>ti 135 :? 21 099'1 224 2.67 0.99!) S-1 I 
3.H 0.99\J 991 03 336 0.999 99; 9fj!l 3.5'> o.oo<J 999 5'>, 3'>0 0.009 m IJ23 1-" 09'~';'3.t 

1 75 0 9'>6 (ii:? 2 22 0,99', 30S 26!> ll 99'J !>-.19 315 0.99\) 991 60 337 0.909 !)!),', 12(1 3.59 0 99911)9 617 3'>1 09'.J<JWJ!Y.?.9 I~ 0 !i.11 .,99 
II !<3,4 00.'> 1 76 (19',i 190 2~ 0.99'> 3'>'> 269 0.999 'S.5<; 316 0.09999214 3.3'S 0.09999'>247 160 0 !l<JtJ 999 6-H 31>2 0.11JCJ 9'.19 !)'.W l 

I i7 09'>7691 22-1 0 99'> 16-1 2.70 0.99H )66 317 0.999 1.19'2 6-l 3.39 0'J9!)99'i367 3.61 0.999 999 670 3.'>.'3 11 !ffJ 999 <JJ<J J 31 093fi 116.1 
llll-1., 06'> 1.i'J O.IJ'>'> 6'1 2.2.5 0.9U'>537 2 71 0.999 1>73 3.16 0.099 993 11 340 0.900 oos 478 3.62 0.099119969-1 3.fS.l OJU>90094-I l " 

11015 I hll () 9'>9 Cl91 2 26 0.995 6(17 2 72 0.9<J9 '>60 3)9 0.999 99356 311 0119999$5&2 3.63 0.9999\)9716 3 '>5 0 999 fl<)'J 0-l S 133 0 
1 'SI O•lc,9 525 

.., ,.,- (199'> 674 2 i3 0.9'J9 SS7 3.20 0.999993 97 3.42 0.9999% 679 36-l 0.999 9<.)',J 736 3 '>6 0999999952 134 11,941914 - ~, 
135 0~13 762 I '>:! O <l',9 913 2 2'> 0.09'173'> 2.74 0.9991>93 3.21 0.999 99,.t 36 3.43 0.999 99$ i'iO 3.65 0.009 999 756 3.'>i O IJCJ<J H'l9 936 

1.36 O!H5 561 I 0990347 229 0.99& 799 275 0.999 &99 32.2 0.999 994 73 3..11 0.f.199 99S 855 3.66 0.999 999 i73 3 l)I) 09999(~!'159 
I :17 O!H731.? l l,,I 0990 73(i 2.30 0.9%657 2.i6 0.900 905 3.23 0.999995 07 345 0.999 991; 934 3.67 0999 999700 3.1,9 09'19999962 
l 09-1'1016 I '>5 11991 Ill 2 JI 099!:I 912 2.7i 0.999910 3.24 0.999 99540 3.46 0.999 999 (JO<; 3 l>'J 0.999 9'.l'J "°' 3.90 0999999965 ') 

139 1195(16,J I '>6 O 991 172 2.32 099':, 966 2 'if) 0999916 3.25 0.999995 70 3.4, 0.999 999 Oi7 3.69 0 !)<.)9 999 '>20 391 0 999 91)<) oos 
1 IO 0~2 2'>5 I. 7 Cl 991 '>21 2.33 0.999016 2 79 0.999 920 326 0.999 9<JS 9S 3.48 0.999999 141 370 0.999999'>33 392 0999\19'J11i0 
HI 0 95.1 \52 I'>'> 0 9'.l2 156 2 3-1 0999 06.5 2 .':,() 09tJ9925 327 0.999 996 24 3.49 0.999 999 201 3.il 0,999 999 S45 393 0999999973 
I 41 0.9.» 376 I 9 0992-179 235 0.999 111 2. J 0 9'J9 929 3.2.'> 0.999 996 49 3.50 0.999 999 257 3.72 0.999 999 <;S'i 3 .94 0.999<ff.19'i5 

143 1195/i~i l 90 09112 i90 2.36 0.999 155 2.52 0999933 329 0.999 996 72 3.51 0.999 999 309 3.73 0.999 999 '167 395 0.999 999 Ui7 

J t-1 (l •i;o:, :?9i 191 (l~l-'3 090 237 0.999 Hl7 2.63 11.999 937 330 0.9999969-! 3.52 0.999 999 35'> 3.74 0.999 999 ',ii 396 099')!199979 

I 4-5 09.'>9695 192 099337 2.3'> 0.999 23i 2 '>5 0999944 3.31 0.999997 15 3.53 0.999 999 -103 3.i5 0.999 99<J 1)<;6 3.97 0.999 999 9~1 
I lfi 11961 (GI 193 0 99-1656 2 '.19 0 999 275 2 ",6 09999-1-S 3.32 0.999 997 3-l 3.54 0.999 999 115 3.76 0.9999119 &95 3.9'J 0.999!:1999~2 
I J;" o 962373 1.91 IJ !J93 923 2. Ill 091111311 2.87 0.999 951 3.33 0.99999751 3.55 0.999 999 4().5 3.ii 0.999 999 903 399 0 9'J9 999 9~ 1 
l I'> (I 963 65-4 1.95 09!)1179 2 ·11 0.999346 2. 11,999 954 3.34 0.999 997 6,', 3.56 0999999 521 37& 0.999 999 910 

119 096-1~9 1.96 o.~426 :2.42 0999379 2&9 0999956 3.35 0.999 997 83'j 3.57 0.999 999 55.5 3.79 0.999 999 9 17 
1..;o o 966 lo.5 l 9i 0.99-1 66-1 2 -13 0999-Ul 2.90 0999 959 

1.51 0967 277 19 099H92 214 0.999 441 2 91 0.999961 

1.52 U96S413 199 0.9'J5 111 245 0.999 169 2.92 0999 964 
I 53 0.969 516 ~00 0.995322 2.-16 0.999 11}7 2.93 0999 966 
1..54 O!JiO 5"6 2.01 0995525 2-17 0.999523 2 9-! 0.999 96'> 
155 0971 6:?.'3 202 11995719 2.,18 0.999 S-li 2.95 0.999970 
l..;G 0972 62', :!.03 0.!$5 906 2.49 0.999 571 296 0999972 
I 5; 09;3 603 2 04 0.996086 2.50 0 .999593 2.97 0.999 973 
I.S: 09i4 5-1; 205 0996 25S 2 51 0.999 61·1 2.9'1 0999 975 
159 0 975 46:? 2 [16 ll 996 123 2.52 0.999 634 2.99 0999 976 
160 097634'> 207 09965'>2 2.53 0.999 6.5-t 300 0999 9ii 91 
161 O 911 20i 2.0S 0.996 734 2,5-t 0.999 672 3.01 0.99997926 
1.61 097'>035 209 09!16 ~~ 2.55 11.999 6S9 3.r,2 0.999 9S053 
163 0 97!, '>!3 210 099i(>-11 2.56 0.999 i06 303 0999 9Sl 73 
I 6-t 119;9 622 2.11 0 99i 155 2.57 0.999 'i:22 3.0-1 0999 962 86 
I 65 091.,()376 212 09972'!>-I 2.5& 0999 i:36 3115 09999~92 
I 66 0.9'>1 I0.5 213 0997 407 2.59 0999 751 3.06 fl.999 984 92 
16, () 1 '>10 214 0 997 52.5 2Jl0 0999 764 3.07 0 999 9f>.'Vi6 
16.S 0.9\l? 493 215 0997 639 261 0.999 777 3.0S 0 999 9'>6 i-1 
1 69 ll.9S3 15,'J 216 0 997 747 2.62 09997:<) .') ()9 09999Si57 
I 70 ().,!l~ 79(1 217 Cl 997 '>51 2 6.'3 0.999 soo 310 0999 9V,J5 
I ii 0%,t jljj 2 J.', 11997 9-51 2 64 0.099 ~l I 3 11 0999%90'> 
l -, 09'>5 1103 219 Cl 99'> 0-16 26.'i O 999 '122 3 12 0.9'119 9 ii 

,_ 
I iJ ll'l~Si~ HO 0 99'> 13i 266 0999 31 3.13 O 99<-J 990 .J 2 

(C't1111f111m/ 1 



Appendix H 

Basic Kinetic 
Theory of Gases 

The ideal gas law states that 

P\I = RT= N,..kT (l) 

where P is the pressure, V is the volume of l mole of gas, R is the gas constant (l.9S 
rol/mol-K. or 82 atm-cm3/mol-K). Tis the absolute temperature in K, N ... is the Avogadro 
constant (6.02 x 10~ molecules/mole). and k is the Boltzmann constant (l.3S x 10-Zl J/K, 
or 1.37 x 10 •22 atm-<:m2/K). Since real ga.~es beha,·e more and more like the ideal gas as 
the pressure is lowered. Eq. 1 is valid for most vacuum processes. We can use Eq 1 to 
calculate the molecular concentr.ition 11 (the number of molecules per unit volume): 

N.,. p 
n=-=-

V kT 

= 7.25 x 101
~ !_ molecules/cm' 

T 
(2a) 

where P is in Pa. The density PJ of a gas is given by the product of its molecular weight 
and its c.-onc.-entration: 

pd= ~loleculnr wcightx(;) (3) 

T11e gas molecules are in constant motion and tlieir velocities are temperature depen­
dent. The distribution of velocities is described by the Maxwell-Bolt-tmann distribution 
law which states that for a given speed ti. 

:..!!!!_.1, = 4 (~)-"2 vi ex~(- mv:) (4) 
11 dv u "J; 2kT "l_ 2kT 

where m is the mass of a molecule. Th.is equation sl.\tcs that if tJ,erc are n molecule:. in 
tlu: volume. there will be dn molecules having a speed between t1 and v + dv Tlic a,cr­
a~e speed is obtainable from Eq. 4: 

v ::: J: ifudv = 2 ✓2/.:T 
" J-J,dv ✓n m 

0 ,, 
(5) 
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.1. for, ,cuum tt'chnoloro L, the molecular im1,i11J!.L'lllrtll rat,·, 
,\n nnport,111t p.m,1111ulc tr_ . •"•on ti unit 1re·1 p<'r unit time. To obtain thb parmn-

tl,~t is how mam mo('<.' e, u11p111.,t • • • f I I . U Ii 
• ' • I I ·"' ·b 1• runction r for the wlocitk~ o mo ccu es 111 1c x l r...-c-

1.'t<·~ fif't COll'll t'r t ll' UL~tn ll 101111 J.· 
tioii. Thh function c:.ui bt- e,pressed b) an equation similur to Eq. 4: 

I du ( 111 )' '" : 1-mv;) (6) --,-•!. = ,,;ii v, ex 21.'T 
II CV, -

11ic 111okculM unping.:ment nil<' ¢ i, gh en b} 

o= J; v,d11, (7) 

Substituting dn from Eq 6 .md intcgmtin~ ghe, 

¢=11Hf 
(8) 

TI,e rt>latioruhip betwe<>n the impin~eml.'11t nlle and tJ,c gas pressure is obtained b) using 

Eq. 2: 
¢ = P(2trmkT) v: 

= 'l 64 X 1020(-.!-.) -· v,~rr 
where p is tJw pressure in Pa and .\/ is the molecular weight. 

(9) 

(9a) 

Appendix I 

SUPREM Commands 

The Stanford University Process Engineering Modeling (SUPREM} progrum is .1 simu­
lation package that allO\" a user to modd ,-arious process sll:ps used in the fabrication 
of integrated circuits. SUPRE~I c.,n prt:dict U1e res'1lu; of oxicL-1tion. dtposition. etchiug. 
<liITu!iiOn, epita.xial grO\vth. and ion implantation processes. SUPRE>.I Ill models U1e 
changes to the semi<.-onductor structure that n·sult from tJ,est processes in one dimen­
sion. The primary rcsulls an.' the thiclmesses of various la)erc. and tJ1c distribution ofimpu­
ritie!i within those layers. The program c-an al\o detennine certain material properti~. 
i,uch as the sheet resistance of diITused regions in silicon layers. 

To run SU PREM an input deck must be pro.,.ided This file contains a series of state­
ments and t'Ommc•nts. Tlw deC'k bcgin.s \\ith a TITLE statement. which is merely a com­
ment repeated on each p,,ge of the program output. The ne,t command. INITIALIZE. is 
a control statement that sets the substrate tyiw, orient.ltion. and doping. This c.-ommand 
can also be used to sp<><:if)· U,e tJtickness of tJ1e region to be simulated and establish a grid. 
\fter the substrate a11d materials are est.1blished. a series of state1nents is used to specify 
thl' sequence of proce~ steps as they o<:c:ur Finally. the output of the simuLition can be 
printed or plotted using PRINT or PLOT statements, re~pecthely. Simulation ends \\ith a 
STOP statement. St•veral COY.~ENT stakments "ill l)l)icall} .1ppear tJuoughout the deck. 

A d('SCription of a few common!} U\ed SUPREM statements is pro.,.ide<l III Table 
1.1. Thh tabfo i~ by no mean\ complete. To obtain the complete SUPRE>.1 ~oftware pack­
age and its .1.ssoc1ated document.1tion, contat't 

Sikaco Data Syi.tcrm. Inc. 

4701 Patrick l11•nry Dri\c 

B11ikli11)!2 

Santn Clam. C.\ 9505-l 

Phone: -10~-65-l-43i2 

Fa.\: 40S-727-5297 

www.sih,\co.com 

SUPRE~I is a trademark of tht: Board of Trustee~ of Stanford Uni,·ersity. 

2 3 



254 ► Appeodu,: I SU PREM Commands 

TABLE 1.1 Common SUPREM Commends 

«H<lkT 011toub ch~mctt'r strin~ to 
labd .m llll>ut ,t:(]Ut'O<'t' 

OEPOSITIOI', Dt'J)O'll' >pt-cifil,d m.it1•ri,1l 
on top of 1-um.>nt ,tnicturt: 

OIFFUSION ,\lode!\ high-t1·111pt'r.llun.• 
d1ffiwoo in ou<li:ang and 
110110.\idinng ambient, 

ETCH Etclic, ~'Cifl,-<l materiul 
from the top of current 
\lructn~ 

OEPOSITION <-14.JUrial> 
Thickness•<II> Tc11~rature•<11> 

OIFFIJSION Ti~e•<n> 
Te,,perature•<n> <Dopanr:> 
<Aatbienr:> 

ETCH <Material> Th1ckneSS•<n> 

l!CPI.A,\fT imulate,; ion implantution IJ.IPI.AHT <Dopant> Oose•<n> 
of impurihc, Energy•<n> 

1)-pical Fl,1~, .md 
P11mm,•lt:r, 

Nont• 

Alu•inu• 
Ni tride 
Oxide 
Polysilicon 
Silicon 
c. Phosphor (c.:nr 1) 
C. Arsen1 c (cm l) 

C. Boron (cm 1) 
Thickness (µm) 
Te,.,perature (°C) 

Arsenic 
Boron 
Ory02 
Nitrogen 
Phosphorus 
Wet02 
Solidsol 
HCIX ('l) 
T.Rate (0C/min) 
Tecperature (°C) 
Time (minutes) 

All 
Alu-.inu111 
Nitride 
Oxide 
Polysi licon 
Silicon 
Th1 ckness (µm) 

Arsenic 
Boron 
Phosphorus 
Dose (cm· 2) 

Energy (keV) 

INITIALIZE t'ts up initial coefficients 
,md stmcturc to be w.ed in 
the ,imulation 

INITIALIZE <Structure> <Substrat~ <100> 
<Dopanr:> Concentration•<n> <110> 

INITTALIZE Structure•<filcna,,e> 
<111> 
Silicon 
Arsenic 
Boron 
Phosphorus 
Concentration (cm-i) 

(contl1111rd) 

(m1111111wd) 

(llllt' 

PLOT 

PRINT 

SAVEFILE 

STOP 

TITLE 

ppendix I. SUPREM Commands ◄ 21s5 

Dl·scription Bn:.ic SyntAA 

Spt·ci f'ics that impurity PLOT <Para"leters, C:.1n•<n> 
conccntrnlions or rc~ull\ of wx-<11> 

ck-ctrical cruc11lntio11, vcrsu, 
depth into the sub~trntc• an: 
to be plottt"'<l 

Outputs infomiation about PRINT <Paru,ererS> 
tl1c stn1cturc being ,imulnted 
and t-oofficicnts used 

Typic.J Fli(.\ .,nJ 
Panu11c1(•rs 

AClive 
Arsenic 
Boron 
Oleaical 
Net 
Phosphorus 
C.1n {cm ) 
C.ax (crn~, 

Arsenic 
Boron 
Che.a1cal 
Concentration 
Layers 
'let 
Phosphorus 

Saws the current stru<.-ture 
being procc~l:d. the 
coefficients being used , 

SAVEFlLE <Fearuro F11enrune•<Text> Structure 

or both 

Tcnninatcs ~irnulation STOP <Texr:> 

Inputs a char.ictcr ~tring to TITLE <Text> 
label the following input 

Xonc 

:-Jone 



Appendix J 

Running PROLITH 

PROLITI I is ii\\ indO\,~-ba .. \(.-<l pliotolithography ,imulation p~r.un marl<t·tc:d by Fl~LE 
Tt'<.·hnologirs in 1\11,tin. Tt•x;I!), PROLITH ,imulatt•s the <.'Ompl<'I<' on<.'- ,md two-<l1111c11,io11al 
optical lithography process from aerial image fonn.1hon through rt'~Sl expo,urt· and UC\d­
opment. Tlw output of tl1c prognun is an acc11r.ile pr1.'<Lction of tlte fin.J n•si,t pmfil,-, \\hich 
is prt•senll'd in a "idc· ,mit·t) of images. plots, gniplL\, and c:-.ikul1tion .. s 

PRO LITII accepts litl1ogmphy inforirmtion in till' fonn of data fib and input param­
eters and uses this infonnation to simulate ,tiindard .tnd .1d,a11C1:<l litl1~mphy processe.,. 
After the software has been 111stalled. a uwr can nrn PROLITI I by \imp!)· clicking on 
the PHOLITH ic.'011 from the Window" Start menu After a ~11<.'(.'C~sful license ,t:arch, the 
I mnging Tool parameters \\in<low appears (sec Fig. 4. 201. Before running a ~imuLtlion. 
the user must choose the ~imulation options .md cnt(•r a set of input parameter;, This is 
acc.'Omplished by selecting Options from tlw File menu to open tltc Options di.dog. The 
settings in this dialog box are used to cstablbh ha!.iC ~irnubliou option\, such as the lmae.c 
Calculation ~lode. Phy ical ~lodcl, and Speed Factor. 

Once tl1e option$ haw been ~tablished, the user may enter simulation input p.u,un­
eters from the appropriate paranu:tcm, window. Thc,e ,,.indow, are op1:ncd b} sdcctin~ 
v,11io11s options from the View menu or by dicking the <.'Orrcsponding toolbar lrnlton for 
the• window. In each window, parnmctc~ ma) be entered by nurking or clearin~ check­
boxes or option buttons, entering values in te\t bo,e,. selecting file or otlu:r "ahu .... from 
lists, and so forth. Many p,1rnmeter windows, such as the Resist pamnwtcr.. window, for 
t•:-:,m1plc. pro\.ide inst:u1t graphical ,.;cw:- of tlw infonnation entered 

After input parameters have been entered, PROLlTI [ displ.1)" imubtion re,1t_!t.., from 
the Graphs menu. PROLITI I c-.111 produ('(' grnphs simulating fonnahon of a mllsk fc,1-

t11re by .us optical projection ~lcm. c,posure of photor~·si,t usmg this imae.c or dcwl­
opment of the exposed photorc ist. The follo,,ing options from thr Graph~ nwnu (or 
corresponding toolbar buttons) arc :wnilablc to di~pby Mich ,imulation ; 

• Aerial I maf!.l': The rclafo e iutcn,ih· of tlae imae,e as ,l fum:tion of position 

• Imnge i11 Res~'t: TI1e image projected into the photon'si!,t at thr ,t,u~ of <·,r,<mtro 

• Expo~rd l..nte11t lmngr: The latent imagt: bcfore post-c:~sure bakl' (PEB) 

• PEB u1tl'11t Ima~c: Tht• latent imav;t· tut<•r post-C~\ure hake 

• Dt•crlap T11111' Co11to11r..: Contour., of 0011,tant dt•wlop lime ,L, a funt-tion of 
position in the rc,1,t 

• R,•~fat Profile: Two-climr n,ional photorc~ist profile .lfter dc:wlopment 



;? , ~ Apper,d d Running PROUTH 

nu, O\t'l'\ll'\\ of PROLlTI I <"Jpabilities is b) 110 111e~u1\ complete. To obtain tht• 00111-

plt-te PI\OLITII ~nware pJckagt> and it, associated docu1111,mtJt1on. contact 

Fr, LE Teclmol~es. Inc. 

PO Box 162il2 

,\mtu1. TX 7 i16 

Pholll'· S12-3:?7-37<il 

F,Ll' 512.327-1510 

W\\'\\,flnlc.00111 

X. 
2 

3 ., 
5 
6 
7 
h 

9 

10 

11 
12 
13 
1-1 

15 
16 
Ii 
1'> 
19 

20 
21 
22 

Appendix K 

Percentage Points of 
the t Distribution 

__-/~ 
0 , ... , 

0.40 0.25 0.10 0.05 0.025 o.oi 0.005 0.0025 

0.325 1.000 3.07& 6.314 L2 i06 31.821 63.roi 127.32 
0.269 0.Sl6 1 SS6 2.920 4.303 6.96.5 9.925 14 05'9 
0.277 0.76.5 1.63$ 2.353 3.162 4.541 5.84 1 7.453 
0.27J 0.741 1.533 2.132 2.776 3.747 4 .6().J 5.59S 

0.267 0.727 1.476 2.015 2.Sil 3.36.5 4032 4.773 
1).26.5 0.727 1.440 1943 2.-147 3.143 3.707 4.317 
0263 0.711 1.415 1.895 2.365 2.99'> 3.-199 4.019 
0.262 (1706 1.397 l S60 2.306 2.696 3.355 3.63.1 
0.261 0 .T03 1.3&3 1.533 2262 2.b21 3.250 3690 

0.260 0.700 1.372 U,12 2228 2.764 3.169 3.5'31 
0 260 0.697 1.363 1.796 2201 2.71$ 3.106 3.497 
0.25!1 0.695 1.356 1 7b2 2.179 2.6$1 3.055 3.42& 
0.259 0.694 1.35() 1 iii 2.160 2.6.50 3.012 3.372 
025'3 0.692 1.345 li61 2145 2.624 2.9ii 3.326 

0.25<'> 0691 1.341 l 7S3 2 131 2602 2.947 32S6 
0.258 0 .690 1.337 1.746 2120 2.5&3 2.921 3.252 
0257 0.669 J.333 1740 2 110 2567 2 '>9 32.22 
0 :157 06'>'> l.330 l.734 2 IOI 2552 2.&71, 3197 
0.257 0.6~-J 1.326 1.729 2.093 2539 2.S61 3174 

0257 0.6'>7 1.325 I 725 201)6 2.52-'> 2.845 3.153 
0.2.57 0.6.~ 1.323 1.721 20~ 251& 2 S.'31 3.13.5 

0.256 0.6'>6 1.321 1.717 2 .07-1 2.50'.> 2.Sl9 3.119 

0.001 0.00().; 

31S.31 636.62 
23.326 31.59'> 
10.213 12.9'24 
T.173 b.610 

5.893 6.!,69 
5.20b 5.959 
OS.5 5.-10~ 
4.501 5.041 
4.297 1.71>1 

4.l-l4 45'>7 
-1.025 -1 t3i 
3.930 -t.:us 
3.1>52 -t 2.21 
3 76i -1.140 

3.733 4.073 
3.6b6 -t.015 
3.646 3.965 
3610 3.922 
3.5i9 3~~ 

3.552 3.bSO 
3.527 3'>19 
3.505 3.79'.2 

(ror1ti1111nl 
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010 005 0025 001 0.005 0.0025 0.001 00005 Appendix L 
1319 1 i't.l 2069 2.500 2i>Oi 3.104 3.-11>5 3 i67 
1.31 1.i'l I 2 064 2.49:? 2797 3091 3.-16i 3.i•IS 

~ (I _;Fi 0 f»-1 J.3lti 1 iO'> 2 t16() 2 -1~ 2 ,~, 3.0iS 3.-l50 3725 

Percentage Points .!6 0 2.56 (,f;<,.j 1315 1 i06 2.t\56 2-li9 2 .ii9 3067 3.-13.S 3.iOi of ;:; 0~ 06'4 131-1 I i03 2052 2-173 2.i71 J .U5i 3.-121 3690 
.:.~ 0256 116',.) I 313 1 ,01 2 0-IS 2.46i 2.i63 3.0-li 3.-IOS 3.Gi-1 the F Distribution ~ 11256 06"3 1311 1.699 2.(~15 2-162 2.756 3036 3396 3 6.59 

30 tl:Z.56 U 6',J 1310 l 69i 2.0-12 2..a-5i 2.i50 3.030 3.3b5 3.6-16 
10 u z.;.s 0651 1303 16'1I 2 .0:H 2.-123 2 70-I 2.971 3.307 3.551 
/i(I 0 :?.5-1 0679 1.296 l .671 2.000 2390 2660 2.915 3.232 3.-160 

I~ 025-1 0677 I 2'>9 1.65') 1.9-',0 2.358 2.617 2.860 3.160 3.373 
0253 06';".f 1 2'>:'! l 6-IS 1.960 2.326 2,576 2.607 3.090 3.291 

,, J,. ::rttl "' (,....Joa, 

'"- \J.pl,.J •nth ~,--ion fmm /11011JrlrlJ,,1 Table~ fr,r Statisrlria11J. Vol 
H.rt! ~ C..,nbndRt- Uuhrn,~ Im, Ca,nbridg-c 1966 
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=~-c'i ~ e•i-- =~~=~ :4:J~=.t: 11':iJC.C:x;.r ✓4'1..;t_,_ . ..;,.;,_,.;,..; ,~1-1-.0•.c Capacitance-voltage• technique>, l 14 Concentmhon-cll·pt·ndt•nt {l11l'usi,it). 
~ <"l.,.. CAR. sci• Chcmi{".tl-.unpliflecl resist (CAR) 115-117. 119 

_,..,I"":- v:•,..:;r-.:r; s=~!:;= ~:£!.;~9 g~;l;;l;;i ~~!;ic'l~ g:g~i :, Carbon conet>ntrntion. 36 Conformal step covt•ra~e. 159-160 
s 
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..iant ,urf:l('t.' l"01l('t'ntr.11iou. 109--111, 
II Wl 

con.st.tnt tot.a.I dop.u1t. 111-112 
Cont;ict pnntini:. 62--63 
C"..ontilluou~·"l\\\' -CW• f>O''t.'r, 5 
Control ck1rt- :?3 i 

for attril.>ut~,. :?Ji-2.:39 
for-111uhlr,. 239--2-tl 

COP. MC Poh-~l~dd~ I meth,1c1)l,1l~'•CO· 
crJ1, l-.1c-n-l..1h.' (CO Pl 

C.Opper (<...i, 109 . .:?61 
intt·l'C'Onnl"Ct. 
m ta.Lliz.itiou I iJ 

c,,m'C'tioll (actor tCFI 11:3 
CPU. ,a Central p~ ing unit (CP 
Critic-al thrnl•nsion CD). 63 
Critie.tl l.1H?r thickne <, 152 
Cn t.1I d;foct,. ~ 
('n tal growth 

'<·p1t11.,aJI gro,, 1h anc.l. 14-1 
ttthniqu~. 30-31 

Cl) ,tal puller 1 
C'P ",. Chip ~c-.ile package." (CSP> 
c,·o. ,, ~· Clwmical ntpor deposition 

C\'D 
wochrabki teclmique. l . 30-31 

O.una:,<'.'l'ne tt.'chnolog_v, 99-100, 173 
th 1,>-lrench isolation. 207 
Deft-ct clurt CC-chart), 236 
Dt:ft>et densil) chart (C-chart), 238 
Defoct-fn-t.· wne. ~ee Denuded zone 
Degrees of fm.>dorn 243 
Oi:nudcd zone 37-38 
Depoqfion 

rote. 166 
simulition. I 11 

Dc-pth of focus (DOF). 65 
O~igiwd e,-periment. 242 
De.sigu rnalri.~. 2-16 
DIBL . .sec Drain-induced b,mier lowering 

/DrBL) 
Dich.loro,Uane (Si H2C~). 145 
Dide<:t.ric depooilion, 155-165 
Dielectric etching. 99 
Diek-ctric isolation 192-193 
D1clt:ctric h,yers 41 144 162-163 
Dae ,,·p.:1ratmn. 230 
D1lTr.1c:tio11 69 
DiJTw.cd W)<:r;. evaluation of. 113-114 
D1fT11sed w~II 206 

Diffosion 
C<>Cffidt•11t, l0i- l0b, 116 
t'Omtant. 52 
t'quntion, l0i- 109 
e~trinsic, 114-1 Ii 
introd11cto1y note. 105-106 
ion implnntalion .ind. l ,1 
h,tcml. 118-120 
pl'O('(' • 106-1 14 
pronlt' . 109-112. l 14. lli 
in silicon. 11 i 
~i1n11l:1tion. 120-121 
theol). 6 

Diffushit)'- see Diffusion, coefficient 
DIP s1'1' Dual in-line package (DIP) 
Dislocation. tt'<' Line defect 
Dislocation loop . 154 
DOF. set' DeptJ, of focus (OOF) 
Donor ,·acancy. 115 
Dopant 

distribution of. 19-21 
impuritie redistribution. ~51 
profile of the di.lTu~ed layer, 113-1 J4 
segregation coefficient. 30--31 

Double charged a<.'C'eptor vaC'ancy. 115 
Double-comb )lnicture. 228 
Double-pol)silit-on stn1cture, self-aligned. 

193-195 
Drain. 197. 200. 206 
Drain-induced barrier lowering (DIBL). 

20S 
DRAM. tee Dynamic nmdom acx.:css 

meinmy (DRAM) 
Drive-in diffu ion, 112 
Dry etching. 71. 89-90 
Dry oxidation, 42 
Dual in-line package (DIP). 230-231 
Dynamic random acc.-css memorv 

(DRAM), 8, 11, 164. 199-200, 
263-264 

E-beam lithography. w•.; Electron beam 
lithography 

ECR . .rec Electron cyclotron rcsonro1t-e 
(ECR) 

Edge dislocation. 33, 154 
ECS. src Polyc,ystalline \tlicon (EC$) 
Electric-.u le.sling of integrated circuits. 

227-2.28 
Electroluminescence phenomenon. 2 
Electromigratio11. 172-173 

Elt•ctron ht•,un lithogruphy. 73-76 
~lt'ctron cyclotl'tln r(!S0IUncc rncm 

plttsnt(1 Nching. 95 
El<:ctronics industry, l 
Electron rt'\i\l, 75 
Ellipsometry. 5-1 
Emitter, 192, 194 
End-point control, 93 
Epit,L~al growth techniques. 144-152 
Epita.\.ial layers, 144, 145 

11-typc. 190-191 
stnictures anti defects in. 152-154 

Epita.,inl process. i , 144-145 
Epita,'\)', 7. 141 
Equilibrium segregation coefficiu11t. 

19-21, 30 
Erfc cli~tribution. l l 
Etch 

mechanism. 9 L-92 
rates. 65 
simulation. 101-102 

Etchants 
cheinical. 6.5 
commonly used. 8i 

Etches. blanket, 85 
Et,·hing 

;Uuminum. 88 
aspect ratio-clcpendrnt. 98 
chemical, 92 
dielectric. 99 
clry, 71. 89-90 
~quipment. 93-94 
gallium .irscnidc. SS-S9 
interconnect metal. 99-101 
orientation-dependent. 86. 87 
photolithograpby and. 13-14 
physical. 92 
phsmn. 91-92 
polrcide gate. 98-99 
pol)'Silic:on. 88. 98--99 
sili<.'on, 86-87 
silicou dioxide. S7-89 
silicon nitride. 88 
5il.icon treuch. 97-9 
single•Cl)Stal siliron, 66 
wet. 8S 
wet chl•JlliC.tl, 85-S9 

Etching, polpilicon. sec Polysilicon, 
etching 

Etchine, single-c,ystul silicon. sec Singh~­
Cl'}~tal silic:on ctchiug 

Etch r.ilc UHiformil\, ~ 
Etch-r('mtant pol);lll'r., 6 
Eulcdic h•111per,1ture, 170 

Index ◄ 299 

EUV lltl1ogmphy. ,rl' Extn:mc ultra\.iolrt 
(EUV) lithowuphy 

Experimental ck•~ign. st.ithtic:.tl 2-12 
Exp<:>~urc tool~. 62-65 
Extrenw uhni,1olct tEUV1 lithogr..iphy. 

76-78 
Extrinsic p• ba.w rc-)Qous. 194 
Extrinsic difTu,ion, 1 J.1-117 
Extrinsic stacl.."lnj! fanlt, 34--35 

Fabrication step~. mtt•gmtcd circuit. 
196-196 

Factorial e'qX'ri1nent,il dc:sig.ns. 246 
Fenni level, 116 
Fick's diffusion equntion, 107 
Field oxide, -H. 197 
Film clcpo,ition 

dielectric:, 155-16.5 
epitaxial growth technique . 144-152 
metallization. 16i-lii 
pol}~ilit'Oll, 16.5-167 
simulation. 177 
~trncture~. 152-154 

Films, 144 
Flats. 31 
Flip-chip bonding. 235 
Floating-gate nonvolatile memo1J, 201-202 
Float-'l.one proce~s. 24-26 
Four-point probe technique. 3.5-36. 113 
Frnc-tional factorial dcsigns. 249 
Frenkel defect. 34 
Functional testing, 22S 
Functional ~ield. 250-251 

Gallium arsenide (CaAs), 2, 109 
chemicnl vnpor depo,ition (C\1)) for. 

14, 
cry. ta! i,-owth lt-chn1c11ws. 26--31 
etching. 's--&9 
~. $iliCOn. 32. 212 
zinc <liITu ion in. I I i 

Cate 
oxide. 60 
oxide )aver. 41 

Cate.' t•n(ti1;~ering technol~. :20'>-210 
Cnussi.111 distribution. l 1-1 
Cenn:1nimu tC:e). 2 
c~ttering.. 37 
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Cline 65 
Cr.un ho,, nd.m. :J4 
Gunu diod •« Trnn,fi m>J-cll-ctrou 

dl~ Jm) 

UDr. s.--c l11~h-clt•n,11) pla~111a I IIDP) 
flct, n>t'pat,L\'\ , 1 H, 152 
llctl'l'OJUndion b1pollr tmu,1,tor. !? 
Hett>m,tnll1ure LL'<'t, -' 
fln:llm'tll\l.Ji..~ilim111t- (lf~fD l. ,0 
lfF. {" H"lrufluorit- .u:id tHF) 
H,gh-dcrL~it} pl.i.,111.1 (HOPI l'td1er... 90. 

95-97. 9<J 
Hid1-tl1t'IN.·tm:-<.'01c.hu1t 111,tll'ri,ils, 

164-165 
Hlgb-cnc~ aml h1)!h-<:11m'nt 

unpbntatiou, IJS-140 
H-hn.-,6.5 
H~lD • ~• Hex:aandlJ,f.dJ,1l:v..ai1L' 

U\ID I 

lfornueptt.m l-l-1, 152 
llydrotluoric ,add (II F). S6 
H,1,otJwsi, te,t. ~.J.3 

IC-Cl~f. ",. Computl'r-mtegrated 
m,muf,1ct11rin~ of integruh.-<l 
t·1rt:uit, W-Cif-I ) 

IC nunuf.icturing tedmol~. C\0-Sl 
ICP ~ourre w~· Jnducti,dy coupled 

pl.i.,111,1 (JCP) ..Olltre 

lLD ,,·,· IJlterfaycr dielectric (I LO) 
1-hne. 65 
lm.lS!L' ~,tem. simple. &l-6.5 
f\f PAIT diode. 5. lb2 
Implant d.nnn~<.•. 131-134 
Impurity distribution. 113 
lmpurit) doping. 105 
lmpunty n.-di\tribulion during oxidation, 

50-51 
lnducti\.'elJ coupll'd pktsrna ' ICPl source. 

95 
In situ doping. 167 
lntegn,ted ciTCUit ({Clmanufacturing 

computer-integrakd, 2.56-25i 
electric--.il tcstin2. 227-223 
packaging. 2.28-236 
stati,tic-:u t-~perime11tation design. 

2-12-249 
,t.11tMic.J proo·,s mntrol. 237-241 
~ield, 250--255 

lnt~-gmted circuits (IC~1.1, 7 (82 

l'ap.1c1tor. l~lbi 
111ductor. l 7-1 ' 
11101101id1ic, 7 
p.1ttl'm truu,ft!r. 70-71 
re,1,tor. 1 l-1S5 

Jntl'l'(.'Onnectious. I I 
lnterco1111t'<.1 ml't,11 ctd1ing. 99-101 
I ntcrfac..- ck·fr·cts, 15-1 
lnterla}wdit:lectric (ILD). 173 
1rltrniatlc11wl Tt•clrnology Road ma,, for 

rmlco11ducto,-,., CA. 1999. SO. 2.39 
Jntl•rslitfal clilTusion, 107, 108 
Intrinsic ba~c region. 194 
Intrinsic c•.ll'ner concentmtion. 114- 115 
Intrinsic difTusi\ity. 115 
Intrinsic stacking fault. 34-35 
lon 

duumeling. 130-131 
di~tribution. 12.5-126 
stopping. 127-130 

Ion beam 
lithography. 79-S0 
sputtering. 167 

Ion implantation. 70 
damage and annealing. 131- 136 
oud diffusion. 14 
range of. 125-131 
related processes. 136-140 
simulation. 140-141 

Isolation tl'chnol<>g}·, ad\',!{lt-ed, 207-208 

Junction depth, 113. 117 
Junction spiking. 169-172 

Kinetics of growth, -12-IU 

Large-saJe integration (LSI,. l >t 
~er diodes. 4 
Laser interferometI). 93 
Latchup. 205 
L.:tleral clifTutjon. 118-120 
Later-.J orjde isolation, 191 
L.1tem] strngglc (o ), 12.5 
Lattice disorder. 131 
Lattice-matched tpitiuy, 152- 153 
LCL. see Low1:r control limit (LCL) 
Lead iir<.'Onium titanat(• (J>"/4TJ. 164 
Level I packnging. 2.'32 
Liftoff technique. i0-71 
LICA sec Lithographic, gnlvanofonnung. 

ubfonnung (LJCA) 

Ligl1tlr dupt•d dr.1111 (I.DD) \ IOSFET 13S 
l.i111:ar , ult• l·on,t,1111, •16-li 
Lhw dt>fcct. 3-1 
Lltl1<>graphic, gah.111ufonn11n~. nbfor1111111g 

(LICA). 215- 2I'i 
Lithographit: 111cthotl, 

<.-ompan,011 of. 80-'U 
,w,t-gt•nt•mtion. 73-80 

Lithogmph) pro<•e,, .. ;, 6 
LiflotT kd1niq11c, 71)-7 I 
Loc.J o,idation of~ilic-011 (LOCOS), 191 , 

19, 
LOCOS. Lo<:al oxid,1tion of silicon 

(LOCOS) 
Long-throw spulteriug. 168 
Low-angle gmin boundaries. 154 
Low-dich•ctlic-ronsf;mt (low-k) insulator,. 

261 
Low-cliclc·t·tric-constant 111utl.'riali, 162-164 
l..owt>r <.'Ontrol limil (LCL) 237 
Low pre~sure thcmic.1I vapor deposition 

(LPC\'D). 101. 145, 155, 162 
LPCVD. -'Ct' Low pr~,surc chemical , ,tpor 

dcpositio11 (LPCVD) 
LSI. ser' Large-sc.tlc integr.ttion (LSI) 

Mugnetic.Jly enliant-cd reactive ion etching 
(:-IEHI£). 90 

\lagndron sputtering, 168 
Maul effect. 2-47 
~lask-bcau1 systt:m. &O 
Mo~k damage. 63 
:-.hl,king 

multipll· implantaho11 all(!. 136-13b 
o,iclt. . i 
prop«.•rtics of ,ilicou dioxide. 51-52 

Mnsb. 6.5-67. 79 
~IBE ~,·e Molc•cular beam epita.,y (MJ3F.l 
\h:m1dt•r \ tn1rtme. 227- 228 
:-.kan fn,~ path. 150 
\1t>a11 squ!lre. :245 
~kan time to failure (~1TF). I i2 
:-.1edium-1•ncrg)' ion i111planlor. 125 
:-.1ccliu1n ~c.-ue intcgmtion (MSI). lM 
.Memol') ui>, il'\'S, 199-203 
MEMS. w1• }.1icroclectmmed1anic.1l 

S}1-t(•lllS (MEMS) 
1'!EHI E. \t'l' Ma~wtically enh,111e<•d 

rt•acli\t: ion etd1ing (I\IERIEl 
MESFET. s1·,• ~lt>t.tl-M•mkonduc:lor fi,•ld­

elTed tnu,,i~tor (~I ESFET) 
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:-1t-tal fit,m . 1-1 . -11 l·H 
Mt'l,11li1.1hon. 1-1, 167 177. lU8 
~lctul-11itride-ox1d.-.,cmioo11do<:tor 

(MNOS). 201 
M,•t,1lorg1u11c chemic.11 ,,1por <.~•po,itlon 

<MOC\'D). 8. l-li-1<1'.> 
~l1•talor~,u1ic mol!.'cular lwam 1·p1lalC) 

IMO~UH::). 152 
\ l1•tal-oxidc-s1:111it'011d11ctor fi,•ld-.·ffoct 

lmnsistor (~IOSFIIT), 4, lf,2 
t1:clinology uf. 196 

1' I et.J-oxide-,crnic.-011d11ctor (:,.Io~, 
capacito~. 11>5- 186 
de,,ce~. 53. 98 

Metal-~emi<.-onduc-tor fil'ld-4•tTt-ct lr:111,1.,tor 
(MESF£Tl. 5. 3,. lli2 

Metal ~ilicidL-s, 175-176 
Microclectron1ccha11ical ,1,tcm, (:-tEMSl. 

212-214 
h:chnology 212-214 

~licromachinjng. \Urfacc and bulk. 215 
~linimum de,ice diirwn~ion. 259 
~linim11rn feature length. 1ee Minimum 

dc~icc dinwll5ion 
:-H,IICs. q•1· Monolithic microwa\c 

integrated circuits (M:-IIC~) 
MNOS see Metal-nitride-oxide• 

semiconductor (MNOS) 
:-tobilc ionic charge~. 5-1 
MOC\'D .,r1· Melalorganic c·hemi~1l ,apor 

deposition (MOC\'Dl 
:-tOC\'D rl·actor. L4S 
MODFET. see Moduhtion-dopcd ficld­

etTtct transistor c:-tODFETl 
:-1odulation-dopcd field-cffect tr.ulSl!ltor 

c:-1om~ET). s 
~lolcclllar beam epita.,)' (M BE). S. 145, 

148-152 
~IOt-lBE. we Metalorg,tmc mok-cular 

bl•am epit,L\') (MO~IBE) 
~lonolitluc- IC. 7 
:-1onolid1ic 11titrow,1w integmtcd cirtuit 

(~IMICs). 5, I~,. 212 
Monte Carlo i.imul.,tion. 25-1 
}.IOSFET. S<'C Metal-o,ide-scmiconduttor 

field-effect lr..uu.i,tor \MOSFETl 
f. lSI .11•e ~lediu111 st·,t.le inte11;r.1tion (~I ' I 
~ITF. ,c,• ~lean lime to failurl' (:-ITf'l 
\l ultipl<.' implant.1tion and ma,k;ng. 

136-l3S 
~lurph}'\ yield intt>gr,11, 252-254 
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nel \ 10 FET \\10 !:>11>,41.100. 
19i .,:tt, 205 

~ \'l' photon:,1,t, 6 ti!J. -;­

~t'Utral \.IOUlC\ I IS 
:'l:t'utn><1 imufi.,111111 ~'> 
:-.:ex1-1:~11• rut1011 litht ~raplnt· uwt lu.xh 

,3- I 
:-.1tncacid fl '-0 
:\ooomfonn J ,trp t,1't>rJ~•· l-39 160 
~on,'Olllile 1m•11WI) dc,1t,· :?111-202 
:-.:011, ! ,r1k w1t11rondudnr llll'IIIOI'\ 

\\'i\l 5.~0J 
rl·]'"'' l•1pol.1r tr,UL\l'tur. I 9 
n• poh 11iro11, 19-t 
'l•t\P'' d,,p.u1h 106 
\;\ -, \J ,. , \ omoL.tilt 'l.'llllt'(>nductor 

m,·11101'\ , '\\' \I • 

OE ", Optfotl t'lllL"ion spt•ctro\COp\' 

OE 
Olu 1ic cont .. ct 14, 14-1 
OPG. ,er Optical pro111mty com"Ctio11 

(Ol'C) 
Opticru ,•mil.SIOII ,pectro,cop, t OE 93 
Opt1t,d l1th01?T.1phic- p.ittcm lr.tmfer 

pl'OC(• , 7f) .. 71 
Opt1c-1J lstl,~rnplr;, 60-7:?, 79 
Optit.-ru prorjmi~ rol'n'chun 1OPC). 72 
Onent,1tion-<fopcndt.>nt l·tdun~. S6. b7 
O,cilbtion, 93 
Ou,l.thon 

impurity n-di.,tnbubou dunn{(. S<h'>l 
in pl.m.1r procc~,. ll -12 
,11nul,1tion, 54. 56-57 
\t·rtw,11, 50 

O"Od.: 
l!f0\\1h lthm l. 49-50 
l.t\'l'I', i 
u{a,,ki,1~. 7 
qualil). 53--..5'1 
thickne~s cl1i11acten,.,tio11. ,5-l 
trapped rharges. 54 

Pac b(!ml!. mtc·grat<'<l mcwt 
ll.'h'b of. ~230 
t)pc~ of. ;!30...232 

P 1r.1bolic r:itt• ronst,uit .f6. -17 
P.1rametnc \1eld, 250. 254--255 
P 1lt•·m ln11;,ft•r. l111egr,1tt.,d ciremt 70-71 
PB~ ,, ,• Pol)-hutene-1 sulfone I PB. 

11-ch.urncl ~IOSFc T (P~IO '), 196, IH7. 
203--205, :?OS 

1,._ rh.u111d ~top. 101 192 
PC \ 1' \ft' l'ro<.'1.·" t'(llltrol 111011ilor­

cPCM~) 
PEC\ '{). w,· Plai.11lll•t>11h:uwt·<l chumical 

,.,por deposition (PEC\T)) 
PCA ~t•c Pin grid Mf,l} ( PGA) 
P-glai,, flow pAA'C"~. 160. 196 
Phnst'. 26-27 
Ph.i~t• d1agr.1111. 27 
Ph,c.t•-shifti11g rnask (PS~I). 72 
Pho,phoru< 

con,t•ntiorml .m1wali11g of. 13-l-L3.5 
diffusion prollles. 117 118 

Photolithogrnphy 
definc<l. 60 
etchi111t and. 13-14 
simulation. Sl-82 

Photo111;1.sk, 60. 69. 73 
Photoresist, 13, 60, 67-70. 1.92. \t'r n/.111 

Etch-resistant pol) nwrs 
ncgath·c. 6&-69. 75 
po~ihv.:, 67-6 . 75 

Phrical etching. 92 
Ph} ical \'~1por deposition (P\'D). 14, 

167-168 
Piu grid army (PC.\). 231 
Planar p roct'ss. i. 11-14 
Plasma 

di.1gnostics, 93 
fundamentals of. 90-91 

Plasma-~istcd etching. ~ec On ·ch.ill~ 
Pla.~ma-enhanced chemical , ap,.•r 

deposition (PECVD). 42. 15.5 156 
Plo.sma etching 

as proct•ss, 91-92 
reactoN, 93-94 

P~f:,.IA w•c Poly-methyl mctliam latl· 
1PMMA) 

p:,.1OS. src p-diannel MO FET P MOS) 
p-n junction. i. 1-1 
Point defect, 34 
Poi. sou dhtribution. 235 
Pobson ,ield model. 251-252 
Poly 1. \~,. p-+ pol),ihcon 
Poly 2 ~er 11 + polrilicon 
Polv-butcrw-1 sulfone (PBS). 75 
Polycicle g,1tc i:1clu11g. 9S-99 
Polycidl· pr<X'C''· 175 

Poh'Cl'\~tallint• , 11it'Oll rncsi, lb, 41, 1-1 I. 
1·1•1· 11l,u Pol}"'lli t"<>11 

Polv-glycrd) I llll'lhatryl11tu-e,"O-dlryl-
acl) latt- (COi'), 75 

Pol) m l• t~. Gli, 75 
Poly-nwthyl 11wtl1.1l'l)latt- (P\IMA). 75. 79 
Poly.ilic.-on. 1-l•l 

<.·apacilor, 20 l 
deposition, 1 fl.3 167 
t'lcctrodc, 201 
c•tchin~. 98-99 
~iliron nit ride ,md, 88 

Positive photorc~i,t. 67-6&, 75 
Power li rnit,\tions. 261-262 
Power ~upply voltage. 259-260 
p+ pol}'sUi<:011, 19-1 

gate, 208 
Preripilat1:,. 154 
Predcposition cliff11st'<l laycr. 112 
Prcssure-hy-kmpemturc-by-0ow rate, 248 
Prc,M1rc•-by-tempernture i11tenu .. 1:ion. 248 
Primal) Ont. 31 
Proccs, <.-ontrol 1110nitors (PCMs), 227 
Proccs, si11111lation, 218-222 
Prnfilomel I). 54 
Projected rang1.1 (R,.). 125 
Projected straggle lo/ 125 
PROLITII. 61 
Proximitv effect, 75-76 
Ps:,.1. sc;• Phase-shifting mask (PS~I) 
p tub. 204-205 
1>·1)1~ impurity. 106 
p-h~ ,ilic:on sub~tn1tc, 2 1 I 
p w('U. we p tub 
PZT. n>t• ~ad zirconium titanate (PZT) 

Qulllt:tilc, l8 

Radio frcq,wncy (KF) heater. 24 
RAM. wt Random atwss memory (RA~I) 
Random acce~s memory (RA~I). 199 
Rangc (R). 125 
Rapid thermal annealing lRTA), 134, 

13.s-136 
Rt\.,tt•r scan S\~lem, 74-75 
Rt"nctrvc ion iwarn etching, 90 
Rt•activc ion etching llUE), 90, 9,1-95 173 
Hcactiw plasma etching 

applications. 97-101 
techniquc!i, 93-9·1 
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lkac.1i\'C rt•actor tcd1111Jl11)t\: {J3 
Rc.tcl or 1)3 

Rt·<:li fying 1netal ,wmi<."Ond11c1or bamn ", 
t -t-1 
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