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Preface 

11,i~ hook providrs an introduction to M•miconductor fabncahon t,~l1110~. fro111 '-">~ 
ta! growth to mtegr.itcd dt.-vice, ,Uld circuit~ It 00\t•r,1 tht:orctic:il .,nd prad.ic:u a.~ 
of all ma,or steps in the fabrication sequent~•- It i~ intended...., a textbook for scrut,r uncL.-T­
gmduatt·, or fir;t-ycargr:1Cluali- ,t11dcnts in ph) ic..-. clw.uustzy. rle<.-tri<:al •·11)!J111~:ring, Ult'ITI• 

ical engineNing. and mat1:riah Sci<:m:c. The book C'all be "'"d c-on\'t•111t•r1tly in o1 

scm<'stcr-length course on intcwnt1.>d cir<.1ut f.,brication Such R con™! tn:l) m rn:l) not 
be aCG'Olllpimied by a corcquis,tc laboratory TI,e tc:11t can .t.lso Wf\,• :.s a r~-ft:tt·ncr for 
pmcticing engineers ,md scientists in the \Cmiconductor 111d11,try. 

Chapter I gives a brief historical o,·crvic.•w of major «•mic.-onductor devi("(•> und ~ 
technology devclopmenL~. as well as an introduction to basic fabricnhon $kps. Cwq,tcr 
2 deals with crystal growth techniques. TI,e ,wxt ~(•,cral d111pter.1 llf'I• ontanw·d ~rd­
ing ton typical fobric.1tion se<111ence. Chnpter 3 present\ ~ili<.-on oxidation. Photouthu<;:rapll) 
and etching nre di~cussed in Chapters 4 nnd 5. respc-cti,el). Chapter. 6 Md , pre!tent 
the primary techniques for the introduction of dopants d.iffu,1on und 1,m unplantation 
The finrtl chupter on individual pr<>ce$.< steps. Chapter i,_ CO\l'r- , ·.uiou.s method, of tlun 
film deposition. Tiu: final three chapters focus on broad. surnmati, • top,<:<> Cl""ptcr 9 
tics the individual process steps togc:ther by prc-sentme, tlw proc-e--~ lkJ\," for <:nbcal pr<>­
ce~ technologies, integrated d~ic.-cs. and rnicroelectrical ml'<:h:.nical ~)~tcm< (:\IE\I • 
Chapte r 10 introduces high-level integrated circuit manufacturing issul"', mduding 11,-.._ 
tric:il tC\ting. pncknging, proces~ control, and )icld Final.Ir Ch.,ptcr 11 di.="'~ tlllt fllture 
outlook and challenges for the semiconductor indu<try. 

Each chapter begins with an introduction and a list of le.1mine, goals .md co11<.·lud~ 
,vith a summary of important concepts. Solwd e~mple problt:ms are pl'O\ided tl,ro,J'!h• 
out. and sugge~ted homework problems appear at the end of the clwptcr TI,c conet.'f't 
of process simulation h pre~ented in se,eral chapters. ~"UI~ the popular St" PRE~! and 
PROLJTH software packages as ,ipplicalion whicles. ~taste~ of this softw.ul· ~ int,•nded 
to supplement, but not replace. learning the fund.imental conrepl< ~'>Oci.'lt<."<I \\ith micro­
electronics proccs<ing. 

A complete set of det.uled solutions to all end-of-chapter problenL, lu., been pre· 
pared. This instrnctor·s manual is available to all .idoptmg facult). TI1l' lil?;U~ in tl1<- text 
arc nlso available. in electronic format. from the publislwr at the followml!. ,wh<..1.t -
l1ttp://www.wiley.com/t'Ollcge/may 
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4 ► Clllprer I lntroduct,on 

!1it• 1110, 1 import,uit dP,iC'l' for ,1th t1net•d inteirnitt>d circwts c. thL· l\lOSFET (mctai­
oud,•-,t•miC'<•ndut'lnr fld<l-dfect tr.111,i\t,or). which W,I\ rc~rt_t>d h): ~.,hng and_ Atalla 

111 l960. i,·1~,un: 1.3 ,how~ tht· fir-,l dt•1icc ~1,ing a tlwmialh OX1lli1:ed Mhcon s11bsh,1l~. The 
_,_ I t I ,.•11of"0µ 111•irid·1galt•o~dl•thidme:-,oflOOnm(l nm 10 c_ Ill). 
U< ,,re 1i, .1 ~1 ,. cn._u - • • • I 
TI,t• h, n ke, hot,·, .,rt· the ,ourct' ;111d dnun rontaC"b, ;111cl thl' top dongated nrt•a 1s t 1e 

nluminum i,,tt• ,•,~tponit,•d through:\ ml'tnl mask. Altho1_1gh prrsent-d,1) l\10S FETs havt· 
hec.·n \(..-,Jed w, 11 to the <ll .... p-subm.it·ron rei,nw. the cho1<.-e of ,1.hcon and thenn~l) IP'°"'" 
,,luxm dio,ide used 111 tlw flr.l l\10 FET remains the most i111port:u1t combmahon of 
matt•rfal, Tlw ~IOSFET ,u1d relat.•d inte~mted circuits now constitute about 90% of the 
,emicondudor dl',il'l' m;1rkd An ultr.1.Srnall MOSFETwith a clumnd length of l.:> nm 
h,L\ bc.'t'n cl,·monstr.11t-d ret'<'nll), 1• Thi de,,iC<' can wn L' ,IS tht.' ba.)is for the most ad, anccd 
inll'!mlh.J t'lrcuit chip, cont.lining 01f!r on<' trillion(> 1012) devices. . , 

In 1962 Hall l'l ,,I \ fir.t achie,~d l:L~ing in semi<.'011ductors. lu 1963. Kroemer' mu) 
.\lf.,1-o,· .md ..:.tzarino, 'propo..'(?(I tht.' lwtero~tntcture h,er. Tlwse proposals laid the foun­
cbtion for modl•m hL,n diodes. which caJ1 Ix· op<>rntecl. continuously at room tempem­
turc. L:L,,•r clioc.lt·, .1n• the kcv compon,mts for ,l "idc r.1nge of applic.ltions, including 
cLgit,J l'idl'O di,k.,. optical-Olwr comm1111ic:1tion. l:l~cr printing. and atmospheric pollu­
tion monitoring. 

Figure 1.3 The lint 111dal-<>'.tide-,.,nn~'OnJuc-tor ficld-t•rrt-ct tr.1n,htor.u (Photaw.1ph courtesy of 
H< II 1.-,bor~tori,-,.l 

1.3 Semiconductor Process Technology ◄ 5 

. Tim·!! irnporfanl mitruwaw dl'\ice~ m·r<· 111,cntt·d or 11•.tl11A.-d in the nl-xt thrt:c yc;u•s 
flit· fir.I ck--.1<.-c wa., tht· lransfo:m'<l-dL-ctnm cliock· (TED: al~ c.Jk-<l G1111n cLooe), in,;•t,t,,J 
b) Cu1111

1
' in 196.1 Tiw TED is t1¼'d ed<•n~iwly in ~uch millirnetrr-w.tvc• appli<:.diou, fL\ 

d,•tcctton ,ptern,, remote C(,11tro1'. and 111icrow.1,e test in\tnunt·nts. TI1e 'lt'C.-oncl dl'\'le<"" 

~ the IMlWIT diode; ,t~ Op<'mtion ,,,t, first ohsen<.'CI by Johnston l'I al.1~ in 196'5. J~IPATf 
diodl'\ c,u1 gcnnale tl1l' highest ronti1111011s-waw (C\\' 1 power .it miU1111ctcr-""'C fr,,. 
qut.'ncw, of all wmioond11ctor dc,icc,. They arl· uwd in rad;1r \) tf'lll\ :md nlam, w~h•m\, 
The third device is tl,c ~I ES FET ( 111et,d-~ernit-011ductor field-eITt>c·t tnm.~itor). ir;\'{'lltt-<l 
h)· ~lead 'in 1966. It is a key <lc\ice for monolithic nlicM,,1\1· intt.>gmled cin.,uh (~l~IJC1 

An import.ml ,e111icond1,wtor memory de,icv ,,.is inwnted b> li:ah11g and Sz,,·1 in 
196i Thi~ is tlw norwolatilc se111k'Onductor rnernory(N\'S~I). which <..in rel.I.in its ~to!'('(! 
infonnatioo when t11e power suppl) b s"itC'hl><l off Altl10111th il i, ~uniLr to u roll\en­
tional MOSFET. tlw major difforence is the addition of a "Oo.1ti11~ ~ate· in winch scmiper• 
manent ch:1rgc stor:tgc i, possiblt>. Rccau,e of its attribute~ of no11voL1tilit)~ hi~• dt."\icc 
density. low power consumpl:ion. and dt.>ttrical rewritability I i.e .. tlie stored charge am 
be rnrno, ed b) appl)ing \'Oil.age to tl1e ,'Onlrol gate l. tlw :'l:\'SM h.o bt.-comc· the domi­
mu1t memory for portable clf'ctronic systems s11d1 as the cellular phone•, notebook rom­
putn digital camera. ,rnd smart card. 

A limiting C.\SC of the Ooating-gak 11011,·olatilc memo'}· i~ the single-electron mem­
ory cell (SEMC). whicl1 is obtained by reduC'ing the length of the Ooating itale to ultru­
small dimensions (e.e; .. IO nm:1. Al this dimcr\Sion. when ,u1 elt--ctron mQ\-es into tlie Ooating 
gate. tlie potential of t11e gale \\ill he altcrt-d ,o tl1at it "ill pre,·cnt tJ1e entrance of another 
electron. ThC' SEMC is the u1ltimate floating-gate 111c11101} cell. since we nL>t"<l only one 
electron for infonnation storage. The opcr.ition of,, SEMC al room temperature "as fint 
dt·monstrated by Yano et al.1~ in 1994. TI1e SEMC can sen·e as the basis for the most 
adl'anced semironductor memories, which can rontain over ont• trillion bits. 

The charge-coupled dt ... icc (CCD) "~Ls invented by Boyle and Smith!' in 19i0. CCD 
L" used t·:-.1ensiwly in ,ideo c.unem.s and in optic.ti sensing applications. The resonant tun­
ncline; diode (RTD) was first studied by Chang l't al.1' in 1974. RTD is the basis for most 
quantum-effect dE'\ires. which offer extremely high density, ultr:ih.igh speed. and enhanet'\l 
function:ilitv. because it perm iLs a grc~1t1y n.-dut,..'tl number of de,.i(.'(•s to perfonn a IQ\1'11 

circuit function. In 19SO. ~limum d al.-D de,..eloped the ~IODFET lmocluL1tio11-<lopt-d field­
cff<:ct transL'ltorl. With the pl'l)pcr sele<:tion ofht!terojunt-tion materials. the MODFET is 
the fa.,test field-effect tn1nsi.~tor. 

Since tlw invention of the bipolar tr.msistor in 1947. the number nnd ,~uietyof ~mi­
conduetor de,ites ha"e incre11St•d tremendous!~· as ad\.met'd technol~·. Ill"\\' materials, 
and hroadcnl-'d rornprd1ensio11 haw been applied to t11e <.-reation of new CK'\it'\?s. HO\\'l"\-er. 
one compelling question remains: \\1,at pl'OC'('sst's ,U't' requin.•d to ron.'ltntt1 thest• won­
drous de1iees from b,\Sic semiconductor matl.'rial.? 

1.3 SEMICONDUCTOR PROCESS TECHNOLOGY 

1.3.1 Key Semiconductor Technologies 
Many important semieonductibr t<-chnologies hnw bet:n de~,-ecl from P~ m,~t: 
c.-cnturit•s a~o- For l.'xampll•, tht• gnN1h of nwtallic crystal.~ ma fumare \\,I.S pmnet' 11ris 
Afrit.ms livinl! on the ,,·estem shores of Lik<' \'it-ton., mort" dwi 2000 years ago. h 

I bo I • I eated forttd-draft funulCt"S. Anot er 
pl'OCl'SS was uwd to pro< ure car II stee Ill i~J"C' I . . •....:n,,I 

I · ti .-.1·tt,,.an11,t,,· pn)C(' s which was mwntl-<l m li9S. In tlus on!iou- prort>SS. 
ex..u11p C I 1, I y..... • ' I ho) T. nus S('dion considers 
the p,ittcm. or 11nage. \\~\S tm1,1sfcrred fmm a tont• plate { 11 • 
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the mi.lt,tNll, of lt hnol~ie, th.it wl'n' applied for thl' _fi..st ti1~t' t~ semiconductor pro­
-1, I '""I a,,,c1-fi"'uh for sc:miconduct. or den<; • fobnc·ahon. n ,111~or~,, ur- ·t··· " • . h I , J __ 1 

m•• ~ .... , -.: uuronductor lt'd111ologies :In' h tcd in Table 1.2 Ill c rono ogica o_rner. 
lu IQI ~iraMci, JP,dopcd a liquid-~olid monocompooent growth t:<'luu~uc. 

zodITTll"ki ~rowth i~ the proct: s used to grow mo~t of the crystills f~om wh~l_1 s1liro~1 
\\,Ue~ ,ire produced \notht'r growth technique was de\"eloped b)

1
• Bnfclg,

1
1
1
,un· Ill 19:Z5<l, 

The Srid~an technique lus been u~ed extensively for the growt_ 1 o ga mm an.eru. c 
and I lat..-d compound semiconductor Cl) ·tak Although lhe senuconductor properties 
of ,ibcon b.we l><:en ,,idely studied ~ince e.uly 1940. the stud) of senuoonductor com• 
poun~ ,,,i.\ n~lected for a long time. In 1952. Welker" noted tJiat g~um ~rseni<lc und 
rd.ttc-d HJ-\' compound..~ "ere -emiconductors. He was abk- to pr~d1ct their cbamcter­
i(b~ ,Uld to prow lhem experimentally. Trchnology .md devices usu1i t.hese compounds 
h.1, , ,inre ~1 ad.heh studied. 

Thr difTu.sion of in~puril)" .iton~ in s11miconcluctors is import.mt for de,ic:c proce-s• 
ing- B~1c diffusion theory was considered by Fick31 in 1855. The idea of using diffusion 
tt.'Chiuqut'S to alter the typt• of conductivity in silicon wo.s ~sclosed in_ a patent in 19_52 
b..- Pfaun. In 1957. the ancient litJ1ography process was :lpplied to em1cond11ctor device 
r;brieation b, Andrus '' I le used photosen~ith e. etch-resistant polymers (photo resist) for 
pattern tnu,~·fcr_ Litltogroph) is a key lecbnol~-for the semiconductor induslly. The con­
tinued gi'O\~th of the 1nd1c.try has been the direct result of impro, ed lithographic tech• 
nology Uthography ~ also a. ignillcant economic factor. current!) representing o,er 35% 
of IC manufocturin~ costs. 

TABLE 12 Key Semiconductor Technologies 

\'t-ar Trthnol~ Autholisl/lnventor(s) Ref. 

191 C:wchralski Cl)-stal ltJQ''"th Czochralski 28 

19-25 Bridgman cry~ul gt"O\'th Bridgman 29 
1951 Ill-\' compoun~ Wdker 30 
19.S~ Diffusion Pfann 32 
l95i Lth~phic photoresi~t AndnL, 33 
l95i Otide masking Frosch and Derrick 34 
l95i Epitaxial C\'D growth Shefial. Kokorish. and K r.L~ilo'" 3.5 
19.5~ Ion I mpl..ntatioo Shockley 36 
1959 Hybrid integr.ited cirt'Uit Kilby 3i 
1959 ~fonolithic integrated Cll'l'IIII No)'ce 38 
196(1 Planar pnx,c\s llocmi 39 
1963 C~IOS Wanh\s 311d Salt -10 
196i ORA~! Dt:nn.i.rd 41 
1969 Poly~1licon self-al,gned gate Kel',in. Klein. and Sar.ice 42 
1969 ~IOC\'D Mana.sc,11 and Simpson 43 
1971 Dry ctclung Irving Lcrno1lS, an<l Bobo~ 44 
1971 Mole<-ular 1,.,.,m epil.ixy Cho 45 
l9il \llcroproce~r (4004) llofT ct .11 -!6 
l9S2 Trench 1solntion Rung Momose. ilnd ~a~akobo -Ii 
l9S9 Chemical ml'ch.uucal polishing D,van et 141 .JS 
1003 Coppt?r llltercon nt 'Ct Pa.n&Szc-J.ak et al 49 

C::\1) cl..-mi..-.J \"lipor cl,,-po,1oon C~10S 001nplcrnentJ') n.ct.il-0\:Jde---.cminmductor flcld-dTl"<.-t tr-.i.n.,i<tor 
DF \ \f J..narni(- r..ncJom ..c,...-<, m, mot), \10C\'D, r~tafo1Jt,1111C C\'0 
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The o\idt- ma.~kin~ nwthocl w,t, dt·,dopt•d h, Fmscl1 .u1<l D1·rric-k" ir1 rn;,. n,,.> 
fou11d that 1111 ox1dr !a,t•1 c-an prc,\-•11l mo\t ianpunn alo111\ from chffu,iug through it. In 
tlw ~:mw w::1r. thl' c·p1l,uu,J ~rowth pr()("c~ bttS<:d 011 llw d1l'1111c:d, .1por clPptJ\tliou 1t·cl,-
11iq11e was th~, c•lopnl by Shdt.il el ,ti £pita.\}. dc•riwd from tlw Cr,·ek wor<h 17,1, nu-;111 . 

in!!; "on," and tnxis, meaning "urr.u1gc111c11t," de:.('ribe, ;\ tl'dm11111c: of Cl)""!it.J growth to 
fonn a thin la) er of ~cmkonductor materials on t lw \urfaw of ,l c-rv,t.d tJ1at li.ll> a l.1ttit • 
structure i<lcntic-al to that of thE' Cl)'>lal. Thb Jnl>tho<l i~ iinport.mt.for tlw 1mpro,cmc·nt 
of deviCE' pcrfo, mant·e mid the creation of 110\"el d£>\iC(> $lmc-tim·s. In 19:39. a mdimt•n­

tary intc~mted circuit was madc by Kilb). • It co11tai1w<l one hi pol.tr tr..111\i,stor, tlm,e re~t\• 
tors. ;md one capacitor, all made in gennanium ,m<l c'Onucctcd h} \\irC' bonrung-1 h)brid 
circuit. Also in 1959. Noyce" propowd tJ1e 111onolith1c IC h> fahnc.1Ung ,111 dt·\ICC~ i11 ,1 

~ingle semiconductor ~ubstrate (mn110/i1/i mea11\ -~ingl"' ~torn~") and c.'01tr1t'Cti11~ the tk"-1Cl.~ 

by al11n1inum metnlli:1,alion. Figure 1.4 ~how.s the flN monolitluc IC of a Oip-Oop circuit 
containing si.x dC'ViCl·S. TI1c ,Jum.in111n interconnection lines" ere• obt.iint•d b)' etching lc'vr&p­

orated aluminum layer o,·er the entire oxide surfa('(> using the Uthogrnpluc technique ·n.~ 
inventions la.id tlw fo11ndntio1t for the rapid growth of l11e mic:rocll·ctromcs indu5tl)·, 

The pl.marproces~ was de?velopcd by Hocmi 'in 1960. In thi\ process. an oxide layer 
is formed on .i semiconductor surfoct-. \\'itl1 tJ1e help of a lithography prnc:ess. portion., 
of the oxide can be remo, ed :uid windows cut in the oxide I 111purity ato111s will dilTUS(­
only tJirough tJ1c exposed semiconductor stirfac-e. and p-11 junctions will fonn in tJ1e oxidt: 
window are::IS. 

Figure 1.4 Thl' fir.,t monulithic mlt•gr.itt-d circutt.r. (Pl,oto~r.1ph L'011rt1·,J of Dr <: Muon· 



r-. , the lC 111(·1\',l.'l'<I. lt•l·Ln<>lo~ h~ mm ~I fro111 '11~10$ (11-channel 
to \Ill ,'Vmplc.t11 .. nl,ll"\ \10 f Kfl. wlud1~•111ph>} both '11 ~10 ru1tlP~IOS 

IP-Ctl:m.t;el MO,n I hl fonn tlw loi,c· drnwub. Tht> CMOS t'Ollt'l.'pt ,,~l~ propost>cl b) 
nnd Sah In 1963 Ttu· ,ith .1ntac,l' of('\ 10 • tt-dmol~ b that logk <•le111enlHU':IW 

l(Wll cum11l onh <lunn!,! the tr.u1,ilion from mw ~t.1k to .1nothl'r (e.g .. from Oto 1) 
dr.N ,, n I ttl. ct;rrrnt 111:twet•n tran,ibon.,. ,ill0\w1g po,,N consumption lo~ 111111-
ec.l C \ll >, 11, hnol,~ L' tJ,t> tlomin.mt tt'<.'hnol~· for ath~mt-e<l IC~. 
In I 7 .111 1111port.111t two-dt:mt•nt tm:uit, lht.' <lvnumk random ,1ccc•ss memo!') 

D ~ \I , " , mn•ntro l>y Dl•nruml • The lllt'lllOI"\' cdl contains c,ne ~IOSFET nntl one 
cl~--,tor. ,:.e uq,.1C1tt1t T11t> ~IO FET ...._,,w,-~ ., ~,,itch to duugl' or discharge the cnpac­
(tor ltho11~h . DRA~I i:, ,ul.itil,· .md t-onsumes rdati\'cly high power. we e~-pect that 
DH n h "1ll ,-oow111t> to Ix· tlw fir..t choice ;unon~ ,.uious scmit-onductor memories for 
nu11portJ bit! c>lec-tro,m.· ~) tem, in tht' fort•Stt!ablt• future. 

To impl'O\•· de,al'<' perfom,anet:. the pol) ilicon \t:'1f-aligned gate proces~ was pro­
pos•-<l b, K•·",u1 d .u.u in 1969. Thi!> pl'O<.'<-'~- not only impro,·ed device reliability but 
also redurt'ff p.mlSitit· e,p.iettan~, \.lso in 1969. the 111ct:tlorgn11ic chemical , apor depo­
,itkm (~IOC\ 'DI 111t•tl1o<l ,,,L~ dt>\\'lopt>d bv }.f:u1ase,it a:ncl Simpsou.'1 This is a Yery impor• 
t,u,t cp1l.l.\J.1) gro\\1h ted1111q11l' for t'01Hpo11nd ~emironductors such as CaAs. 

,~ the dt'\fo.• tltmt•1u.ior~ were reduced. the di) etching technique was developed 
to n·pl.1c•· \\l'l ch.•mat-al etching for high-fidelity pattern tr.insfor. This technique was im­
t.t,tl'<I h) 11"\ing et .u.' in 19il using a CF /01 ga.~ mixture to etch silicon wafers. Another 
ianport,u,t tech11iq11e dewlopt.-d in tJw ~um: ye:tr by Cho..s was lllolecular beam epita.,y. 
Thi.- tt.'(,·hmqnl' h.is tJ1e ad\'antage of near-perfect vertical control of c.-omposition and dop­
ing d0\,11 to ,1tomic dimensions. It i.s responsible for tJ1e creation of numerous photonic 
df.'\1!.'\',. nd quanh.nn-dTrct de,iros. 

In 1971. the fir.I micropl'OC'e.-.sor wa:; made by lloff et al.. who put the entire ccn­
tml proce--sing unit (C:PU) of a simple computer on one chip. It was a four-bit micro­
prot<e'l>clr (lntctl -100-1 shO\m in Figure 1..5. with a chip size of 3 mm b) 4 mm. and it 
ront.uned 2300 '.\1OS FETs. It w,L\ fabricated by a p-channel pol)--silicon gate process using 
.m -µm de,ign rule. Thi\ microprocessor perfomied as well as thow in $300.000 18~1 
romputer.. of the N.rly l 960s-e.ich of which needed a CPU the size of a large desk. This 
w:-..s a m,1jor breakthrough for the semit-onductor industry. Currently. microprocessors 
,"tln,tit11tc tJte large ·t segment of the industry. 

Since till· earl} l980s. many new technologies ha\'e been developed to meet the 
n•quiremenl~ of t>\cr-~luinking minimum feahire lengths. Three key technologies are 
ln·nd1 1~0l.1tion chemical mccluuJ.ical polishing. and copper interconnect. Trench isola­
bon technology 'v:I!> introduced b} Rung et al . .- in 1982 to isolate CMOS devices. This 
appro.it.·h l'\i..'Uhlally repl,1et-d all other isolation methods. In 1989. the chemical mechan­
ical polhhin~ method was dE-veloped b} Davari et al." for global planarization of the inter­
k}E-1' dielectri~. nlb is ;i keyproc5S for multill'!\·cl metallization. At submicron dimensions. 
<1 ,,1Je!) kr,0\,11 failure mechanism is electromigration. which is the transport of metal 
mm through .1 conductor due to the passage of an electrical current. Although aluminum 
ha.~ hec•n u<cd ,inre the c-;.irl} 1960s ~ interconnect material. it suffers from electromi-
1::rnMn ,It high electrical current. Copper interconnect was introduced in 1993 bv 
Par.1.~z~1..,k et ,J!1 to replace aluminum for minimum feature lengths approaching lOO 
nm Tiu, hook to1m<lers ,JI the technologies listed in Table 1.2. 

1.3.2 Technology Trends 

m,-.. th, b, giruting of the nucroclec:tronit'5 era. the smalle~t linewidth (or the minimum 
r. lure lt:n~t.M of.ui intq~r-.ited circuit has heen reduced .\t a mte of about 13% per year."'1 
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Figure 1.5 The- first microproce:.sor. · ' (Photogr:1ph courtesy of Intel Corp. 

At that rate. the minimum feature length will shrink to about 50 nm in the year 2010. 
Device mini11lurization results in reduced unit cost per circuit function. For example. the 
cost per bit of memory chips has hah-e<l eve1y 2 yean, for succe.ssin.> gent•rutiou~ of DRA\f 
circuits. As device dimensions decrease. the intrinsic switching liine decreases. Oe,icc 
speed has impro,·ecl by four orders of magnitude since 1959. llieJwr ~reed.~ lead to 
e;,.'Pande<l lC functional throughput rates. In the future, digital lCs will be able to pt1r­
form data proc.-cssiug and numerical t-omputation at tenibit-per-seroucl rn!C$. As de,iet.>s 
becomes smaller. tl1ey consunie:: less power. T11crefore, de,it'C 111i11iaturi1.ation :Jso redu<.,•s 
the energy osed for each switching open1tion. Tiu.! energy dissipated per logic- gatc has 
decreased bv over one million time:. since 1959. 

Figme 1.6 howi: tht' e:-.-ponentin.l increa.w of ~1e act\ial DRA~I dc1Lsity wrsi•~ the )~·.1r 
of first production fro111 19i 8 to 2000. The dcn~it}· mcreascs by a factor_of!? t.'\l!I) Hi montll~. 
If trend~ continue, D RA~ I density will int n·.t.~• to 8 Cb in tlw) t",U' 200', mid tu 64 Cb ~ 111d 
the )'E'nr 2012. Figure 1.7 shows the e:-.voncnli,u incrcas<· of mitropnx~"f..,;or computation.u 
power. Computaliorml power :uso increases by a fat-tor of~ C\'-'l)' 18 montbs. Cu~·ntl~: a 
Pentiulll-hased perwnal t'Omputer has th<' s:unt> t-omputnt1onal pc>'\\'r .t.~ that of a CRA"I I 
supcrt'Olllputcrofthc latt• 196<}.;. }'l?t it IS thn.>c onlen. of m;~UIIICI~· sm,uler. lftoc'SC.· tn:•nd~ 
continue, we \\ill reach 100 GIP (billion i11stn1ctions per ~'t'On<l) 111 the )'l'ill' 2010 
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2010 2030 

Figure 1.8 Growth cnl'\.es for different k>chuolug)· drivers.11 

Figure 1.8 illustmtes the growth curves for different: t:echnol<>g>· <lri\'ers.11 At: tl1e begin­
ning of tJ1e modem electronic era (1950-1970). tl1e bipolar transistor was the tedmol­
ogy driver. From 1970 to 1990. the DRAM and the mirroprocessor bast'CI on MOS de,.-ices 
were the technology drivers because of tlw rapid growth of personal computers and 
advanced electronic systems. Since I 990. nonvolatile semiconductor memory h.'L~ heen 
the technology driver, mainly becau~e of t:J1e rapid gro"1h of portable electrou'ic S)'Stems . 

► 1.4 BASIC FABRICATION STEPS 
Today, planar technologr is used cdcnsively for JC fabrication. Figures 1.9 and 1.10 show 
tJ1e major steps of a plannr process. Thrse sh•ps include oxidation. photolitJ1ogmphy. etch­
ing. ion implanation. n.nd mct:alHzalion. This st'Ction dt!scribes th~ steps briefly. More 
detailed discussions can ht! found in Ch:tpt:ers 3 to 8; Chapter 9 describes the integra­
tion of these un.it process steps to form semiconductor dt"ices. 

1.4.1 Oxidation 
The development of a high-quality silicon dioxide (SiO1) lu~ helped to establish the dom­
inance of Si in tl1c production of conunerdul ICs Genemlly. Si01 functions as an in.mlator 
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Figure 1.9 10 1 A bare 11-typc i "afer lb) An oxidia"<l Si wafer by dry or wet oxidation. 
C'I \pplic-.ibon of r~-sist. fd l Resist expo~ure through the mask 

in a uwnber of device structures or as a barrier to diffusion or implantation during device 
fabrication. Ju the fabrication of a r- jwiction (Fig. l.9). tl1e SIO _ film is used to define 
the junction area. 

There are two i0.1 growth methods. dry and Wt't oxidation. depending on whe ther 
dzy 0:t)1?.en or water ,11por i.~ used. 01) oxidation is usually used to fonn thin oxides in 
.t ~,re stmcture b«ause of its good Si-Si02 interface cbamcteristics, whereas ,.,,-et oxi­
dation 1, 1,1.~ for thicker la) rs because of ib higher growth r.ttc. Figure 1.9a shows a 
q:,ction of a bare i ".uer n:-..1<ly for orjdation. After the o~dabon process. a Si 0 : laye r is 
fomu!'d all O\t.'r the wafer surface. For ~implicit)·. Figure 1.9b shows only the upper sur­
w ~ of an o:tidiutl \\,Jt.>r }.Ion: details on oxidation may he found in Chapter 3 
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1>or;,11tJt;U .,, 
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en 
Figure 1.10 (o) The wafer after the dt!velopment. (b) The wafer after SiO, rt-moval (c) 11ie 
final result after a complete lithographic procc~~-(d) A p-n junction is formed In the diffusion 
or iinpl11ntt1tion process. (e) The wafer after metalliz.ation. (fl A ,,..,1 junction after the complete 
processes. 

1.4.2 Photolithography and Etching 

Another technoloro·, called p/iotolithography, is used to define the geornetty of the p-n 
junction. After the fonnation of Si02• the wafer is ooated with an ultraviolet (UV) 
Ught--sensitive material called a pliotoresfst. which is spun on the wafer surface by• high­
speed spinner. Afterward (Fig. l.9c-l. the wafer is baked at about 80°C to 100°C to drive 
the solvent out of the resist and to harden the resist for impl'O\-ed adhesion. 

Figure 1.9d shows tl1e ne.xt step, which is to expose the wafer through a patterned 
mask using a UV light source. n1e exposed reglon of the photoresist-coated wafer under­
goes a chemical reaction depending on the type of resist. The area e.-,d ID light becloalet 
polymerized and difficult to remove in an etchant. 1be polymeri2ed region remains when 
the wafer is plac:cd in a developer. whereas the unezposed region (undertbeaplqU9-> 
dbsolves and wa..~hes away. 
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I- !Un.• 1.lCb ,1111", the" .tfor ,Uler the devdop1ncnt. The w,tfor is agnin baked to 
111 1 for 20 111inute~ to enh11net: th<' adhe~ion ,tnd improve the re~i~h111w to 

thr uh"~11wnt etchm~ pnx~~~- Tlu~n. m1 etch u~mg buffered hydrofluoric 11cid (HF) 
renx""'' th,· unprokcfod 'iOi surface (Fig. 1.lOb). Lastly. tJ1e resi t is stripped awuy by 
a l1e1nirol -olutiun or .m u~-gcn plasma ~}stem. Figure l. 10c :-liow~ the flnul result of n 
~nn ",thout o.ud1: (a \1indow) .1ner th~ lithogntphy process. The wnfer is now ready 
for foruun~ tJ1t> p-,1 JUUt'tion b) u tlilTusiou or ion imphmh1tion proce,'IS. Photolithogn1phy 
and dcl1aniz ;.n.- descnbed more thot(>11ghly i11 Chaplen, -1 and 5, rCSJX'Ct:ively. 

1.U Diffusion and Ion Implantation 

In tJ1c clilTus1on metl1od. tl1e ~tmticonduc-tor surface not protected by the o,dde is e.,posed 
to a wurre mlh a h1~1 cont-cntr..1tion of opposit~•-type impurity. The impurity mO\·es ,nto 
tl1,• ~nuconductor<:ryrtal b) solid-state clufusion. In ion implantation. the intended impu­
ril\ is introduced i_nto the semiconductor b)' accelerating the impmityions to a high energy 
lei-el and tht.>11 impbnting the ions in the semiconductor. The Si01 layer sen,es as a bar­
ner to impurit) diffusion or ion unplantation. After the diffusion or implantation pro­
~ . the p-tI junction is fonned. as shown in Figure LlOd. Due to lateral cli.ffusiou of 
impuriti~ or lattmJ straggle of implanted ions, the width of the 71-region is slightly wider 
tlliln tl1e window opening. Diffusion and ion implantation arc discussed in Chapter- 6 
and 7, n:spectively. 

1.4.4 Metallization 

After diffusion or ion implantation. a metallization process is used to fonn ohmic contacts 
,md inten.-onnect:ious I Fig. 1.10c ). Metal films can be fom1ed by physical vapor deposition 
or chemical vapor deposition. The photolitbography process is again used to define tlle 
front contact, wbkh is shown in Figure l.lOf A similar metall.i7..ation step is perfonned on 
the back oonbct ,,;ti.tout using a Uthography process. Nonnally, a low-temperature (S 500°C) 
,umcal would also be perfonned to promote low-resistance contacts between the metal 
l.wer.; and the semiconductor. Metallization is discussed in more detail in Ch.apter 8. 

1.5 SUMMARY 

e,ruconductor devices have an enonnous impact on our society and tl1e global economy 
because the) serve as the foundation of the largest industry in the world-the electron­
ics indushy. 

11tis introductory chapter has presented a historic.-al review of major semiconductor 
dt"ices, from then~-. study of the mettll-semiconductorcontact in 1874 to tl1e fabrication 
of an ultr.1Small l5-nm MOSFET in 2001. Of particular importance are the invention of 
the bipolar transistor in 1947. which ushered in the modem electronics e~ tl1e devel­
op_ment of the ~10S~ET in 1960. which JS the most important device for integrated cir­
cmts. and the uwcntion of the riotwolatile semiconductor memory in 1967. which has 
been the technologr driver of the electronics industry since 1990. 

This ~haptcr also described key ~emiconductor technologies. The origin.~ of these 
tl'Chnolog:ie.s cu1 be tniced back a.s far a.~ two miJJennia. Of particular importance are tl1e 
dt"-clopinent of the lithograpl1ic photor<? isl in L95i, wluch established tl1c b:1.~ic pattem 
lr.lJ\: fi::r proccss_ for scmicond~ctor de\ices: the invention of tlte integrated circuit in 1959, 
"luch was w.n11nal to the rapid growth of tlie microelectronics industrv: and the devel­
opnwub of tl1e DRAM in 1967 and tl1e micropr0<~ssor in 1971, whi~h constitute tl1e 
two L,~e<t ~nenb of the semiconductor industry. 
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2 
Crystal Growth 

The two most important semiconductors for discrete devices and integrated circuits are 
silicon and galUum a~cnide. This chapter describes tl1e common tE'<.'hniques for growing 
single crystals of tl1ese two semiconductors. The basic process now from starting mate• 
rials to polished wafers is shown in Figurt: 2.1. The starting materials-silicon dioxide for 
a silicon wafer. and gallium and arsenic for a gallium arsenide wafer-are chemically pro• 
ccssed lo form a high-purity polycl)-stalline semiconductor from which single Cl)-i.tnls are 
grown. Tl,c single-crystal ingots are shaped to define the diwneter of tl1e material and 
are snwed into wafe~. These wafers are etched and polished to provide smooth. specu­
lar surfaces upon which devices will be made. This chapter CO\'e~ tlie following topics: 

• Basic technjques to grow silicon and GaAs single-erystal ingots 

• Wafer-shaping steps from ingots to polished wafer<; 
• \\'afer characteri7~'1tion in tenns of its electrical and mechanical properties 

Si G.,As 

~ SiOi ~ 

Oi,illl.1tion s,nthc!ll.~ 
~nd 
n-ducuon 

Polycrystnllinl.' 
scmicon<luctor 

C1)-,.tul j!l'l)\Yth Ci,~t.J g"""th 

Slngl11 <")'Stal 

Cnnd.s.,w Gnnd .... w 
polt<b Poll,h 

figure 2.1 Pmcc.,, flow from ,tarthiit matcriw to poli.,hed wafer 
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I Cb1pctr 2. C1Y$tal Growth 

► 2 1 SILICON CRYSTAL GROWTH FROM THE MELT 
Tht: hi 1c tl~hniquc for ilicou Cl'}Sl,\I growth from the melt. which is material in liquid 
fom1 1, 1l1t· C.::od1ml\k1 tt·ch11iq111•. A substantial percentage (>90%) of silicon CC)~lnls 
for tliP ,,•mfronductor industry are prep,tred by tJ\e Czochn\l ki technique, and so is vir­
tually all the silicon u.~d for fabricating integrated circuits. 

Z. 1.1 Starting Material 

Tiu: \t.\rtmg material for ~ilicon is a relati,•elr pure fom1 of sand (SiO1) called qiwrlzit<•. 
l111s b pbced in a fumace \,ith ,•,1rious forms of carbon (conl, coke, and wood chips). 
Although a number of reactions take place iu tht> fumnce, the overall reaction is 

iC(solid) + SiOl{solid) ➔ Si( olid) + SiO(gttS) + CO(gas) (1) 

Thi.\ process produce:. metallurgical-grade silicon with a purity of about 98%. ext. tJ1e 
~ilicon is pulverued and treated ,..,ith hrdrogen chloride (HCI) at 300°C to fonn trichlor~i­
lam.' (Sil ICI l-

Si(solid) + 3HCl(gas) ➔ SiHCl3(gas) + H1(gas) (2) 

The trichlororuane is a liquid at room temperature (it has a boiling point of 32°C). 
Fmctional distillation of the liquid removes the unwanted impurities. The purified SiHCI, 
L~ then used in a hydrogen reduction reaction to prepare the electroniergrade silicon (EGS): 

Sil-IC13(gas) + H 2(gas) ➔ Si(solid) + 3HCl(ga.~) (3) 

This reaction takes plact- in a reactor containing a resistance-heated silicon rod. which serves 
as the nucleation point for the deposition of silicon. EGS, a polycrystalline materinl of high 
purity. is the raw material used to prepare device-quality. single-cl')'Stal silicon. Pure ECS 
g1merally has impurity concentrations in the parts-per-billion range.1 

2.1.2 The C?ochralski Technique 

The Czochral.ski technique uses an apparatus called a crystal p11Uer. A simplified version 
of this devioe is shown in Figure 2.2. The puller has three main components: (a) a fumace, 
which includes a fused-silicon (SiO2) crucible. a graphite susc.>eptor. a rotation mechanism 
(clocl·wise as shown), a heating element, and a power supply: (b) a CJ)'Stal-pulling mech­
anism. which includes a seed holder and a rotation mechanism (counterclod,,\~se): and 
(c) an ambient control, which includes a gas source (such as argon), a flow control, and an 
e.xhaust system. lo addition, the puller has an overall microprocessor-based control system 
to control process parameters such as temperature, crystal diameter, pull rate, and rota­
tion spet.>ds. as well as to permit programmed process steps. Various sensors and feedback 
loops allow tJ1e control system to respond automatically. reducing operator inte1vention. 

In the crystal-growing process, polycrystalline silicon (ECS) is placed in tJ1e crucible, 
and the furnace is heated above the melting temperature of silicon. A suitably oriented 
~eed cry tal (e.g., <111>) is suspended over the crucible in a seed holder. The seed is 
inserted into tlie melt. Part of it melts. but tlw tip of lhe remaining seed crystal still touches 
tJ1e littuid surface. It is then lowly withdrawn. Progressive frew.ing at the solid- liquid 
interface )-ields a large, single crystal A typical pull rate is a few ,nillimcters per minute. 
for Lugl'-diameter silicon ingots. an extemnl magnetic Geld is applied to the basic 
Cwchralski puller. The purpose of the external magnetic field is to control the concen­
traboo of defects, impurities. and oxygen.1 Figure 2.3 shows a 300-min (12 in.) and a 
-lO0-mm (16 in.) C1.ochr.Jski-grown silicon ingot. 

2.1.3 
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Figure U CzochmM<i c,r-lal puller. CW. clock,,i~c; CCW. countcrclock'\,1<.(.• 
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In crystal growth. a known amount of dopnnt is added to the melt to obtain tlte desin><I 
doping concentration in the grown crystal. For silicon. boron and pho~-phorus are the 1110..~t 
common dopants for p- and 11-t)-pe materials. respcctiwlr. 

As a CJ)'Stal is pulled from the melt. tltc doping conC't'ntration incorpornted into thl' 
crystal (solid) c; usually dill'erent from the doping ronc-entration of tlw melt (llttuidl .it 
the interface. The ratio of tlwsc two coricentmtions is defined :L~ the cq11l/ib,-i11111 srf!.n·­
gMion cuef]lcic11t, k0: 

k _ c. 
o Ca 

(4) 

where C, and C1 nrc. rcspectivrly. tJ1c equilibrium concmtmtions of the dopant m the 
solid and liquid near the interface. 'fable 2.1 lists \'alues of k11 for tJw commonl}· llSt'<l dopu1ts 
for ilico11. Note tJ1at 1n~ t values are below 1. which means th:lt during growth th<' dopants 
arc rejected into the melt. Consequently. tJw melt bc.'<.'Ollll•s progresshel) cnrkht-d \\1th 

tJ1e dopant as the Cl)'Stal grows. 
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Figure 2.3 JOU-mm ( 12 in l md 400-nun (l6 in C1..ochrahki•grtJ\\1l silicon ingoh. (Photo cour• 
c~ of hm-Ebn 11;,ndotai Co. Tokyo. I 

TABLE 2.1 Equilibrium Segr1!gation Coefficients for Dopants in Silicon 

Doiunt k Type Dopant k I Tvpti 

8 ')X 10 I p A, 30x10·1 
II 

,\l 2 X Jo-a p b 2.3 X 10"• II 

G.1 '> X 10-., 11 Tc 2.0x 10 II 

In IX 10,. p Li I.Ox 10 II 

0 I 2.5 II Cu 4.0 X 10 .. -· 
C 7 x 10 t II A11 2 5 X 10 \ - . 
p o.s; n 

~111:: impmih· k--rl 

Con~idcr a Cl')'Stal heing 11;rown from a mt.'lt h,l,fog an inib,J "eight M , \\ith .lII ini­
tul dopin!? t'Onc-cntration C in the melt (i.e. the weight of the dopant per l g of melt). 
\ t ..1 i,, l'n point of gm\\1h wben a cn-:.tal of weight .\J lms been grown. the amount of 
,lop.Ult n'lllil.llling in the mdt lby w1.'igl1tl ~ S For an inc-rt·mc·ntal amount of the cr)'stal 
\\ith WCI ·ht d\l the <.'OrrespondinR reduction of the dopant HIS) from the melt is C,dM, 
,\hl'n• C, h thl.' <lapin~ conC\·ntration III tl1e <'ry:.taJ (hy \\eight\: 

-dS • C d.\l (5) 

2.1 Silicon Crystal Growth from the Melt ◄ 21 

:-.low. tlw n·n1,lining wci~ht of tlw rrwlt is .\/11 - M, and the doping oont-enlrahon iu ti,,. 
hqmd (by ,wight), Cc, i, giH·n b) 

C=-s-
1 Mo-M 

Combining Eqs. 5 an<l 6 and vubvtitutiug C/C. = k0 yi,,.J<l~ 

dS = -ko(~) 
S M0 - M 

Cheu tJ1e initial weight of the dopant, C.,.\/0 • we can integr.,te Eq. 7: 

$ dS " -dM 
J - =koJ-

'"" S O M0 -M 

Sohing Eq. Sand combining with Eq. 6 give~ 

C, = k0co( I - ;
0 

J ·• 

(6) 

(7) 

(8) 

(9) 

Figure 2.4 illustn1tcs tJ1e doping dhtribution as a function of the fraction solidified (M/M0 ) 

for ~evcrnl segregation coefficients. i, As crystal growtJ1 progresses, the composition ini­
tially at k11C0 will incrc;t~e continually for k0 < 1 and decrease continually for k0 > 1. \\11en 
k., = l , u unifonn impuril)· distribution can oo obtained. 

EXAMPLE 1 

A siUcon io(ot. which ,hould contain 101
• boron acorns/cm . is to be grt,"11 ~ - the Czochralski tedi­

nique What concentration of boron atoms should ht- in the mt-It to IP'" the n-quired roncenlnt• 
tioo in the ingot? If the initial load of silicon in the cnidhle is 60 kg. how nw1y grams of boron 
(atomic weigltt 10.8) ~hould be .iddt-d? Tht> dt·nsit)' of molten :11Uron is 2.53 g,'cm i_ 

SOLUTION T:1ble 2 1 ,hows that the segregation COt'ffident k. for boron is 0.1!. We a.uume that 
C .• k,.C1 throughout the gr<J\,th. Thus. the initial concentration of boron in the melt should lx-

10'• 
- = l.2Sx l01

• boron .dom.slcm' 
0.8 

Sinet• the amount of boron conoontnltion is so small. tht> \'Olt111l(' of ml'lt can ht- calculated from 
the "eighc of silicon. TI1erefore. the "olumc of60 ~ of silicon IS 

60x lO' =2.37x1o•cm 1 

2.53 

The tocal nu,nher ofooron atom( in Cht> melt l, 

SO tlr,1t 

l.2Sx 10,. atoms/cm' x2.37x IO'rm' = 2.96x 10• boron atoms 

2.96X 10"' atoms x 10.8 g/mol = S.3lx 10 1 gofboron•5.31 mgofboroo 
6.02xl0n atoms/ mo! 

Nolt' the ~mllll amount of boron nl'eded to dope such • ~ 10111 of stlJcon 
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Figure 2.4 Cur"es for growth from the melt shO\\ing the doping concentrolion in J solid as a 
function of tht: fraction solidified.' 

2.1.4 Effective Segregation Coefficient 

\\ 1ule the crystal is growing. dopants are constantly being rejected into tl1e melt (for k0 > l ). 
Lf the rejection rote is higher tl1an the rate at which the dopant can be transported away 
~ diffusion or stirring. then a concentration gradient ,\-i.II develop at the interface, a~ iJlus­
trated in Figure 2.5. The segregation coefficient (given in Section 2.1.3) is k0 = C,IC1(0). 
We can define an effective segregation coefficient k,, which is tl1c ratio of C, and the impu­
rit) concentration far awa> from tile interface: 

k. C_ 
c, 

C'.on_\ider a 3ma.ll. "irtually stagnant larer of melt with width 6 in which the only flow 
i, that n-quired to replace tlic crystal being , .. ;thdra,v11 from the melt. Outside this stag­
ruant l. Jt:r. the doping concentration has a COMtant vuluc C1. Inside the layer. the dop­
wg oonCC'ntration can ht.! d~ribed b) the steady-state continuity equation: 

2.1 Silicon Crystal Growth from the Meh ◄ :?3 

_ _._ ____ ~o----=:-6-------~.-

' I 

:---Cro1,1h dll\'dion 

' 
f igure 2.5 Doping distribution near tl1c solid-melt hlhtrface. 

(11) 

where D is tlie dopant diffusion coefficient in the melt, v is the crystal growth velocity. 
and C is the doping concentration in the melt. 

The solution of Eq. 11 is 

C = A,e••Tfl> + ~ (121 

where A1 and A. are constants to be detennined by the boundary conditions. The first 
boundary condition is that C = C1 (0) at x = 0. The second boundary condition is tJ,e con­
servation of tl1e total number of dopants; that is. the sum of the dopant fluxes at the inter­
face must be zero. 8y considering tJ1e diffusion of dopant atoms in the melt (m .. ,glectin~ 
diffusion in the soUd), we have 

v (dC) +[c,(0)- C.)v =0 
dx '0 

(13) 

Substituting these boundal)' conditions into Eq. 12 and noting thut C = C1 at x = 6 gi\'CS 

e••-SID: c l -c, (14) 
c,(0)-C. 

Therefore, 

k aC,_ ko 
' C

1 
- k

0 
+(I - k<> )t-•~ o 

(15) 

The doping distribution in the Cl)-Slal is given b)· the samt> e:\-pl"('ssion as in Eq. 9. <'Xet>pt 
tliat k

0 
is replaced by k,,. Values of k, are larger tl1an tl1ose of k0 and can approach 1 for 

large values of tJ1e growtl1 parameter v6!D. Uniform doping distributi_on (k, ➔ 1) _in the 
crystal can be obtained by cmployiog a high pull mte und a low rotati~n spc.~ (5Ulce 6 
is im-ersely proportional to tl1e rotation spc..'t.-d). Another approach to achie\e umfonn dop­
ing » to add ultrapurc polycl)-:;talline silicon continuously lo tl1e melt so that the initial 
doping c:oncentmtion is maintained. 



► 2.2 SILICON FLOAT-ZONE PROCESS 
n J1oo1-:1111r1,n .• , cau be usl-<l to gr<)\\ siliro11 tlmt lias lower cont:nnination than lhnt 
oonn; II, obt mwd from tl1l' C.:ochmMa tedu1iqtw. A chemntk setup of the float-zone 
proce,, b !-!,own 111 F1i,in• 2 6a A !ugh-purity polycryst:tlline rod with a Sl't>d crystal nt 
the bottom 1, ll('ltl in .,a wrt1cnl po,ition Jnd rOhlll'<l The rod i enclos<:d in ti qutt~ enve­
lope ,\uluu \\foth ,u111wrt ,ttnio,phen!' (Mgon) i, mnint.tint!t1 During the operntion. a small 
zone ( ti-.,· c,; utimelt'f' in k-ni;hl of Uw cryst.J is kept molten by a rodio-frequency (RF) 
hc.-akr, wf11ch L' mowd from tJ,e '1ed upward so that thi: jlooti 11g ;:.or,e tr:l\'erses tJ,e lungth 
of th • rod. Thr moltt'o ~1h<.'(m is ret:linl'<i by urfocx• ten~ion between tJw melting and 
~\10~ <-0\id-,ibron fat-.: -~ tht> floatiugwue moves up\\~trd. single-crystal silicon fmczcs 
11 th., zonl'·~ retn.-.,tiug t>nd and ~'Tow<: :t$ ,u1 exte1tS1on of the seed Cl)'Stal. Materials w1tJ1 
hi,lier w,i,ti,itks c:111 b..· obtaim:d from the float-zone process than from the Czochrnlski 
pl"OC(' ~ bc-cau:<e tht' fonner c.m be used to purl.I') the crystal mon.: easily. Furthcnnorc, 
,,ore no cn1ciblt• i.:. 1Lq_.J in tJw float-woe process, tlwre is no <:ontaminntion from the 
cruliblt> (,1.., with Cwchral.ski growth). At the pre~ent time. float.zone Cl)-'Stals are used 
nwmh for bi~h-power, lliith-voltage de, i<.,'(;'s, wliere high-resi:,thity materials nre required. 

To t...,,Ju.1h: tJ1e doping distributio1\ of a 00;,1t-wnf' process. consider a simplified model. 
;i.~ shown Ill Vigure 2.6b. The initial unifonn doping conccntmt:ion in the rod L~ C0 (by 
,,eight). L L' tl1e l~ngth of the molten :zone at a dist.u1ce x along the rod. A is the cross­
~l'C'tion.11 are.1 of tlu: rod. P,i is the sped.fie density of silicon. and S is the amount of dopant 
pl't'wnt ill the molten wnc As th11 zout: tr:tven:cs a clistan<:e dx, the amount of dopant 
added to it at its adnuiciog end is C,,pdA dx. whereas tJ1e amount of dopant removed from 
at ut the retrc.1ting end is k,(S d.x/LJ. whure k, is tJ1e efTecti\·e segregation coefficient. Thus, 

(16) 

rlx 

--------

Q) 

lb) 
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so tlmt 

j dx = I' ,JS 
o ,CoP.,A-((SL} 0&1) 

where S,1 = Cup,,AL i~ tht amount of dopant in the 1 .. onc when [t wn.~ fl I r I . I 
front end of tlw rod Froni E' q l"'· b . 1r.. 1om1ct ,,t t w 

• • U(I, WC O tam 

(Ii) 

or 

S=Cot~Lrl-(1-k,r'-•'IJ (!in) 

k
~in(Sc; C, ()the doping concentration in the Cl)'lit.tl at tlw retreating encl) i, given b) C 
~ ,'Ap,,._ . then • 

C, = C0 [1 -1(1-k, r '-•IL ) 118) 

Figure 2. i shows the doping concentration \'Crs11s tJ1e solidified wne length fo \ · 
values of k.. ' 'anous 

. These ~~,o Cl)'Stal g~owtl~ teclrniques can also be nse<l to remove impurities. A com­
panson of Figure 2.7 with Figure 2.4 shows that a single pass in the float-zone proce~s 
~oes not produce as_ mucl1 purification as a single Cwcbralski growtJ1. For example. for 
k" = k, = 0.1. C/C0 JS s~aller over most of tl1e solidified ingot made by the Czochrnldo 
ro\\th, However, multiple float-zone passes can be performed on a rod much more Ca!· 

ti~• th,\n a crystal can be grown, the end region cropped off. and regrown from tJ1e melt. 
Figure 2.8 shows the impurity cllstribution for an element with k = O.l after a number 
of successive passes of tJ1e zone along the length of the rod.• x;te tJ1.at there is a sub­
stantial reduction of impurity concentration in tlte rod after each pass. Therefore, the 
float-zone process is ide,tlJy suited for Cl)'Stal purification. This process is also callt•d tlie 
zone-refi11i11g technique, which can provide a very high purity level of tJ1e r.lw material. 

1f it is desirable to dope the rod rather tl1an purify it. consider the ca~ in which all 
the dopants arc introduced in tl1e first zone (S0 = C i1\p./.,) and the initial ronteutration 
C11 is negligibly small. Equation 17 gives 

S S J k,.r) 
n = ex'1 L 

Since C, = k0 (S/ApdL), we obtain the following fo.irn Eq. 19: 

(191 

C, = k,C
1
e·1..• .,. (20) 

Therefore, if k;:JL i small, C, will remain nearly constant y,ith distant't' except at tJ1e 
end that is Inst to solidifv. 

For certain switchi;1g devices. such as high-\'oltagc thrristors. large clLip area.~ aJ'f' 
used-frequently au entire wufor for a single dcvi<:c. This ~iz.c impose$ stringent require­
ments on tJ1e unifomiit)' of the starting material. To obtain homogeneous distribution of 
dopant!>. a float-i.one silicon slice th11t has an a\'crage doping concentration "'"ll below 
the required amount is ust'<l. nie slic.-e is then irradiated y,itJ1 thennal neutrons. Thb pro­
CC'ss. <.-ailed ,m1trt>11 irradiation, gi\'t'S rise to fra<:tional lnll'lSmutation of silicon Into phm­
phorus an<l dopt!s tlic silicon 11-type: 

(21) ch1:111atic <1:tup !bi imple mood for dopan~ c·v-dlualion. ------~------------------------------------
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111c: h.Jf-life of the intenn,-diate cfoment Si/! is 2.62 hour.. Because tl1e penetration depth 
of neutron in silicon is about lOO cm, doping is very unifonn throughout the slice. 
f11!UJ\.' 2.9 comp.u·es the lateral rn:.istivitJ distributions in convcntionruly dop<.-d silicon and 
in ~ibcon dop«:d h) neutron irradiation.\ Note that the re.,isth it)' variation for the neu­
tron-irradi,,tt>d ,ilicon ,U',' much mailer th,m tlaost> for the COn\.-entio1111lly doped s ilit-on. 

2.3 GaAs CRYSTAL GROWTH TECHNIQUES 
2.3.1 S1arting Materials 
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denotes the zone length.' 

(e.g .. solid. liquid. or gaseous) in which a material may 1:xist. A phase diogmm hows tlw 
relationship between the two components. gnJlium and arsenic, as a function of tem­
pt>raturc. 

Figure 2.10 shows the phase diagmm of tJ1c gnllium-arsenic system. The abst·iss.i 
represents ,~.uious tompositions of the two components ill tcnns of atomic percent {10\vcr 
scale) or weight percent (upper scalc}.~1 Consider a melt tJmt is initially of com~sition 
x (e.g .. 85 atomic percent arsenic. as shown in Fig. 2.10). When the temperatu~e 1s low­
ered, its composition will remain 6.xed until tl,e liquidus line is reached.. At tl1e poml (T1 . .r). 
material of 50 atomic percent arsenic (i.e .. gallium arsenide) will begin to solidify. 

EXAMPLE2 

Jn f'igure 2. 10, con~ldcr a melt ofinitiru <.-ompo,ition C, (wdght pt"_m.•111 sc~d that~ ,,,olt"<I from 
T, (on Lhc liquic.lu~ !Ind to T., Find 1he fr.iclion of the mdt th.it \\1ll be \Ohd1fie<l. 

SOWTION At Tb •• \f1 i$ the weight of the liquid. M, i' tht• weight of tl,e soli~ Ii c .. GaAs). and C. 
,llld C arc the ,,mc:cntr.,tion~ of dopant in the liquid and the sohd. 1't'spc<.11wly. Thcn.•fol'C'. the 
weigl,;, of ar.enic in the liquid und solid are .\11C, and .\f,C .• fl'\p(-cti\'Cly Bec,mse tl1e tollll anenk­

wcight h (M + M.)C . we have 

111 ,1.utinl! n1t1teri;J\ for thr synthesis of pol}'CI) talline gallium a:rc:emde art' the ele-
1w•11tnl. chc•m1<.·all~ pure gallium and ar.;cmc. Beca1111e gallium arsenidl• is a <.'Ombinalion 
of two m,1tcri.1\,, tl'> bd1,l\ior is different from tJ1al of a singll' material such :\S silicon. 
nie lx:luwmr of ll C'Olllbination C,111 be described b, a phase diagl",Ull. i\ 110.\C is a st-,;;o.1;.;.tc;;.' - - '--~-----~-----------"'_,c_;,_._·_"_.c_._._<_,,_,,_._.,_,_Jc_· ___________ _ 
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or 
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~ .. Weight of GaAs at T = C - C1 .. !. 
M, Weight ofliquid nt 7; C, -C I 

where s and / are tJ1t· lengths of tlw twc, lines me,,t\lJl'W from C to the- hquidui 11ntl vtlidus lme, 
respective!). A.~ can be s~11 from Figure 2.10. ;\bout 10% of tl,e mr"lt is \Olidilk-d ◄ 

Unlike silicon. which has a relatively low vapor pressure at its melting point (approx­
imately 10-<> utm at l412°C). arsenic has much higher vapor pressures at the melting point 
of gallium arsenide (1240°C). ln its vapor phase, arsenic has As

2 
and As, as its major species 

Figure 2.11 shows the vapor pressures of gallium and arsenic along the liquidus curve.• 
Abo shown for comparison is the vapor pressure of silicon. l11e vapor pressurt• curves for 
gallium arsenide are double valued. The dashed curves are for arsenic. ... rich gallium arscnick 
melt (right side of liquiclus line in Fig. 2.10), and the solid curves are for gal1Ju111-rich gal­
liwn ammide melt (left side ofliquidus line in Fig. 2.10). Because there is a larger amount 
of arsenic in an arsenic-rich melt than in a gallium-rich melt. more arsenic (As

1 
and As,) 
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Rgure 2.11 Partial pressure of gallium and anenic ovrr gllllium arsenide as • fuocdon of lt'ID­
peralure.' Also shown is the pa.rtial pressure of silicon. 
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\tll h. ,.,prnic.~·d from che .irst'lli<'-rich melt, elms resulting in a hi~lwr vnr:or p~ssure. A 
inul r .,~mcnt ('an t'\"})hin tht' higher ,,,por pressure of gallium m II gall11_11n~nch n'.elt. 

~or.• tf,.lf long bdore the nwlting point i.s re,tch<.>d, the surfllce layers of bqu1d galbum 
d d·"""nlpo•~ 1•1,to "'illium and arsenic. Bcc-ause the vnpor pressures of gnl-r><·1u t.' In,<\ "~ v .w c,,· 1 tiJ , • 

li I - -~ di"e-'rtt tlat.'re is n pl\.'ferentml loss of the more \'OJa e nn;eruc species, 11111 ,Wl Jl'>'I\IC ,u~· u, •~ , • 
. 1d tl1e liquid bt'C'Onll'S g-.illiu111 rich. . , , 

To ~)nlhe~ve gallium arsenide. an evucuated, seal~<l quart7: ~be syste1~ with ,l l.\\.O• 
tcmperntul'l' fumace is commonly used. The high-punty nr,:eru~ is ~laced m '., gntph1te 
bo..1t aud heated to 61o•c to 620°C. whereas the high-purity gallium IS ~laced Ill another 
~r.iphite bo.1t and he::itcc.l to slightly nbove the go.Ilium arsenide _m~lang t~mperoture 
( I 2-t~l:1G0°C) Under tl1ese conditions. rut o,·erprcssure of a_rse~•~ 1s csta?lished (a? to 
L~iu..e the tnuuport of ~ nic vapor to the gulliu,n melt. ~nve~ng 1~ uit~ gallium :l~mde; 
and (b) to fll't.'\ent decomposition of the gallium arserude whil~ it tS betn~ formed 111 th_e 
fom.ice. When the mdt cools. a high-purity polycrystruline gallium arsenide results. Tlus 
Set\ e~ as the ra,1 1naterial to grow single-cl)'Stal gallium arsenide.7 

2.3.2 Crystal Growth Techniques 

Tht>re are two techniques for CaAs crystal growth: the Czochralski technique and the 
8rldamon tt-clmiq11e. ~to t galliwn arsenide is grown by the Bridgman technique. Ilowe,-er. 
tl1e Cz.ochmlski technique is more popular for Ll1e growth oflarger-<l.iameter Ga,\s ingots. 

For CzochrJ.lski growth of gallium arsenide, the basic puller is identical to that for 
silicon. Howe\'cr. to prevent decomposition of the melt during CI)'Stal growth. a liquid encap­
suL~tioo method is employed. The liquid encapsulant is a molten boron trioxide (BP3) layer 
about l cm thick. Molten boron trioxide is inert to the gallium arsenide surface and serves 
a.~ a C3p to cover the mdt. This cap prevents decomposition of the gallium arsenide as long 
(\$ the pressure on its surface is higher than l atm (760 Torr). Because boron trioxide can 
dissolve silicon dioxide, the fused-silica crucible is replaced with a graphite crucible. 

To obtru11 the desired doping concentration in the grown cr)'stal of GaAs. cadmium 
and :dnc are commonly used forp-type materials. whereas selenium, silicon. and tellurium 
are used for n-t}pe materials. For semiinsulating GaAs. the material is undoped. The equi­
librium segregation coefficients for dopnnts in Gat\s are listed in Table 2.2. Similar to 
those in Si, most of tJ,e segregation coefficients are less than L The ex'Pressions derived 
pre,ioUSI) for Si (Eqs. 4 to 15) are equall)' applicable to GaAs. 

TABLE2.2 Equilibrium Segregation Coefficients for Dopants in GaAs 

Dopant k,. Type 

Be 3 p 
~lg 0.1 ,, 
Zn 4X LO-I p 
C O.S nip 
s, J.S5 X 10"1 11/p 
Cl'" 2.6x 10·- 11/p 

0.5 n 
Se 5.0x l()'" n 
St 5.2 X 10-• n 
T, 6./SX 10 • II 

<.:r l.03x 10-< Serniinsulating 
F, LO x 10-- Semi insulating 

2.4 Material Charac1eri2a11on 3 L 
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Figure 2.12 Bridgman lt'chniquc for growing single-cryMal gallium arsenide. :ind a tl'T11p<:r.1.turc 
profile of the fumuce. 

Figure 2.12 shows a Bridgman system in which a two-zone fumace is 11Sed for grow­
ing single-crystal gallium arsenide. The left-hand zone is held at a temperature (approx­
imately 610°C) to maintain tJ1e required overpressure of arsenic, whereas the right-hand 
zone is held just above the melting point of gallium 8.l'lienide (1240°C). The ~aled tube 
is made of quartz, and the boat is made of gr-aphite. In operation. tJ1e boat is loaded with 
a charge of polycrystalline gallium arsenide, with the arsenic kept at the otJ1er end of 
the tuhe. 

As the fumacc is moved toward the right, the melt cools at one end. Usually. tJ1ere is 
a seed plac.-ed at the left end of the boat to estnblish a specific crystal orientation. 111e w,ul­
ual freezing (soUdi.Gcation) of the melt allows a single Cl)"l>tal to propagate _at the _liqui~-5:°Ud 
interface. Eventually. ::i single crystal of gallium arsenide is grown. The unpunty distnlm­
tion can be described essentin.11) by Eqs. 9 and 15. where the growth rntt• is given by the 
traversing speed of the fumace. 

2.4 MATERIAL CHARACTERIZATION 

2.4.1 Wafer Shaping 

After a crrstal is grown, the first shaping operation is to remow the ~ed and the other 
end of tJ1e ingot. which is II\St to solidi(v.1 The neAt opcmllon ts to gnn~ till' surfare w 
tll,ll tl1e diameter of the material is defined. Aftl'r that, one or more Oat -regions an• ground 
along tJ1e length of the ingot. Tlws<' regions. or flats. n_,ark the spedfit• Cl) tal o~ent.,­
tion of th<· ingot and tJ1e conductivity l)1x· of tlw m~tcn:,I. :f•e largt•st Oat._ the pnma"! 
jlnt. a.Hows II mechanical locator in automatic pl'OCt'ssmg equipment to posillon tJ1e w-.tfr r 
and to orient the dcviet.'s relatiw to the Cl)'St,11. Other smaller flats. c.illed .stnmtla"J fla~~. 
are ground to idimtify tl1~ orientation and c::onductivity t}p<• of the Cl')~t~. as shmm 111 

Figure 2.13. For Cl)'lital.~ witl1 dirunek•rs t'qmJ to or l:uger tl1'.'" 200 111111. no fl.us are growtd 
Instead. a small groove b ground along the lcngtJ1 of tht> miot. 
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Figure 2. 13 ldcntif)ing Oab on a semiconductor wafer. 

The ingot is then ready to he sliced by diamond saw into wafers. Slicing deter­
mines four wafer parameters: :,urface orientation (e.g., < 111 > or <100> ): t1iick11ess (e.g .. 
0.5-0. 7 mm. depending on wafer diameter): taper. which is the wafer thickness vari­
ations from one end to another: and bo1c. which is the surface curvature of the wafer, 
measured from the center of the wafer to its eclge. 

After slicing. both sides of the wafer are lapped using a mixture of AIP3 and glyc­
erine to producx- a t)pical Oatnes.~ uniformit) within 2 µm. The lapping operation usu­
.ill~ lea\'es the ~urface and edges of the wafer damaged and contaminated. The damaged 
and contaminated region, can he removed by chemical etching (see Chapter 5). The final 
~ep of wafl.'r shaping is polishing. Its purpose is to provide a smooth, specular surface 
where de,ice features can be defined by photolithographic processes (see Chapter 4). 
figurt.> 2.1-l shows 200-mm (8 in.) and -100-mm (16 in.} polished silicon wafers in cas­
~ttes. T.tble 2.3 shows tJie specific-<1lions for 125-. 150-. 200-. and 300-mm diameter pol­
i.~hed silicon wafe~ from tJ1e Semiconductor Equipment and Materials Institute (SEMI). 
As. mentioned previo~ly. for lruge cry-stals (~ 200 mm clliuneter). no nnts are ground; instead, 
,1 !tfOO'·e is 111a<le on the edge of th{' wafer for positioning and orient:ition purposes. 

Gallium ~1J"<;C1ude is a more fragile material than silk-on. AltJ1ough tJ,e basic shaping 
operation of ~alUum .menide is essentially tJ,e same as thnt for silicon, greater care must 
be e\l.'l'Cis,.-d in gallium arsenide ,v-,1ler prep.,mlion. 111e state of gallium arsenide technol­
~ i~ reL1ti\ dy p1in1itiv£> co111pared with tlmt of silicon. l lowc\'er. the technology of group 
Lil-\' compound~ has ad,anet.>d partly lx.-cau~c of the advances in silicon technology. 

2.4.2 
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Figure 2.14 200-mm (8 in.) and 400-mm ( 16 in.) polished silkon wafe~ In c.l.\:.vttcs. 
(Photo courtesy of Shin-Etsu I lan<lotai Co .. Tok')'O.) 

TABLE 2.3 Specifications for Polished Monocrystalline Silicon Wafers 

P:muneter 125mm 150mm 200mm 300mm 

Diameter (mm) 125 ± J 150 ± l 200± 1 300:::: I 
Thickness (mrn) 0.6-0.65 0.6.5--0.i 0.715-0.735 0.i55-0.7i5 
Primary flat length (rnm) ,10-15 55-60 NA NA 
Sccondal) flat leagt)1 (mm ) 25-30 35-10 NA ~A 
Bow(µm) 70 60 30 <30 
Total thickness variation (µm} 65 50 10 < 10 
Surface orientation (100) ± 1° Sault: Sanic ame 

( 111) ±1° Sanlt: Sam .. Samc 

~A. not Jwiloblc 

Crystal Characterization 

Crystal Defects 
A real crystal (such as a silicon wafer) differ.. from the ideal crystal in importMt ,,~t)"S- It 
is fmite: thus. surface atoms nre incomplete!) hondecl. F,1rthermore, it ha.~ deft'<.15. which 
strongly influence tJ1e electrical. mechanic-.u, and optical propc•rties of the St.'micondu~ 
tor. There nre four c.,tegories of defects: point defects. line clc-fects. are,l defects ... md vol­
ume defects. 

Figure 2.15 sho,, , several forms of point di:fr,-t:,;. •·•Any fon•ign atom inrorpomted 
into the lattice at either a substitutional site (i.e., at 11 regular lattice site (Fig. 2.15an 
or an interstitial site [i.e .. betw£>en regular lattice sites !Fig. 2.15b)] is a point defect. A 
missing atom in the lattice creates u vacancy. also considered a point dt•foct (Fig. 2 15c). 
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Figure 2.15 Point dt!fee~- (o) S11bstitutional impurity. (b) Interstitial impurity. (c) Lattice 
\-acancy. (d) Frenkel-type defect. 

A host atom that is situated between regular lattice ites and adjacent to a vacancy is 
called a Frenkel defect (Fig. 2.15d). Point defects are particularly important subjects in 
the kinetics of oxidation and diffusion processes. These topics are considered in Chapters 
3 and 6, respectively. 

The ne:\'t class of defects is the lilie defect. also called a dislocntion .10 There are two 
types of dislocations: the edge and :;crew types. Figure 2.16a is a chematic represen­
tation of an edge dislocation in a cubic lattice. An e:\tra plane of atoms AB is inserted into 
the lattice. The line of the dislocation would be perpendicular to the plane of the page. 
The screw dislocation may be considered as being produced by cutting the Cl)'Slal part­
way tl)rough and pushing the upper part one lattice spacing over, as shown in Figure 2.16b. 
Line defects in devioes are undesirable because they act as precipitation sites for metal­
uc impurities. which may degrade device performance. 

An•a defects represent a large-area discontinuity in tlie lattice. Typical defects arc twins 
and grain boundaries. Twinning represents a change in the Cl)'Stal orientation ::icross a 
plane. A grain boundary is a tmnsition between Cl)'Stals having no particular oricntational 
relationship to one anot.l,er. Such defects appear during crystal growth. Anotlier area defect 
is th~ stacking_foult .9 r n this defect. the stacking sequence of an atomic layer is interrupted. 
In_ F~gure 2.11 the sequence of atoms in the stack is ABCABC .... 1f a part of layer C is 
~1Ssmg. tJ1e defect is c-.tlled an intrin.,;ic stacking fault (Fig. 2.l 7n ). rf an extra plane A is 
Inserted between layers 8 and C. it is an extrinsic stacking fault (Fig. 2.17b ). Such defects 
may appear during Cl}-SW growth. Crystals having these area defects a.re not usable for 
integrated circuit manufacture and are discarded. 
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Figure 2.16 (a) E<lge and Cb) screw disloc-.ition fonnation in cubic Cl)-stab.'' 
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Figure 2.17 Stacking faults in semiconductor lo) Intrinsic stacking f..nh hi E,trin.~ic suclcing 
fault." 

Precipitates of impurities or dopant atoms make up tl,e fourth da.,,. of defects: rol­
mnc defect~. These defects arise because of the inherE"nt solubility of the impurity in tl11." 

host lattice. There is a specific concentr..ltion of impurity that tl1e host )attire can a.C<X'pt 
in a solid solution of itself and the impurity. Figure 2.111 showi. solubility wn.us temper­
ature for a mricty of elements in silicon.11 The solubility of most impurities decrea.,;cs 
with decreasing tempemture. Thus, if an iinpuritr is introduced to tlw m.wmum con­
centration allowed by its solubility at a gi,en tcmpcroture, ,md the c~.t.J is then C'OOleo 
to a lower tempcr.tlurc, the crystal can only achil•ve an equilibrium st.1tc by pl"\'c1pit.1t­
i11g the impurity atoms in excess of the solubility leH~L Ho,w,cr. the volumc mism,1tch 
between the host lattice and the precipitates rt•sults in <lislocatimL~. 

Material Properties 
Table 2.4 compares silicon chnmcteruti~ and tlt11 rt'qUirements for inlegr.ttt.-d dn.-u.it tt'cli­
noloio· hn,ing more tJ1un 10' co111ponl.'nl s. which Ls reft•rn-d to as ultralnr-g,~<' lntl!­
gration (ULSl).'u• Tlie semiconductor matt•rial properties listt'<i in Table 2.4 can bt­
mc:L~urc<l b\ ,-.ui(llL~ mctl1ock 'n1l' rc\i!-tMtv i~ nlt'.1.SUn"tl h..- the/our-ptlfnt probe method ... ' . . 
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Figure 2.18 Solid \Olubilitit, of impurity demcnb in silicon. 11 
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:1°d tr.K't.' 1mpuritit!5 such a.~ oxygen and c.-arbon in silicon can be analy;,.ed b) the seconcla1y 
1011 ma .. ~~ spectro,.cop1c fSJ\1 ) technique described in Chapter 6. otc that although cur­
rt'nt cip.lbilities CM meet most of tlic wafer specifications listed in 1hble 2.3, many improve-
111e11ts :1rt' m·t•ded to satisfy die stringent requirement:, for ULSI tcchnology.'3 

The 0"-J~en and carbon concentrution.s arc substantiall> higher in C7,oehrubki crys­
t.~, than m flo..1t-wnc c,y,ta.ls bt,~11\t! of the dis.solution of oxygen from tl1e silica cru­
dLk· and tr.msport of carbon to the melt from tl1e gr..iplutc susceptor during crystal growth. 
'f)pt~..J camon co1~11tr.i.bons r.mgc from 101' to about 101• atomSl'cm •. and ca.rhon atoms 
m ilkon occupy substitutional lattice <.ites. The presence of carbon is undesirable because 
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TABLE 2.4 Comparison of Silicon Materiel Characteristics and Raqulremtnts for ULSI 

Propctl) c,.ochn,Md Float 7..onc Rt ,,1111& rw·nls 
for Ut..<;I 

Reshlh~ty (phosphorus) n IYJX' (ohm-cm) 1-50 I...JOO ..-nd up ~and up 
l\csistivity (antimony) 11-l)l><' (ohm-cm) 0.0<~5-10 0 00 l--0 02 
l'leslstiVity (boron) p· lype (uhrn-cm) 00()5...50 1--1<>0 S- 50 and up 
Rcsistivit) gradJ.,nt (four-point probe) ('l) 5-10 20 < l 
Minority canitlr lifclirrn: (µs) 30-300 50-5(1() 30()...1000 
Oxygen (ppma) 5-25 Not dcu-ct,-d Unlfonn and 

,-ontrnll~ I 
C11Jhon (ppma) 1-5 0.1-l <0.J 
Dislocation (before prOCCS\ing) (per cm2) S 500 S500 S I 
DiJmcter (mm) Up to 200 Up to 100 Up to3CKI 
SliCt" bow (µ.m) S2.'5 S25 <5 
Slice taper (µm) S 15 S 15 <5 
Surface Oatncss (µm) S5 S5 <l 
llcu,y -mcl11l impurities (ppba) Sl SO.QI <0()()1 

ppma, p.,rts per mlllron ntom~: pph,~ paru per billion otoms. 

it aids the formation of dcfc<.1:s. Typical oxygen concentrations range from 101
• to 10 \ 

atoms/cmJ. Oxygen. however, has botl1 deleterious and beneficial efTcds. It can act as a 
donor. distorting the resistivity of the crystal caused by intentional doping. On the other 
hand, oxygen in an interstitial lattice site can increase tl1e yield strength of silicon. 

In addition. the precipit:ites of oxygen due to the wlubilit} effect can he USf'd for 
gettering. Gettering is a general term meaning a proc-ess that r<.·moves hannful impuri­
ties or defects from the region in a wafer where devi<.-es are fabric-.1tcd. \\ 'hen tlw wafer 
is subjected to high-temperature treatment (e.g .. 1050°C in N r>, oxygen evaporates from 
the surface. This lowers the oxygen content near tl1e surface. TI1e treahncut creates a 
defect-free (or denr1ded) zone for device fabrication. as shown in the inset of Figure 2.19.1 

Additional thermnl cycles c.-u1 be used to promote the fonnation of OX)--gen prC<'ipitates 
in the interior of the wJfer for gettering of impurities. 11,e depth of the defect-free woe 
depends on the lime and temperature oftl1e thennal cycle and on the diffusi,ityof oxy­
gen in silicon. Measured results for the denuded zone arc shown in Figure 2.19.' lt is 
possible to obtain Czochral.Qki crystals of silicon that are vi.rtunlly free of dislocations. 

Commcrc:ial melt-grown material of gallium a~nide 11re hea,ily contaminated by 
the crucible. However, for photonic applications. most requirement~ call for he.tvily doped 
materials (between 101

' and 10" cm"'). For integrated circuits or for disc-n-tc ~IESFET 
devices. undoped gnllium ar.;enicle c-.u1 be u~d as the sLuting material v.ith a resistivity 
of 10'' Q-cm. Oxygen is nn undesirable impurity in GaAs because ii cm fonn a deep donor 
level. which contributes to a tmpping charge in the bulk of the substrate and incl't>a..<es 
its resistivity. Oxygen contamination can be minimized by using gr"phile crucibles (or 
melt growth. The dislocation contl'lll for C1.0Chral~ki-grm\.11 gallium IU'Sf'nidt• c1Jst,J.s is 
nbout two orders of magnit11de higher than tl1at for silicon. For Bridgman GaAs t'l)'Stals. 
the disloo1tion density L-. about an ordl•r of magnitude lower than that for Cwchntlski­
grown CaAs crystals. 
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of the J.·o~<l,'<f 7011~ Jlld (l'lt.-nn~ ~le~ in a wafor cros~ ~C'ction. 1 

2.5 SUMMARY 

't•r-.J tt-duuqm.•c; are a\.ailablt· to grow single crystals of silicon and gallium an.crude. 
For tj}jron t'l). tal.s, sand I SiOi) i.'i 1Lsed to produce polycr)'Stalline ~ilicon. which tJ1en serves 
a., t11e mw mall'rial ma C:,.ochral.sk-i puller. A seed crystal ''"ith the desired orientation is 
t1(ed to gnJ\, ., Lrrge mtol from th<: melt. Over 90% of ~ilic:on crystals are prepared by 
Ull\ technique. During crystal growth. the dopant in the Cl)'Stal will redistribute. A key 
pamrneter is the segreg;1tion t"Oefficient, that i.~. tl1e ratio of the dopant concentl'l\tion in 
the ~licl to that in thr melt. Since most of tl,e coeffic.icut.s a.re less thnn 1. the melt lx>00mes 
pf"O!?re,tjwh ennched with th1: dopant a.c; the crysml grows. 

Anulhl•r Wo',1h ll'chnique for silk-on L, the float-zone process. It offers lower <.'On­
t:1111in.1tJ011 tl1,1n tl1.1t 11onn;tll) obtained from the Ot0ehral~ki tcd11tique Float-U>ne CI)"S· 

1:il.~ .m· ust-d m,t.inl> for hil!h-power high-\"oltagc device~ where high-resistivity materials 
,lft.• ft''}Uifl-d, 

To makt• G.i..b. cht•nuc-,J.1)- pure gallium and ar;coic ,\l't. 1.1-~ecl as the starting mate­
ri:11~ that an• ~)lithew,.ecl to fonn pol'"cn tallinl! CaA~. Sint;c cr}St.-us of GaAs can be 
i,m,,, by the C1.ochr.uski terhnique. 110\vc,cr. a liquid enc.apsulant (e.g .. BPJ is required 
to pn·wnt df'compo,i~on of GaA~ al the growth ternpt.·mturc: Another technique is the 
Bndi,n:m proc1·" "h1ch 1N•~ a two-wne furuace for ~radunl solidification of the melt. 

After 1 <-r.,tal i\ gro\\T1, 1l u~u.-Jh goe~ through "•,ifor-shaping opemlion.~ to give on 
emf product of hi~11) poli,ht•d \\11for:c ,..,,tJ, a !>pedfiecl diaml.'tt>r. thickness. and StJ rfoe<• 
om·ut ,tiou F'or ex:unple. 200.mm silicon ,,afcrs for a ~rOSF'ET fabriration line should 
haw a cli • .mictt•r of 200 :t l mm. a tlticknl·~ of O 72.5 ± 0.01 mm. and a surface oricnta­
llor1 of (1001 ± I . \\afer. \\1tl1 di.under- l~cr than 200 mm ;tre being ma.nufacturnd 
for fut11n.- mlt~r:ltl-d circuit. . Their ,pe<,ification~ are listtd in Table 2.3. 

Problems ◄ 31J 

A real Cl) ,t,J_ htt~ tlcft'Cb that infhwn~ tlw dcctnc.11. 1111!(·h.11uc-:J, .md optil.11 prup• 
crtic~ of llw w 1111t-011<luc:lor. 11ww dt,fccb .ire po111L dl•fed,. linr dc·ft.ct,., .itl•,1 clt·f1·t:1\, 

:tll(J volume clcfocts. 11,i~ c-hapter al-.o disc-u,st!cl nwau~ to m1111n1i1.t· "•t·h d4•ft·<.·h Fur 
the ,nor<.' d('m:tncling ULSI application,. llw dislocttion d1:nsity must ht: ll•ss tl1o111 I per 
square <'t'ntimcler. Othl•r import:101 rrquircmcnb are listc-d in 'fable 2A 
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► PROBLEMS 

SECTIO 2.1: SILICON CRYSTAL CROWTJI FROM THE 'fELT 

l. Plot th1: dopini distribution of arsenic ..tl distance, of 10. 20. 30. 40 .• u1d 45 cm fn,m 1he 
st."t'd In a silicon h1got 50 cm long tJmt ha.\ ooen pulled from ,1 mdt with jn initi.J dopinl( 
concentration of 101

: cm •. 

2. In sillcon, the lattk-c constant i> 5.43 A A; sumt> a hard•~plu:rc 1flOllel (a) C.&k·\ll"h' tl11't 

rndiu,- of a ,ihoon :itom. (b) Dctennine the dcn,ily of ilkon atom~ 111 ,1torn,.'tm' (cl US<.> 
lhc Awg..tdro con~tant to find the dcn\it) of silicon. 

3. A'-\\1ming thnl a lO•kl( pure ~llicon ch,l!Jtt.: is iucd. what i\ the ,m1ount of boron tl ... t m,L,t 
be addt:<l to ~1:t lht' boron-dopt'<l , iliron to h,l\·e a n:,i,th•ity of 0.01 Q.c,11 wlwu onl.'•half 
of lhe ingot i, grm,n? 

4. ,\ ~ilicon wafl·r l mm thkk ha,'ing .1 diamcll'r of 200 mm ronlilins S.41 _rni of boron un!• 
fonnlv distributt·tl in substit-uhonal ,ite,. Fmd (a\ tl1c boron ronttnlr.ation In ~toms. cm 

and (11) the ,M•mge di~t.mcc lx.'lwe1·n boron .itoms. 

5. Tlw ~cd c1y,tal u,t'<I in the C1DC'hr.tl\ki p= i~ 11,ual~· lll'CkNI Jo,...11 to a small diame­
ter (S 5 mm) a., a mt-ans lo inili,lte di,loc.ih<>n•frcc grc:M11, If tl1t' crltlC'.Al-ywld stren(th uf 
~ilkoo i, 2 x l()" .g/cm'. calc11late th~· 111:,.~hnum lcngth of II silicon mgoC 200 mm m dwtw-­
tcr tl1at c,111 bc ,upportt•d b~· ~uch a wt.J 



6. "'- ~- r ti c c , ·Jtu.• for I.• 0.05 an thl' ~ochn.11.Jo ll'<lhnilJU(' • .-rot lfK" CU1''C n a " 4' •> 

;, .\ ,~t-l.,-,1:i-own crv,tal i$ dopt'd ",th b.1ron. Why h thl• boron ronc.mtrntion largl'r 
t tht- 1.w c:'nd of tht• C-1)':l>t,J than nt lhl· ~et'CI end? 

s. \\ fa t> tl,e 1111punh <.,•u~ntr.ition la~t-r u\ the t't'nh'r of tl,l' \\;Ucr th.in al its pe!rinwter? 

!>l-:CTIO'I 2.-2: ILlCO, FLOAT-ZO 1E PROCESS 
9. \\c:' us.- the Ooat•ZDDc:' p~\ to pnri~, a ~ilicoo ingot thnt <.'Ontains a uniform gallium 

<-o~·ntro1tion of S x to' cm . Oae pa.'-> i.< m,,de "ith :1 rnolt.-n wnl' 2 cm long Over 
"h..t dist.u!C'<'" th,· n•,ulhng l(.illlum t'tlnc-entrntion bdow 5 x 10" cm-.1? 

10. From E<J I find the C C,, ,-:tluc ut Ill • I nnd 2 with k, • 0.3. 

l l. If,,..,, ,1bnipt•Jt1nction <liodt•, are fabricated using the $ilicon mnteri~ shown in Fi~ 
!! 9. find th.- pt>n..-.:otul(c change of breakdown voltug;.•~ for the COO\'CnllonaUy do(>l:d SJJi. 
ron o1nd th,• nc.-utron-1rr.i<liated silk-on. 

EC11ON 2.3: C CRYSTAL cnowru TECHNIQUES 

l2. From Fl!(\11\' 2.10, ,re I> 20~. \\1iat frnction of the liquid will remain at Th? 

13. From figure 2.1 t e.pl.un why the C,t.A., liquid ahvo1ys becomes gallium rich. 

SECl.10:\' 2.4: MATERIAL CHARACTEIUZATlON 

14. The equilibrium density of \JC'.UlC)' 11, ~ given by, ~-p(-E,lkT), where Xis the density of 
S<'miconiluctor atoms alld £, is tl1e energy of formation. Calculate 11, in silicon al 27°C. 
ooo•c, J.11d 1200-•c . 1~ume E, • 2.3 eV. 

15, ~mne tht, eoe~ of fonnalion (E,) of a Prenkcl-type defect to be 1.1 cV and e~-tirnnte 
the defect density .11 2i°C and 900°C. The e<Juilibrium der~ity of Frenkel-type defects i$ 

giwo b;. 

,,here }I' i, the atomic density of siUcon (cm.,). and X' is the density of a,·..ulable inter..ti­
tial sites (cm ) and IS represented by ,Y' = l X Hr e4 ' '\ IT cm ... 

16. How nuny chip of area 400 mm1 can be placed on a wafer 300 mm in diameter? Explain 
rour assumptions regdl'ding the chip shape and unused wafer perimeter. 

3 
Silicon Oxidation 

, fany difTcront kinds of thin films are used to fabricate discrete devices and intugrated 
circuits. including thermal oxides, dielectric layers, polycrystalline silicon, and metal films. 
Figi.are 3.1 shows a schematic view of a conventional silicon n-<:hannel ~IOSFET that 
uses all four groups of films. The flrst important thin illna from the tlumnal oxide group 
is the gate oxide layer, under which a conducting chrumcl can be form(.-d bet\\een the 
source :ind the drain. A related L'lyer is the fleld oxide. which provides isolation from otl1er 
devices. Both gate and fleld oxides generally are grown by a thennal oxidation process 
because only thermal oxidation can provide tl1e highest-quality oxide.!> having tht: lowest 
Interface trap densities. 

This chapter CO\'ers the follo,ving topics: 

• The tJ1em1al oxidation proc.-ess used to form silicon dioxide (SiO :) 
• Impurity redistribution during oxidation 

• Material properties and thickness measurement techniques for SiOz films 

Cat~o-ddc 

P-Si 

~IOSFET 

Figure 3.1 Schematic cro.._, !<t'ction of .1 met.J-oxide-M>mironductor f'1dd-dft-ct tnuumor 
(MOSFETJ. 



41 Chepur 3 S on 0111!auon 

► 3.1 THERMAL OXIDATION PROCESS 
nuconJu tor-- c.111 I oxid,ied by various method,. Tht- tl include thennul oxicl.1tion. 

e'"-"1.roch.-,mc.ll .unxlization and pfasma-t·nhanced d1t>mical \'Uporclt:position (PECVD. 
ileC h:,pkr ~ \tnou~ tht•se methods. thenn11l oxj<lation i.~ b)' far the 111ost important 
for ,11icon dC'i<.~. It ,s j key proce~ in modem silicon integniled circuit technology. For 
o]lium ~nide, howe,"t·r. tl1em1al oxidation results in ge1temJI~, nonstoichiometric films. 
Tiie u.,idi.~ prmide poor t-lectric:i.l UlSulution and emicouductor su.rfat.-c protection; hence. 
the-,<' o\idt"., art' rorely used in gallium an.enjde technology. Consequently. this chapter 
l'Ollcentmtt"i on the thennal o:tid.1tion of sili<.'<>ll, 

The b-1.:-ic thennul oxidjtio11 apparatus is shown in Figure 3.2.' The reactor consisbi 
of., rt•,i.,t.mcc-lJcat~.J fum,ice. a C}lindric:tl fo.sed-qunrtz tube containiug tlie silic.-on wafers 
held wrtic.J~ in a ~lotted quartz boctt, and a ~ource of either pure dry oxygen or pure 
,,.,ter \".tpor. The lo.id.u1g end oftlie furnace n1be protrudes iuto a vertical flow hood where 
.l IUtered flow of air is maintained. Flow is directed as shown by the arrow in Figure 3.2. 
Ttw hood reduces du t and particulate matter in tlie air surrounding the wafers and min­
m1izc, t'Ontarnmation during wafer loading. ihe Oxidation tempcroture is generally in 
the range of 900°C to 12oo•c . • Uld the typic-al gas flow rate is about I Umin. The oxi­
d.,tion system u~cs rrucroproce son; to regulate the gas flow sequence, to control I.he auto­
matic insertion and remO\-al of ~ilicon wafers, to ramp the temperature up (i.e .. to increase 
the fumaet: temperature line.arty) from ,1 low temperature to tl1e oxidation temperature 
so tl1at the wafe~ will not warp due to sudden temperature change. to maintain tlie oxi­
dation temper-Jture to \\itltin ±1 °C, and to ramp tJ,e temperature down when oxidation 
b completed. 

3.1.1 Kinetics of Growth 

The follO\ving chemical rt'<lctions describe tlie thermal oxidation of silicon in oxygen (dr)' 
oxidation) or \\,lter vapor (wet orjdntion): 

C.-nw111: 
comb 

"'PJ!O" 

Si (solidi+ 0 1 (gas) ➔ Si01 (solid) (1) 

Si (solid) + 2Hp (gas) ➔ SiO! (solid) + 2H.1. (gas) (2) 

Filtered 
.ur 

-To~cnl 
,:__ End Qlf'l (qu,ru) 

f"u<rd qu..rtz 
fun1JCt• tube 

E.lh:iois( 

Agua l2 Scl1.-1mllc: ~-rv» '4-'CtiOn 0£ a ~htanc.~-111:atc.:d ox.idabon fomact'. 

3.1 Thermal 0x1da11on Process ◄ 4:J 

Th~-~ilicon-~ili<.-on dioxidt• interface lllO\c\ u1to tlw ,ilicon during tlu• n~iclalion proc.r " 
Th15 creates n frrsh_ interfoc.'C n-gion with ~urface contamination on tJ rig, I ·t 
ending up on tJ,c O\ldl' surfn('(•, The dcn~ilics ~nd 111<>1~'<.'ular weight, ,,'tr• ~1J1·-

11

1 a. '
1
,•~,

11 

di · d d · ti r ..,., I ,111( ,1 I· 
con OXJ e are use in 1c ,ollowing example to ~how that growing au oxid<, of ti • k-
ne:.s x consumes a lnyer of silicon 0A4x thick (Fig. 3.3). nc 

EXAMPLE 1 

If:' s!Uron o'<id,: layer or lh1ck11cs, :t is grown by tlu:nnal o,idaiion what is tlw tl1ickt11,-, of ,,lwrm 
hemg consinncd? l11e mok-cular weight of Si h 2JS.9 gtrnol, and thl dc.·n,ltl of Si t\ 2 ~'3 v/cm 
The corresponding v-ahw, for S1O an: 60.0!i w111ol .111d 2.21 g!crn>. ' • 

SOLUTION The ,-olunw or 1 mol of silicon 1~ 

Molecular weight of Si_ 28.9 g/mol 
Demity of Si 2.33 g/c111 , -12.06 cm / 11101 

11ie volun11: of 1 1110I of ~ilicon dioxide i~ 

Molecul.ir weight ofSIO; 
DcnsilyofSiO . 

60.0Sg/ mol 
2.21 J!;lcm' 

Since l mol of silicon is converted to l 11101 of qlit-ou dio'Ode, 

27. 18 ('Ill / ,nof 

Thickness of Six area Volume of I mo! of Si 
Thicf..'Jles, of SiO, x an:a Volume or l mol of SiO, 

Thickness of Si _ 12.06 _ 
0 

Thicknessof SiO, 27.18 - •
44 

Thick'lles.s of \ilicon = 0,4-1 (lliickness ofSiOzl. For t~nplc, to grow a ~Uiron dioxide L.y,:r of 10011111, 

a layer of 4-1 nm or ,ii.icon i.s <.'Onsumed. ◄ 

The basic stmctural unit of thennaUy grown silicon dioxide is a silicon atom surrounded 
tetrahedrally by four oxygen, atoms. as illustrated in Figure 3.4a .1 Tt1e silit-on-t<H>\)"gen 
intemucleilr distance is l.6 A. and tl1e oxygen-to-oxygen internuclear dist111c.'t' is 2.2i A. 
Tiiese tetrahedr.1 are joined at their <.'Omers br o.,)rgcn bridges in a variety of ways to fonn 
the various phases or structures of silicon dioxide l:tlso c:alled s//lco). Silica has seH?ral 
crystalline structures (e.g .. quartz) and an amorphous structure. \\111:n silicon is themially 
oxidized. the silicon dioxide structure is amorphous. T)'pic:ally .• unorphous silic.1 has a den­
sity of 2.21 glcmJ. compared with 2.65 glcm I for quartz. 

lht-on >ub,tn,h• 

Figure 3.3 Growth of \ilk'On dlmidr by thennal o.rjJ.ition 
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Figure 3.4 a) Ba.-ic:- ,tnictuml unit of sihcon dlorjJc (b) Two-<lhnen,ional repr<1wntatoon of a 
•1u.ut'.1 l"l'\,t.11 llUlK~ (d Two-dimcn51on.J repn;sentahon of the> amorphous structure of ~11icon 
d,nudc.· 

Tiic b,ltjC di/Tt.>renre bt-h,een the crystalline and amorphous ~tructure.s L~ that the for­
in<>r b a perio<lk- qmcture. l'\'tttndin~ over many molecules. wherens the fatter has no peri­
odic structllfl' at all. Fi~un: 3.4b is a h\'C>-<limensional schematic diagrnm of a quartz crystalline 
--tmcture madt: up of rings \\itJ1 six silicon atoms. Figure 3.4c is a two-dimensional schematic 
tb,\~.u11 of ,u, amorphous structure sho\'1,11 for <.'Omparison. rn tJ,e amorphous stn1cture, 
th~•re i~ still :i tt'ndenc, to fom1 characteristic rings with i~ silicon atoms. I\'ote that the 
,unorphm~, ,tru~ in figure 3.4r is quite open because onl} 43% of the space is oc-cn­
p1t'<I b~ silicon dioude molecules. The relath-elropen structure :tccounts for the lowerden­
\ih and allO\, a \'ari<:ty of impurities ( uch as sodium) to enter and diffuse readily through 
the ,iLcon clio\ide la\'er. 

Th1: k;~etics of ~1~~~1al o:~datio~ of silicon can he studied based on a simple model 
illu~troted m ~11:.,~re 3.-,.· A stl1con shc.-c contact,; tJ1e 0:1.;dizing species (OX)gen or water 
\,1por?, resulting m a ~urface concentration of C, moleculevcml for these species. The 
111.1gmtud" of C equals the equilibrium bulk concentration of the species at tJ1e oxida­
tion tt•m1~r,1ture The equ1libn11m concent ration general!) i s proportional to tJie partial 
pn~sure of tlte o\icLu1t adjacent to the o:ddc surface. Al 1000°C a11d at a pressure of l 
• ,tm the 0011ct:ntr:.1tion C i~ 5.2 x 101

" molecules/cm·' for dry oxygen and 3 x 101~ 

111ok><·1ilt!•./c111 for water \'apor. 
111~ o\idi.zing ~pecies dilTu es tl,rongh tl1e silicon dioxide layer, resulting in a con­

c:eutmtion C. at t11e surface of ~ilicon. The flm: F1 can be written as 

Fi= D dC _ D(C0 -C,) 
d\ X 

(3) 

\\t1t'~ D i, tlte di.!Tusion coc:fficll'nt of the' otldi1ing specie~. and x is the thickness of the 
ulidc bh·r :dr,_•ad, pre~cnt. 
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Oucl,lllt 

c. 

o~--d....._ __ x 

Figure 3.5 B:i..tjc model for th!! thermal o:odation of silicon • 

At the silico~ s~rface, the_ oxidizing species reacts chemically with silicon. Assuming 
the rote of reaction is proportional to the concentmtion of the species at tJ1e silkon ~ur­
face. tJ1e fltLx Fi is given by 

(4) 

where _K_is the surface reaction rate constant for oxidation. At the stead, state. F, = F? = F. 
Comb,rung E:qs. 3 and 4 gives 

F- DCo 
x+(D/1() 

(5 ) 

The reaction of the oxidizing species with silicon forms silicon dioxide. Let C1 be 
the number of molecules of the oxidizing species in a unit volume of the oxide. There 
are 2.2x IQ!.! silicon dioxide molecules/cm3 ill the o\'ide, and we add one oxygen molecule 
(0 .) to each silicon dioxide molecule. " 'hereas we ad<l hvo water mok>culcs (H .O) to each 
SiOi molecule. Therefore, C1 for oxidation in <lry oxygen is 2.2 x HP cm·1. .:0d for oxi­
dation in water vapor it is hvicc this number (4.4 x l<rl cm -l). Thus, the gT0\\1h rate of 
the oxide layer thickness is given by 

dt F DC0 tC, 
di= c l = x+(D/1') ,G) 

We can solve tlus di.JTerential equation subject to the initial condition. x(O) = d,. where 
d0 is the initial oxide thickness: c/0 can also be reg-.lrded as the thiclmess of oxide layer 
grown in an earlier o~idation step. Solving Eq. 6 yields tlie general relationship for the 
oxidation of silicon . 

• 2D 2DC 
x·+-x=--0 (t+r) 

I( c, 
(i } 

where 't a (d ~ + Wd/ 1<)C1/2DC0 , which represents a time coordin.ite shift to account 
for the initial oxide layer d0• 

The oxide thickness after an oxidizing time t is given by 

r=- l+----'----'--D[ 2C9,.-i (t+r) ,] 
, I( DC1 
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For 111 lh .tlUt•, oft, Eq. r ·duccs to 

C1< 
v=-11-(r+r) • - c, 

and for l..rgt•n ,UUt'~ oft. it reduce to 

2DC0 ( ) --t+r c, 

(9) 

(10) 

During tlie C!,lrly tages of oxide growth. when surface reaction is the rate-limiting factor, 
the o:<ide thickne, vmit:' linearly with time. As thc oxide layer becomes thicker, the oxi­
d.Ult m11St difTme through the o:<ide layer to react at the silicon-silicon dioxide interface, 
and the re,1ction become difTusion limited. The oxide growth tl1en becomes proportional 
to the squnre root oftJ1e oxid.izi.ug time. which results in a parabolic growth mte. 

Equation i is often written in ,\ rnore cornpact fonn: 

.t : =Ax=B(t+r) (11) 

where A = 2Dhc. B = 2DC,,/C1. and Bit-\ = KC0IC1• Using this forn1. Eqs. 9 and 10 can 
bt• written as 

for the linear region and as 

B 
:c=-(t+'T) 

A 

x~ = B(t +'T) 

(12) 

(13) 

for the p.mibolic region. For this reason, the term BIA is referred to as the linear rate 
C'Ot)l)tant. and 8 is the ptlrabolic rote constant. fa-perimentally measured results agree 
with the predictions of this model over a wide range of oxidation conditions. For wet o:ti­
dation. the initial oxide thick-ness du is very small, or r = 0. However. for W)' oxidation. 
the extrapolated value of d11 at I = 0 is about 25 nm. Thus, the use of Eq. 11 for dry oxi­
clation on bare silicon requires a value for 'ftltat can be generated using this initial tJuck­
ness. Table 3.1 list.5 the ~'lllues of tJ1e rate constants for wet oxidation of silicon, and Table 
3.2 lists the values for dry 0:1.idation. 

The temperature dependence of the linear n1te constant BIA is shown in Figure 
3.6 for both dry :md wet oxidation and for ( 111 )- and (100)-oriented silicon wafers.1 The 
linear rate C.'Onstant ,·aries as exp(-E/kT), where the activation energr E .. is about 2 eV 
for botJ1 dry and wet oxidation. This closely agrees ,,ith the energy required to break 
silicon-siliron bonds, 1.83 eVlmole<:ule. Under a given oxidation conclition. tJ1e linear 
rate constant depends on Cl)'Stal orientation. This is because tlie rate constant is related 

TABLE3.1 Rate Constants for Wet Oxidation of Silicon 

Parabolic Rate Linear Hate 
Chid.iMn Constant Constant 
Tt'mpt'mture , Cl A (µm l B (µrn'lh l 8 /J\ (µm/h) l (h) 

L200 0 .05 O.i20 14.40 0 
1100 0 .11 0.5l0 ·1.64 0 
11)00 0.226 OWi 1.27 0 
920 0.50 0203 OA06 0 

TABLE 3.2 Rate Constants for Dry Oxidation of Silicon 

Paruholic Rate Linear Rat,• 
Oxidation Con,tnnt Con,1ant 
Tt"mix·rnture (°C) A (µrn) B (µml/h) BIA (µm/h) t (I,) 

1200 0.040 0.ot5 112 0027 
llOO 0.090 0.027 0.30 0.076 
1000 0.16.5 0.0117 0.071 0.37 
020 ()235 0.0049 0.020$ 1.40 
800 0.370 0,()()11 0.0030 9.0 
70() 000026 81.0 

T(°C) 

101 1200 1000 900 600 700 

' ' ' ' 11,0 (105 Pal 
1()1) ' e·=205e\' 

1 ,-. 
' -= ' ~flll)S; 

.::; 
c:i 10-1 v OOOJSi 

g 
~ 
E 
" 10-2 
e II ) SI 
g OO)S1 
j 
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llr4 ' 0.6 0.7 OJ, 0.9 1.0 I I 

1000/ T(K-1) 

Figure 3.6 Linear rntc con~t:1n1 ,-crs11s tl'mpemti,re.2 

to the rate of incorporation of oxygen atoms into the silic.'011. The rate depends on the sur• 
face bond structure of silicon atoms, mnking it orientation dependent. Because the den­
sity of available bonds on the (111) plane is higher thnn tJ1at on the (100) plane. the linear 
rate constant for ( 111) silicon is larger. 

Figure 3. 7 shows the temperature dependence of the parabolic rate constant B, which 
can also be described by exp(-E/kT). The activdtion energy E. is 1.24 cV for dry oxida­
tion. The compamble activ.,tion energ>· for oxygen diffusion in fused silica is 1.18 eV. TI1e 
c.-orresponding ,·alue for wet oxidation. 0.71 e\', t-ompares fa\'orably with the \'alue of0.i9 
cV for the acti"ation ent>r&)' of diffusion of water in fu.sed silica. TI1e parabolic rate con­
stant is independent of Cl)'Stal orientation. TI1is independence is t>xpeclcd because it is 
a measure of the diffusion process of the oxidizing species through a random network 
layer of amorphous sillca. 
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Figure 3.7 Parabolic rate constant versus temperature. l 

Altl1ough oxides grown in d1y oxygen have the best electrical properties. consider­
ably more time is required to grow tl1e same oxide thickness at a gi\'en temperature in 
dr)·o."C)'gen than in water \'apor. For relati\'ely thin oxides such as tl1e gc1te oxide in a MOS­
FET (typically S 20 nm). dry oxidation is used. Howe\'er. for thicker oxides such as field 
o:ddes (~ 20 nm ) in ~1OS integrated circuits, and for bipolar devices. oxidation in water 
vapor (or steam) is used to pro\ide botl1 adequate i~olation and passivation. 

Figure 3.8 shows the experimental results of silicon dioxide tlticlmess as a function 
of reaction time and temperature for two substrc1te orientalions.3 Under a given oxida­
tion condition, the oxide thickness grown on a (111) substrate is larger than that grown 
ou a { 100) substrate because of the larger linear rate con tant of tl1e (111) orientation. 
Xote that for a given temperature and time, tJ1e oxide film obtained using wet o:ddation 
is ,1bout 5 to JO times thicker tlian that using dry oxidation. 

EXAMPLE2 

A silicon wmplt- is ondi.:t.ed io dry O_ :it 1200°C for l hour. (a) What is the thickness of the oxide 
grown? (b) How much additional timf is required to grow 0.1 µm more oxide in wet Ol at 1200"C? 

SOLUTION (a) From Table 3.2. the values of t11c rate COihlants for dry o, at 1200°C are 

A ., 0.04 µ111 B - 0.045 µmt/h 

..nd t = 0.0'2i h Usin~ thu·sc parrunckr.. in Eq. 11. we obtain o.n oxide thicloiess of 

X = 0.196µm 

(b) From Ta.hit- 3.1. the, ~Ut'S of the r-.itc constanb for wl'l 0 , at 12oo•c are 

A= 0.OSµm B " 0.72 µm'lh 

10 
Wcio'""cLtiou 
----- 0 11) 

OIO<UliO(l lirn(· (l,rl 

(o) 

OudJtion tim<' (hrl 

(b) 

3, 1 Thermal Oxidation Process -t9 

figure J.8 Experimental results of silk-on dioxidt: thid,11css ..b a f1111<.'tio1, of n:action timt• ,,ml 
lt:mper.iturc for two sub~tmtc orkntntion~ (n) Cr,)\\th m drv O\Y!(l'll (b) Crc",th in ,u·.un. 

Sinet1 c/
0 

"" 0.196 µm from thl' Or.;t step. we: ha,-.: 

r ■ (d; +2Dd
0 

K}c,/2DC., = d; +;\J, =0.067 Ii 

Thc final dcsiwd thicJ..111:ss i, i .. d + O.l µm '" 0.296 µm. U,ing the~• p.1r\tfl1t:lt'r. in Eq ll. '"-' 
obtain .in additional oxidation tinw of 

I ■ 0.76 h = 4.53 min ◄ 

3.1.2 Thin Oxide Growth 
Relative Ir slow growth mtcs must be used to reproducihl) grow thin oxide film~ of pre• 
cise thickness. Various appro;1ches to ad1iew such slow ~ro,,1h nlt<•s have bt't'n r~1~rt<-d • 
including growth in dry 0

1 
.,t utmo~pharic prcssuw and lmn·r tem(X'~hm.•s 1SOO C _10 

9oo•C); growth ut pressures lowi>r thnn atrnosphl·Tic· prcsMlfl': growth m rcdu~--d part111l 
• cl.ii • rt •I • " •\r or H .. t=l•tlwr \\1th the g.~ pressures of 0 2 by uMng a ut•ut mt' g.\S, sue 1 ~ , , :· • - . , , - .. _ • • . 

containing the oxidizing spcdcs: and tlic us11 of comp0sltr OTitfo film~. \,,th ~•e ~.,tt uudl' 
films con~b ting of II larer of thermally grown SiO: and .m ovcrl.i)l'r of 10; gro\,,1 h, 
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di, nu I 'JP<lrdqx"1llo111C\ ' l)) llom•H1r. tlw 111,unstn>anl ,tpproach fol' gall' oxitlt-~ 10 
10 15 nm thkk ~' co )!row th!! oxitll• f'ilm ,\I ;ttmosplwric prn:sun.• :md lower tcmpemture~ 
(~l C to 9<IO l') \\itJ1 tlii, .1ppro.1ch. proct.'s~ing u.,fag modeni vert/GY1l oxid.1tion fur­
n;, , ,w, i,-<)'I\ l\•pruduc1blt-. hi~h•quahty I 0-nm oxide· to ,,ithin 0.1 nm 11t·ro~s th!' ,,~1fc·r. 

Jt \\,'-' 11otC"<.l l.',lflit-r lliat for di) oxicwtion. thew i.~ Jn uppart-ntJy rupicl oxidJtion that 
~'"'' n.,..- to .111 initi,1I o~d .. thit•k,ws~ d,, of nboul 20 nm. Therefore. tJw simple model 

pl\ ,,•nll-d 111 \'Cttou 3. l. l 1, not , .11id for di'\ oodation with an oxide tMckne<.s le s than 
or l'(JU,'\I to 20 11111. For l'LSI llll' ability to grow thin (-5-20 11111), uniform. high-quality 
l'l·producibll' ~.ttt• O\ldt~ h,\S ~'COmt- inm,•,i,inglr important. This st-ction briefly considers 
tlu! ~,,th ml-clunisms of , u(:b tlii.n O\ld,,s. 

In the c•.1.rlv ~,~~· of gn.mth in ell') oxid11tio11. there is ti lru-ge comprossh·c sire&· in 
lht• o,,cl,· h)t'r that redut't'l' thl• O'}'gl'll <liffu ·ion coefficient in tlie oxide. ,\, the oxidl• 
herom• thid,t>r, tho: :.tn>. s is reduC'\•d because of the ,;~cons flow of silica, aucl tJ1e clif­
lu,1011 l'oeffit1ent \\ill npproach its ~tl'('SS•frt'<' ,·,uue. Th<'refore. for thin oxicles. llw "alue 
of D'K 111,1} be o;uffic1entl) ~111,JI that we can neglect the tenn Ax in Eq. 11 and obulin 

.-r1 - d,; = Bt (J4) 

"lien,,d ~ equal to \ 1~ 11r/C1 which is tlw initial oxide thic"--ness when time i~ ertmp-
0L1tt-d to ,ero . . u1d 8 is tlw pambolic r.1.te constant defined pre,ious~. \\'e therefor!! expect 
till• initi.ll growth in dr:, otidatfon to follow a par:1bolic fonn. 

3.2 IMPURITY REDISTRIBUTION DURING OXIDATION 

D<>p.mt impuritie~ near the silicon surface will be redistributed during thcnn,u oxicla-
11011. The n.><li~tribution cll•peucls on scveml factors. Wl1en two solicl phasl.'s are brought 
tMl'lher. an impurity III one S4>lid ,,ill redi tribute between thl' two soHd.~ until it reaches 
t<1.1tilibnum. Tim is simihr to the previous cl.iscussion in Chapter 2 on itnpuril) redistri­
h11aon in crvstnJ s,owtl1 from the melt. The ratio of the equilibrium concentration of the 
impnri~ in the siliron to that in the silicon dio:-.ide is cnllccl the ~c{!.rcgnt/011 roej]iclent 
and i:< dcfint<l ~ 

A Equilibrium conccntr:ition of impurity in silicon 
Equilibrium conccntrntion of impurity in SiO? 

(15) 

A secoud fa('tOr that influences impurity di.~tribution is th.'lt the impurity may dilTuse 
rapidh through the ilioon diox:ide and esc;1pe to the gaseous ambient. If the <liffoswity 
of tlw itnpurit)· in ~ilicon clioxide i<. lnrge, this factor will be importnnt. A tltird factor in 
tlw reclistrihution proct.,, is that the oxide is growing. and thus tl1e boundmy between 
the silicon ,utd the o:odt- is ad,ancing into the siUcon ~ a function of time. The relative 
mte of th~ ,ld, ,Ul<.-e compared "1tli the diffusion rate of tl1e impurity through tht' ox:iclc 
L' unportant in detenruning tl1(' extent of tl1e re<listrib11tion. :-; ote tlittt even if the segre-
1.tation eot•ffi<.,ent of ,m impurity equal~ unity, some redistribution of the impurity in the 
\il1ron wiU \till t.ike pl.tw A$ indic-.ttt!'d iu Fi1ture 3.3. tl ,e o-cide lnycr will be about twice 
,i:- tllid. ,b the siliron l,t)t.'r it n:placed. Therefore. the \,une amount of impuril) will now 
Ix: di.!-trihutt}d in ..i l,uger \'Olumt:. rcsulbn~ i11 depiction of the impurity from the silkon. 

four ~\1bk fl-distribution pr~, JJ't• illustrated in Figure 3.9.' These procc sc.~ 
can bt• d.L,~iflL'tl into two groups In one group. the oxide takes 11p tl1e impurit} (Figs. 3.9a 
,md b fork < I .u1d III tl1<: other the o~de reJects tl1e impuril) (Fig. 3.9c ,md d fork> l). 
In l~J c h C:1-'l', wl1;1t h,1ppt•n~ dt'{X'ncls on how rapidly tl1c• impurity can difTuse tl1rough th(' 
o.~de. ln ~roup I. tl1e ~ilicon surface iS depleted of impuritic\; an ex..unple b. boron. witl1 
k .,ppro:umatdy l-qu.tl to O 3 Rapid diffusion of the impurity tl1ro11gh tl1e silicon din:<ide 

0 

I 0 

0 

r(µml 

(a) 

k> I 

SI 

Slow dilTu.'l;lllt m 
Si01 (c.g. P) 

:c(µ m) 

(c) 

I 0 

10 
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Figure 3.9 Four diffcrunt ca.~e, ,if i1npurity n:distributioo in silicon clui, to thcm1nl o~datmn • 

increases the amount of dephition1 nn example is boron-doped silicon heatl'd in a hydro­
gen ambient. bec-ause hydrogen in silicon dioxide enhance.~ the dirfu~hity of boron. In 
group 2, k is greater than unity. so the oxide rejects the impurity. If difTlL~ion of the impu­
rity through the silicon dioxide is relatively slow, the impurity piles up near tl1c silicon 
surface; an example is phosphorus, witl1 k approximately equal to 10. \\11en diffusion 
through tlw silicon dioxide is mpid. so much impurity moy escape from the solid to the 
gaseous ambient that tl1e ovcntll effect ,,..iJI he n depletion of the impuri~~ :u1 example 
i s gnllimn. with k approximately equal to 20. 

The redistributed dopMt impuritfos in sili<.-on dioxide are seldom elt'ctrically active. 
Howe,·er. redistribution in silicon h~~ tlll important effect on pl't.lCc.'SSing and de,ire per­
formance. For e:mmple. nonuniform dopant distribution \\ill modify the mteipretation 
of th1: meas11n:111ents of intcrfa~ tn,p propt'rties. and the change of tl1e surfare c:on­
centmtion will modify tl11: threshold voltage and dl?\ire contact resistw1<-e 

► 3.3 MASKING PROPERTIES OF SILICON DIOXIDE 
A silicon dioxide layer c1\n also provide a St>lcctiw miuk against the· diffusion of dopants 
at clev:ited tcmp1m1tun.'s. a wiy useful property in IC fabrit-ation. Pf't'dt.'J)O'Sition of dopants 
(see Chapter 6). whether it be by ion implantation. chc-mi<.".il diffusion, or spin-on tN:h• 
niques. 1)-pically rcm1lts 111 ;1 dopant source al or n!'ar tJ1e surface of the addt-. During a 
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,11lN'q11t>nt high-temperature driw-in ~tcp. dilTusion in o\ide-masked regions must be 
~1o,, enough ,,ith respect to dilTu$io11 in lite ilicon to prt-vent dopauts from diffusing 
t11rough tht• o.\.idc rnask to the :.ilicou surfocc. The required thickncs:. may be <lctcmiined 
experimt•ntall) by measuring tl1e oxide tllickne s nece~ary to prevent the inversion of a 
lightly doped silicon substrntc of opposite conductivity at a particular temp<.•rature and 
tinw. 1)pimll), oxide~ used for masking common impuritie:. are 0.5 to LO µ1n thick. 

Tiw ,alues of diffusion con~itmts for various clop,lnts in SiOl depend on thll con­
C'Cntn1tion. propertil•s. and structure of thl.' oxide. Tuble 3.3 lists diffusion constants for 
\'arious conunou dopants. ,m<l FiE,.run> 3.10 gives the oxide thick"Tle s required to mask boron 
and phosphorus ns a function of diffusion time and temperature. 1ote that SiOz is much 
rnon: clTL'<1:ive for nu~king boron than phosphorus. Nevertheless. the dilTusivitics of P. 
Sb. As. and Bin SiO1 arc all orders of magnitt1de less than their corresponding values in 
~ilkon. so tlier are all compatible with oxide mnsking. Thi - is not true. however, for Ga 
or Al. ilicon nitride is used as an :tltemative masking material for these element~. 

TABLE 3.3 Diffusion Constants in Si01 

Oop.111h Oiffu~ion Cnn. tanb at H00°C (cm1/s) 

li 3.-t x 10-r to 2.0 x 10 " 
CJ 5.3 X 10· 11 

p 2.9 X 10"11' to 2.0 X 10 JJ 

;\s 1.2 X 10 I• lo 3.5 X 10"13 

Sb 9.9 x 10·1• 

Ill c-- ..--..--....,..""'-rr--.--r-.-r-r-rTT.---..--...--,...........,,..., 

O.J 

DIIT1<"011 time· I hr) 

Figure 3.10 Thielen ... ,, or ~iliwn dio'<idi: ne,:dcd lo rna.sk boron and p'1o-.pltorus dilT11~ions lL\ a 
ninction or cliffmlou tim<-' and te111p,m1turr 
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3.4 OXIDE QUALITY 

<?xides used for masking :'\re usunlly grown bywl't oxidation A typical growth c -cir 0011. 
~L~ts of a sequence of chy-wet1ry oxidation.\. Mo)t of th<: growth in )ltch a ¼:,

111
e~t. occur. 

Ill _the wet phas~, s~ncc the S1O2 growth rate is much higher when wat<:r is u.,ed as thr 
ox1?ant. Dry oxidation. however. results in a higher-quality oxide tJiat is demcr and ha.\ 
~ higher bre~kdown voltage (5-10 MV/cm). It is for these rcn.sons that the tlun g.,te oxid~ 
111 MOS dcV1ces arc usually fom,ed using di)• oxidation. 

MOS cle~ccs arc also nJTccted by charges in the o:<id<: and trups at tl1c SiO,-Si rnter­
face. Tl~e basic classification of tliese traps and charges is ~hown in Figure 3.11. The)' 
~re_ the mterfacc tnippcd charge, rLxcd oxide charge. oxide trapped charge. and mobile 
1oruc charge:' 

fnterfae,-e trapped d~arges (Q) are due to tlie SiO:~Si interface properties and arc 
d~pen~~nt 011 the c!1em1cal composition of this interface. Th<· traps are located at the 
S102-:-S11~terface, w1tl1 e~ergy states in the silic.-on forbidden bandgap. n,e interface trnp 
density (1.~:· num~r of interface traps per unit area and per c\') is orientation depen­
dent. In sil1co~ with a <100> crystal orientation, the interface trap density b about an 
o~der of magnitude smaller than that in the< 111> orientntion. Present-day MOS de\'iCc~ 
with_ tJ1crmally grown silicon dioxide on silicon have most of tl1e interface tmppt.-d charges 
passivated by low-temperature (4S0°C) hydrogen annealing (see Chapter,). The value 
of Q,, for <100>-oriented silicon can be as low as 1010 c111~\ which amounts to about one 
interface trapped charge per 10> surface atoms. For <l Ll>-orientcd silicon. Q. is about 
1011 cm-1. 

The r1Xed charge (Qr) is located within approximately 3 nm of the SiOi-Si interf.1ce. 
This charge is rlXed and very difficult to charge or discharge. Generally. Q, is positive and 
depends on oxidation and annealing conditions and on silicon orientation. It has been 
suggested that when tJie oxidation is stopped. ·ome ionic silicon is left near tJ,e inter­
face. These ions. aloog witli uncompleted silicon bonds (e.g .. Si-Si or Si-0 bonds) at the 
surface, may result in the positive interface charge. Q1 can he regarded~ a charge sheet 

@ Mobile io,uc 
f.:\clwrgc (Q,) 

Oxide truppt,d \.!:...) 
chorgc (Q,K) 

\_+ + + 

El El El El El 

lntcrfaa.• tl'llppt-d 
d1.ug,· (Q,11 

T 
Flx,•d oddC' SiO~ 
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Figure 3.11 Tt·n11inoloro· for tlw charges .L<SOClak<l \\llh thc:rnwly Cl.'00i7.Aid ~ilic:on. 
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J •. lt"d .,t the iO - 1 mtt>rfott· T)llit-.tl rtwd o:ciclt• charge d .... mitlt>~ for a c-.irefull) ln•atccl 
, 10 , 1 mtnt.,~· w,lt'1n .w ,tbout 101" c·m ~ for ,I< 100> ~urfc1<:c and about 5 X 101" c·m•· 
'"' .& <.111> ~orfan• Bec-,mw ol the lo,,t•r value.~ of Q, a111.l Q1• the <100> orientation is 
pn-fcrrnJ for ~ilic...,n \IOSFETs 

O"dt' tr.i.ppt·d th,u-g,•s (Q .) art· ,t,~OC'inted with dt•fccts in lht• silicon dioxide. These 
d, ,~ c:111 ht.• cn•.tt,-d. for c\Ulnpk·. b) \'-nt} ruclh,tion or high-enorro· ell•ctron hom­
b.1nlm,·nt 11w trnp, :in- dbtributi.'cl in~idt> the o:cidt• layer. ~lost process-rel:ttcd Q,. can 
lit' re1110\t'd br low-tt•rnpe;m1ture .m1waling. 

Mobile 1on1c cl1arg1t, (Q ). which result from <.'011t:11r1i11ation from ~odium or other 
:i.lk.ili ton,. itre mobih~ ,,ithiu the oxide under mb1td tempt'rntures (e.g .. >100°C) and high 
dt'Ctric Belcl opcrotlon., Traw wnt.uni nation by alkali metal ions may causl! stability prob­
I m 11\ st'mlconductor dc,it-t·s opemtt-d under hil~h-bin., :md high-t<:mpcr:\t\lre condi­
tiou, l 11<ler thuw rondition\ mohilt• ionic diurge· c-.in 111ove back ond forth through the 
o-cidt> l.iwr ,mtl c.1uw thrt>~holcl voltagi.' shifis. Thl·rcfore. spcciu.l attention 11111st be paid 
to the l.'hmi11.1Uon of mobil11 ion, m device fabrication. For example. the efft-'t·ts of sodium 
contami11alion cm ht- rt.•dut't'd by adding chlorine during oxidation. Chlorine immobi­
lve, tht> ..adium ion.~. A ,mall ;unount (6% or le~~) of anhydrous lICI in the oxiclii'.ing gas 
c:.111 acoompli~h thi~. but the prcsenre of chlonoi.-' <lunng dry oxidatio11 increase.\ both the 
linear ,lrld par.ibolic- mt<· c-01L~tonts. leading to a higlwr gro,~1h rutc. 

3.5 OXIDE THICKNESS CHARACTERIZATION 

Perh.'lps the ,implt-st method for deh:nnining the tluckness of an oxide i~ to compare the 
color of the \\:tfor with a referen<.'t· ('olor chart. such as the one in Table 3..1.~ When an 
o,1d1:-<:oatt'() w,1for is ill111111mited with white light perpendiculur to the surface. the light 
pt·1wtratc, thti o:odc :md i~ reflcctcd b) the uu<lerl)-ing silicon wafer. ConstnlCtive inter­
ft•rcnC't' leads to 1mhane<.·ment of a certain wavelength of reflected light, and the color 
of the wafer corresponds to that wavelength. For example. a wafer with a 500-nm sili­
con dtoxide L1yer will ,appear blue green. 

Clearly, color chart c.-omparisons are subjective and art' tlterefore not the most accu­
r.ite meehallism for determining ox:ide thickness. A more accurate measurement can be 
obt,tined using techniques such as profilomeltJ or ellipso111elry. 

Profllometry is a vel) common mctl1o<l of film thickness measurement. rn this tech­
nique. a ~t<>p feature in tl1e grown or deposited fllrn is first created. eitlier by masking 
during deposition or by etching afte,ward. The proRlometer tJ1en clr-Jgs a flnc stylus across 
the film s·urfocc (~c.--e Fig. 3.12f. When the stylus encounters a step. a signal variation 
indicate~ the ,tep height. 111i.\ infomiation is then dL~layed on a chart recorder or CRT 
\Creen Films of thickn11s~es of less th.in 100 nm to greater than 5 µ n1 can be rncasured 
\\1th this ici\lrumt:nt. 

Fllip.w11wtry u anotJ1er ,\idel) used measurement technique that is based on the polar­
ization change,; thnt oc~1.1rwlu:n light is reflected from or transmitted through a medium. 
Change~ in polin.i.abon arc: :t function of the optiC(II properties of the rnateriul (i e .. it.~ 
oomplc:~ refr.icti\'C indicc~). its tluckness. and tltu wavclcngtJ1 nnd anglt' of incidem:c of 
tl1e light beam rdatl .. .: to the surface nonnal Tltc:sc <l.ilTcrcnccs in pol.trization arc mea­
~un•d bv an ellif)"Onlckr. ,Uld tJ1e oxide ll1ickncss can then be t-alculatcd. 

3.6 OXIDATION SIMULATION 

,\, trt-nds towar<I m11m1tt1nwtion oonbnuc ,ind tlw scale of integmlion of !Cs in~-rea.~e~. 
:ccc11mte kitrl\vledll;e of one-. t\\-o- and tl1rec-dimen,ion,1J structural infon11:iti<m n:garwnjt 
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TABLE 3.4 Color Chart for Thermally Grown SIO, Films Observed Ptrpendlc11larly under 01ylight 
fluorescent Lighting 

Film Fil111 
Thickm·s\ Thicl-11'""' 
(µm) C.:olor uocl Co11111wnh (µml Color ,u1tl <:Ornm•·nl\ 

0.05 '!\Ill 008 ·alu1,h" (uot l,hw but bordi,rlir,L• 
0.07 llmwn lx•l\\h n »nl•·t dr"l hh1t· gr,·1•n-

0.10 Dark violl'l to rt-d ~iok•t .1ppt·.~ rnorl' hl.t• "ml\1t1r,• 

0.12 Hoyal blue lll'lwcen l'ioll·t n-d ,,ud bhw i,-c,·u 

0.15 L,ght blue to rnr:h•llic blw .md look. l(r,1~1,hl 

o li Ml:lallk· lo 'l'I)' ll~lit 0.i2 llh11• 11n·•·n lo gn,,•11 l'11utt• lm,~dl 

ydlow ),'n:t•n 0.i7 "Yt-llm,i,h" 

0.20 Light gold or )'Clio\\ , 0.&0 Or.u1~l' mth.-r hmad for or.,njtc) 
~li~htly nwtalJit· 0.82 S.1lruon 

0.22 Gold with ~111,l.ht 0.5-5 Dull. ~gill m l ,iolct 
ydlow orange 0.116 Vaoll.'t 

025 Orangt: to melon 0.b7 Blue ,ioll't 
0.27 Red \ioli,l 0.6!) Bhw 
0.30 Blut1 to vi()lct blue ll.92 Blu,• grt•(·n 

0.31 Blui· 11 95 Dull )l.'lluw gn•en 
0.32 Blu,· to l,Ju., )tl'l.'cn 0.9i Ydlow to ·~'l'l10\V1,h. 

0.34 Light gTt'en 0.99 <.>r.mgc 
0.35 Cn'Cn to ydlow grcun 1.00 Carnation pink 

0.36 Ydlowi,-lll·n 1.02 \ 'iolet red 

0.37 Cn-t•n yell()\" I 05 Rl-d \ 1ol1·t 

0.39 Yellow 1.(16 \'iolN 

0.41 Li~ht omngc 1.07 Blue ,iolct 

0.4.2 Canlulion pmk 1.10 C.n,i•fl 

0.44 Violet tl'<l 1.11 Yd lm1 ~wen 

0.46 lkd viol11t 1.12 Cr,·cr1 

0.-17 Violct J 18 \ "1olt>t 

0.48 Bluu ,iolct I 19 Rt-<I ,iolct 

0.49 Blue 1.21 \"roll'! rf'<l 

0.50 Rine i,-.-t•n 1 24 C imatiou pmk tn saluH>ll 

I ,,. Or.mgl' 0.52 Crc(ln (hroad) . .:.:> 

0.54 Yellow grct•al l.2fi "Y1•ll1.11,i,h. 

0.56 Green )'l:'llow 1.32 Sl.1· bhu· to i,trwn hln, 

0.57 Yc•llow to "ycllo" i,h" (not ydlow hut 1.10 Oran)!.e 

~ m tile pasilion wlwrc ydlow i, to 1-15 \'inl,·t 
1w CApt.'Ch: d , J I time, appear. to ht• 1-16 Bin,• ,iolt'I 

li~bt cre.uny l(l'l•y or metallic! 1.50 Blue 
0.58 Lll(ht oningc or }dlow to pink I.~ Dull ~••ll1Y\,. J,..'TC'CII 

0.60 Carnation pink 
063 \'iol,•t fed 

Swru CoP)ngl,t 1064 b, Jntl·nt.1tlon,J 811,lrt•·" !,f,,dtllll'> Cnf1>'11"41iun l\"('rint,..J \\1th prt'ffiUSUlfl fmm Rt-( II 



Figur13.12 h malll' dr.l\,111~ of .i ,11rl:11.·,, prulllmn<'ter 1 

tht: (1>,1t\J~ lll'111g fol,ril·alt'<I become, more and mon• critic,J llowcH>r ;1cl11,J e\-p<:ri­
uwntul t·\.imin.1hon .md cl1;1mctenz.1tJon of sud1 stn1ctun>s i~ hoth time-c.-01i:.uming and 
ctpt·mi,,.._ Tlum.fore. cornput<>r simulation i!i an important tool for inve~tigating ULSI 
fahnc:1tio11 p~,. ophisticatt•d Mmul,1tion progmrn~ art· 11ce<lcd to ~olvc tLc gener­
,ilizc.-<l thlfon·nti.11 ~uatiorn. that 111o<l1·I various proce~,es. 

l'l'rh;1p, tht' mo~t ,,;dd) u~l-<l ex:impll' of ~-uch process sirnulatiou ,ofi,v,irc is tl1c 
. t:mford Um,t'r.il.) Pro<:(·ss Enginc-ering ~Jodeling (SUPRE~I ) progmm. SUPREM c-.in 
,tC't"11r-,,tt>h ,i11111l.1k multidimcn~ional oxide growth, accounting for tlic,• 1110,ing Si-SiO: 
ho111ufan 1111puril) s,.:gr~ation during growth. and other ph)-sic:il phcnomcria. In addi­
llOn l'PRE~I i.-.m prt'd1ct tJ1e n-sults oftl1c , :uiou, depo ition. diffi1sion, 1°pita,i1J growth, 
:ind ion implanll1ho11 proc-cs~t:s <liscu,~ed in ~ub~t:ciutmt chapters, 

l..'PRE}.1 pt·rfoml) o'<idation ~mnlation.~ b,l.S(.'(} on tl1c kinetic gl'O\,th rnc><ld described 
in Section 3.1. l . Tl1L· p.1ckagc: incorpomtc:s \ rrbcnius function~ to describe th<' linear and 
p.1raholk r.1tt- coefficient~ for \\t:I ,u1d dry o:od:ition, a.~ wcU a~ a rudimentary model for 
d1lorin,1lt'd o:odation. O:mbtion h sunulated u~ing the command DIFFUSION, with dthc:r 
• .. ET02 or DRY02 included ,L, par.nneters inclicabng w111 or di) o:o<ltllion. rcspecth"ely.' 
·t, PRE}.1 .1bo rt•quire~ tlu: ~pt·c.·iftcation of process rondition.~ such ,L, times. tcmpt.;m-

111n, profllt·,, ,md ,o forth fn lhe tlun oxidt• regime. SUPREM uM.·~ an empirical model 
of tlie lorrn ' 

dx B 1, -=--+Ce 
dt 2x+A 

(16) 

,,ht'I\" H .111d \ nrt· tlw o\id:.ition r.llt· coefficients. and C and Lure empirical const.mts. 
To run l PRE\I .111 mput dt'ck mu~t ~• pro,idt·d. This file c-ontains a series of \tate­

m1 nt, .u1tl c-u111ml011t~ .. \ cle,cnphon of ;1 few common I} used ,tatt>nwnts is given in 
\ppcmli, 1. 111c dC'Ck lx-<;r111, \\1tl1 .i TITLE st.itcmt•nl which c. me-rel) a comment repent1>d 

out 11 p.i~c uf tl,e p~n1111 output Thi' m·,t command. INITIALIZE. h II ronlrol ~tole­
m•'IH th r ,eh lht' ,ub,tratl' type, onenl,1tio11, ,utcl <loping. This comma11d can :ll\O I><: 
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u,L-<l to ~pecify th1: tliick:nrs, of tlw rl"gJOn to be shnul,,te<l :m<I t· l,1bl.ish a gricl After t)11. 
sub,ln1k .mt.I mntt-rials arn c,h,hli,he<l, a <;(•ries of ~t.111-nwn~ is nwd to sp,.'ci~y tht· st.'(fLll'nce 

of pnx:e steps as they occur, Finallr, tlw oulput of t.lw s11nulatio11 c.u, he prinlt><I or plot­
tc•d using PRINT or PLOT ,tatcment:., n,•,~ctivC'lr, Simulation <,u<l~ ,,ith a STOP staternvnt 
SevenJ COM'1ENT statenu:n~ will typic,,11)' appear throughout the deck 111P uSt•r i\ encour­
aged to LIM' lht:sl' statements to better facilitate doc11111enlalion of the proce"-\ Oow.11icse 
icll'l\$ are illmtmtt-d in Exmnplc 3. 

EXAMPLE3 

Suppc."l' w,• want tu perfom1 a dry-wet-dry oxidation sequt•11("(• on u <100> ,1lk~m "~,for , t I JOO C 
for 5 minuk, in dry 0 ,, 2 hours in wet O, a.nd finally, for 5 morr 111111111,•~ in dry O_ I( lhc: \ilft.-on 
sub.,tmtr "doped with phosphoru~ at a lt·wl of 101~ cm , us, SUP HEM to detcnnint• the On.J 
oudutio11 thickness and th,· phosphorus dopmg profilP in the ox,dtt ,me.I ~IUix,n l;i)'<'n 

SOLUTION 'In,· SUPREM input listing is a.s follows· 

TITLE 
COl'.MENT 
INITIALIZE 
C~'IENT 

DIFF\JSION 
CO!f-lEITT 
DIFF\JSlON 
C~EITT 
DIFF\JSION 
CO!"'IEITT 
DIFFUSION 
COMMENT 
DIFFUSION 
PRINT 
PLOT 
STOP 

Ox1dat1on ExaJ11ple 
In1tla11ze silicon substrate 
<100> Sil icon Phosphor Concentrat1on-lel6 
Ri131p furnace up to 1100 Cover 10 •1nutes in N2 
T1me--10 Teo,perature-900 Nitrogen T.rate•29 
Oxidize the wafers for S mi nutes at 1100 C in dry 02 
Time•S Te~perature•ll.00 Dry02 
Oxidize the wafers for 120 minutes at 1108 C in ~et 02 
Time--120 Temperature•llOO Wet02 
Oxidize the wafers for S minutes at 1000 C in dry 02 
Tia:e•S Te:rperature- 1100 Dr}'02 
Ra.1!p furnace down to 909 C over 10 11inutes ,n N2 
Ti~e-10 Te~perature• ll00 Nitrogen T.rate•-20 
Layers Chemical Concentration Phosphor 
Active Net Clllln•lel4 
End oxidation exaJ>ple 

\\'c assume the fumacc has an idle temper-Jture of900°C "hen the wafer~ imcrtl'<I. '° "'' 11-.., a 
10-mtnulc n:unp up al 20°C/minute to 1100°c al the bc~nning or prtX.'\,S~ing anJ a lO•nlJJIUlc mmp 
down at -20°C/minutc back lo 900°C at tJ1c end n1c mmp up and r:imp dmm arc pt•rformcd in 
a nitrogen ambient. 

After oxidation is complete.\\'\: print and plot the pho~phon~ con~nlnition ~ a function of cJ11>th 
into the silicon substrate The n•sults ar,• ~hown in Figurt: 3.13, whkh indic-Jtc.\ a final o'-!Jc th1ck­
nc~~ of 0,909 µ111 and Jcplcts tliv pho~phunL' incorpomtion in th£' o,id(• layt•r. ◄ 

► 3.7 SUMMARY 

Silicon dioxide is 3 high-quality msulator tJ,:tt t,lll l,e thennully ~rown on ~ilicon "':"~·rs 
It ~n ;ilso seivc as a barrier layer during impurity difTusion or 11nplant11tion: ~d 11 •~ ,1 

kw component of ~10S de,ice~ :lJld circuils. Tlwst' foctors h:l\l' contnbut<c><l ~•gnillca.ntl~ 
to 'silicon's current ~tat11s as the dominant ~cmiconcluctor material in ust· to<L1)·· 

This chapter dcsciibl.'d the mcclmois111 of thennal oxi<l,1Uon of ~ilic-011 and prt>s~nte~ 
a kinetic model of oxi<l~· growth. Thi.~ ,node! accnratt'I) predict~ ox11lt- gr~,1h rn_k for ,1 

wide range of procc,s conditions. The chapter also dhc11,st·d clop.mt rc~•~tnbuuo_n a~tl 
the ma~king properties of oxides. Oxide characten:r .. 1tion methods and oxitk qualit~ ,,~ rt> 



► ! Silicon Chldl lion 

Figur9 3.13 Poto( phmphoru, 01>nc,:nlr.lti11n .i, a function of di-pth into the ,ilk~•n ,uh,tmlt.-, 
11,rn~ ~l,PR[ ~I ~!\\an' 

11,•,cribctl l., ,, d i Fi11.1ll\ tlie process simulation ,oftware pacb~c Sl.iPRE~I wa.~ intro­
du("("(l Tl1l' u. ,. of Sl PRE~I however. is not limited to oXJ<lation, and 1t will bl· fe\b-
1tt'<I m ,ubs1-qucnt chaptrr.;. 
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PROBLEMS 
.\ ~/, ritk \ , /r11o t,• dlfflc.,/t 11mli/1 "" 

I. \ /I l)pt' <10(}>-(,n,•ntt•tl '111COn \\Jft•I \\1th J n·,hli\il) or 10 0 -cm ,, plll(.,:J in .. \\d 11'1• 

d.illon ')~lclll to l(l"U\\ .1 n,-hl o\ld,· of U 15 µm .,I 1050 C O..t,·m1111t· th,• Lim,• rL,.1u1r..J tu 
gm,, tlw o:udt•. 

•2. ·\llt•r th,• l1r,,t 0~1cl. lion ,,, wwn in l'rol,l,·111 1, a \\ln<lc"' ,~ <1[><•11,-<l ln th,· o,id<' to .,-nw a 
j!ritc o'(jd., at IOOO"C for 2Cl mmu11,, in dry okld.1t1011, Fmd t.lw tliick11t·, se, of th,• j!,11< • 
o:ude llll<l tht• total fll'l<l o\iclt· 

3. Show that Ec1. 11 tt-.luc,.·, to x Bt for long times ,md u, r c BIA I + r) fur \hort tiurl'\ 

.t. Dt•h:nninc th,· <lilfo,ion t'Ol•ffi<:ienl V for rll)· o:udalion of <LOO>-oricnkd Mlit'011 ,,11npl1~ 
,,t 9~ ·c and l ;tho 

5. Dd111t• tq!,n:tat/011 c«./Jlclmt. 

6. .~ ,111111; that the Cu conccnlrahon In the SiO_ la)l:r i~ 5 x IO" atom,tcm a£t« , -.,po, 
ph4,e dcpo>1tion and L' mt·a.surcd ,,ith atomic ab-.orption ~1>c~-tromcl.l)·, 11u· C1J conccn• 
lrution lo tltc S1 laycri., 3 x 11111 atumvcmJ afa·r IIF/11_0_ di,,olulion C.<lcul.itc tlrl '<~­

r,·j!t1tion coefficient of Cu in SiO/Si layer. 

•1. ,\ hare and 11ndopc<l <100> silicon sample is o:-cicli.7Rd for 1 hour at ll()(t"C on di)· 0. It•~ 
thc11 ,'O\·ercd and hu.s the o:'Cide rt' mo"cd O\'Cf luff the w,1fcr , c,t, ii i, n•-oxidit.t·d in ""' 
0 1 .,t i000°C for 30 minutes. Use SU1'1'EM to dctcnnint.' thc tlnckne" m tho: two 
n·gion., How high are the step on t.l1c surfow and the step 111 tlw substrate? 



4 
Photolithography 

F'i101ohtl1~n1pl1, ,, th,• p~,, of ta m.,ft•rrinl! p;,th'm, of g,'<lnwtric ~hapt:, on ., m11.sk 
10 , ttun bwr ol pbotuscu,,t,,l' m.11t-ri.1l {<.·.Jlc<I plwtcm·1t,tl co,t>nng th,: S\lrf,1t-e of ;1 

,..~rnlco111l11ctor \\~<'r I n,~· patk•m, dt>fint• tl11•, .uious r<:i,om u1 an 111tei,-;:1tt-<I circuit, 
,uch , the 1mpl:mt.11t1Qn ll:1!1011', th,• mnt.,tt "1ndow,. :uid the l,ondmg-pad ,m:,t,. The 
re,~t p:-11t1im, d,•fmt'<I b) the lithugmplm: proCt•,s .ire not f)<'Ollanl'III t'lc1nt·nb of th,• 
final dt"1c-t>, hut on!) n·plit~t.\ of c-1r<.·wt fo.1lurt', To produc,., drcuit f,•Jhtr!'$, th. ~c resist 
p.-ttt•m, 11111,t be tmtl,f,•rred 011re more into lht undcrl)'111g l.1yer.- cornpri~ing the device. 
Pattern tr.m.,fi•r L, ,iCCOmplL,hl-<l b) .,n ctchin~ proct',s that ~dct'li\'d} remove, unma:.ked 
portio1L, of a IJ)<'r (-«• Ch.1ptPr .;, • .\ hrit>f dt·scription of pattt-m transfen\.11.~ ~ven in 
,-ction 1.4.2 111,· PT\.'\< nt d1.1pter ('O'er. the follm,in~ topics: 

• Tl1,· ,mportanre of a dt-an room for lithogr.1ph) 
• Tht· ,no,t "idc.-ly u.,t·d lithogmpluc 111l'tl1o<l--optical lithogmph}'-.1nd its resolu­

tion •nh.,ncemcnt techniques 

• Amw1tc1\!t.'' ,Utd limitations of other lithogr-Jphw methods 

► 4.1 OPTICAL LITHOGRAPHY 
Th ,.st majont:, of lithographic- equipment for TC fabrication is optical l'quipment using 
ultr.l\iolct liS?ht (w,welen~h or A= 0.2-0A µn\J. This section COll'-i<fors the Pxposure tools. 
nu.,ks, re,L,h, ,and resolution enhanet:u1e11t tecluuque, used for optical lithograph). It 
lso ro11,iderc; tl,e JMtlen1 tnm,fer proce,;.,. which ~ef\·t:~ as a ba.,is for otht>r lithog111phic 

:!-) tenl!> 'nll' ~·<:tion first briefly di~ctL,scs the clean mom. becam,c a!J litl1ographic pro• 
ce ,e, must bt· pl·rfonnecl man 11lt:rncle:m emironment. 

4.1.l The Clean Room 

. \11 IC f.1l>ric.1tio11 facihl) n•quires a clean prooessin~ room, especiull) in tl1e area us<.-d 
for phritolithogr .iphy. The need for such a clean room anses beruusc dust particles m the 
.ur c--.-n \dtle 011 -..: mirondnctor wafer- ,1nd hthogmpluc milSks and can cause defects m 
the cle,ic:.- . which re--ult in ruc,ut f.ulure. For cx.implc. a dust particle on a semico11-
1iudor ,urfol't· au1 dt~rupt tlw ~ingli:<l') t.J gro"t!t of an epit.--oaJ film, cau~ing the for­
m:.hon of di,location~. ,\ dust partide incorporated into the gate o:ode c..m result in 
, nhanc:-rd conducth1ty and ca11~ de\i~ rail11re due to low breakd0\\11 "olt:agt• The sih•· 
hon l• c,t.'n more crincal in tlw lttt,n~raphw ,1n·,1 \\1wn d1t,t pJrticlcs adhere to the sur­

f~,.: or .• phOlom. ,k. the~ beha,(.• ~ opaque pattt·ms on till' llla.~k. and these p:1ttcms \11ll 
he tr.u<'fc:m-d to tl1t• under~111~ l.1ycr alon~ \\1th tl1e ctrrnit pattern~ on the miL~k Figur,· 

1 dtO\\'I, thn!<' du\t p.1rt1cl1, on a pliotollla.(k.3 Particle I 111,I} rt•sult 111 thf.' formntion of 

4 1 Opucnl l.Jlh~rapJ,-, fi I 

ft,lhsrt•, 
OH ._.. 

rn.,,l 

3 

.i pmholc m tht> 1111dcrl}ing layer. Particle 2 is located ne,1r ,, p.1ttem edge aud nuy t,111w 
;\ ooo~"triction of cummt flo.,.,. i11 .1 metal nmner. Pll!tidc 3 can hid to a sliort tin:uit lx-rn,"t-11 

the two conducting regions .ind render du.' drcuit useless. 
ln a clean room. the total number of dust p,lrticles per unit ,olunw 11111,t Ix• tiitl1th 

controllc<l. along with the temp<:rnh1re ,ind humidity. Figure -1.2 ~ho"~ the particll·-~iz;, 
distrihutto11 cam e\ for various classt'S of clean rooms. Two ~:.letm ar.• u,ed to defim• tlw 
clru ~es of clca11 roon, .' Ju the English sptt·m. tl1e numeri~ ck siwiation of tht· d,L,~ " 
taken from the rna.\.imum ,tllowabl<' number of particle~ tl1at are 0.5 µm m11l l11~er pt>r 
cubic foot of air. Ju tJ1c 111C'lric- sy..tem. the class i~ l.\ken from the log,uithm b.tw 10 of 
the: mitx.imum ,11lowable numhcr of pa1ticle.s that ,\Tl' 0.5 µm ,Uld larger 1x-r cubic 111t-l••r 
For ex.1mplc. a class 100 clean room (English ~:stem) h,l5 a du,t rount of 1001xLrticlcvft 
\\ith p,1rtirlr diameters of0.,5 µ111 and l.uger. ,1•hcrca., a ch,s M 35 clc.w room (mctm· 
~\te111) ha~ a du~t count of 10 •. or about 3.500 p:utirlcs/111 with p,U'ticl,· cliarndl'f\ of 
0.5 µm or larger. Siucc 100 p.1rtklt•v'ft = 3500 particlcs/111 .• 1 cL1Ss 100 in tJ1e Eni:li,h 
\}stt' lll rorresponds to a cl.~ M 3.5 in tlw 1nc·t ric S} . tem. 

lk'Clntst• the number of du~t partidc:, incw,tws :t, particll• size dl'CTl'&oc, .• 1 morl• ,tri11• 
gent control of the clean room environment i, required when thl' 111in.i111u111 ft•,1t11n· lc11~h~ 
of IC~ art: rcducc:·d to the d~ p submicron rnn~e. For most IC fobritatlo11 .1re;t,. a lh,~ 
100 dcau room is re11uircd: that 1,. thi: dn!>t count must be ~,bout four or1lt·r.- of 111ag111-

tudt· lowl•r than th.it of ordin:uy room air I lo\\en•r for thl· lithogr.tph) art•., ., d.1•.s 10 
clean room or 011c \\1th a lower dust 0011111 is n.·11uin·d 

EXAMPLE 1 

lfwt• t<,po,1> .1 200-mm "·•f~r for l mmuh• lo ,111 ,ur ,1nam 11ml,·r ., 1~111111.ll'•tl,r., romhlwn 111 3Ct 
m/111i11 how 111,lfl\ dlL\l p.i.rt1d1·, \\ill l.md un th,· \\.1li.·r 111 • cl.," IO dt·.u1 n10111·> 

SOLUTION For .1 ch~ 10 cit .,n room. tltt·n· url' 3SO p..rud,·, 0.5 JI"' ,1111I l • .,~t•r) ('<'r 1:11h md• r 
n ... .ur ,1,h1111,• 1h.1t j(OC) uwr tJ,.., \\;tfl'T in J 111i11u1t· j, 

(30 111 / 111111)x,{0-~ m r X t ,n11111t,· .. o 9-12 111 ' 
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Figu~ 4.2 l'aruck--,u., d1,tnh11t1n11 c-11""' for English (- - -l Jncl 111ct.rit- (· •) cl.i..(.se, of 
c I, .,n ruo111, 

TI~· numb.·r of d11,t particle, (0.5 µ m ,1.11d l.irgcr contru.ni•d in the air volw11e is 350 x 0.942 ,. 330 
p.1111d1, 

111l'nfon·. if tL.-n· are -too IC chip, on th,• \\a.fer the particle coutlt ainowits to one particle on 
,.,d, of S2<i of the eh,p,. Fortun~tc~. on!} .1 fraction of the particle~ that land adhl.'re lo the ,,a.fer 
,urf.ire .1ml ot th<N.·oo.h a fTllct:ion . n: .:it a cire1ut location critical 1:ooue,h to cm~ a failure. I lo-.wvt•t 
tht' ,:.1li:11l1tion 1ndic:11,~ thl· 111,port.mce of the clt!an room. • ◄ 

4.1.2 Exposure Tools 

Tlw p:ittt>m tr,UL~fer proet•s:.-. ii; accomplM1t!d hJ u~ing a lithographic exposure tool. The 
performan~ of a.11 e-q>0,urt: tool i\ detennined by three p.1r:11neters: resolution, regis· 
tr,1tion, .md throughput. Rc,ol11tion is the mnumum feature dimension that can be trnns­
ferrt'd \\ith lti~h fidelil) to., re-,ist film on a scnuconductor \\rucr. Reg~tratio11 is a measure 
of how ,ltt11ratch patkm~ 011 succe~~i\C ma,ks can be aligned (or overlaid) witJ1 re ·pect 
to pn.·,iou,I~ ddltlt'd pattern.-. on the wafer Tl,rouglipul is the number of wafers that 
C".tn be e:q>tN·d per hour for a ghen lllai.k l~-cl. 

l11t'n· ,U'l b~,ically two optical c-q>O ure methcxh: shadow printing and projection 
pnnbn~: ltadow priutiug 11u~ 11,lvc tlw m,L,k and ,v-.u<-r i11 chn.-ct contact with one anotlwr 
(ll, in mntact pn11ti11g) or in clo,c pro:cmnt} 1,is in pnwmity 11ri11tf11g,). Figure -! .3n show~ 
a 1-,,:i.,,~ '<'tup for oon1.1c:t printing. in wluch a rt"~ist-co.ited wafer is brought into pl,ysical 
c:011t::1tt "1th a 111.L~k. and tlil.' re,bt ~ e,po~ by a nearly collimated beam of ultr:wioltt 

4.1 0p11cel l.ithog11phy ◄ t;:) 

light through tlw back of tlw mask for .1 fL\l'd nine. Tlw intunall.• cont,1c-t l><:l:\w•·n ri:~i,t\ 
mid m.1sk pro, idt• a resolution of .1pproxi111.tt('ly I µm. I ICY\vt-n·r. contact priut111g ,11r. 
fen. 11 lllllJOr clmwback cau~cd br dust llilrticle\, A <lu\t particle or ,l \p<'Ck of ,tlit'Cln du~t 
on the W,tfcrc:111 be imbcddt'<i into tht• mask wlwn llw llltL,k mnJ((•H:ontac-t ,,,th tlu· \\ ,.fer 
Tlw imlwdded particll' ("\ 1u~e~ pcm1am·nt damage to the ma,k Mel rt·~ult~ 111 deft-cu 111 
the w·afer with t.>ach su('('('edi11g cxpo\ur<-. 

To m1nimtw mask damage. the proxilllity exposuru method i.s n~NJ. F1gun• -t.:J/1 ~l1<:r..,.. 
the basic setup. It is ~imilar to the rontnct printing nwtJ1od. cx~·pt tJmt there i,\ a ~u1all 
~np O_O-SO_µm) ~tween the wafer and tJ1e mu:.k duringcxposur<'. Tiu~ ,mall !!;ap n:,ults 
m optical d1£Tructton at feature edges on the photomask; that b . wlwn light pa. .... ws by tJ1e 
edge~ of ml opaque m;isk feature. fringes arc fonni,d atld some light pc11ctratc.>S 11110 the 
shadow region. As a result, lhc resolution b degraded to the 2 to ,'5-µ111 r.tuge. 

In shadow printing. the minimum linc::width for crilicul dimension (CD)) that c-.111 

he printed is rough!) 

CD ;;fig 

where A tS the \\~avclength of the exposure radiation and g b the gap betwi::cn tl1c ma.sk 
and the wafer and includes the thickness of the resist. For), = 0.4 µm and g = 50 µ111 
the CD is 4.5 µm. If we rccl11Ct' A to 0.25 µm (a wavelt-ngtl1 r.tngc of 0.2 lo 0.3 µrn ~ in 
the dct·p U\' spectral region) and g to 15 µm. the CD become~ 2 µm. Till.t$, there is an 
adv.mtage in reducing boUl A and g. However. for a ghcn distance g. any dust p..uticle 
with a diameter larger than g potentially can cause mask darn,,ge. 

To avoid the mask damage problem associated witJ1 shadow printing. projection­
printing exposure tools have been de\·eloped to project m1 irnagt: of the m.L~k patteni~ 
onto a resist-coated wafer many centimeters away from the mask. To increase resolution, 
onl) ,l small portion of the mask is exposed at a time. The small image arc.1 is scanned or 
stepped over tJ1e wafer to cover tJ1e entire wafer surface. Figure 4.-ta shows a l:l wafer 
scan projection sy-st('m.~7 A narrow, arc- baped image field approxlrnately I mm in , ... idth 
serially transfers the slit image of the mask onto the wafer. The irnagt! siU' on the w.tfer 
is tJu~ same as that on tJ1e mask. 

Cont'!('! 

~~:-~ 
(Ilg ore lrunp) C 
Ll·n•-~ 

M:i.•k ­

Photon•,i\t -
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figure 4.3 Sdi\.'mOltC of optic-al ~hadow printio~ k chnfc1ul'' ' (II) Contact pnntln~ 
(bl Pro-nmi~· prinling. 
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Figure 4.4 Im: J!•· r,irotiunin~ tt-chn!q11t~ for proJe<:lion pnnting (n) Anu11.1l-fiel<l w:u,·r •,can._ 
I, l I -icp-:mcl-n:pe:LL. Ce.) \I I f\~lut'tlon ,tt,p-.111d-n::pNI. di ~I I r~"ll111.tion ,tcp-and-,.c;ui.' • 

The ~mall im.1g.- field c.m .tlso be stepped O\-cr tht> surface of the wafer by two­
dimen ion,J transl:ition., of the wafor onh. while the mark rcm,lius statiOtt:\J)", After the 
t>'.\po,ure of one chip ~ite. the wafer i.:, 1;1oved to the nt1xt chip ~ite and the process is 
re(X',ltl-d l i~1n,> 4.4b and -l.4c ~how the partitioning of the wafer image b) -~tcp-nnd­
rcp,·nt 11rojn-tlo11 ,\ith ., ratio of 1 • l or at a demagnification ratio of i\l· l (e.g .. 10:1 for a 
10 time-- n·duction on the wafer). respecthel} Tlte dema$1ification mtio is rut impor­
t;mt f.1ctor in our ,1b1ht) to produce both the lens and the mask from which Wt' \\~h to 
print. The l I optic;1l sptems are e!lsier to design .ind fabric:att.• than 10:1 or 5:1 reduc­
tion ~,km.,. hut it t:, much more difficult to produce def<'ct-frt"e musb at 1:1 than it i.\ 
.,t .1 10: I or a 5: I dt:magnjflcatio11 ratio. 

Reduct1ou projl'Ction litho~ntphy c:m also print larger w.1.ft.'rs \\ithout r<'dcsigning 
tl1c stepper lt·n.,. a.\ long ,IS tlu: field si7.A." (u~ .. tlic expo~ure area onto lhe wafer) of the 
lt"n., is l.u~e t·nough to contain one or more TC chips. Wh<'n the chip size e~ceeds tht• 
field ,v,e o"r tl1t len, furtl1er partitiorung of tl1e ima1?,e on the reticle is nt'C'l?SSal). In Figure 
4.4</. thc 1m:ige field on the reticJ,, mn be a narrow arc shape for M:l step-and-scan pro­
je<:tion lithrn,-Jplw. Tht· stc-p-nnd-,<·,m 1>),tcm )it'lds two-dimem1onal translations of the 
wafer ,11th 'l>t-t'd \' me! onc-diml·n~ion,J translation of till' nuLsk with a speed .\I times 
th;U of the wafer ,-peed. 

11,e re,olution of a projection S) ,tem is giwn by 

I = ~ ...!:_ 
'.A 

(2) 

\\1icre A.~ .1~ai11 tht> cxpo"m' waH•lenl!.lh k1 ha pr0<."t·~,-dt•pendenl factor .. u1d NA is 
01\' nunwnc-al ,1pcrt11rc, \\hich 1!. gl\cn by 

4.1.3 
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JI.A ., ii sinO (31 

when· ii is till' ind<>x of refraction 111 the hn,1gc medium (11,11,tlly ,lir. wlll'rc• ii " I ), ,1.nrl 
Ois the hnlf-!lnglt.! oftlw l'One of light conwrging to a point irnag1· at tlw w.1fl•r. a.1 ,l11J\m 
in Figure 1.5.; Also ,ho\111 in the fi1:,run· b tli1., d<·ptl, of focus (DOF). which c.m be 
t'xpre~~r,d :\~ 

OOP = ±l •• 2 • ~ = k ~ 
tan8 sin8 J (, A)· 

when• kz is another process-dependent fac·tor. 
Equation 2 inclicatt's that resolution can be improved (1.e . ~mailer I ) by citlwr rcduc-

111g the wavelength or incrca,ing ~A or both. llowewr. Eq. 4 indicate~ that the DOF 
degmdes much more rapidlr by incrc~ing NA than br decreasin~ >... Thi.\ explain, th1• 
trl'nd toward shorter-wavelength source~ in optical lithogmphy. 

The high-pressure merCllf}•,trc lamp is widely used in exposure tools lx.-cau_w of ii, 
high inte11Sit) and rd.i.ibility. The rncrcul)·•arc spectrum is cornpost.-d of st•veml pc>aks, 
as shown in Figure 4.6. The tcnns G-llrte, H-I/ne. and 1-linl' refer to the pt'~ at 436 nm, 
405 nm, and 36.5 nm. respectively I-line lithogrnphywith 5:1 step-and-rcpeat projection 
can olTt:r a resolution of 0.3 µm with resolution cnJ1anCi.'111ent lt:clmiqul.'5 (see St-c.1:ion 
4.1.6). AdH1nced exposure tools such as tl1e 248-mn lit11aw:iphic system using a Krf 
excuncr laser. the 193-nm litl1ographic system u~ing an ArF exdmer last'r, and the 15i­
nm lithogruphic sy~tem using a F i excimer laser have been develo[>'-d for mass produc­
tion with a resolution of 0.18 µm (180 nm). 0.10 µm (100 nm). and O.Oi µm (iO nm>. 
respectively 

Masks 

Masks used for IC manufacturing are usually reduction reticles. The first step in mask 
making is to u~e a computer-aided design (CAD) S)'stem in \,iiid1 designers can <.-omplete~· 
describe the circuit patterns electrically. 111c digital data produced by the CAD syst~m 
tlwn drives a pattern !!;enerator, which is an clt'Clron beam lithographic system (sec ~ 
4.2. l) that tnmsfel'\ the pattt'nts din-c.tly lo clcc.1ro11-sensitizt'd mask. n1e mask consists 
of a fused-silica sub~trate covered witl1 a chromium layer. n ,e circuit pattern is first trans­
ferred to the declron-sensitized layer (electron !'l'sist). which is transferred once more 

(M~kl 
OhJ<-ct pl..n1• ..... _n, 

Figure 4.5 Simple nnaitt• systl'm , ------~-------~-
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~to th<.> underl)iiig chromium layer for the finished mask The cletruls of pattern trans­
ler .ire considered in ection 4.1.5. 

The paltems on a mask represent one level of nn IC design. The e,,omposite layout 
i-. brokt1n mto mask levels that correspond to tl1e IC process sequence. such a.~ the iso­
lation region on one lc\'el. the gate region 011 .inothcr. and so on. Typicall), 1.5 to 20 dif­
ferent ma:;k level\ are requirC'd for a complete, JC process cycle. 

The standard-size mask s11hstrnte 1s ,1 fust-d-silica plate 15 x 15 cm square. 0.6 cm thick. 
11w ,i;w is net.>dcd to acconnnocfak th!' lens fidd si1.es for 4: l or 5: l optical cx-posurc tools, 
"lwn•a:; thl' thickness is rc•quired to 1ninimi1.e pattem plaremcmt error.; due to substrate 
dbtortlon The fus..•d.~ilica plntc h needed for its low C.'(J('fficic•nt of thermal expansion. its 
high lnu1,11ili-,ion at sl1orter wawlcngtlt~. and it~ mechanical strength. Figure 4.7 show~ ,1 
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Oc\1~-c fo.,111...,. 

Figure 4.7 An 1111t•gmt11<l t·irc-uit photomask. 1 

mask on which pattems of geometric shnpcs have bef.n fonned. A fow st-condasy chip ~itvs, 
used for process evaluation. are also included in the mask. 

One of the mnjor concerns about mru ks is defect den,it,,. ~ht~k defects c-an be intro­
duced during the man11foct11re of the mask or during subsequent litho~rapluc processes. 
E"cn a small mask-defect density ha.~ a profound effect on tl1c fioal IC , icld. r;cld i, 
defined as tlw ratio of good chips per wafer to the total number of ehip per "~1fl•r c~w 
Chapter I 0). As a first-order approximation. the yield r for a given masking lc"cl c.10 bl.' 
expressed as 

(5 ) 

where D0 i~ tlau averogc numher of "fatal'" defect~ per unit area, and.-\ is the deft«-l­
scn:;itivc area (or .. critical area M) of tl1e IC d1ip. rf D0 remains the ~ame for all ma.,k le\'­
els (e.g .. N = 10 levels). then the final )iiel<l bet'OlllC'/> 

(6) 

Figure 4.8 shows the mask limit )fold for a 10-lc,d lith<>w-tpltic prO<'C~' ,u. a function 
of chip size for various \'alucs of defect den~itks. For cmrnple. for D11 ° 0.25 defecVcm1

, 

the yield is 10% fora chip si1.c ofOO mm1. and it drop.s to nbout I% for ,\cl1ip ,i.:t.t• of lbO mm: 
Therefort•, inspection nncl denning of masks :ire important to .1d1icw lti"h )il•lcl, 011 l.11'\/,e 
chips. Of cou~c. nn 11ltr:1clean prcx-e~sing nrea is mnnclntory for lithographic pr()(.'('ssin!!-

4.1.4 Photoresist 
Photorcsist is a radintion-s<·nsitin~ c.-0111po11nd that c-.m lx' cl,t\~ifit·d .~ !lO-,itiw or nt'~.,­
ti\'c, dcpcndi11g on how it responds to radiution. F'or JJihilil•r rc,i.,t.,. the "-''ix>,~·d re\!ion, 
beromP more soluble :ind an• tin" more t•.~il'" remoH·d i11 the deH•lop111t•nt pn.>ces$.111t• 
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nrl l'l:,uh i- 1h.1t t11c p,1ttl:'ms fomw<l (also callt.'<:l nnnges) in the po,itive rt!SiJ;t are tJ1e 
,J.11W tl, thost> on the mask. For 111'gallt·1• rt!,i~t~. tht' cxpo~ed regiOU\ hecouw less solu­
ble ,u1d tlw p.ittcn1~ fonm.:d in the negative rcsi~t are the rcwrse of tht: 111a.,k patterns. 

Po,!tiw plmlorl•q,,b; con,i,t of three co1nponenl!>: a photo~enc;itiYe <:om pound. a base 
w~1n .. md .m ore:,mk -oh1mt. Prior to c,J><>surc. the photo~nsiU\-C compound is insoluble 
111 lhl ckwlo!)llr ,olnhon. \Ih: r exposure, tlic photosens-iti\c compound absorbs r.iclia­
hon in 1111· t•,-po~t'<l paltem ,u-eas. changes its chemic-al ~lructme. and hecomcs soluble 
in Uw dt'H'lopt-r ~lution. After clt:wlopm('llt, tht: cxpow<l art',lli are remo,ed. 

'\t•~;11i\f' pl1otore~ists ,tr<> pol:,mers combined \\ith a photosensitive compound. After 
vxposure. tlw photo~vnsitiw c.-ompound absorbs the optical energr and oonvf'rts it into 
cLc1nic.1l t'l1t·r~ to ulitiatc a pol} 11wr cro s-linking rc,,ction. This reaction causes cross 
linking ol tht pol},nC'r molec:111<·~. TI1e cross-linked polpner has a higher molecular weight 
.mcl l11.-·co111t>~ 111~lublt• in tht' di:,clopcr solution. After cle,elopn1ent, the 1111eA,x>scd areas 
,lfl' tl•1110,1.-d. Orw rnaJor druwback of II ncg.nivc pliotorcsisl is tl1at in the de\l?lopment 
pmcc~s. tlic whole rl'tjst mass <,wells by absorbing de, ,·loper solvent. This swelling action 
limih 1111' re~olution of ,w~ti\ e photorcsists. 

Figure ·l.9n ~hO\,~ 11 t:,,-pic--.tl cxpo~urc rc~l)Onsc curve and i111agc cross \CClion for a 
posith...- !'l',ist.1 TI1c· rl'sponsc c.11rvc describes the pert-entage of resist remaining ,iftcr expo· 
~ure .md <lt·wlopmt:nt wrsus th1.· c•:\.-posurc enerro :-=ote that the rcsi~t has a finite solu­
bilit) in 1!-. dl"t"lopt.,r, t.'\CII ,,ithout rxpoSl•rt• to r.1cliation. ru tl1c exposure energy increases. 
!ht' solubilit) gmdu;Jh incn,ast·, until al n thre1,hold t·nergy Ey. the resi~t lx-co111es <.'Om· 
pl1•tely ~olublr. 11ae sPnsithih or a po,ithc rt:,i,t is d<·finc·d a.\ the energy required to pro­
<lute ro111pkk ,olubiUty 111 the e,po,l'cl rt-giun Thu.,, E, corresponds to tlw scn~ilhity. 
h1 .,dtlltinn to £r, n p;1r:unt'ln y. the contm.~t ratio, is defined to charncteriw the r1:si,t: 
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Figure 4.~ g,p<Xur~ rc~ponw curw anti cross wctio11 oflht• resist hna~e,, Jft('r dt•vdopnu:nt.' 
(n) Po!llti,~ photores1st. (b) l>galivc photorc~ist. 

where E, is the energy obtained by drawing the tangent at EI to reach 100% resist thlck­
~e~s. a.,; sho\\~1 in Figure 4.9a. A larger y impUes a higher solnbilit) of tJie resist "itl1 an 
mcreme~t:J mcrease or exposure energy and results in sharper irnagt:s. 

The 11nagc cross section in Figure 4.9a illustrates thr relationship bt?tween t11e edge~ 
of a photomask image and the corresponding edges of the w,ist imagt•s afkr develop­
ment. Tiu: edges of the resist in1nge are generally not at the , crticall) proj<:ctC'd potjlions 
of the m~k edges because of diffraction. The edge of tht> rei.ht image corresponds to 
tl1e position where the total absorbed optical enerro• equal, tht> thr,,~hold energy E T" 

Figure 4.9b show lhe exposure response cunt! and i111ag1.' c:ros.s .s<·c·tion for a nc~.1-
live resist. The negative re~ist remains completely solubk· in t11e develot><?r solution for 
exposure energies lower than E,. Alxwe Ey.. more of the resist film remains afkr <le,·d­
opment. At exposure energies twiC<.' die thrc .. hold cncrro•. tl1c resist film lx·<:Ome.\ i:s'-1:n• 
tially insolnhle in the developer. T)l(' scn,itMty of a negative resist is dcfinl'<l ,t.s tl1e i:ncrg_r 
required lo rl!lain 50% of the original re.sist film thickness iu the l'xposcd region The 
parameter y is defined similarly lo yin Eq. 7. except that E, and Er ,\rt.' inler<•han!{l.'d. 
The i111t1ge cross section for the negathc resL~t (Fig. -t9b) is also influenced by tlw clifTr-.ic­
tion effect. 

EXAMPLE2 

Find tht• p,1rnmell"r y for the photon:,i,ts ,ho\\11 m F'igun.• •l.9 
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ror U<'t:P l ' \' hthQ\.m1phJ (,·.)( .. 2-1'> mid 19311111). we c.umot \N' t'Ollwnhon.il photon.•,bL~ Ix-cause 
tl1c"' rnht., n.·qmr\· ,1 hi~h-dc,~,: 1·,po,un- in tl,·..-p U\ '. ,,hich "ill c.tllM! lcn< cl1un,1gc «n<l lO\,cr 
u1n.111~hpot C/1< nurof-ampllfl,vl ,v,ist (CAH> h,c, lwt•n clt•,dur<·d for th,• d,"<.'p UV proc..•s• C,\R 
~,.1,i-1,b of a phot<>-acid ~•••wrator .• resin polvnwr .. mJ ., solwnt. (;AK i, , er} s,·11,itwc to d,:ep 
l \ ' n11l1.illtln, Jud th,· ,·,p•N'Ccl .mtl une,po,c-<l n.'1.(1011, rliOi.·r ~ro:.,th m their ,oluhility in the clL>\·d ­
oper wlution. 

4.1.5 Pattern Transfer 

Figun: -U0 illu:-tmk~ the steps to transfer IC pallents from a mask to a ihcon wafer 
that ha., an insuhltin~ SiO. l,i)t'r fonned on it~ surfat'(•.' Tiu: wafer is plac't'd in a clean 
room ,,luch typ1c-,1lh is illuminated \\ith yellow li~ht. :.incc photort'sist~ .we not scnsi­
tin.· to \\.l\t•lcngth greater th:u1 0.5 µm. To ensure sntisfactOI') adhesion of the re isl. 
the surf.1<.-c.• mu.st be changed from lwdrophilic to hydrophobit'. This ch.tll)!e can be made 
b, tht· application of an ,1dhcs1011 promowr. which can pro,ide a chcmicall~ compatibl1: 
surface for tl,e re ist. The most <.'011,mon adhesion promoter for l-ilicon ICs is liexam­
t>th) 1-<lbil.u;tnc (H~IDS). After the application of this adJ1csion layer. th<.' w,ifer is held 
on .1 ,,,cuum spindle, ,lltd 2 to 3 cm3 of liquidou • fl•sist i~ applil·d to the c:entc:-r of the 
\\afr•r. The wafer i.s then mpidly at.-celc-rated to a const,mt rotational ~peed. which is main­
t,uncd for .1bout 30 st-c.-onds. Spin speed is gener.tll) in the nmg<:! of 1000 to 10,000 rpm 
to l'Oat a uni.form 6.lm about 0.5 to I ~1111 thkk. as shown in Figure 4.10a. The thiclmess 
of photores~ t is correlnted with its ,'isc-osity. 

After the :;pinning step, the W,tfor is .. soft baked .. (t)pic,tlly at 90-120°C for 60-120 
Sl'C()nds) to remo,e the. ohent fro,n the photoresist f'ilm and to inc:reast· resist ac.U1esion 
to tJw wafer. The wafer is aligned with respect to the 111:1.~k in an optical lithographic sys­
tem, and the re ist is e,posed to UV light. as sho,111 in Figure -UOb. lf a positive pho• 
tore~i,;t h used, the exposed resist is dissolved in the developer. as shown on tlw len side 
of Fittt1re -t. lOc. Photore~ist de\dopment is usual!) clone by flooding tlw wafer with the 
de,eloper solution. The wafer~ then rinsed and dried. Ancr <le\elopmcnt. ··post bak­
in1( at .1pproximatdy 100 C to I S<l°C may be requirt>d to increase the adhesion of the 
re. ist to tbe substrate. The wafor is then put in mt ambient that etches the ex-posed insu­
lation fa)er but does not att,ick tltc resist. ,L~ shovm in Figure -L lOc/. Finall). the resist is 
~trip[X--<l (c.f! .. using soh·ents or plasma oxidation). leaving behind ;111 insulator itnage (or 
pattem) that~ the ~tnlle as the opaque image on the m:Lsk (left side of Fig.-!. lOe). 

For negativ'-' photoresist. the proc:edures dt•scribe<l ,,re also applicable. cxc.-ept tJ1nt 
tJw un1:xposed a.TE'a, are removed. Tl1e final insulator im11gt• (right sid.L' of Figure 4.lOe) 
is th.._, reverse of tlu- opaque image on the mask. 

Tht· insullllor image can be 11\ed as a mask for subscc111cnt processing. For cxampll'. 
ion m111ln11t11tim1 (~e Chapter 7l c.m be clone to dope the c:•,posed semiconductor region. 
but not th1: area co,1,red by the insulator, The dopant pattern is a duplicnw of the design 
p.itll m 011 tlw photom;c k for a m·~atiH,· photort'\bt or ~ its <.'0111plcm<>nhll) patteni for 
.1 po~iti,c pliotore\ht. Tiu.' oornplt•tt· circuit is f.ihricated by aliguin~ the next mask in the 
,1:qul'll<.'t' to the pw\ious pattL•rn and rept•;i ting tlw lithogmpltic tmnsfl•r proct':.s. 

\ relakd patlt:m tramft>r prOCt'ss is the liftc,ff technique. shown in Figure 4.11. ,\ 
po,iti,t· rl'~ilil b u~ed. to fonn tlw re~bt patt('m on th(' suhstrat<> (Figs. •1.lla and ,l.J lb ). 
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figure 4.10 Details of the optic.J lithogrnphic pattt•m tr.im-f,·r proc..·"' 

The film (e.g .. aluminum) is deposited over the resist and the subqmtl' (Fi!!, -1 .l lr) Tlw 
film tliickness must he snmllt•r tl1:1n that of the n·~ht. Thost• portions of the film on th,• 
resist arc rcmo,·ecl by sdectively clis~ohing tlw m,bt ktyer in ,m ,1ppmpri.itt• liquid t•tc·h.mt 
so thnt tlw ov('rl)ing film is liftl'd orr and remon-d (Fig. 4.1 Id). The liftoff tt~hniquc is 
capable of high rc:-solutimt and is u,('(l e,tl'nsh Ply for discrdt' tlc,frt.•s such ,L, lugh-[>O\\'l'r 
~I ESFETs. Uowevrr. it is not ns "idd} applic:-.ibk for ultml~r-sc-Jt· i11tt-grolitm. in whid, 
di)· etching i~ tlw preforr<'d tt•chmque. 
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Figure 4.11 Th .. hltoff pl'\1(-e<,, for p.tltl'm tr:msfor. 

4.1.6 Resolution Enhancement Techniques 

(bl 

ubstr..11· 

(dl 

Optical htl10!!r.1phy h:\$ bt>en continuously challenged to pro,idc better resolutiun, greater 
DOF .md "idl'r l':q>0~ure l,1titude in IC proc:cssing. These challen).!e~ ha,e l·een met by 
rt>dudng the wm.-len~th of th(• exposure tools mid developing new re.sish. 111 addition. 
111.,ny rt:,olution l·nhanccment techniques have been de,elopt>d to extend the capability 
of optical litho~mphy to t'\Cn smaller feahtrt• lengths. 

.\n important re~oluhon enhancement techniqlll' is tht.> 11hnse~htfti11{!, mask 1PSM). 
11w b,\.~icconcept is slto\\11 in Figure-t.12. Fora co,wentional mask (Fig. -U2a). the elec­
tric field lu~ the \.Ullt! phase at tl'el} aperture (clear area). Diffraction and tl1e limited 
resolution of the optical S)-Stem spre.id the dt:ctric field at the wafer. as shown by the dot­
ted b.nc.•, lnterfenmt'C betwe<•n waw~ diffrnctoo by the adjacent apertures enhances the field 
betwe<·n them Beca11st· the intensit) n is proportional to the squarn of the electric field. 
it becomes difficult to ~t>par.ttc the two images that arc projected close to one another. 
111t• ph,t!oe-,luft la~er th,1t co,crs adja<.'t!nt .1pert11res rcvt:r..e the $ign of the electric field. 
ll' ,!town in Fii,ire 4 l:?h Because the intensit) at the mn.,k is unchanged, the electric 
fil'ld of tl11: unagt·, ,lt t}1e wafer c.m be ~1net>lled. Then•fore. imagt•~ that are projected 
clo\c to one ,111other c.in be separated A I 1:>0° phase change c-an be obta.int:d by using a 
tr.1mp..1rcnl la,<·r of tluckm.•,s ti = A '21ii - l l. wlu.>re ii b the refractive index :Uld A is the 
\\ ,I\ elength tlut co~ef\ one .1pcrt11re ,\S sho\\11 in Figure 4.12b 

,\11otht:r re~olutio11 enhamx·mt•nt kc·lmiq1w is optical proximity conwtio11 (OPC). 
,,hich IL'>('~ mod.tfit:d sh,tpel> of .1djat,·nt subresol11tion gt·omctl) to i111prow unaging capa­
b1lil) . For eX;1mplc . . 1 ,quare t'Ontact hole ,.,.ith tlimcms1ons ne.Ir tl1c resolution limit \\ill 
pnnt 111',trl) a5 a circle. Mochf)ing the contact-hole pattern with additional geoI11Ch'} at 
the l'Ontcl°'" \\ill ltdp to print n mort· accur.itc ~l1uare hole. 

4.2 Next-Generation lithographic Methods ◄ 73 

Cunwnlton:J m;uJ.. 

;a;; 
• 

_Il_r-Lo ,, ... , '~ 

(u) (bl 

Figure 4.12 The principle of pha.~-~hifi lt-<:hnl)l~ (al Ccm,·cnliorul tt-dmolo~· (bl Ph.u<~,lriCt 
technology. 

► 4.2 NEXT-GENERATION LITHOGRAPHIC METHODS 

\ \11) il> optical lilhogr.iphy so widely used and what makes it such a promising m!!thod:> n.,.. 
reru.ons are that ii ha.\ ltigh throughput, good re~lution. low tmt. and ease in operation. 

Howe,er, due to deep-submicron IC proo:ss req11iJ'('ments. optkal lithow,1phy has 
some limitations that ha,·e not )Cl been solved. Although we can use PSM or OPC to 
extend its useful ~pan. tl1e complexity of mask production and m~k inspection c.urnot 
be easily resolved. ln addition, tl1t.> cost of masks is ,cry high. Therefore. wc nt.'t.'<l to find 
.tltemativcs to optical lithography to proct>ss decp-submicron or n.u1omctt>r IC~. 

Various types of next-generation lithographic methods for IC fabrication are cl.t.-.cus.wd 
in this section. Electron beam lithography, extreme UV litho~raphy. x-ray litltoiraphy. 
and ion bcmn lithogn1phy are considered. as are the diffcrt-nc:es among tlll'w mcthcxk 

4.2.1 Electron Beam Lithography 

Elt>ctron beam (or c-bmm) lithogmphy is primaril)· used to produce photon\a:-ks. Rt·L,tiwl~ 
few tools are dedicated to direct exposure of the rt:sist by a focused dt.'<'tron beam \\ith­
oul a mask. Figure 4.13 show~,\ schematic of an ek'<.1ron beam lithogr.tphy ~y,tc111.1°111c 
electron gun is a de,icc thnt c-.111 generate a beam of t>le<.-trons with a suit.1ble c.,irrent 
density . .-\ tungsten tlwnnionic l'lllission c:1thodc or sin_gle-cl}-stal lanthanum hex.ahoridc 
(L.,86) is used for the t•k'Ctron gun. Condcn-.er lenses arl' tL'll.>tl to [oc·us the dt'C'tron bea111 
to a spot size 10 to 2.5 nm in clianwtcr. Bt•am-bl,mkin~ plates. which tum thl• dt'<.1ron 
beam on :md off. and beam dt•flection <.-oils :\re computer controUcd and opemtc-d at ~I Hz 
or l1ighcr rates to dirt•ct tl1e focused clt't1ron beam to ,ut} location in tht> ~.Ill fldd 011 
the substnite. 81..'t.~lusc the scan field (l)pkall~· I t·ml is much smaller than tht• substrdtt' 
diameter, :1 prt>dsion mt>chanical sta~e is used to position tlw suhstmte to he pattemt>tl. 

The ad\'antages of electron ht•,1111 lithography include tht• gent•r,dion nf submicron 
resist gcoinctril's. highly automated 1111d prt>cisely controllt•d opt•mtion. grt'all'r dcpth 
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of foe," tl1.1n tlut .l\ail:tblr from uptkal lithograph). ,Uld dirt.·ct patteniing on ,\ semi­
romluttor ,,~t•r \\lthout mmg ,l 1na.,k. Th<> disad,antagc i!> tJ1..it dectron beam lithog­
mph} mnclm1l' h.1w low thro112hp11t-..1pprox.imatd) 10 ,vafl'~ per hour ,tt less than 
0 ;!j µ111 rc:·,oluhon Thh throughput h adt·quak for tht• production of photom,u;k.,, for 
. tualion~ th.ii require \lll.tll number.- of cu~tom circuits, ,md for de.\ii;n \-t:lification. 
1 lowcn·r. for 111,c.lcle,, <liretl "ritmg. tht> machine mu,t ha,e the highcst possihlt 
throu~liput .. ml tht•refore tlw lareJ·,t beam dianwtt•r po,,,iblt· <.:omi~tt·nt with the min-
111111111 dt·,ic,, thmt•n~um, 

Tlit re 1in• ba..,icalh hrn ,,a,, tu ),can the focu,c<l l'lcclron bc.1111: r-.1Ster scan and vec­
tor .111 11 I II a n1,ter ,~an S) te;n, resi.\t patltmt., are \\Tiltcn by a, ertically oricntcd bc.101 

th. t 1110,-e, thruugh ,1 regular mode, U.\ shown in Fi~1rc 4. l-ln. The beam sc~ns ~equen­
tiall, u\l' r c\cf\ po ,ibk• localiou on the mask ,\ll<l is bl.inkl'<l (h1mcd ofl) where no expo­
,ure l rN)llil'l'll, ,\II pattl•m" on !lit> ,trea to I)(' writtrn must be s11bdi\ided into in<l.iviclual 
,1ddre, , ,. ,md a i,,en p.1ttem mu,t h,1, e ,1 miu.imum mcrt•nwntal interval that is evenl} 
,ll\1,1blt· b) t11t• lx:.1111 ,11.lclr, ... , ,,.,~•-

l 11 a 1c'rl,ir w:a11 ~\'>lt•m, ,hm,n in F1~11w 4. l·lb, the beam i~ directed onlv to the 
requt' tftl p;1tl1'ni fo.1t;1res a11d JlllllP~ from fe.1t11re to fo,1lurt>. rather thm1 scan;\ing Ult' 
\\½10!, chap . .t, 111 ra..,tcr cm. For 111.un chip~. tl,e a,cr.i~c l'~st>d rc:gion is only 20% of 
tht< dup an.,. '° time lS '-ln-d u,in~ a H·ctor ~can W'>lt•m. 

F'1~11rt• 4 14<- ,ho\\ ,Mer.ti t)pt•~ of E'lectron beams crnplQ)t1d for <'-bt•am lithogni­
ph, tlw C,111\,1.111 ,pot beam round bt·.un). tl1c , ,1riablc-,hapt•<l beam, ,md cell projcc• 
lion 111 the ,.1n,1hlt·-,h.1p,-d be.1m ')'item, tl1t· patt<•ming beam has. a rt'ctan~ular <.:ross 

ion of,"an,hl,• su,· .incl a.,pt-ct mtio It offer- the ,1dv,1ut,1~c of e,posing 1;:vcml ,1<ldre 
umt 11111ltiuicon,h. 111,·rt:fore, thl' \l'C'IOr ,l:\11 method u~mtt a vt1riahlc-sh.1pc<l beam 

4.2 Next-Generobon lithogroph,c Me1hods ◄ 7S 
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f.gure 4.14 ol R~ tl'r ,t",m writing -.chcnw. (/,) \'t't.1Qr \C.ln 11nting e-clwmc·~ (cl sh,,p,-~ or d,·c­
tro11 beam· round, ,uri .. hlt', ,md t'\'11 proJt't-tlon • 

Iii~ hi(d1cr throughput than the <'Om-entional Caul'sian spot beam. It lS also po~siblc to 
pattcm a C.'Omplt•x geomelric shape in ont· e,pmurc with .111 electron hcam S\'stem: thh 
is c-alled cdl J>rojrcllon. as shown in the far right of Figure -1.l-k The cdl proje.ction tt'C'h­
nique1

• i~ particularly suitable for highly repetithc de\ib"ILS, ,lS in ~10 rncmof\·ceUs. ~ince 
e"eral mcmoryccU patterns can be t:~sc<l at onCl' Cell projection lws not )"l aclaie, ed 

the throughput of optical t1.\-po~urc tools. 

Electron Resist 
Electron resists are polymer'$. Tl1e bd1n,ior of an electron b<>a111 rc5ist i~ similar to that 
of a photorcsi. l: tl1at is. a chemical or physic.J change is indue<·d in 1hc rnsi~t by irradi­
.1tion. This chungc n!lows t11e resist to be patterned. For a posithe dt-ctron rt:sh1. tlie 
pol) mer-<!lectron internction c:umc., C'liemical bond~ to be broken (d1ain ~ci.-.,;ion) to fom1 

shorter molecular fr.1g11wnts. as shown in Fi~•re 4.15(/. A~ a result. the molecullrwcight 
is reduced in the irmcliated area. whicl, can be wssoh .. >d subsequently in .1 dcveloptr "0lu­
lion that 11ttacb the )ow-mol<'cular-w11ight material. Common positht· clt"<:tron resbts 
include poly-meth}l lllelhacrylate (P~l~IA) and poly-butene-I sulfonc (PB ). Positi,c 
electron r<' \ists can achi1:,e resolution of0.l ~llll or bett<'r. 

For :1 negative elt.><:tron resist. tlw irrndh1tion causes racUation-induced polymer lmk­
iug. a., sh0\,11 in Figure 4J5b. The cross linking c·r<'ates a complex tluct•-dimension.u !>tnic­

turc with a molecular weight hight'r tlian that of lht• nonimuliah'<l pol~mcr. ·n,c 
nonirradintcd re\iSt can be cus~oh·ed in a developer solution tlaat Jocs not ,tlt,1<'k tlw bigh­
rnolec·ular-wcight 111ateriu.l. Poly-~lycidyl metlailt'I') latc-c.-o-cth} l-.1CI') fate ( COP) is a <.-Om• 
mon ncg.iti,·c electron re~isl. COP, like mo,t lll'gathl· photoresi ts, also ,wt:lls during 
deH•lopment, so re~olulion is limited to about I µ111 . 

The Pro'-.imitY Effect 
In optit~tl lith~lph)~ tlae resolution i, lianilt'<I by diffmction ofliW1t. l11 l'lt•<:trun bt>.un lithoi:­
raph). tlw re,olution i, not limit~d by <liffraction (bcc,mi;e tlw \, ,1wk-n~ll~ .tN >c1.t1t"<i 
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Figure 4.15 Schematic of po,1thc .inc.I 1wgativc r~isb u,t'(l in <'lcctron lx•am litl,ogniphy. 

with elt'Ctro~ of a few ke\· and higher energies are less than 0.1 nm) but by electron 
~<:altering. When electrons penetrate the resist film and un<lerl)ing substrate. they undergo 
collisions. TI1e,e collisions lt?a<l to energy losses and path changes. ThU5. the incident elec­
trons ~pread out ,\S the) tm,el through the material until either all of their enc•rgy is lost 
or they le;l\ e the matt•rial berouse of backscatteriug. 

Figure 4.16a shows computed electron trajectories of 100 electrons \\ith initial energy 
of20 ke\' incident at the orie;in of a 0.4-µm P}.l~IA film on a thick sili<.'on substrate.I< The 
electron beam is incident along the ;:-a.xis, and all trajectori~ have been projected onto 
the r: plane.11\is figure shows quruit-ath cl)' t11at the electrons are distributed in M oblong 
pear-shaped volume with ;1 diameter on the same order of magnitude ,L\ the electron pen­
etration dc•pth (-3.5 µml. Also, manyek-ctrons undergo backscattering <.'Olli~ions and tro,-el 
backward from the silicon substrate into the P~l~IA re~bt film and !rave the material. 

Figure 4. l6b shows th<: nonnalized distributions of t11e forward-scattering and 
b.1ckscattering electrons at the resist-substrate interface. Because of backscattering. elec­
trons effC>Cti\'el) c-.m irnuliate several m1cro111eters :\\\".l}' from the center of the e:>.,x>sure 
beam. Since the do~ of a resist is gi,·en by t11e sum of the im,<lialions fro111 all suJTOunding 
are.LS, electron b<:am irradiation at one loe3tion will affect the irradiation in neighboring 
loc-ations. Thi\ phenomenon is called tl1e pro:cimity l'jfcct The proximity effect places a 
linul on U\e minimum spacings between pattern features. To com:c:t for tlie proximity effect. 
pattem, are di,idc-d into smaller segments. The incident electron dose in l'ada segment 
is adju,tt.>d so that tl1e integrated dose fmm .t.11 iLs nt·ighboring st-gmcnts b the corrl'ct e,po­
,ur11 do~. This approach further dt'<.·rc,L\l,.>S the throughput of Ule electron bcmn system 
lx.>c:1u.w of the additional computer time required to cxpoM: tl1c sulxlhicled resi~t patterns. 

4.2.2 Extreme Ultraviolet lithography 

Extn m1. uhni,1011"1 EU\') lit11ography L, a pronusin!! nt•:d-gl'.'n<:mtion lithogr-Jphic ll'd u1ol~ 
to c,.t~1,d tJ1c mulilmun Wll'\\1dths lo 30 nrn without throughput lo);St'S. Fi~re 4.17 ~how'> 
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Figure 4.16 (o) Simulated trajectories of 100 electrons in P!\IM,\ for ., 20-ke\' 1·lt-ctron beam." 
(b) Dose distribution for forward scattering ai1d backscattering .,t th<' r,·,ist-,11hst rnte i11tcrf.1e<· 
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sciK'n tic ,Ii; i,-;,m of .u, £1.J\ hthogniph\ '). It'll\ \ l,l.'>t1 r-prodLil>t.'d pl,L'>1H,1 or syn. 
chrotron r.ulnt,nn mn "''"' .,,th<' ~ourl'\' of El\' lmvi11~ .1 \\~\n·len~th of 10 to 14 nm. 
Th<: EU\ ntcli.,t1on i., tt.'llt't"kd h\ ,1 ma~k tli,,t is produced by p,1ttt-ming an .1hsorb1:r mate­
n.il Jep<Nh:-d on nmlhla)t' r t'Cl;ltl'<I llat ,ilic'On or ~l.i:.~-pbll• m1L~k b!ank. EUV r.1dia­
lion t, N-11-ctt'd from tlat• 11011p.11tt·rnt·<l ~011s (it• . nonabsorb111~ region~) of the ma~k 
tJ,ruul!la ,1 . , r,·dut·tiou c-.u,wr.i 11ml i111.1~t>d into (I thin l.1rer of tl'sist 011 the wafor. 

111c,- tli<' EU\ ' r.1<l.1.1tion l,t•,\m i, n,1m.>\\', the 11u~k must bt> st-:\n11~·<l h} the beam to 
1'lumui.;k the l'ntirt: pattt•rn 6C'ltl ll1.1t Ul•,cnbt>, tJu• l'ircuit 111~sk lnyer. Als?· for n 4X4 
rnmur I c., tht• o11e-p.irJholo1d, two-dlip,oid. and 01w-pl~t· 1111~mrl_ rtductio1~ c,unem, 
tJ11, ,, .ifer must bt• sc.uuwd al ont>-fourth thl' 111,l.'>k spt•t•d an ,1 chrt.-ctton oppo~1te lo tlw 
111.,k mCJ\ ,:mcnl to ~prudm:c th<' imagt.> fidd 011 ,JI chip ~itcs on Ult' wafer surface. A 
pn:-c.-,,,on '} tem a, wq111tt·<l to pt>rfon11 tlw dup-sitl' .J~gi1111e1\t and ~o control the wafor 
.lliJ 111,~sk ,t.t~l' 1110, emt·ot, ,u1d lht: cxpo,un• do~t• <lunng the $t·,rnn,ng proce~s. 
Eli\ lithol!rnph, 1s c.1p.1bk· of printing 50-nm ft' :'lh.ltt's ,\ith PMMA resist using 13-nm 
rJc!i;10011 Ho,,l'\~·r tht• production of EtJV l'\1l0surc tools has a numlx-r of challenges. 
. ince E V l' ~trongh ,tb,orbeJ 1n all motcri.\ls. the lithogrnphy proct'ss mu~t be per­
fonned in .i ,,1cuu111 , TIit' c.unem m11~t use rl'flccti\'(: lens d 1rn1ents, imd tlw mirrors must 
be co.1tt>d \\,itl1 nmltil,l\t!r t-o.1ting~ th,1t prodnt'l' clisttibutt.-d quarter-wave Brngg reflec­
tor,. , In ad<lation. tl1t· n;ask bhu1k must ,U.'O be multi1.1}er coated to ma.ximize its reflec­
ti\ity 1t). of 10 to 11 nm 

4.2.3 X-Ray lithography 

'\-rJ\ latho~raphy1 XRLl 1..s ;1 potc·11tial c;u1d.idatc to sue<.-ced optical lith~ raphy for the 
fabnrotton of intt:t,11tccl circuit at 100 nm. n,e ~ynchrotron storage ring 1s the choice 
of x-r.1> sourct.• fo; high-, olumc manufacturing. It can pro\ ide a ku-ge amount of colli-
111.1kd Ott\ and C-JJ\ ea.~ih ac<.-ommodale 10 to 20 e~urc toob. 

XRL U\~ ,1 ~haJo\\ printing method ~imilar to optic--,d proximity printing. figure 4. 18 
,hO\, a. ,cl1c111atic >."RL S) ;tcm. The \•r.t) \vawlength is about l nm, and the printing is 
through a Ix ma~k m dose proximity (J0-t0 µm l to the wafer. Sincx.· x-rJv absorption 
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tlt-pc.·rnl, on Ull' atomic 1111111bt•r of tl1t> 1n,1hirial illld mo\t matL•rial, haw low tn,11\p,,tcnC') 
at J... = L nm. tl1t· 11,a.~k sub~trntl.' 11111\l IX! a tlun 11w111bmnt> 0-2 µm thidd 111,,dl• of lu" 
'.ttomic-numb,:r matt•rial. '>uch tl\ s1h<.'On c:.1rbitk• or ~ilkon. Tlw patkm 1t,1,J( ,~ d,-r.11,,,I 
m ,I tlun (-0.:> µ11,): rclutavt•ly l~igh-atornic-numbcr mall•rlal. s11cl1 .~ t,1ntah1111 , t11ngst"11 
gol<l, or onc of thnr alloys. \\ Inch 1s ~upportc•d hy the thin m1•111brane, 

Masb ;ire tht• most difficult and critical l'll'tnC'11t of an XHL ,,,tern, and tlw 0011-
.stn1ction of 1111 X•ray 111ask 1s much r11orc compliratcd than that or a pltotrimask. To ,i\'oicl 
~b~orpt~on of th~ x-n1ys het1vec11 the sou rt'<.' a11d 111(1!,k. tJ,e expo\urc ~1/nt'rallJ t.1kt•~ pl.1t•1• 
in a hchu111 enviro11111c111. The x-mrs nre produced in v,1c1111111, which i_~ ,1-pamt<'d from 
the helium by a tl1i11 v3cuum window (11s11ally of bc.·l)·IHum). 111!.' mask suhstmlt: ,,,U ahsorb 
25% to 35% of tlw incident flux and must therefore be t'OOlt.."d A11 'Mll) re~ist I µrn tlnck 
\\.ill absorb about 10% of tht;: incident flux. Then• ,111: 110 refl('(.-tions fro,11 th,· \Ubstr.ik 
to cn';1tc stm1cling wave~. so anti reflection conting:. are unnrc,•ssary. 

\\'e cun use electron bt>am re,ist~ as i--ray rcsL\ts lwcausc wl,1>11 .111 'HU\'" ,1h,orlx•<l 
by an atorn. tl1e atom goes to an e.xciled state ,,ith the f'rnissio11 of an elt:Clron. The ewitt..•d 
atom returns to its ground state h}' emitting an x-ra} having a di!Ten•nl ,,.i,·colength th.u1 
tlw u1cidc11t x-m). This x-my is absorbed by another ato1n. and tlie process repe.1l . SilKt• 
all tlw processes rf:'sult in the emission of electrons, a resist ftlm un<l1·r ,-my irmrliation 
1s equiva.lent to one being irmcliated by a large numlx-r of serondaJ) dt-ctrons from ,m, 
of tlw other proc-es es. Once tJ1e resist film is irradiate<l, chain cru~\ link;ng or chain 'icis­
sion will occur. clependjng on the type of re~isl. 

4.2.4 Ion Beam lithography 

Jon hL·.im lithogmphy c.u1 achieve higher resolution than optical, x-ra\. or dectron hl'am 
lithographic technique> because ions h:l\'e a higher m;l<;s and tlwrefort ,,-.1ttl'r I~, than 
t.'kctrons. n1e most important applic-.ttion is the repair of rua~b for optic.-al lithograph), 
a task for which commercial 5''Slems are available. 

Figure 4.19 shows the co·mputer• imulate<l trajectories of 50 ti' ions i111pln11l1-<l ,1t 
60 k<•\' 111to Pl'-1 MA and various ~ubstrates. i; Note tJmt the spread or the ion bt_.am at u 
depth of 0.4 µ,n i~ only 0.1 µm in ;1II c:i.~es (compare with Fig. -I. loo for electrons). 
Bacla;cattering is completely absent for the sili(-on sub~tmtc, and there is only .1 "nail 

figure 4.19 Traj<'t'IOrit'\ ur60-k<•\' JI inn, tmwlmg through P~I \IA 11110 \u. '>i. ,u,J l'~I\I \ 
1 
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mount 11ft , 1tt.•riU): for t11l' ~old ~ub,tmte llowl'\l'T, ,on beam ~thogmph~· may Mif-

f, r from rnndoin or ,tocha!-tid '().1t't·-d1.1Tg\' dTt•ch. C',11c.1111{ bro.1dl•nmg of tlit· 10n bt'arn 
Tiit'n- !Ill hm t\)l•, of mn l~•am litho~r-.1pll\ ~vi.tt•1_11s: ,1 sc,utning focused-beam ?-:;-

1, m .mrl I m; ,k-l• .1111 w~w,11 Tlw foniwr ~, ,tt-111 is ,i1111l,1r to U1t- l'll>clron he,un 111adu1w 
ff. 4 l3i. 111 wluda till' 1011 ,oun,: c 111 b;., Ga· or 11'. Tht> latkr )'Stem Is similar to lUI 

opt~J 5x ~ludion P"''Jl't1ion i.ll'p-.u1d-rf•1w,1t ,'\,Miil, "hich projt'Cts 100-kt•V light ion~ 
~,c-h a, n; tJ,ron\!h ,\ ,kndl 111,L,k. 

4.2.5 Comparison of Various lithographic Methods 

TABLE 4.1 

I l1<c litho~;r:,phil· uwthl,d, J.i~cu ,t•<l t·,ulil•r all ha,e 100 nm or better resolution. A com­
p.Ln-ou ul ,,uion, lith~rupluc: tl'<'hnul~t•s is sho"111n Tabll' 4.1 However. l.':•d'. metl!ocl 
h 1t- 0,,11 !mutation~ the diffr.1l'l1ou efTl't·t iu opllc;J lithogmphy. the proxnntt) eOecl 
111 .-11."t·tron hf.>.1111 htJ1ograpl\\. m.L~k f,1bricahon compl<:xil:it•s Ill \-J'il) litl1ogmphy. diffi­
cult\ 111 111.bk bl.mk pnxlnc-tJon for CU\ l.ith~mph,. and stochastic sp.1c·I.' <:linrgc in ion 
bc:un hlb0\,rn1ph~ . . 

For IC f:1britalio11. 111,m,· nusk k•,·els .U-1.' 111,·ol\.W. l lowl'ver. 1l IS not nl'Ct'~5al)' to 
11,c,• tl,"' une litl10<,!r.1phic rncthoci for ,tll l<:\.:b \ 111i,-.u1d-111attb appmach ciu1 t:J.kc a<ln111-

t.t!.!<' uftlu- 111111.jllt' foalun·..-of e,1d1 UtJ1o~mphic proc:e~~ to improw resolution an<l to mil'l:-

11111.l<' llmmghput For l'~unplc .. , ,t l EUV method c.111 be used for the most critic;tl mask 
h.·wb \\hert.L~ .14 l or5;l optic-.li ~}stt:111 c.m be wed for the rest. 

,\t'l."tJnlu1g to tlw erniconduc:tor lndmtl') \ ssoci:ilion's i,,tenu11ionol Tt-cl111ology 
/foadm,111 for ,·1111romlrt('tt>r. IC 111,mufacturing tc<:hnolog, will reach the 50 nm gen­
l'mbou .around :!ll 10.' \ \ ith <·ach Ill'\\ tt1Chnoloro· generntion, litho~raph, li.L, become 

Comparison of Various lithographic Technologies 

Op11~al C \ LPEL EU\ X-m~ 11111 Beam 
~--19311111 

.,,,.. r._,c1 

L.....,r F1lamL·nt l..ascr pbsn1a ~11chmtmn .\ lultit'lc.p 
l) flr.ictwn linut,'tl Ye, \;o Ye~ y.,, • 0 

Oat H.-lntt:h\l• H1·fraclt\\' R1•fmctiw ~o optic-. Full-fldd 
refractive 

't• l' J.11.t S4.~I y,., \C" Yc~ Yes Skppcr 
n ~••l!!hput Ill Ill 30--35 20 30 30 30 

_00.mm "J.-r- hr 
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4.3 Photolrthography S1mulatJoo ◄ HJ 

.111 C\ en 11\(lft, 1111porl.111l kc-, dri, ,,, for tJ1c ~••mi"' ·nductor 1·11cl11•tn .. __ f ti ' 
' • • •. • ,v ., , .' ut;.,,\l"t' 0 l(' f{'l¾lll rl'• 

m~ nts of ,111,Jl! 1 f, ,1lurt· ~11c .iud ttglitt•r nw rla} tnlPnu1t-c. In addition llthns,uphy tool 
co~t~ haH• hcconu: l11ghcr rd ative lo llw tot·tl equipment -st• 'or -111 IC , 

1 
f. t . . • "" ., ,, , m nu ,,c unn~ 

fac:,hty. ~11m-nlly, tlw tt-chuol~ <ll·\ l.'lopnwnl of ne,1-~l'nt•mtae)n litJmgrnph}' b con<lu<tt·d 
by rnultmalional rl'~earch pro;e<·t~ or by 111d11~trial p,ntot•~. 

4.3 PHOTO LITHOGRAPHY SIMULATION 

1\5 1s the casc_with o.~dntio,~ (see Chapt<'r 3), computc·r simulation i\ :Jso an unport,mt 
tool for tud)111g the photolithography proces~. The SUPREM package. ,mfortunat('lv, 
is not c.apablc of photolithographk simul,1Uon. llowe\'er. another popular tool, PROLLTII. 
dews proV1de this capabilit), 

PROLITf I is n \\'indows-bast'd proi,rr-am that uses n positi'<Yn<:gatiw photor •si.,t opti• 
c.J bthogmphy model originally developed by Chri.s Mac:k.1" PROLITI r ~imulates the com­
plete one- and two-dimensional optical lithography process from at-rial imagt- formnhon 
through resist cxpo~ure and development. The output of the program is an u<:eurnte pre­
<lidion of the final resist profile, which is prc:scnted in a wid~- ,ariety of images. plots. 
~r.1phs, and c:Jculati01L\. In particular. l'ROLIT!l is able to simulate the following: 

• Fom1,1tio11 of an image of a llH.bk feature br an optic;1I projection S)~le m 

• E,;posure of photorcsist by this image 
• DilTusion of the image 

• Development of the exposed photorcsisl 

PROUTH accepts lithography infonnation in tJ1e fonn of data files and input par..un­
eters mtd uses this iofonnation to simulate stnnd<ml and ad"anced lithogn1ph) proo:~s. 
To run PROLITH, the user sirnplr clicks on the PROLITI I icon from tl1e \\'indows Start 
menu. After a succes.-;ful license search. the Imaging Tool par.uneters \\indow appear:s 
(s~·c Fig. 4.20). As the user mttkes choices from the View menu. PROUT! I displa)~ win­
dows in which pammeters mn} h<' entered in order to ,iew simulation results. These can 
be observed from th~ Graphs menu. These ideJtS nre illustratt-!d in E.x.'lmple 3 . 

EXAMPLE3 

Us.: PROLJTII to vicw tht• rc,i,t proflli: for the C) lindric.-al m:l)k ft·.1tufl' in Figure -1.20 aftt•r cqio­
s11rc ,111cl dewlopnll'nt. Assume the follO\,ing pmc,.,» co11dibon5: 

Photon .. ~ht l)1X' = SPll 500 
Pre-bake tcmpt?ratun: = 95°C 
Pn·-h,1ke time - 60 sec.·on<b 
;,.:u,ncric;J ,,pert11rc uf tlw lt·n~ ~ 11.5 

E-q,osurc, ,v;,wlcngth = 365 11111 

E"{X>suro cncr)t\' - 150 111)/cm· 
Po\l-l'\pm1trt• b.,kt· tc 111pe rah1rc = J 10°c 
Po~1-1 ... ,1X>,un• bak1• tun,· = 60 st•t·tmcl, 

Vt-. d op111c11t Lime ,. 60 Wt'Onds 

Dttwlor~ r " ~IFT Z.15501 

SOLUTION All or the 1,tiwn ,1Jui:~ can l>t.· ..-nt,·n'tl fnml tht· P.in,1111.0tl· r.o ntt'''.." ur b}· : lackm)! •: 
the ,tpproprialt· icon, on tlw toolh.ir. 11u: n·,oltin~ n·•ht profile i• ''" "'11111 f11:11n: -1-1 
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4.4 SUMMARY 

Tlw <:ontinue<I gro\\1h of the ~('tllic.'Onductor indw,tl) i~ a clirc.·ct n·\ult or tl,c c.,i[>Jbihl) 
to tmnsfor smaller and ~muller circuit patterns onto scmic.'Onductor wafcN. Cum:ntly. tilt' 
~ru,t nrnjority of lithographic equipment is optkal S)\lcms. This chaptt•r considered ~.tr• 
1ous cxpo~ure tool~. mit~k.\, photor,•si\ts, and tlw clean room for optical lithogmph} ·nw 
prirnnl)' factor limiting resolution in optical lithography is dilTm<:lion. 110\,t-,·cr. Jx>eiu.¼: 
of advancl·ment:. in cxcimer la~en,, photoresi.~t chemistry. and r~lution cm1t.l.llC<'lfu•ut 
t<'chniques such as PSM and OPC, oplic.-11 litJ1ographywiU remain LJ1c mai1htrcam tccl1-
nology. at least lo the 100 nm generation . 

Electron bc,m1 lithogruphy is the technology of choi<.~ for mask makin~ and na11ofob­
rication, in which new device concep~ are explored. Other litJ1ogr:iphic proces,i11~ tech­
nologies ,tre £UV, x-ray. and ion bea111 lithograph). i\Jthough all these l1ave 100 nm or 
better re~olution, each process h,t~ its own limitations: proximity e!Tect in elt·ctro11 ~H.-um 

lithogmphy. mask blank production difficulties in EUV lithography, mask fabrication com­
plexity in x-ray litJ1ograph}, and stochastic spac:e charge in ion beam litJ10gmph), 

At the present lime. no obvious successor to optical litho~raphy can be identif'ied 
11nmnbigl1ously. llowc...-er. a mi.'l!-and-match approach c:m take adqu1tage of the unique 
features of each lithography process to impro,e rt:solution and lo 1n.oomi1.e throughput 
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PROBLEMS 

ECTIO~ 4.1: OPTICAL LJTIIOCRAPlff 

1. For ,1 d,~,. 100 ch:an room. fin<l the nurnlw, of dust particles per cubic meter with ptll1i• 

cit· ,11'.t'' (,1 l>1.•t\\t>C'll 0.5 and 1 µm, (b) bctw,•,·11 l and 2 µ111. and (c) ,1bov1: ·2 µm. 

2. Fmd tli,.• llnal )il'l<l for a 111n~m:1.sk-lewl prcx.-c~,. in which the a\'l'mg,· far~ <kfect density p1:r 
cm· is 0.1 for four k"11h. 0.2.5 for four k'\ck :ind LO for on1: lcwl. 1111: chip :u-,.., i~ 50 mm2

• 

3. An optical lithq,,r,,phic ~}~tern hai. ,m .,,-po~urc powcr of 0.3 ,nW/c111· TI11.' rcq111r.:d c,,llO· 
,uru c11urc~ for a pos1tiw photorcslst is 140 mJ!cm . and for a uegJlhc photol't'i.ii.t is 9 
mJlcm A"umin~ ncghgiblc u111t'l> for loading and unlo;idlng \\~\fol', compare the wufor 
throughput for po,itiw phcitore~L,t and ncguth-c photore,iSt. 

4. (a>For .u1 ArF ,•xcun..r laser 193-nm optic.,! litl1ogmphic •)'lem with NA - 0.65. k1 " 0.60, 
and k: : 0.50. what aru the tl1eorctie-.J rcsolntion ,md depth nf focus for this 100!'.> (h) What 
ron w1: do in pmcut-e to adjust N1\ . k,. and k parameter; lo impro,-e re~olulion? (c) What 
par:untkr dot:, the pha.,c-shift musk (PSM) tecluiiqu<' change: to improve rt-soh1lion? 

,>. The plor;; in figure 4.9 arc calk-d nwpo11se et,n;es in 111icrolithogn1phy. (a) What are the 
ad, ant~ges a11d disud .. ::mtagl~ of using resists with high y values? (b) Com·cntional resists 
c.mnlll he lt\ed for 246-nm or 193-nm lithography. Why not? 

ECTlON 4.2: :-.'EX'T-CENERATIO;-; LITHOGRAPHIC ~1ETHODS 

6. (al Explain "h) a ,hapt:d beam promises higher throughput than a Gaussian hcam in 
e-heam litl1ogrnphy. (b) llow can aligllmcnt be performed for t:•beam lithography? Why 
h ,ili~u,wnt in ,c-rJy lithoi,tr..1phy so difl,cult? (c) What are the potential advant,1gcs of 
x-r.l) litltogmphy O\·er c-lx,,nn lithogmphy? 

7. Why h:is the opNatin~ modt• or optical lithogmphic systems evolved from prox.imity print­
ing to 1:1 projection printing and finally to 5:1 projection step-and-repeat? (b) ls it possi­
hlc• to huilcl a ,tcp-,md-,can x-my lithographic ~-.tcm? Why or why not? 

'ECJ'ION 4.3: PtIOTOLJTIIOCRAPin' SIMULATION 

S. Rtp..-at E~mplc 3 with the follO\\ing rcvhl·d process ronditions: 

Prt:-bak., tcmpemhue = l00°C 
Prc-hah tim" = S minute, 

E<tpO~'llrc t·n.:rgy 50 111J/cn1· 

Po~t-c,posur<' b:ik.: 1,•mp<·ratun = 120 'C: 

Po\t-c.,po•.rJl'I.' halt• time = 15 minutes 
Ds,velopm,•nt lime • 60 st·<.'Und, 

o ,-.dopcr = ~IF' 319 

E'(J)lafo :Jll\ di!Tewnc.,, 111 the resist profllv. 

~_5 __ _ 
Etching 

A~ discusse~ in tl1e _rrevious chapter. lithography is lhl' process of tr.uisfoning pattern, 
to photores1st covenng the ~urfoc.-e of a scmico11ductor w·afor. To produce circuit f1:aturcs. 
tl1e c resist patte rns must be transferred into the underlring layers comprising tlu: deviCI.'. 
The pattern transfer is accomplished by an etching prC)C(! lhat selectheh remoH·~ 
unmasked portions o f a laycr.1 A brief description of etching was given iu Sc.,ctio11 1.4.2. 
Thi.' present chapter covers the follO\ving topics: 

• Mechanisms for wet chemical etching of semiconductol">. insulators, .md mct:J 
films 

• Plasma-:ISSisted etching (also called dry etching) for high-fidelity pattern transfer 

► 5.1 WET CHEMICAL ETCHING 

Wet chemical etclting is u~ed extensivelr in semiconductor processing. St.uting from semi­
conductor wafers sliced from an ingot (Chapter 2), chemical etcha.11ts are med for lap­
ping and polishing to give an optically flat, drunage-frt•c surface. Prior to tl1enr1al oucl1tio11 
(Chapter 3) or epitn.xia.l growth (Chapter ). scmiconductorw,uers are ehemic-,ill) cl1.•,1n1.-d 
to remo\'C contamination that results from handling and toring. \\'et chemical etcltio~ 
is especially suitable for blanket etches (i.e .. over the whole wafer surfaet> l of po~"Silicon. 
oxide, nitride. metals, and IIJ.V compounds. 

The mechanisms for wet chemical ctcbi.11g involve three essenti.tl steps. , L~ ill11str.1ttld 
in Figure 5.1: The reactants are trnnsportcd by diffusion to the re,1cting surface. chem­
ical reactions occur at the surface. and the products fro111 the surface arc remo\cd h} 
dilTusion. Both agitation and the temperature of the etchant solution influence tJic etch 
rate, which is the amount of fllm remO\ C:d by etching per unit tinw. 111 IC pre>ct'ssing. 
mo~t wet chemical etches proceed b} immer.<ing the wrucrs in a chcmic,\l solution orb} 
spraying the wafer.< with the etchant ,;olution. For immersion etching. tht> wnfcr <.~ in1111t•1-sed 
in the etch solution. and mechanical agitation b osually required to cn~ur<..' <'tch unifor­
mity nnd a consistent etch mtc. Spmy etching has gmdunll) n?placed immersion etching 
because it great!}' increases the etch mte and unifonnit} h} constantly ~uppl)in~ frc~h 
e tchant to the wafer surfo1.'C'. 

F'or semiconductor production line~. ltighly uniform eteh rate~ an· important. Etch 
rates must be unifom) across a wafor, from w1ucr lo wafer. from nm to n111 .• uid for ..u1~ 
variations in feature ~izes and pattern d1>n~ities. Etch mt.: uuifonnit) is gi\l'II bv tlw fol­
lo\\ing equation: 

(M,Lximum etch rnte- Mimmum etch mte) 100,., { l ) 
Etch mtc uniformity(%}= . ) x ,, 

• (Mtt,imum etch r,1tt·+ Mimmum etch mk 
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ll l'iudn,ti 

i!IH ..._'tlou 

! 

S,◄ 1rtit.'<>11th1ctor 

figure 5.1 B.t,,~ nwd1;,nh111, iu wet du,mic-.il ctchill):, 

EXAMPLE 1 

c.Jc,11.,h thl· \I .l\.-r-.1gc l'1d1 rah: .111d etch r.itc: uulfonnit) on , 200-mm Jiainlllr ,ihcon w,ucr, 
.~511111m( th.: etch r.11c~ at the l'Cnkr left. right. top. ;ind hottmn of the w.1ft•r are ;r,o, 812, i65, 

i-l3 and i9'> 1111\/'tnm. rc<pt'Ctilcly 

SOLUTION 

. .\I :tl"t'l".il(l' etch rail' = (i51) .. $12 • ,65 ♦ 743 .- i9S) + 5 = TT3.6 nm/min 

Etch rate 11nlfon11il) = (812 - i-13) + (!, 12 + 74'3) x 100% = 4 4% 

5.1.1 Silicon Etching 

◄ 

For semiconductor materials. Wt"t chemical etching usually proceeds by oxiclntion, fol­
lowed h, the dissolution of the o~dc bv a chemical reaction. Por silicon the inost c.-om­
monh ,;\c·d dchanl~ arc mixture~ of n'itric acid (UNO,i) and hvdrofluoric add (HF) in 
watc; or acetic acid (CB ,COOi I). Nitric acid oxidi?,es silicon t~ fonn a SiO: layer.1 The 
oxidatio11 reaction 1s 

Si .. 41 l '\O ➔ SiO2 + 2H:O + 4:--10~ 

H~ drofluoric acid is used to dissolve the SiO1 layer. The reaction is 

SiO. + 6HF ➔ 1-1:SiF, + 211:0 

(2) 

(3) 

\\".1tt'r c·,m be 1&·d ,is a dilu~nt for thi.s etchant. 1 lowever. acetic t1e:icl is preferred because 
,t rt-tl11c-c.•s tJw di~\olut1on of the nitric ,add. 

Somr i>tchanh d~\olw a ginm Cl) \lal plane of single-crystal silic.-on much faster tlum 
unotl,cr pl.me thb rc:>sull\ in oritmtation-clqx·ndent c•tdting. For a silicon lattic.-c. tJ1e (1 J l} 
phnc> ha~ 1110n: ,t\ailablc boucl, per unit ar<',t titan the {I to) and (100) planes: therefore, 
tlw 1•tch rate i, t·,1wcted to bt: slown for I la(' ( 111 ) plane.-. A commonly used orientfllion• 
lli·pcndt•nt 1•tch for ,,Jiron con~ists of a mi.mire of KOii i11 wntcr and i~opropyl ak-ohol. 

5.1 Wot Chemical Etching ◄ 87 

For c.\..1111plc, a ,olutio1rnith 19 \\1 % KOii in deionized (DI) w,,tcrat about !,O c r,·niow, 
the 000) plane .it a m11eh higlwr rate thn.11 the (I JO) ;,n<l (ll J) plnnP§, ·n,e Mio of th,• 
Nch mies for tl1c (JOO). ( 110), and 011) planes i\ 100:16; 1, 

Ori~ntatiou-dc:pcndent utchiug of <100>-oricntf'<l silicon through a patlcmc<l \ili­
c.:o~ dlo,1de nul~: creates precise V-shaped grooves,' the cdgP~ hcing tlw ( 111) plane\ at 
an angle of 54.7 ~rom th~ (111) surface. <L\ shown at the ltft of Fagurt> 5.2a. If the win• 
d~w m the mask LS sufficacntly large or ,r the utching time,, short, a U-~haped groow 
,,,II be fomwd, a.s shown at the right of Figurt> 5.211. The \\idth of tlat bottom ~urfocc i, 
given by 

WI,= w .. -21 t'Ot 54.7° 

or 

(4) 

\\:!_1ere W~ is the ~,~dth_of tJ,c window on the wafer surface ond l is the etched deptJ,. If 
<110>-onented silicon 1s 11St-d, e:;senlially stnuglit-walle<l groo\es \,ith sides of( 111) pl.mes 
~an be fomaed. as sho,"'.1 in Figure 5.2b. We can use the lar~e oricnt.1tion dependence 
111 the Ptcl1 rates to fabncate device structures wilh submicron fe;iture lengths. 

5.1.2 Silicon Dioxide Etching 

The wet etching of silicon dioxidc is commonly acl1le\ed in a dilute solution of HF \\itl1 
or without the addition of ammonium fluoride (NJJ,F). Adding NH,F create~ what t, 

f--\1'0-j 
(100) S10. 

Si 

(a) 

(111) 

SI 

!bl 

Figure 5.2 Oricmt1.1tion-Jcp.:11dt'Ul etching;• (o) Throul(h \\indow pJttcm, on <100>-un,mt<-d 
,ilicon. (IJ) Thruul(h window patt11m, on <110>-orknt<-<l siliron 



rclt-m-d to buff ml II I- ,.>111t1cm BI IF\ ,tl 'f> l·.111,·d b11/fi n·d ,,ml, l'td1 (BO!~). Tltt· 
addlurm of:'\ u.r to 111: a •11tn1l\ tht• pl I ,.,hw .md replt·m,ht•~ till' dt•plchon of tlw Ou­
ori IIOl , 1hu, 111.amt min!': ,t,tblt• 1'1rh111~ [>1-'rfun11,111c't-· TIil' oH•r,111 n.•achon for SiO 
ctcluu • is the -..1111,: u., tl1.,t m E,r 3 Tht> 1•kh rnt•· of S1O l'lc·hrn~ dC11w11d, 011 t'tchani 
snluuon ctc.hant l'Oll~'\.·11tr.1t1011, ,1iot,1tio11 .111tl l<'lllJ\l'l ,IIUH'. In .,dditiun dt•n,it). poro,. 
i 1ruc•m,tmctun.·, .u,tl tltt.• p!'t',l'II<'<' of 1111puritie, iu 1111' o,iclt• mllm·lll't-" t ilt' 1•tch mtc 
For mplt". lui::h rou<X•ntr.itmn of pho,phorn, iu tlw O\ldt· r1·"tlts 111 ,l mpid increase 
l:n the ••td1 r.itt.> .. wd u i.x,.,..~ ,trudur,:d o\id1• fonill'<l b, dw111mu, ,1por tl11po.,ilio11 (C\'l)) 
I)(!' ,1111c1t-ri11~ 1•J.ul11h u f,L,kr t'ld1 mh' tlu11 thtnn,Jl> W<l"11 oxidt• 

. tin 011 dioutle c-..w al.so !Jt· ctd11.'(I in , .1por-ph,L,1· I W \ .1pur-ph,L,e I IF oxide rtch 
t, , 11110!~ ha.,, pott:nti:J for \1th1111crn11 f1•,1hJTt' 1•1d1i11g l)('C.\Uw the> p~~, c,u1 be well 
ronunllrd 

5.1 .3 Silicon Nitride and Polysilicon Etching 

'11h, l,1 mtnJ. film, .lfl' l'1d1uble .11 room t.•mpt•mtun• in t-onwnlmted IJF or buffe red 
11 f ,111<1 m ., boilm~ 11 PO 1 ,ol11tio11 dt'<.'th·t' t'tchin~ of nitridl· to o\id1.• is done \lilh 
'>5~ H PO, ijl lS0 C bt·t'lltl)(• thi, ,ol111ion .1tt,1rh 1.ili('OII c.l1ox.idt• ,·t.'n slow!~. The etch 
r.\lt.' ~' l)pic:t.11) 1011111.1111111 for ,ilicon mtridc·. but le,~ thau I 111n/111i11 !or silicon <lio,iJ e. 
llowcwr, photon.--i~t .1dht•,1on problt>ms .ire l'llt'Ounten.:d when ctchin~ nitridt \\i th boil­
m~ II 1'01 ,tilution. 81:tter JMlkmin!': l,IJI be .id1kvcd by depo,ihng" thin oxide layer 
on top of th,• 111tml1• r.1111 beforl' n:sist l'Oating. The rt·,ist p.1tll'm 1, tmu~fcrred to the 
01ude l,t)l'r, "lud, tl1t·11 .ic:h ,i:, . , m.1,k for \11b,equt•nt mtnd1• dd1111~. 

Etc-hmi: polp1licon i.:, ,imiLtr to etclun~ s111gl1••c·n st,J \ilkon l low,·w•r the etch mte 
,, con,1d..·mbl) fa,ter bt>c,,u,1• of tlw i,;un boundant•s. Tht· ctt'h ~ulution i.~ u~uall) mod­
ilit"tl to l.'Tl)III\.' tlut it d()(', not ,1tt.1ck tht· underl~ing g.:1te o\l<le. Dopant conocntralions 

1d tt•mpt·mturE> 111.1, :tll.'e<.1 tJu.• e tc.-11 mte of pulp,ilicon 

S.1.4 Aluminum Etching 

Alummum .,ml aluminum .,Ito} film) art· g('nernll} etched in he.11t•d soluhorl\ of pho~­
pl1oric acid. nitric- acid . .ic.'l'tic ,t<.id, and 0 1 "•'kr. Tl11t t)pkal etchant b ., ~luUon ofi3% 
II PO •. 4% n:-,,o 3.5% CII COOH.and 19..5% Ohmtt:r.,t30~Ctob0°C. TI1c wet ctd1-
111~ o( a!t111111111111 pro<.,'<'<l, a.~ follows: IT 'O o\idi.zc~ .tlu1111 11111n. and II PO tlwn dis­
'>Oln•, the o'Cldi:a:d ,1l11minum. Tlw ..td1 rat<- cl<'pend, on dchant c:onccntration. 
t1·mpemture. agitation of tht• \\.~ifcl"\. an<l impuritie or alloy~ in the ,durnmum film. For 
e-;;unplc, tltl• etch rntt> ,~ reduet-<l wlwn roppt"r is added to tl1c ,Juminum. 

\Vet <'tc:lung of ,n~ul 1ting and met.ii mm~ i, usu.1Jh done with :,imilar d1em1c;1ls that 
di.,-nlw l}lt',r matcri.-Js in bulk fonn ,mcl in,olw their con, •!"\ion into ~oluble salts or 
comple\l'' Ct·m•r.111). film materials will he 1!td1t-d mort.- mpidl) th.111 tht•1r hulk coun· 
tt'rp.tru Aho. tJ1e L•tch mte, are h1~hcr for film~ tlu t ha,t' a poor micrmtructure. built-
111 ,m", or dep.uture from ,toichiome~. or that ha\c been irradj,ttl!cl. Sornc useful 
1di;u1t- for m,1il.1tmg aud 111etal falm.s art· h~tc:d III T,tble 5 1. 

5 1.5 Gallium Arsenide Etching 

\ \\1l ''111•·1) of I td1 , 11.1\ t! bet·n 111,t~tii,1tt.-<l for ~allmm .1N.•r11dl·: howl'\'l'r. f1.-... ,· of tht•111 
art" tnil) i: otropw, Tln, i, l><.'<:.111,t• tlu .. • ,urf,Kl" acth1hl'' of tliv (111) Ca .u,<l ( 111 ) A, 
f. 111'(• ,1•~ difft·rt·nt \(o,t t•tdu:-, l!l'<' ,i polisltrcl , urf,llt' ou the .m1•111c fat:c. but tJ1c 
gnll1111n (11(.'C tt•nd, to ,how cry r.1lloW .. ph1t.· dcfet1-. a11d t'ldu·, more, slow)~ The mo•t 

cornmo11l,medctcl1.111t~.trctht H O ll.O-H O,tndH .PO - 11:C)1- II.O ,),h:ms. For 

5.2 Ory Etching ◄ k9 

TABLE 5.1 Etchants for Insulators and Conductors 

~foh rl.,I Ftchant <:0 1111'!0,llto n Etd , H~ll (c,11,/11 ,m ) 

S,O 
2'S ml IIF l 
170 1111 !ff llnOm·d !IF !(JO 
113 i: Nil ,~' 

15 ml IIF l 
10 ml II '11O I' 1·ld 1 12 
30<> n1l 11,0 

\I :\• Bnll'cr,·<l 11 F 05 

"' 11,PO, to 

4 ml 11~0, l 
3.5 ml Cll ,COOII 30 
73 ml IL,PO, 
19.5 ml 11,0 

A11 4 g Kl 1000 

I~ I. 
10111111.0 

Mo 5 ml II .. 0 , 500 
2 ml II NO 
4 ml Cll1COOII 
150 1111 11,0 

I ml IJNO l 
Pt iml IICI 50 

8ml 11 ,0 

34 g Kil.PO, l 
\\' 13 4 g KOii 160 

33 g K Fe(CN), 

II. 0 to ma.k1: I liter 

an etchant with un 8:1:1 ,·olume ratio ofll :SO4:lrz0::ll:O, the etc-h rat1· i.\ 0.& µm/mm 
for the <llL> C,1 face and 1.5 µm/mi11 for all other fa('('~. For an etch.mt with ., 3:):50 
volume ratio of H ,PO◄: llz02:llp. tllP etch rote is 0.4 µm/min fortlw <11 1> Ca face and 
0.8 µm for all other f,wes. 

5.2 DRY ETCHING 
In pattern trMsf<>r operntion., . a rc~1\I p:ltt<'m is clc•flrwd by a litho~mphic.• prore"-~ to 'it' rw 
as a mask for etching of its uudcrl)ing la)t:r(Fig. 5.3a)." .Most nftht• l:1~1•r materials lt'-~ .• 
SiO

1
, Si

1
N,. and deposited mctnl~) arc amorphous or polycl)--stallirw 1_l1i~ films. If tht•y 

arc etched In a wc.>t chemical etchant, the etch rate is gt•m.·rally isotropic _(1.t•., tl1c:_Iatcr.u 
and vertical etch rates ,m· tht• same), a., illustnitt-d in Figun• 5 .3b. If /11 I\ the tluclawss 
of the layer material and/ the latcrnl di~t.,nt'<' ctdwd u11dt•mt•atJ1 the n•sist m,uk. wt• um 
dl'f1ne tJ1e degree of anl~utropy <A,) by 

I Rt R 
A ■ l--= 1--1 = 1-..:.:l. (51 

I h, R,,t R. 

----~-------~-~--~--------------------
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lns11lltor 
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Figure 5.3 Comparison of Wl.'t chemical l'tchin_g and dry etchin~ for p.11tcm tmmfcrij 

where I is tinw and R.1 and R., arc the lateral and w.irtica.l etch rates, respectively. For isotropic 
etching. R1 = R.. and J\1 = 0. 

The major disitdv-,111tnge of wet chemical etching in pattern transfer is the undercutting 
of tJ1e layer underneath the 1nask. resulting in a loss of resolution in the etched pattern. 
In practke. for isotropic etching. the film thidmcss should be about one-third or lt!ss of 
tl1e resolution required. If pattcnlS arc required with resolutions 1nuch smaller than the 
film thickness, anisotropic etching (i.e .. L ~Ar> 0) must be us<>d. In practice. the value 
of Ar is chosen to be close to unity. F\e;ure 5.3c shows the lirniting case where ,\1 = I. cor­
responding to/ = 0 (or R1 = 0). 

To achieve a high-fidelity trm1sfor of the resist patterns required for ultmlnrge-sc.ue 
integration processing. dry etching methods have been developed. Ory etching is ~)11· 

onyrnous wilh 71/a.sma-n,;.\illrd 1•tchlng, which dcnot<-s several tN,hniques that use plasrnn 
in the form of low-pre.~sure discharges. Ory etch methods include plasma etching. reac­
tive ion etching (RIE), sputter etching. m11gnctically enhanced JUE (MERI£). rcacti,c 
ion lxmm etching. and high-density plasma (UDP) etching. 

5.2.1 Plasma Fundamentals 

A plasma is a fully or partially io11i1,ed g:Ls composed of equal numbers of posiu,e an<l 
negative charges and :i cliff Prent number of nnionizNI molrcules. A plasma is pmducctl 

5.2 Ory Etch,ng ◄ 9 l 

when an electric fldd of sufficient r11agnit11dc is applied to.,~. cau.\in~ the ~...s to brf'ak 
down and b<•oorne iouizcd. 111e pl.isrn:t is initiated by free electrons tlwt ,,re rck~d I)., 
some means, \11Cl1 as field emission frorn :i 11cgati,el} biasr•d elc-c1rod1•. TI1c fr,,e ell';· 
trons gain kinetic cn~rgy f~om tl1c electric field. In the c.vur;c of rhcir trawl 1hro11~li tlu.: 
~•L~, the c:l<:':ro11s oolUde ,~1tl1 gas molcc.11le\ a.nd lose tlw1r cncrgr. Tiw encnzy trJ11~fom:d 
m the colhs,on cau<oes tlu: ga.~ molecule\ to be ionized , i c., to fr<'e. elf•ctron5), TIK· fr.:c 
clcctrom gain kinetic. cnerizy from the field, and th<' procc~s c."OnUnu<'s. TI,ncfore, "heu 
the applied voltage is l~cr than the br.,akdmrn potential, a ~us(jjuc-d pla\ma ~ formed 
throughout the reaction chmnlwr 

The electron C.'Onet:ntration\ in tl1e ph~ma for diy etclun~, aw rel.,thclv low tYpi­
cally on tl1e ordcr of 10' to 101

• cm· . At a prc~surc of I Torr. the concentration~~{ g.15 
molecules are 10' to Lo· times higher tl1a11 the •lcctron ront1•ntr.,tio11.s TI,i~ H>S1ths w 
.111 :tH·n1ge gas temperature in t},~ rdl1gc of 5(FC to 100°C. Therefore, pla..\111:l• istcd 
dry t'lching is a low-temperature proce:-,. 

EXAMPLE2 

·n1c dl'ctron d1·1\,1l11•\ in RIE and IIDP ~~tc,111, r-,,11)!e from JCJ t i) 10 un a.nd 101 to 111 ·an 
re,;pt,L1i\'1•ly. A~umin~ t1tl' RIE <h,,mher prc,w.r.: 1, 200 uiTorr .,nd UDP d rn~r rr .ure u 
5 111Torr, taku!Jtt- t.hc 1011i7.1ho11, mckn,-. an RJE n,'3(·tors a.u,l IIDP reacton ,t room tcm~r;a. 
tun TI1c 1on1Z.1t1on dflaenl·y i~ tJu• r.1.tio·or the i:-kdrtin den.\11)-' tn the den\il) c,f ruolccrt~ 

SOLUTION 

f'V • 11Rf 

"hn,• P ,, tlie pri~"11r,· in atm 1 , lrn = i60 000 mTorr , \' 1, ti., ,ol11mc m I.ten. ll as tl,c mua­
i>l'r of mole~. R i, t11t• ga\ cou,t.ont t0.0'>2 lit,·M1ti11 mol-K, ,md r" tilt' aL,;olutc h:mp,,ntun:• m 
K. r.-,pt>eh\t•ly. 

Fur tlu• RIE ')'11·111 

u/\' a l 'IJH' c ( 200 -;'ti(),f.100 0 U'i.! X ,lOOl • 1 llti x Ur' (mol 1ittr 

al 1)6xl<r'x602xl0 +1000 

= 6..'>'>.., 10 ' cm 

lon1.LJliu11 cfficit'llt) • (10 - 111 63-'.> x 10 

• I ,3li X IU • - 1..56 .-c IO 

J~or tht• IIDP ">'tt•rn 

111\' • PIRI • (S ,f,0.000\fiO 0\2 x 300 • !! "'6 x 10 mol lu,.,. 
• 2.66 X 10 )( 6 0-! < Jl + 1000 

= 1 fi >< 10" (an 

10111,.,uon ,•fficu-nc, • IO' - 10 • 1 6 x 10 

a h ;?.~ x 10 - 6 2.5 x 10 

5.2.2 Etch Mechanism, Plasma Diagnostics, and End-Point Control 

Pl.t\lna t•tching i< ,1 P~''" in,, l11d1 .1 ,ohcl film i, n·mOH'\I h, .1 dn-1111ml n':ll"tiOII mth 
grouniht,ltl• or cx<:ill'll-,tatt• 1wutr.il ,1)('(.it'' PLN1t.1 Ptd1i11~ t, ott,•n <'nh.utl"{'\) ur 111clun·d 
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t,, cnrn!l'IIC ions 'i•nl'r.ilt'd Ill a g,15t'OIIS di.,rharge Tiu: l,as,c etch mechanism. pla.,ma 
<Wl,1~no,tK , anJ cud-point l'Olllrol ,1rc intmduet•d brit.>11) in thi\ ect1011 

El h \ (cclinnim1 . 
PL,,n ., t>tc:lwig pnx,,-..-d., u 1 fin• ~tt>p~. a.~ illu~tmted iu Figun• S.-1. Fir-I. _tlu- ctchnnt ,pe<,es 

l I II , pl ~Ill I ·1·J1u ru 1•·t:ml L, then transported b}' chffus1011 through a st-.,g-.. , ~t'lll'r., t't. 111 •~ , .~ , . '" " ·-4." • . • 

11 nt ..,~ IJwr to the ,urfaC'f'. Nf..'xl. tlw n•.1C.1.111l is adsorbed 011 the surface. A d1em1cal 
n: ,ch~n (.Jon~ \\ith ph) ,,t·.il i:fft-ch ~ud1 as ion bo111bard111ent) foll?ws to ~om, volatil<." 
l'oanpouncl-.. flualh. th<> compound., ,m: tlesorlx-<l fro111 the snrfacc. diffuwd mto the bulk 
~L', ,md pump1:d out h, the \ucuum syskm.' . 

Pl.~u1.1 t>tchin~ i.s b,'IS •don tlw g1•ncr.1tio11 of pln.~ma in,\ ga., .,t low prcssur<·. Two basic 
"~' ornwthods .,n• ,._.,-<l: ph,,c;ic.il method~ ,u1<l chemical methods. Th~ fonne~ ir1clud~~ 
:puttt>r t>tc-hing, and tlw btlt'r mcludl•s pun.- chcmic-.il etch.mg. In phy~1c~ etc~1ng. po~,­
ti\l' ion, homb;inl tl11: surfat-e ,1t high SJX'Cd: small amounts of ncgntwc ions lonncd in 

till' pt.~~m.11.•.1nnot t'l·.1d1 th1• \\,tfor surface and thcrdore play no direct role in pln.~ma et~h-
111~ ln chcmic:nl t>tching nt>utml reactive ~pec-ics 11.cucmted b~'. the plnsm.1 111t~1-act with 
tlit· 111,,kri.tl ,urfal't' to fonn volatile pro<lucb. ChcmiC'ul 1utd ph) ·,cal etch meduuu ms haw• 
diff.·n:ut ch.imctt-ro'tic<. Chcnut·.il ctdung exhibits a high etch rall' and g<'O<l relccti,ity (i.e .• 
tlw ratio of t>lch ratt>s for clilTc•n:nt materials) and produces low ion bombardment-induced 
cl:un.i~<', hut ~ields l,otropic profiles. Ph) .deal etching can yield ,utisotropic P!vnlc~. b~t is 
,b'>OC'i,1tt>d with low etch st>lectivil) and high bombardment-induced da.111;1~l', Cc,mbmations 
of du.:nuc1l and ph~. ic:al etching give anisotropic etch profiles: reasoM!,l> good sel~­
u,il\. and modcmlt> bC11nbar<l111ent- ind11c<.>d clarnuge. Ari example IS the Rll', process. \\1ucb 
uw~ ,l ph}sit-.il mctl1od to assist dti:mical etching or create reactive 11.1n~ lo participate 
in chcmic.J etchml!. 

pJ..,,ma llow111~ It"' 

-----------

I (',. u<·flhoo of ,-1d ... nt sped~• 
2 Olllu\lnn to •urf.c.-

-----------1----- -----·-------------------------
St..ltJl.llll g.i, L.,-,·r 

' 
;J • \ cbo,ption 

I 

( H R~•J('IJOfl 

Fwu 

,5) Oc<orptJ011 ~nd diffu'1on 
mtobulk 
g.u 
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Pln,ma Dingno~lic~ 
Mo~t proc·es,ing pl:~111,lli emit raclmllon m tl1c r.ingc from iufmred to 11ltrmiol1·t ,\ , 1111• 

pie anal)1ic:1l technique is to metLsurc tlw mtt-nsit} of the\l· 1•11ti\~ions \~•r,u, \llil\l'll'ligth 
with the aid of optic,tl emi~sion spt:clro~l'OP)' (OES). Using ob\t"r\t•d sp<•ctrul pt:.,b it is 
usually possible to dctt•nnine the pr<·~nC.'(' of nl•utml iutd ionic spccit-, by l'OTTL•hting t11r·w 
e111is~ion., with prt.'\iously determlnt-d ~p<:ctrnl wnes. Hd,10\c coucc•ntmhom oftllt' spt·cit'\ 
c-.in he obtained by correlating changes in intcnsil) with tl,c plasma param .. t .. r~. The crni.\­
~10 11 signal derived from the pri1nur)' etchant or b)-product begins to 1™' or f.tll al the 
cud of the etd, cycle. 

E11d-Point Control 
DI)· etching differs from wet chemical etching in that dry etching hns le~ etch wlc<:tiv­
il) to the underlying layer. Therefore, the ph:15ma reactor nm~t he equipp<>d with a mon­
itor that indicates when the etching process is to be tenninatcxl (i.e., an rnd-710i11I dctcrtio11 
.,:1,-tl'/11). L.'lScr interferometry of the wafer surface i) 11s'1d to conlinuou~ly 111onilor etch 
rat<•~ and to determine, the end point. During etching, the inten~ity of laser light refiede<J 
oIT :i thin !'ilm surface oscUlntes. This oscillation oc-curs because of 1h11 phase interfor­
enl.--C between tl1e light reflected from the outer and inner mterfaet-\ of the etching la)cr 
This la} er must therefore be optically transparent or scrnitmnsparent to obsene tl1e o!>cil-
1.,tion. Figure 5.5 shows a typical signal from a ~Uicide/polycl)-.;tallinc Si gute Heh Tl,c 
period of the oscillation is related to the change in fllm thickne(s by 

M = 'A.l2n (6l 

where Ad is tbc change iu film thickness for one period of reflected light. Ah the w,M· 
length of the laser light. and n is the refmcti,e index of the la}cr being etched. For t>\!Ull· 
pie. &l for polysilicon is 80 nm, measured by using a helium-neon laser source for which 
,. = 632.8 nm. 

Reactive Plasma Etching Techniques and Equipment 

Plasma reactor technoloro· in the IC indusuy ha.s chrmgcd dnmiatit-,ul} ,int't! the fir-t .1ppli­
cation of plasma processing to photoresist stripping. A reactor for plasma etching l'On• 
ta.ins a vncuum chamber, pump system. power suppl}' generators. pn.1!:\ure senso~. gus 
flow control uni ls. and end-point detector. Table 5.2 shows the ~imihritib Md clHTerenct·s 

Silicidt'i'polpiticon t•lch 

<·•pc•rirni-nl.tl CUI'\•' 

Etch Um.- 1~1'1>1tn1f'' 1111111) 

Figure 5.5 Tlw rdoli\'C rcOcct.uicc vf the l'ldun~ \11n,1c,.• of ,I oompo,ilt' ,ilal·11k:ii>0h • ·, L.wr 
Tiw t·nd point of tJie deli i~ lntbC.lh'd L,y tlw l't'"'1Uon of thi, rt•fll"(.'t,inc,.• o.c1ll.1t11m 
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Etch fool Co11figur11tmn 

&m-1 , tclttng 
lm-n,tn:~n pwnu. ..-1, ~ 
Rt"arti,, ton et,¾i.11,1: (Rm) 
\I dJC' mli.ui«tl Rn: 
\111gt1ttlcumhucment ln,,d,.· HU:: 
t:lectmn C\ ~olruu rc.sc_,1~111c..· 

plim ; Id, 
JoJUt1hch couplcJ pL."ua or 

ln1mfonn r<011pl.-J pla,m.& 
Surfa«-"""' t•oupl1'11 ph,111.1 

or tiehron rL"u i:i 'tdlllll: 

Clwmic.il 
Ch, 1111eul 
Uwuu,-.,1 ,uul ph, ,1t.1l 
< ·J1t•mn.·.i.l ,mtl ph),1c.1I 
(.h,·nnc:.u !n<l ph,,,c-.tl 
Chemic ,I 111111 ph~ 1cjl 

0 1-lll 
0.1 - 10 
O 01- 1 
001-1 
ll.llOl- 0.1 
o 001- 0 I 

O lXll- 0 1 

O.<Xll- 0 .I 

111 tl1e I) pt-, oi c·tdun~ t><fWPHll'III that .m: ,-ommert'iallJ· a, ,tilable A <:01nparison of pres­
,ult' opc:·mtin~ r.uig,·, .u,d 1011 l'llt'l')tlc.>s for diITen·nt typ1: of readon. i\ ~livwn ill Figure 
5 6 F rh ,•tt:h tool i, dt•,1g1wd empiric.-.tll~ and 11,1.•s a particular <.'Omhinntio11 of pressure. 
rle<:tmde confi~11r.1tion .md l)lk ,Uld sourw frC'q11u1cy to control the h\ll ;lriman c-tch 
mech.u1hm,-d1cmic.J ,md ph, ,c.-.J. lli~lwr etch mte~ and tool automati(ln ire required 
for mo,t t·tch,•l'lo 11,t-<l 111 m:111ufoth1rin);t, 

Reacth e Ion Etching 
RIE lu., h,.-1.11 t·,te11,iwl, med m tht> microdectromc.-. indu,tl), In ,1 pa.r.Jlcl-plate diode 
') stem. 1 ra<lio frt·<1ut·nt) c.-.1p.1c.:ith·el) <'<>upled bottom t>IC'Ctrode hold~ t'u wafer. This 
.tllow, till' grounded dec-trode to have ,1 significantly larger area h<•c.:,111~c- ti is. 111 fact. the 
d,amlx·r itwlf. The larger ~ou11d1'<1 ar('.1 rombiJ1"'d with tJ1c lower oper:itiu~ prnssure 
(<500 mTorr) ra1N-s the \\.ifers to l:it: ~ubjl"cted to a hcan bombardnwnt of energebc 
ion, from the pl.~ ma as .1 result of tltc large negative self-bias at the wafer ,urfoce. 

The dch st'lt·cthit) of this <.ptem i~ relath·ely low compared ,\itJ, tr.tditional barrd-
1•tch ") tt-111, be<--a11~e of \lrong ph) ,ical ,puttering. How1.'\ er. ~clecti\ity can be imprO\ t-d 

1000 

.: 1(1 

10 IIJO IOOO 
Pn,uure(m1on) 

Agure 5 6 Cump~mon of 1011 , 111'1'}.'\" and •,per 1bng pre,;~un· r,111~1•, for d,(fc:-r,:nt ty}lt'• uf 
p m:i.n-oi<.ton 
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b) choosing thl' prupt•r <'1d1 dw1111,ll), for e,;;1111ple II)- pol} 11t1.•rtdntt tlw " hron "•rf.,c,• 
mth Ouoroc1rbon polynwrs toohtnm '<'k-c:ti~ih ofS10 mer-ihcoi, \ It ·n. 1-. I I ,., l RIE I I ., . . t 1.11"'} ,llmx,·-
conugura ion • <•tr •.· ass 10\\1l 111 F'1gun.• 5 7 c.in ,cparnl" pl"•ina" . .. • f I , · • ' • • ' , .. , .,1·111·1,tuon mm 1011 
transp<_>rt. on ~-ncrg_) lS c:011t'.'°!lecl through a St-p.tr,tl(.' bi.LS Oil lht• wafer (•)('(:t.ro<l1·. tlwrem· 
nmu111w1'.~ the loss of \l'lt"<:tl\1ty .111<l the iou bombanlm,•nt rn<lut'l!d dani.,gt• ol,s.•f\Pd 1;1 mo~-t tmclihonal RIE S)litt•111s. • 

Electron C)clotron Rc,onunce Plasma Etching 
Most pamllcl-phltc plasma dcher.;, exocpt triocfo RI E, do not provide tht• ubility to 0011. 
trot pl1L\lltn parameters ~11ch as electron energy. pla\ma demity, JJld rcatt,mt dl'n~il)' indt-­
p<'llclently. A:,, a rl'~ult. 1011 bombardment- induced d:unag<' lx'COrnes ,1 wrious prohlem 
Tlw e/('~tron cr1clotro11 n •10111111ce (ECR) reactorcomhines mi('row:t\C f>O\\'l'rwitli a stalir 
magrlt"uc field lo force _electro~ lo circulate around tl1<: ma&'n<:tic field hue) at .m ,mgu-
1.\T frc_<JUt'nC.)'. \\~1en this f1"1;"que11C) equals the applied microw·a,c fre,pienc.'). a rcIDnai;,,. 
coupling occurs between the electron ent>rg)' and the applied <'ll'Ctric field tliat n:)ulLs 
in a high degree of dissociation and ioni7~1tion (10-2 for ECR romp.ired ,,itli !OJ for RIEi 
F1guw -5.8 sl'.°'vs an EC~ r<'act_ion c·hambcr t'Onfigumtion. ~licrowaH· f>O\'·er i, coupled 
th~ugh a microwave '.Vlnd~w mto the ECR soure<.• region. The magnetic field 1s sup­
ph<>d fro'.11 tl1e m_agnet~c co~ .. ECR plasma systems can also be nsed in thin film depo­
\11ton. I f1gh efficwnc.-y 111 cxc1_ling the reactants in ECR pl::ism,1.~ allows the deposibon of 
films at room temperature \\1thout the need for tht>nnal activation. 

Other Iligh-Densily Plasma Etchers 
Ali feature sizes for ULSI <.-ontinue to decrease. the limits of lite C.'Onwntional RIE sys­
tem are being approached. In addition to the ECR system. otlier types of high-<leiu°ity 
pla.~mn sources. ,uch as the inductively coupled plasma (ICP) source. the trarufonncr­
coupled plasmn (TCP) source. and surface wave-coupled plasma (S\\'P) sour<:t·s. have 
been de,·elopcd. These etchers have high pla.sma clcnsit)· (1011-101: cm- ) and low pro­
C.'C'~sing pressure (<20 mTorr). In addibon. tJ,ey allow the wafer platen to be p0'wrt,d indt'­
ptmdently of tJ1c source, providing significant decoupling betw<>en tl1e ion energy (wafer 
bia.~) and the ion Om: (plasma den~ity, primarily driven b) sourc't' power). TI,c primal)· 

Figure 5.7 Scl11, 11i.,hc of a triode n·.ic.1iw 1t1n ,·tch n•actor n1,· 1011 ene"R'· i< )('J),ir.aleh· t"n• 
t rolk'() hr ,, hl.u \t1ltu!(c on till' bottom t•lt-clnxl..- rf. radio fn·qu<-D<.')' 



96 ► Ch1p1 ft Etcti ng 

\lk'n>","''' (2.J5 C lhr) 

Pl,1._,-.ma 

t:huiub..·r 

lk .tctiOll 
cl,.unhl-r 

ElcctmslaHc chuck """"""'' - ~ 
Figure 5.8 Scht:matic of .m elt.-<.-tron cycloh'Qn w,onance reactor. 

I 
processinl{ advantages of I fDP sources are better critical dimension (CD) control, higher 
etching mtes, and better selectivity. 

In addition. HOP sources provide low substrate damage (bec·ause of independent 
biasing of the substrate and the side electrode potentials) and lugh anisotropy (because 
of low pre~sure. yet high active species density). However. because of their complexity 
and higher cost. these systems may not be used for less critical applications. such as spacer 
etching or planarization.~ figure 5.9 shows a TCP plasma reactor. A high-density, low 
pressure plasma L~ genemted by a Oat spiral coil that is separated from the plasma by :i 

Figure 5.9 Schematic of., tr,U\Sfonucr-<.'011plc,d pla.,rn:i rc,atlor. 
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dicll'.Ctrlc plate on the top of tlw reactor. The \\~lfor i, lc,catc•d a\\~•> from tlw roil. \(J it 
i~ no~ a.ffcttecl by the clcctr~magnctic field gc11rmtNI h}' tlw coil. Thn1: i\ littll· pt~"n.1 
density loss hcca11\t1 plru.111a 1s gc,wratcd only a few rne.ut free p.,th\ ,I\\ ,l\ f rum tilt' ,1 ,,fn 
s11rfat'('. Th<"rrfore, a high-dt·nsit) plas111:1 :md high ctd, mtc~ are .ichu.,·wd. 

Clmtcrcd Pln~mn Proccs,ing 
Semiconductor wafers an• processed 111 chian rooms to mini111i:w cxposun, to amhir>nl 
particulate contamination. As clC\ice dimensions shrink. partit11latt- c'Ont.unination h1'C.-0111~ ... 

11 more serious problC'm. To minimize particulate cont,1111io:itio11, dustcrt!d pl,Ls111;1 tool\ 
use a wafer handler to pass wafers from one procc-.s cluunher to another in ,1 , .,cuum 
environment. Clustered pl:L,mll prOCCliSing tools can also incrc,1,w throughput. 17i~ure 5. 1 0 
,hows tht• multiht)c>r metal interconnect ('li\\'/AICn/TI\\') <'lch.i11g proce~~ \\ilh clu~ll'n>cl 

tools in an AICu etch chambcr, a TI\\' etch chamber. and a ~trip pas,\h.tticm chambl•r. 
Cluster(.>d tools provide an economic advantage by having high chip )ield l>ecau,t• thl· 
wafer is exposed to less ambient contaminntion and is handled lt•~s 

5.2.4 Reactive Plasma Etching Applications 

Pla.,111a etching has rapidly evohcd from ~i,nple batch resist strippine; to largl· and \1nglc­
wafcr processing. Etching S)Stems continue to be i111prove<l, from tlw conH•ntiorl.\l RIE 
tool to the high-density plas111a tool for pattern transfer of decp-submkrnn cll'\'iC(•~- \side 
from the etching tool. etch chemistry also pla), a critical role in the [)f'rfonnanc.x, of tlw 
etch process. Table 5.3 lists some etch chemistries for cli!Tcrent c.,tch pl'OC('Sst-'\. Oc.,, dopmg 
an etch process usually means optimizing etch rnte. selecthit). proftle control. critic:11 dumm­
sion, damage. and so forth h)' adjusting a large nu moor of proces~ par.11nrtcrs. 

Si}jcon Trench Etching 
As device feature size decreases. a c.-orrt'sponding decrease is nccd<'d in the ,,.uer ,ur­
foce area occupied b) the isolation between cim1it clc111cnl\ and tl1e ,tor-age c-apadtnr 

nw dch d,.unlx-r 

© 

,\ICII etch dw111hcr 

© 
~ 
\ 'ucuum lo.ul-l«k 

ch,1111h1,r 

I 

O!O 
I 

cl\,t'IIC loodfunlo.111 
ch,,mbt·r 

Strip p;l)-'" ihon ch;in 

© 
Figure 5.10 
etching: 

r I I ' l I (17\\' AICu 'n\\') lllh'rt'<>tllll'\'l Clu~t(•r rl•,1t:1iw ion t'lch tool ,or 11111 ll .,wr mt ., , 
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TABLE 5.3 Etch Chemistries of Different Etch Processes 

\l.tlt'ri.,1 H<'lou Etd1t,tl 

\I 

,\J.,cu 
\\ 
nw 
\\ ~l Tt \ Ceo.Si 
~,o 
I:-,, 

Etdung Clwmi.sll) 

II Br 11F 10 /SF. 
1113r/CIJ O 
IU3r/Clj 0 . llBriOl. llCI /CI.. SF, 
BCl✓CI:, SiCI/CI , 1113r/CI 
BCI/CI/N. 
SF onl). :-:F/<.:I, 
SF, ouly 
CCI_F/NF. CF/Cl:, CIJN/C,F, 
cr-,cnF /Ar.C r •. c.,F,. C,F.;CO. C. F" Cll.F: 
CIIF/01• Cll~F1• ClliCIIF, 

of ,t DHA~I rell. This ~urface area can be reduced by etching trenches into the silicon 
,ub)tr..ttf> and f'illmg them with suitable dielectric or e<mductive materi,us. Deep trenches. 
u~u.111) with .1 depth greater than 5 µm. are used mainly for fonl1ing storag1c capacitors. 
Shallo" trend1t>s, u~ually \,ith a depth le s than 1 µm. are often used for isolation. 

Chlorine-bas<'d and bromine-ba.,cd chemistries have a high silicon etd1 rnte and high 
etch ~-lc<:twil\· to the silicon dioxide mask. The combination ofHBr + KF1 + SF.+ O. 
g,L, mh'ture-~ i~ used to fonn a trench capacitor with a depth of approxim:1tcly 7 µm. Tlili 
combination is al.\O usvd for shallow trench isolation etching, Asped rntl.o~tryw11de11t etch­
'"!-! i.e. variation in etch rate with aspect rc1tio) is often observed in dct·p silicon trench 
etching. cau~cd b) limited ion .md n<>utral transport within the trench. F:~urc 5.11 shows 
th~ dcpt'nclence of awm~c silicon trench etch rate on tt.spect ratlo. Trenches with large 
,ll>pect ratio~ .ire etched more slowly than trenches with small aspect r.itios. 

Poly,ilicon and Polycide Gate Etching 
Poly,ilicon or polycide (i.e .. low-rcsistaue<: metal silicides O\'er polysilioon) is usually used 

, ll, a e;atc materi,J for \!OS de"iC'e~. Anisotropic etching and high etch selc:ctivity to the 

0\--------------------~ 
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~a~c oxide arc the most import.ant rt>quimmcnt~ for gate• ctrlun". For cxarnpl. ti . I . 
tiv1t) required in IC DRAM · I ( "' t, u w PC· 

• . 
1 is more t Hin 150 ie .. th1• r.1ho of etcli r.1tc, for I •c.idc 

:tnd_gate oxide ts 15?:1), Adlicving higl, sele<.'thity and r•teh ani,otrop al the ,a~/timt• 
1, d1ffi1:ult for mo~t 1011-cnlmnccd t>tcll.ing pr0<'C~ses Thcn:fore iJ t 
usc·d. in wl1id1 different etch :.teps in tl1c pr~,.._,~-·. ti ·. cl, :1111 slt•p proc-essrng is 

1 . . '"·' '"c op llltzc ,or etc 1 :uustJtropy and 
s~ 1>,·tiv1~ -?n ~1e oth~_r htind. Ute trend in ph\ma tcdinolog,• for anisotropic elcliin ~ud 
I ugh selccll\'ll) L~ to tlhlize a low-pressure higlt-d"n•·1tv pL-n . • 1 ti I I ~ 

. _ , ... , ., i.u 1,111S1nga re a vc y ow power 
:0-1o:,t chlonnc-bas1·<l ,~d bro111i11e-based dwrni.\tn~ can be usecl for gatec-tcluu~ to aiclllt'\c 
tJ1e required etch amsotropy mid selrctivity. 

Dielectric Etchi.ng 
T~1t· _pattc_ming o'. dielectrics, especiallt silicon dioxidt> and :,ilicon nitride, i.s ,1 key pro­
~-css 111 th~ ma~ufact~rc of u~oclem :.cm1conductor devices. B(.·<:ause of their higher bond­
mg energies. di~lectnc etching requires aggre,sive ion-enhan<:cd fluorine-based pla.,ma 
chem1~try. Ve~c~I profile~ nre acll.ievcd by sidewall passi\ation, l)pically b)' introducing 
a c-.U'bon-c•ontrunmg Ouonne species to the plru;m·, (e g CF CHF C "" ) 11 I • 

b I O 
, • ,, c• 1, 1r, , lg I !Oil· 

horn an nwnt energies :ue rt>quired to remo,·e th.is polymer la)Ct from th1- o~de, as wdl 
,is to mix the reactive species into the oxide surfa<:(: to fon11 SiFx products. 

A low-pressure. high-density plasrna is advantageous for aspect ratio-dep<>ndent etch­
u !:,· However. the HOP generutes high-temper-.iture electrons and subsPqucntl} gener­
atPs a high degree of dissociation of ions and radiCllls. It generates far more acth e r«dicals 
:mcl ions than RIE or ~!En IE plnsmas. In particular. a high F concentration worser~ the 
.,, ;ectivity to silicon. Various methods have bee11 tried to enhance the sek>cti\itie:< in the 
lt:gh-density plasma. First, R parent gas witb a high C,/F ratio. such as C:F. C,F,. or C.F,. 
w-.i.~ attempted, Other methods to scaveuge F radicals have abo bet>o cle,eloped. 

Interconnect Metal Etching 
Etcl1ing of a metallization layer is a very i111portant step in lC fabric.-alion. Aluminum. 
copper. an<l tu11g~te11 are the most popular materials us.c.-d forinterconnec:tion 11K~ mate­
rials u~uru.ly require an.isotropic etching. The reaction of aluminum \\ith Ouorinc re:<ult~ 
in nonvolatile A LFJ, which has a vapor pressure of only I Torr ;1t 1240' C. ChJorine-hase<I 
chemisll)' (e.g., a ClfBCl1 m~ture) has been "idely used for a.luminunt etching. Chlori1w 
has a very high chemical etch rate with aluminum :md tends to produce .in u11d('rc11t dur­
ing etching. Carbon-t-ontaining gas (e.g .. CliF,) or N, is aclclecl to forn1 sidi.,..,·,'111 p$si­
vation during alu111inu111 etching to obtain anisotropic etching. 

Exposure to the ambient is another problem in aluminum t->tching. Residual dllo­
rine on the aluminum sidewall and tl1e photoresist tenets to react \\ith atmospheric water 
to form IICI, which corrodes aluminum. An In si/11 exposure of the wafor to .1 CF, dis­
charge to exchange Cl with F and then to all o,)-gcn discharge to n.•1110\e the l'l'sL,t. fol­
lowed by immediate immersion in deionized waler. can eliminate aluminum conmion 
Figure 5.12 sbows 0.35-µm Ti, /Al/TI li.nes and spaces on a \,11fcr maintained ,lt a~1bi­
cnt for 72 hours. No corrosion is present even aftl•r prolonged exposun: to lhe 11111b1eut. 

Coppt'r lms drown mud, attention as a new ,net,tl~.:.1tion matt•ri.u in ~LS! t·m:uib 
bcc.'\use of it:. low rc:sistivit) (-1.7 0-cm) an<l superior res1\tJ11et• to dt'Clnmugmtion com­
pared with Al or Al alloys. J lowewr, bt.'C:luse of the low volatility of ~pper halidt•,. ~L;"ma 
etching at room temperature is difficult. Process tl•1npcralurcs lu~ht•r tl1au :WO C an.• 
required to etch c-oppcr films. Therefore. the dflmn.,c~m· process 1s 11W<! to fo~m Cu mtt·r• 
c:on nection ,vithout chy dching. D,unascenc proc't'S'oing im 'Oh -cs the cre.ihon of 111tcrco1111l'(;i 
line.-. by f'ir~t <ltchj11g a trend1 or canal in a planar didt'<.1riC la}'l-'r .uid tlwn fillmg that tn·ud1 
witl, metal, such as aluminum or t'Oppcr. In clu,11 d,1111,1~(:'('nc procc:ssmg (F1)l, -5.13), ,1st'<-'­
ond Jevd 

1
~ involved where a ,cric • of hok·~ (i.c .. co11t.1cts or , 1,\.s) are dchcd and Ollt.J 



1 I ·, u .1 ,,a • 1 11~u11 u 

After n IDlCfU\\.l\'C ~np"" not corrodcJ 

m ndd,tion to the tn.:nc-h. \{kr fillm~. the mc-taJ ,111d dielectric are pl,111amt:J b) clicm­
il'al m«l1a11lo,I 1,o/1sl11111! (C\IP, 'l'l' Chaptt•r bl. Tilt' ad,.111t,1~e of d.1111,L\ct'IW pr00?,,-
1111: b th:,t 1t dinun.ilt.., then, '<'Ci for int-t;\I ctdi Tht, t, an import:u1t couccm a, tht indu~tl)· 
IIIO\t', from aluminum to coptx•r mh'rconm'(.·tiou,. 
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Alt,., \l'r.tdll""-~ 

Figur~ 5.14 Foml.ltum uf t11ng,1<-n plug III a l"<>nt;u·t hol,• h~ dcpc"1t111g hlan~•·t low-pn ... ,,11, 

dw1111cal \\IJ)Or clt•po,111011 W and t.lll'n 11,inl( r,·.1~11011 1011 1·td11111( ddil>Jdc. 

Low-pn•ssurc C\10 (LPCVD) hm~,tcn (\\') h:L\ bt:l'n ,,;<lt>l) 11,t'<I for filling l'fmtat t 
holt's .u1d fil"lt-lc, el metalli.ution bt.'C.luse of il, l':m·llcnt dt1)0'ition tonfom1:1bil1ty. Uoth 
Ouorittl'· ;lfld thlori1ll'•hascd clwmi\tlil's etc:h \\' ancl fonn \'Olttilt· <"tc:h proclu<.1s. ,\11 impor­
tant tu111,:,tt'n etch proc.-css is llu• bhu1ket \\' t:tchhac:k to form a \\' plu~ Tht• blankt:t 
I IT\'D \\ is cit-posited on top of a TIN h.,rrwr layt•r. ,1, ~h0\111 in F1~rc 5.14 A two­
stq> p~~ is u~m<lly med First. 90% of tl1t· W 1s ctclw<l at a hil(h ctd, rate, und tll!'n 
Liu etch rate i~ rc<lured to rcmo,e the remaining W \\ith .u, l'lch.u1t that h.1, ., hi~h 
\\'-to-1i~ selecti,it}: 

5.3 ETCH SIMULATION 

uPHEM may be used to simulak the etching pt'OC(•ss. IIO\\'t•,t•r. ctrh simulation 1t,in~ 
St, PHE\I i, rudimentary at best Simulation re ults ma, be ~d,it•\·l-d usmg thl' ETCH t'Om• 
uund. wluc:h aJlow, the· usc-r to etch all or p.1rt of tu1y· given tt) er ..it tJ,r top of thl' c·ur­
rt·nt structure. If the mnterial at the top of the ~tn,cturc is not the material s1ll·dfied, 
tlwn no etching take., p((l('C If tJw ,unount to he etched i.s not spc•ciflt~l. till'n the entirt• 
l,,)cr i, n·movcd. 

EXAMPLE 3 

Suppow "~ want to ~imulate till' ctchinl( of0.3 µm of tlw O\IJ,, l!fll\\11 afkr tht· cll)•"t'l,11) ~•11J• nw 
in Fxa,nplc 3 of Chapter 3. 

SOLUTION 11w SUPHE\I input li,tinl( 1, a., follO\,'l>: 

TITLE 
COM"EN'T 
JNlTJALIZE 
C~EHT 
OIFFUSIO~ 
C~"ENT 
DIFFUSION 
(()1¥-100 

DIFFUSION 
((M!ENT 

OIFFUSIO-. 
C()lot(EHT 

DIFFUSION 

Etching Exa,ople 
lnitfalhe sflfcon substrate 
<180.• Sfl icon Phosphor Concentrnion•ld6 
Rup furn.ace up to nee C over 19 ■inures fn N2 
Ti•e•lO Tuipernure-990 Nitrogen T. rnt•29 
Oxidize the .,.afers for S afnutes at llff C In dry 02 

Tf■e•S Teec,erature-llff Dr)<)2 
Oxidite the .,,afers for 128 alnutes it 1198 C In wet 02 

Til>C•l20 Teaperature-1198 Wet02 
(),c:fdfze the wafers for S afnutes at leel C In dry 02 

Ti■e•S Telll)er.ature•llOO Or)<)2 
R.aiop furnace down to 990 C over 10 afnutes fn H2 
Tillf!•lO Ttfll)fr.ature•llff Nitrogen T.r.ate-20 
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Figure 5.15 Plot of plu,-.phoms conc..·ntratinn J.s a funcuon of dl•ptl111110 llw ,ilit-on ,ub~tralc, 
usm)! SUPRE\1 

ETCll 
PRJi.'T 

PLOT 

STOP 

Oxide Thickness• 0.3 
Layers Che11ical Concentration Phosphor 
Active Net Cinl n•lel4 
End etching exill"ple 

Aft<.'r oxid..tion •~ complc.-tc. , ... pnnl .md plot tlw pho.\phoms conc..•ntr.1lion ,L~ a function of dcpt11 
mlo the ,ilic-on ~umtrJtc.>. Th!! n,~11h \ ,in.' ~ho"11 in Figure 5.15. which indicate.:~ a final oxide thi<'k• 
11.--.., of 0.609 µm nnd d•·p1d, tlw pho•,phoms inror'pOn\11011 in thl· oxide lt1)t>r. ◄ 

5.4 SUMMARY 

111c two m.1jor pro<:<'s e, to tran,for patterns in IC fabrication are photoUthogmphy and 
etclung. \\'et chemic.J etching is u\ed c,tcnsivdy in semiconductor processing. rt i~ par­
bc:ularl} suit.1hle for blanket C'tching. This chapter discussed wet chemic:.11 etching pro· 
c..,s.ws for ilicon a11d g:illium ar.eniw:. insufotors. a11d menu interconnect.ions. Wet chenticJ 
etching ,,as used for pattem tmnsfer. However, undercutting of the layer underneath the 
ma~k rcsultt>d in lo~s of rc,olution in the etched pattern. 

DI) 1·tchin~ nu:th<>ili .irc used to achieve high-ndelity pattern transfer. Dry etching 
L'- S)Tionymous ,,ith plas111a-a.c.,istcd f'tdting. Thh chnpter considered pla.sma fundament:1ls 
,md \.-ariou, ell'\ ctchin1t S}~tem\ wlud, have grown from n:lativt'I} si1nple. pnr.:Jld-platc 
cm1fi,~11mtions to complct chambc~ with multiple frequency gencr,llors a11d" vnricty of 
pro<:t.',-.-rontrol st-nso,.., 

Th1· ch.1llt•11£!;t>'- for futuw ctchm~ tedrnol<>g> arc high etch selectivity. better dirncn-
5iorwd control. lo,, .~pt'C.-t r.iti<>-<lepcntlcnt ctc·hing, and low phL\ma-induc:ed danial!e-
1..ow-prt'.,<iUrt-, lu~h-dt.·nsit} pbs111a tl'.ictors ;1re ll<'tes~ar\' to meet these requirements. 

-------

Problems 1()3 

~s pl'O{'~ssl11~ 1•vohc\ from 2()(). 1n1n l o 300-mm and t'\l'II larger dl.inwt,•r ,,.,f, . ...,. cun­
t111111:<.I 1'.11prow111l•11ll. an, rNplln.•d for i:tch u11ifor111il) aero~, thP ,, .. for " '"' J!,l~ 

clwnll\lnt•s 11111,t lx· de,,,lopl·d to pro,idP th,• 1111pmH•d st:lc<:ti,11) n t'Cl·,,.u, for .,d,.u,c,-<l 
i11tegmt1011 schemes • 
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PROBLEMS 
,\s/, ri~h dt.7Wlt di/Jlnilt pmhlcms. 

SECTION 5.1: WET CHEMICAL ETCllfl\.C 

1. If the mask .md the s11bsln1tc cannot ~ etched by J p.1rticul.1r d 1;h.111t. ,k.-tch lilt' t'<i,tl' 

profik· of an isotropit'ally etched foaturl! in a Olm of thicki1e-.., Ii , for 1a) .-1d1111~J11,1 In 
completion, (b l l OO'l ovcl'\'lch. and Cc) 200'l O\Nt'lch. 

2. ;\ <100>-orientcd , ilioon crvst.u is etched in a KOii :.<1luhon through a I 5 µm x L5 µ rn 
"induw defined in ~ili<.-011 dio,idc The t'lch mte nom1al to (100) 1>!.in, h 0.6 µ 111/min. 
The e tch mtt• mllos are 100:16,1 for 1he( 100):(1 10):(111) planes ShO\\ tht• elt-hl-<l prollk· 
.tftcr 20 seconds, 40 Wl'Ond.~. am! 60 "-'t-011ds. 

3. Repc,11 tht• pr••,iou, problem with .1 <l 10>-oricntt.-d ,11l~11 dchc-J \\itl1 . , tlnn SiO_ 111.1\I. 

in KOii solution. Shel\\ thl· ctehecl palll'm profile, on <110> !>i 

4 . 1\ <HIO>-oricnkd , ilicon ... 1for 150 111111 in di:11111.!lt'r ,,. 625 µ 111 tluck 11w \\,1for Ii.a., llKlO 
µ 111 x 1000 µm tC, on it. ·n 1t• IC d tip, ar11 lo h,, ,q1an,1ed h) ori•·nu tion-•k·pcml,·nt ch:h• 
in~. Describe two llll'U100, for doin~ thi.\ .u1d t,1lc:ult1<- 1h,• fraction of th!! , nrfJC\' ..ir,•.1 

thnt is lo~t m the~e proct·. ,t'' 

SECTIO, 5.2: ORY ETClllNC 

•s. The ;l\'t'nl)'(t! dhl,tnct· tmwlt'tl h) partidc., bt·t\\,•t•n ~'(1111,1on, J\ c.i.lkd thl' Jllt'.UI Ill.~ p.,th 
(A). A= 5 x 10· 'II' (<:ml. where p I prt•s.-im· in Torr. 1 n l)111e;1l pl.~"11;;., of 1nkn.,t, tlw 
chmnl~r prc-..,urc nlll/tl'' from I P,1 to 15() J'.1 \\11at ,1n· tlw txirrn ponil111i: 11,•n,11~ uf I:•" 

111olcculc, (cm ') .incl tlw 111t,1n fr,,t• p.1tli:> 

6 . Fluorinl· (F l ,110111, e tch Si ut a r.1te giv,•n I,) 

Etch r.11t· (om/min l 2116 x to , 11 x P' •·,p{-f:/RT) 
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.. rt' r i, the ,no0C'ntrat1011 uf F .umn, i< 111 . T tlw t.-111pt·nitnn• ( K , .ui<l J,' ,mtl R 
1M lll'tl\ tion, n, ~ (2 I', ~,.,l 1111•1 ,m<l ~-L'l'<ll\st,111l ( l.9'ii ol• I.. rt·\1)t>(:hWh If 11, " 

10 c-.dn1b1t tl1c ctd1 r.1tt· of S1 at mom tcn1pt•r,1t111'1.· 

, , '10 , tch~ ll\ F atom, could :tho I ,·xpr,0\\l'tl by 

Etch r-. .r,• ( 11111/ 111111). 0.6M x w 11 
"• x 'f'" ,·,p(-I-:.mTJ 

\iM-11' ,,
1 

,, 3 lll ~111 , ,,ml£, i, 3 .i6 k,·.,l 11101 <.:.Jenbt,, th,• ,·td, mlt' ol S,O, ,u,d 
c-td, s,,l«i"1" of ,,o nwr s, Jt mom t,·1111'>t'n1tur,·. 

, . \ 11111ltlpf.,. ,t,·p ,·kh proc,,·" 1< n•11u1tt'<l for t'lduni: a pol}'1lll'oll j:,lk "ith thm !(,tit• o\idc 
J lc,.,, do'"" Je-il!Jl 1111 etch j>rllC\'" lh:ll h,L, no mkrom,t<king. has un aniwtmpic etch 
pmfi.lc, Wl(l .- wlccuw tu 111111 it-Ill· o\iJ,,-:> 

9. F111cl tJ,.., t.·h -.·l,-cll,1~ wpun:d tu 1'ld1 ll 400-nm pol) 1hcon l.i~w "ithout 1tmming 
mor,• dun I 11111 oi it, uml,·rlnnl,! ~.-It· o\ldc, ~,umi111( that th,· poh,ilil-011 i~ ctch,-d \\ilh •• 
pn ... -." havmit a IO% etd,,mt,· unifonmt) , 

10. ,\ I-pm ,\l film L' <l,-po,1t,-<I OH'r a fl.it field O\iu..- l'\.'l,on anti p.1ttl)nwtl ,,ith photor,•,i,t 
11K' lllt't,11 I> th,·n t·h:l,t'tl \\ith a nu~tun• of 8( I Cl ):..SC\ ~ta lt•mpt·r.1t11n• ofi0°C ind 
lldmm ctd1t•r 111.: "-'lrtti,i~ of ,\I 11,..,r photol't.',i~t i< m,1intainl!d JI 3. ,~ suming .t 30'.t 
r,,.~rctch "h:-.t "th,· 1111111111nm ph.,torc,isl tJ1ickm.•" rt.'qtlin·d to r11,11n• that tlw top 
mcul ,urfocc 1\ not ,1lt.1ck,-d:> 

l l. In an ECK pla.,111a. a ,t.1tic mal(Oehc 11,·ld 8 force~ ck·dron~ to circulatt• round t.111• 111ag-
11l'lic field lint,, ,.tau .111~1.,r fn·quen~'\·, Cll,, that~ ~hen by 

CII, .. qBlm, 

"l"•re qi., tJ,r ck .... cmmc ch~..- and 111, th~ electron Ill.I.'-'· If lh1· micro" a,,· frcqut:nC)· is 
2 ~5 GIit. wh,11 is tlw r<-q111rt-tl magnetic flt·lrP 

l!?. \\kit ar,· the 111.t.)Or tli,tinct10"' bt•l\«-en IT.tditional reactiw ion etclunl( and hi~h-demit) 
pf4.,11u etthini;: (EC:R, ICP, de.)? 

13. D< <1ih.- how to d1minate thv corm,ion hsu,·\ m ,\) line, aft,·r etth,nl! \\ith chlonne· 
h...S<,J pl.l,111.1 

6 
Diffusion 

fmpuril) doping is the_intro<luction of controlled amounts ofimpuritydopants into wmi• 
conductors'. The praC'hca.l _u~e of nnpurity doping main!)· has hecn to chan~t: the dt•chi­
cal pmpert,~s of t_he se1~1conductors. Diffusion and ion implantation arc the two ke\· 
'.netliods of 11np~nt) dop'.ng. Both diffusion and ion implantation are usL-d for fabri~t-
111g cltscrete d1:,,c'(•s and rntC'grated cir<:uib because tJ1csc proces!,E'S generallv torn Je. 
m<.'nt each othcrY For example. diffusion is used to fonn a dt-ep junction (e •. g .. a ~in 
wdl III C~IOS): wh~reas ion impla11tation. which is diM:n!.Se<i in Chapter,. is US(•d 10 
form .1 ~hallow Junction (e.g .• a sourcc/dmin junc·tion of a MOSFET). 

Until tlw early l 970s, impuril) doping wa.s done main!)· h)' diffusion al devatt-d tem­
peratures. a.s shown 111 Figure 6.1. In tltis method the dop.1111 atoms are placed on or near 
th~ surface of tl1e wafer_ by deposition from the ga.s pha.\(I of the dopant or by using doped 
oxult· sources. The dopmg <..-onccntmtion decreases monotonically from the surfaa•. and 
the pro6.lc of the dopant distribution is detennined mninly by the tc·mpemture and dif­
fusion time. 

C"'of 
<lop.ml 
_,mu, 

(111) 

(b) 

Inc 

r 

lnC 

Figure 6.1 Cornparison of (a) <li1Tm1on and (bl iun-lmplant.1110111t·du11quc• for th<' sekt-ciw 
introduetion or dopant, into tlw ,1•111icondul'l.or ,ub~tnitt· 
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r O lusion 

llib chaptf'r f, c'll~--... on tht• 1hff11,1v11 pn.x,·"· 1011 i111pl.111tation is cown'(l in Chaptl-r 7, 
pt ::tficall this chaph: r l'O\ ~•r. tlu' follnwm~ lnp1t·s: 

• Tii<- mm•.-•n1t 111 of 1mpnnty ,110111, 111 th,· t'l)"tal I.1th~ undl'r hic.h•tc111pl'r.lt11n• 
u.nd l111!la<oncc11tr.1tto11-l!riltlit't1l t•o11ditio11, 

• lmpunl~ pmfik, for <.'(111st.u1t <liffo,hit) .111cl (.'()lll'l'ntr,1tio11-d1•1w11d1•11t d11l'u,i\it) 

• lbt:• unp.tel ofl. ter.J d1ffu,1011 ,mtl impunh rt·tli,trih11tio11 on cl,·,it'I' c·l1ur,1<:kri,tk-s 

• The, ,anuLttmn ol d1ff11,1011 11'111\l. '>l PRE:\I 

► 6.1 BASIC DIFFUSION PROCESS 
Dihmiun 01 unpuntl , 1, l)l)lt.,!l~ clom• h) plal'in~ \l'lllit~ncluctor " : tft·n. in ,1 car1•full) 
contrull,-d lilc,h•lt' llll:M'rnhm• c1u1lrl1-tubo funian• .md [l.L\Stn~ ,11t,L' nmhtl'l' that c:ont.uns 
tl1cdc 1n..-.l Jopa.nt 1hru11~h 1t. 'fhc tcmper,tlun· u,ually r:111~,·~ ht•tW1."t·u.!>00°C .u,d 1200 C 
for silic:on uid 600 C nml lt)00°C for g.1lli11111 ,1N·1udt: Tht' numl~r ol clop.mt at~ms that 
(!1ff115t. 11110 thr: ,,·micomludor ,, rel.itl'<l tu tl11· tMrtial prt•~,nn• of tlw dop;1nt 11npunt)' 

in 1lu.• ~ mi,ture. . . 
For diffu,1011 111 ,ili,on. boron L\ th1• 1110,t p•1pular dopant for 111trod11cmg a 1i•t)pe 

tmpunt, . \\hcn.-a, ,mt-1uc .m<l pho,phoru, are u .. -<l ,·:1.ten~i\~I~ _a< n•l)l"' ~lop;m;;,. Tlw~t' 
tlm-e elcml'nh nrt> hi~hh ,ol11hl<' 111 '1ht 11: tJ11,y h.,,·c ,oluhil1tit:~ ,11>0,'-':;, x 10 cm m 
thi· ,hffu,ion k'm(X•ralllr; r.utl?;l'. Tlu:,c clop,uits t~m bl· introduced in 'l'\t'r.ll \\11) •• ind~d­
mg ~Iii! qiuret·, k -~-. a:-; for boron -\,p for :1N•ni1\ and rp. fur phosphorus). liq• 
uitl , 011n;:,_, (RBr. ,\ ,Cl and POCI .m<l ~,L,t·ou, ,ourc<'~ (B.11~. ,\ sU, and PIil}. 
I IO\\l'\l'r, liquid ,ourt't', an· 1110,t co111111m1ly u,cJ. A ,dwmatic di:11?;T:uu of the furnace 
ancl f!;\' 00\, ,1rr.utl!l'lflt_' III for a lifptid soun.-c is ,ho-.-.11 m F1~11c 6:2. This ''.rmn~cmcnt 
L' ,unihr to that u,<'d for thennal o\itlation . . \ n .,"1mpl1• of thl' chc:1111<.·al rt•action for phos-

plioru~ diffi1,ion 11,inl?; .1 lic111id ,onrcc is 

iPOCI + 30. ➔ 2P:O- + 6Cl i (I} 

The p o~ fonn, ,1 !,!lru.,-on-,ilicon wafer and is tl11m n•tlu<:cd to phosphorus hy silk-on. 

2Ppj • 5Si ➔ 4P .. -5Si0_ (2) 

11 .. , plt("plaoru<. i, rele.~ ed .111cl cliffu,l'' into the sihc-on and Cl.1 i., \t:nt~-d. . 
For tlifl'usion in !!;allium ai-;enitle, the high ,~1por pr~•rnr<' of ,lr-t! IUC requires spe­

cial methcxh to pre." 1ml tl1c lo.._, of ,1N.'riic by dt~1111x,,itiun or l'' .1poration. Tl~esc '.net~1-
0<h indude difTu,inn in \CJ.Jnl mnpule, \\ilh an O\"crprl'~surt· of ar:,,enic and diffusion 111 

an open-tube furn.IC. ,,ith a doped oxide roppm~ lawr (e.g._. sil_ioon nitride! ~;ost o.f the 
,t1J<lil'Ci 011 p•typc• tliffus,on have lx·cn L-Onfmc:d to the u,c of zm<: m the: fom1, of Zn-G,i-As 

fl.kttrk fun~· 

' 
1-:tcd.ric !um=• 

6.1.1 

6.1 Basic Diffusion P1ocess -c I 07 

,tllu,, ,md ZnA.,_ for tlu· st•,1lt·d-,u11p11lt· a1>pmad1 ,,rZ11Q-<·1•o 'o 11 I I l 
• • . , ., . II r IC opc•n- II I(• JppnMC l. 

The II l)tk dopant, m ~.Jl111111 ,tl'lt•111tlt> indudl! wl1•11um, ,md tc•lluriuni, 

Diffusion Equation 

Diffu~ion in a \~mi<.'onduc·tor c.111 Ix.• visualized a, the atomic moH~mc::,it of !lit• <lifTu,:uit 
(dopant at~111s) Ill ~JI(' <'')"ta! l~ttic;c l~y ~•!c,111cie, 01 intcrstlliab. figure 6.3 ,ho\\, 1lw two 
b,1$1C ,1to1111c cli1Tu,1on moclel, 111 a ~olid. The opc:n cirdt~ r1·pn•!it'nt tltc ho,t ,,tom, OCt.ia• 

pying the t•quilihri11111 lattice po~itions. The solid dot~ n:prc~ent impurit\' atom, ,\t dt·­
~-alc-d lcmpt.•mtur~•~· the lattic't· atom, ~ibratte around tJ1e l'quilihrium latiilt' ~it<·s. Th,•r,• 
•~ a fimtc probalnh~y that_:~ ho~t atom will acquire ,ufficicnt cnl'rg}' to ll•a,c the l.itticc 
s'.t<' :md ~ nu.: ,m mlcr.litial atorr~. tJ1erehr creatiug ,1 ,.1c;111c,1•. \ \ 1wn a lll'igl,boring impn­
nl) .1tom nugmtcs to the ,,1<:illlC) site.~ 1llu,trated in Fi~•rt· 6.311. the 11wdianism i, c·.Jlt"<I 
rocancy dljfmion If an interstitial atom moves from one plac..- to anotlwr \\ithout l)('(·u­
P)ini; ,1 latti('(; site (Fig. 6.3b) the mecham"n is lntentllfnl cliflu,ion An atom sm.tlli·r 
Oun tht ho,t atom often moves interstitially. 

l11c• b,1sk· di!T11sion pnx:e-.s of impurity atoms is simil\r to that of d1:irgl' canit•r; ( ell'<:· 

tron\ and holes). \\'e dcfint: .i nux Fas the numlwr of dop,ll'lt atom, p,issing through a 
urut an:a in a unit time and C as the dopant c,'Oncentration per unit volume. \\'e tlwn have 

ac 
F=-D­

ox 
(3) 

whrl'(' tJ1e proportionalil) constant D is tl1e diflu.,1011 axff,c:ie11t or diffi1\itity. ~otc that 
tlw h:c;ic dnving force of the clilTusion process is the 0011<.'Cntralion gradient cX:liJr.. Th(' 
nux ;~ proportional to the concentration gradient, and tht dopant ,1tonh \\ill mow• (d.if­
ru~e) .iwa) from a high-<:<>nccnlrallon region toward a lower-com.'t.'nlration region. 

If we ,ubstitute Eq. 3 into tht1 one-dimensional continuity t'quation under !ht' l'Oll· 

dition that no material, Mc fom1cd or consumed in the host ~mironJuc-tor. we obtain 

~~=-;:=:Jo~) (4) 

\ \'hen the <.'<111ce11trution of tJ1c dopant atoms i\ low. tht1 di1Tusio11 cocmcit•nt c.in heron­
sidt red to be indt•pcndent of doping con,-cntrnlion. and Eq 4 bc.'<.'Omes 

ac = 0 ,ic isl 
a, ax: 

Equation 5 is often referrrd to as Fick'.~ cliffi1:.l011 cq11ntio11 or Fick\ lnw 

0000 
0000 
0.-00 
0000 

(11) 

0000 
00.90 
0000 
0000 

(h ) 

Figure 6.3 :\Imme dlfTu<ion 11lt-Chilnh111s for a ""Hli111cn\ivn,1I lattiC1.•." (a) \"acanc.'\ mecha­
nhm li) lnlcl"\titi,11 nwchani,111 

111 ofD l)pte,l npc.'11 tube cli1Ttllo11J1_ ' ...:~>:...' _tt_·1_n ___ _______________ _ 



f'. 6 4 hem tlil' 111,•a\\ltl'ti <li1Tt1'ion t'Ot.'fficirnt, for lu". <.'Ollet'nlmlions of, arious 
:~ ' ti I l"''' utd 1•·,tt,·,1111 1r-t•mck "Tht' ln.r,mthm of the diffusion tocf. uui-•t unpun t'' 111 ,, 1 " , ~• , • -,-, . • . . 
,.._ I I t tli • r •c-,·r- ,I of the ·,b~olutl' ll'lil"''mt11r1..· gl\<•s a stm,ght hne 111 
llat"lll p Oltt't ,l~,UIL' t l '""' ' ,.. ·(li · ffi 
mon oflht" l,l,c 111i~ imphl', that 0 , ,·r th,· tt·mperaturt.' rtUl~t..'. the cl, 11,10n <.'()(' 1c1enu 

run lM' e,11re"t'i.l L' 

D" D ,.,.J - £ . ) 
0 t'\. ff 

(6) 

wl,en• /) ,~ tJ,,. dil'fu,1011 c•ot'litcil'nt in cm":, ,•,tnipolatrd to infimte tempeniturc, and 

E b tJ,,. ac1h,1t1c111 t•n,•~ 111 t•\ '. . . 
• for th•• mtt·rstittJ diffusion model 1-:. L~ n.•Litl'CI to the rnt•~c~ n.>qwred to mo,c dopant 

f · t-'~hti J ,1·1•• tu motllt'r Tlw vahws of£ Ml' found to be between 0.5 
turn, rolll one 111 "• • • • • • • • I I E · I 

aml :?,•Vin hoth ,,lit-on and j!,JLum ,1r<.1•nidt• For th~ ,at'i\llt'? chffus1on moc e. •• ,s re llted 
to both the t'O•·f'\!i~ of motion .md till' t•nergies ot fonnalion of ,,1c.utC1t..' • Thus. E.: for 
,.te:lll<.) Jiffii,iun 1, 1,,n:t•r than that for inte~litial cliffusion. usuallr betwet'n 3 and:> e\/. 
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Figure 6.4 D11TtL,1nn t"Ol?ffidcnt (also c.tllt-d chffu,1~1ty) ll.\ ., f1111c11011 of the rcc1procal of tern· 
per.run foa 11 ,1licon a.uJ (b ) !!alliurn ar"!en1de.'' 

6.1 Basic 01lfus1on Process ◄ ICMJ 

For fa,t difTu,,1111, ,ut•h a, Cu III S1 ;u1d C,11\ ,. ,ho\\11111 tlw upp,:r pothn11 of f1gim i 
6.,ln ,md I,. llw me,1'un•d ,ldl\,ltion l'1wr¢t'\ ,m• l1•,, than:! t•\' .. ind int,•r,titi.,I .1t11mi1 
111ove111t•nt i, tlw dominant d1ff11,1011 mech,111i\111. For ~low difim.ml\, ,,c-h tL, .\, in St 
,md G;""· ,ho,\11 in till' lmwr portion of F1~1cs 6..J11 aml I, , £ " l,1rg,·r tli.,11 :3 1•\', ,,1111 

\.IC.lllC') clU1u"on i, tlw clominant 11wcha111,111. 

6.1 .2 Diffusion Profiles 

The di1Tu,1on pron.le oftlw dopant alums is dcpt,ntlcnt on tlw i111ti.1l ;u11I hound.,') ('OIi• 

ditio1\!>. Thi..<. subsection <.'011,iders two i111p<1rta11t c.tw,, 1111111d>, oonstant \urf,ll'\' c·on­
centmtion difi11,ion ,m<l COll$lant total dopant cliffi1~ion. In tlw flr.t cac.t•. i1np11rit)· atom, 
.,re tmnsported from a vapor source onto the s1•1111c-onclut'lor ~11rfac"t· .mcl cliff11,1·d into 
the semiconductor w;1fers. TIH' vnpor source maintain, a c-011't.1nt le,d of \urfoc"t• l1m­
('('11trnti~n during the entire diffusion period. In the ,('(.'Ond <,LSC. ;1 fi,cd .u1101111t of 1lop . .111t 
i~ dcpo,1tcd onto t1w sem1l'Onductor surface and" ,11bsec11w11tl) difT11~ed mto tlll' ""f .. r.. 

Constant Surface Concentration 
Tlw initi:11 condition at I = 0 is 

C(x. 0) (i ) 

which states that the dopant <.'Onccntration in the host St..'miconductor is initiall\· zl.'ro. Tlw 
boundal) t•onclition_,; are • 

C(O, /\ = C, (bal 

and 

C(oo, tl = O (SJ,, 

where C, is the surface concentration (at x = 0). which is independent of time. Thl' ,t'C'· 

ond bouncill)· condition states that at large distan('(', from till' s11rfac:e tlu·re .,re no i1np11-
nh atoms. 

• Tlw --ol11tion of rick's diffusion t..'quation that s.1lisfie the irntial .u1d bo11ncl,1T\ co11-
clitio,1s is giwn b> 

C(.r,t)=C,crrj ~) 
"\2-vDt 

l9) 

r-
wher<' nfc is the complement.try error function and \ DI is the diffusion length 11u~ 
definilion of erfc and some propcrtie~ of tJlC fm1ction an' ummarized in Tahll• 6.1. The 
dilTu,ion profllr for the constant surface con<X'ntmtion condilion is h0\\11 in Figure 6.5',. 
which plots, on both linear (upper) and logaritlunk Clower) scale•,. tlw nonnaliNd con­
centration as a function of depth for three , alul's of the tlilTusion length corre,ponclin)! 
to tltrl'C t'<>nsec11tivc clilTusion times and a G.wd D for a gh en diIT11\ion temperature :-;oil' 
lhat as time pro1,rrcsses. the dopant penetr.,tcs dcl'pN into the Sl'11tironcl11ctnr 

The total number of dopant atom~ per unit are>a of the semicondudor is i;, 1:11 h\ 

Q(r) = J C(x,r) d.\ (10) 
(I 

Sub~tituting Eq. 9 into Eq 10 yields 

(11 ) 



I Ill Ct: ;,: r 6 01!1uslon 

TABLE 6.1 Error F'11nction Algebra 

c:rt(.l)•-bJ ( d\ 
',r 

crf,{A)• f-,·rf(.\) 

u{(O)=O 

nt{ ) • I 

Thi~ l'~n-s..~ion can ht> interpreted as follows. The quantity Q(t) reprt:sents the area under 
onl' ufth1; dilT11~ion profill's of the linear plot in F~re 6.5a. These profl!cs can be approx­
im.1tl'« b) tri,mgle ,,ith hei11;ht C, and base 2\/Dt This lead~ to Q(t = C v75i. which 
i, doSl' to the e-..·wl result obtained from Eq. 11. 

\ re lat~ qu.uitil)- 1s the graclumt of the diffusion profile uC!ux. Tht.< gmdient C-dJl be 
obtained bv difft.'rtinti.1ting Eq. 9· 

~ C, •••0t - e 
•J - ..f rrDt 

( 12) 

EXAMPLE 1 

F'ur a bomn diffi1,ion in ,il1con at 1000 C. the ,urfal'C con<.-cntnition i, rm1intainc.·d .it 101' cm 
md tli,• diffu,ion time L\ I hour Find Q(t) .ind thti gr,u.lient :it { " 0 and at a location where the 

Jop.mt ,-011Cl'ntr.1111111 reac-he~ LO 1 crn . 

SOLUTION n,c chfliL,100 cocfficil'nt or boron at 1000°c . ..s oblruntid fro,n F'igun.• 6.-t, is about 
2 x 10 t·m• ,. "' th,, cliffi1<1on lcn1.,rth i, 

.Joi= bx 10 • x3600 = 8.48x 10 .. cm 

Q(t)=I.IJC ,.D,=l.l3x l0' x8.48x l01 =9.5xl01 atomvcm' 

- • ------- -6.7xto: cm-' ~ 
C -10" 

_---;,;;;;- - ,J; xS.48xJ0"' 

6.1 B as,c Diffusion Process ◄ J 11 
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Figure 6.5 Diffusion proAlt!s. (a) :--lormali1.t'd complcmcntarvcrror fun<:tion ,cr.;us dist.Lnc;e for 
~uettS)I\C diffusion time,. (bl Nonnaliu>d Gau<Sinn function vcmtS distance. 

When C = l0'" cm . the correspondinj!: distant,' x, i.s gi,·cn by Eq. 9. or 

( 
10") x,=2.fDicrfc ' iO" = 2./Di(2.75)= 4.66x 1o·'cm~<U66µm 

dCI =-~e ' 14"' =-3.Sx l0"' cm ... 
<U • ....... ,J,r/)/ ◄ 

Constant Total Dopant 
For this case. a fi.xed {or constant) :unount of dop:mt is deposited onto the sc1mt'<>nduc:­
tor surface in a thin layer, and the dopant ~111>.~equently clifTu,es into thc semiconduc·tor. 
The initial condition is the same as 1n Eq. 7. Tlw boundnrv condition~ ,\re 

. 
f C(x.t)=S (13a) 

0 



Cl'!!pl r 6 D tluSlOn 

d 

C(o.,,/) = 0 llll,1 

"" n ,, tlit· tot.ti .m1ou11t of <lop.mt pt·r unit .1rt•,t 

11 , ",lutum ot tht· dilT11\1011 l'•tUation tlut s.tti,rll'' tlw .1ho, l" ron<litio,h is 

(1-tl 

Thi, cxprt--.,mn i, tlw G,111.._,,,111 di,trihution Sill<'t' thl' dop.tnl will 1110,l' mto the St,1m1-
rond11ctor :L\ tinw mcn:.N·,. 111 or<lPr to kl'l'P tht total dopant S ronst,mt, the ~urfaC(' 
l'OIIC'l.'lllrntion 11111,t dt•<'rt'a.'.'l" Tin~ 1, indc•t·d tlll' ~c,t• sin<~ tlw Mlrf;IN· t'On('('ntration is 
gtH'II b: E,1, l•t ,nth x O 

s 
C(x.t)=-­

, ld)c 
{15' 

F11~un· 6.5/J :<ltcJ\,, tht dop;u1t prof'tlc for I GnL'-'i,u1 <lhtribulton 111 "hkh the nom1aliz,_>tl 
t,111t-.: ntr.1tio11 C l is plottc'<I .1., .1 funttmn of tlJt' distant'\.' 101 thn:c.' mcr,:,1.Sing diffusion 
f,:ngth, '\or. the re<ludion of tlll' ,urfact· conrentrntion .1.~ lht· 1lifTu~1on tune inc~.\SC .. 
Titt' ~r ,client oftlw <liffi1,ion pronll:.' i, obt,\inC'cl h: tlilfcrcntialin~ Eq 1-l and is 

=---. --. =--C(.u) ~ 
~~ \ 

iJ h .l!'(Dr) ~ 2Dt 
(16) 

TIil' c.rawt•nt (or slopt>) i, ~.ero .11 \' = 0 .uul at .r"' 00, and tht· 111ax:i1"1um gradient O<.'t'UT\ 

at.\=\ 2Dt 
In inlt.'~1k·c.l t:irc111t pl'OC(>5$mg. ,1 two-~tt.·p diffusion proce.'-li 1s commonly used. in 

"hich .1 prt'd,·po.~ilio11 difTust!d l.1) er 1s ftr..t fom1ed under tltc t'onstant surface conccn­
tmtion condition. Thh ,tcp i< followed b) a drfrc-in difT11s1011 1abo called rcdi.stributio11 
difT11sion) nndcr .i constant total dopant condition. For most pmctical c.i.ws. the diffu­
,ion ll·ngth \'Di for the predt.>po)ition diffusion b much smalk·r than the dilTu ion length 
for tlw elm l.'•IO diffusion. Then:fort·. tltc pn><lcposition prontu can be t'Onsidl.'rl:.'d a cldta 
fundi"n .,t tlte surface .. ind thl· extl.'nt of tlw penetmtmn of the prc<h·position profile can 
be n•~Jrtlt.>d to lk! lll~ligibly ~111.,ll compart·d "ith that of tlw flnal profile that resulb from 
till' dnn·-in ship. 

EXAMPLE2 

\r.cnk' "a.' pn:clt·tlO'lt<"<I b) al'\lllt" ~-•'• .mcl th1.- n,,ultmg total amount of <lop.mt p,:r unit ar<'3 w~ 
J x 1011 alorm 'cm1 I letw lung ,,ould 11 t,1kl' to tlnw the ,ir.,enic m to a junt'lion J~pth of 1 µ111? 
,\<.,11111t· a bx~ground dopml!. nl C,. c::. I x It) .,toms 1cm1. w1d II dnw•tn te111pcmh1re of 1200 C 
J'or ~ d1ffu,ion, D ., 2-1 cm:I . and f., = -1.0~ t•\ 

SOLUTION 

D=Dt•\ -- =24<!, • =2.602x10 c111 f, {-£) ~ -408 ) , , 
k.T 8.614 X 10 'X 1473 

tJ=t0••4Dtln ~ =l.04xl0 ti ( 
S 'I 11.106xtO') 

C ... Dt I I 

I • I~ t - 10 09: • ')3.'j() • ll 

TI1r wl11tio11 to th1, t'<l'lallon (,m b,• dl'tenninl-d h) tlw cro.,, pc,mt ol n1uahon !/ • I • loit I JI~ 

• 10 09t - ,3,50 n1cr, fnr,• t C 1190 'l'l"lllllh. or 1ppru,1111.,ld) 20 mmuto:, 

6.1.3 

6. l Bas,c Diffusion Process ◄ 113 

Evaluation of Diffused Layers 

The re~\lll, of ll 1llt111.\t011 proet~s t,u1 be e\1uuntcd by thrPl' 111c;1.,11n,nwnls, lltl' Jlmctton 
depth. the shccl_ rt1~1st.mte. aml the dop,uit profllc of llw di1Tu$(•d f.1)W The Jt1nctinn 
dt'pth ~111 Ix- dcl'.neatcd b}' cuthn~ ;1 groove into tlw wmit'011d11ctor and l·tdting llll' ,11r­
f.1et> with :1 solutton (e g., 100 cm !IF ,md ,1 few drop, of ll"lO , for (ili<'On) tlt,1t ~I.um 
the p-typc rt'gion cL1rk1•r than the 11-typc region, .b illustrated m Figuw 6.6n. If R, is the 
mcliu> of tlw tool nwcl to fonn the groove. then the Jt1n~1ioo depth x, 1\ g1,t•n b\ 

(17) 

wlwn,; n n11d I, .tre indicated in the figure In .id<litiou. if R0 is much lar~i:r than a and/,, 
th1•n 

a 2 -bi 
-",=~ ()bl 

Tlw junction depth x1, a., illustrated in Figure 6.61.,, is the po>ition wltere tlw dop.011 
conrentration equals the substrate con~ntrntion Ch, or 

(19) 

Thu . if thl' junction dept It and C11 are !mown, the surfa<:e cont-entmtion C and tl1c impu­
ril) tlistribution can be calculated. provided the diffusion profile follow, one or the otl1l'r 
simplt.> equation derived in Section 6.1.2. 

The resistance of a diffused layer can be me.1.~ur1.'<.I by thc/our-poi,11 probe kchniquc 
shown in Fig\lre 6.7. The probes are equally spac.-cd. A small current 1 from a comt.i.nl­
current source is passed tluough the outer two probes, and a voltage\' i.~ me,1sured bPt\,'1.>t.·n 
tl1e inner two probes. For a thin serniconductor sample with thicknes\ \\' that is much 
smaller than the sample diameter cl. tht> re.\i.,tivity (p) i~ given by 

\ ' 
p=-·IV-CF il-crn 

I 
(20) 

where CF b known as tl1c correction factor. The com:cti1.m factor dep<'nds on the rntio 
of ells. wheres is the prolw spaei.ng. When dis> 20. tlie correction factor approadws 4~. 

p-Si 

' C • I I • (Ii ro .. ilion Ill ,dud, 
f igure 6.6 Juuction-dl.'pth mN5tU'\' tnl'lll (11 , roo,111~.111, 'w11111~-

dop;nlt ,111<1 suh~lr.itt· conctnlrnliom ,\Tl' equ,d 

----------- -----------
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Th,• ,lw, t 1r.,hta11n.• 1 R ) i!o rel,1kd to tlw ju11ct1011 depth (x1). the carrier mobilil) (µ. 
\\luch L~ a fun<:tion of Llw total impuril) t-onc•tmtmtion), and the impurity distribution C(x) 
b\ tlw followlJlg e.,-pre,~ion: 

R. ::: q J;µc(x) dx 
(21) 

For ;1 J.!l''-'n difTu,ion profil«:. the ,1\1.'rnge resistivity (p = R,x1) is unique!} related to the 
i.urfare conCt"ntr.i.tion IC 1 ,Uld tlic ,ubstrnte doping <.'Qll<.'Cntration for an assumed dif. 
fu,ion profile. Dc<i~1 c;ul'\es relating C ~\lld p haH• ooen c.1lculated for simple dilTusion 
profile~. such.~~ the erfc or Carc;sian <li~tribution.' To u~e these curves correctly. we must 
be ~uw th,11 thl' diITiL,ion profiles agree "ith the t\Ssumed pm6le!>. For low concentra­
tion ,md th-t:p diffu'1ons. tlle cliJTusion pronJes generally cau be represe11ted by the afore-
111e11tioned ,imple fonctions. Howe,·er, as discussed in tlle next section, for !ugh 
C'(lnccntn1tion ,md shallow diJTusions. the diffusion profiles cannot be represented by these 
:-implt• functions. 

11ie diJTusion profile can be measured using a cap.1citm1ce-,oltage t1•<:hru<1ue. The 1najor• 
ity c.-anfrr profilt> (n l_ which is equal to tlll.' impurity profile if impurilles are fu lly ionized. 
c.m bc detennined ~ m~uri.ng tl1e reverre-bias capacitance of a p-n junction or a Schottk)· 
lxllTier diode as a function of the applied voltage This is due to tlie relation.ship" 

"= q! [ d{t c~!) dV] <
22

) 

where q i~ the charge of an electron. £. is l11t: permittivity of the :,emiconductor. C' is 
c-.1pat'it.rncc p.!r unit .u·<'a of the sample. and V is Ll1e applied voltage. 

\ more el,tbor.tte mc:thod is tlle woondaf) ion mass spectroscopic (SIMS) technique. 
which me,L~ures the total impunty profile. In the SI MS technique. an ion beam sputtc~ 
m.1tcn.ll ofT the surfot,'l' of a semiconductor, and tll«: ion component is detected ancl ma.~ 
a11.J).!("(l This tecl1111que hHs high .;ensiti\it} to 1na11} ek·mcnL~. such as boron and a~ nic. 
.uul h an ideal tool for pro,iding the preci~iou needed for profile me~urcmenl~ in high• 
oonct!ntralion or ,lmllow-junc:tion di!Tli~ions. 1' 

► 6.2 EXTRINSIC DIFFUSION 

nu.: dillusion prollle\ de~cnlx:d in e<:tiou 6.1 .,re for constant dilTusivities. The e pro­
fil occur \\)11•11 till' <lopm~ conrentr.1tion l\ lower than lhe intriasic carrier t,-Oncentm· 

6.2.1 

----~----

8 2 Extrinsic Oiffus,on ◄ 1 u 
lion (11,) al llic di1Tu,io11 1!·111p<'ratun.'. Fore, 1111 >le , t T , . -
for ~ilico11 .md 5 X 10•· (.'I II ' for "1111' u II ' ! .1 • :•n IOOO c. ,_., t•c111al, ,") X IO • ('111 

ft 
{' ,.. 1 ,ll~t•nJCJc w d ilTu,1vi1" t J 

i\ 0 en Tl'IC'rt(.'d to ;L\ till' i11/rimlc ,wr. I ·, 0 • . ,- ., ow (.'fJll(°\'Ul rntlon, 

less than 11,(T) nrc in tht• intrin,ic di0~11,1~1 i,1 y •. optn!{ pdirollk•s th.it lm,t- ccmc ·11ti,LIJ01" 
\10 11 region ' I \ in 'cah.>d in tJ I ' t I r" 6.S. In thi, re~on tll!' rc,ultiu d . fil • • w c11 

\IC t· o r i~ul'I: 
of II- ancl ,,-t) pt! i;npurilit•, ca~ i.::t;;::,':n:il·•~c~ r .s:•c111~nti.1I. or ,itnull,~11(/0IJ\ tli0'1J~io11, 
can bc treatt.>d inde1x-ncfontl}' llowc, Dr , , ,11 .. 11 ti • ~ -upe_~s1tio11; tlwt ,,. die d1IT11,io11s 

• " ' • ~ 1~ m1p11n.,•0011wntn r · I J t 1 the substrate: and the dopant, •~ ~realer than n ('f') th , , . I i mn me- ucm~ )01 i 

sic, nnd the dilTush;ty is considt>red to be c:<tri~~·c. l ~:e1111oon1 -"~% lx-c'0111t•, ,·llrl11• 
diffusivity beromes con~ 11tration dopende,.1t " , •,1·.tJ n ~,· ~xt_n111i~11Tic • ~ ion region. the 

~ • l l' ex nns1c c u~·o • I d'f fusion profile · are more complicatC'd and tl,c•c . t . . • u rt'jQon, , ,,.. • -
I 

• • •, are Ill c rntlions and coo•wr: bv . ,ff, 1 nmong l \<.' sct1uentiaJ or sirnult:meous diffusions. ,·- ·• c t: t-c s 

Concentration-Dependent Diffusivity 

,~; m~nbonc·d. pre~iousl~, wl~en :l host atom acquires sufficient energy from the l.tttiet• 
v1 >rab~m to leave its latll<.'C site. ;1 ,~.1cancy is created. Deptmding on the ch.it e~ a.~wc•­
att!d with a vacancy. w!' can}11we a neutml , , 1CllrlC)' \ 1''. an at.'t-cptor va<.-ancv \' ~a doubli•­
chargrd acce~tor v:icancy V -, a donor \'llcancy v·. and so forth. We expect tii.,t the, ac-,mc 
de11s1t) of a g1\'en charge state (i.t>., tl1e number of ,11cancies per unit ,·olume c ) ha.~?, 
tempernture dcpcndence ~irnibr to that of tJic carrier density. that i~. • ' ' 

(23) 

wJ1ere C, is the intrinsic vacancy densitv. £ is the Fem1i level and£ i tlie intrin,ic F<:nni 
level. ' ► · ' ' 

. 1 f ~he dopant diffusion is domin11ted by the ,-acancy mC<!hauism, tJ1e difTu~ion roef. 
fic1cn1 1s e\l)CCted to be proportional to the vacancy density. At low doping <.'Onet•utmtions 
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Figure 6.8 Donor impurity diffiL,1,i ty 'l'~11, l'kctrun cOOC\'nlmtrou ,lrO'<mii: rq .. tio11, uf 11111111\11' 

,,nd t~lrins1c 1lirf11,iun 11 



ll6 

< tlli' f, nlll 1,•\d C'tllllfltlt•, \\itli tlu: 111tnmil.' F,m111 It·, t'I a:. . c,). TLc \".\l'aJ1t) 1 

" • Tl <lifli • m dt< , 1, [, <'t)tt,,I tu (' .,ml 1, 111tlPpt·ntlt•11l of clopmg t"OU<:~nlrnt1on. it· 11.,1011 t'O{•. 1-

<'tMlt \\hkh Is prupoi11011,1I tn C. ,11,o .,. 111tlt•pt•11d,•11t ot <lopmg t'011t;•ntr11llo n . At hiith 
t tJ ( >' ) Ill •• F'·•rin111·,d \\ill 111m,· to,,.1rd tlw ('()11d11ct1on band t•clgc (for L,1nt• 11 nl llll\ ti I , • r . 

,lonor-hpt ,.1 mC'lnl .111tl tJ11· tt-1111 f,•,p( /:. - E,)lkTI ht-rom~s lnrg~r than 11111ty. This 
c ,uo;<', C\ to uat·r,•.L-.·. wluch m tunt t\111w, till" chffu,1011 t•odl1c1t•11t to mcn:;~~t•, a., ~hown 
m tht· n::111 ,ulc 111 J'1g111t• 6.'l. . 

\\11,.11 1lu· ,lifTu,1011 ,,wffid,·nl ,a1fo~ with dopant roncvnt1 ,11100. Eq. -1 should be• 
11 ,.._..J -~ tl1,, JiJlu,1011 ,-c111,1hun 111,k,1d of E11 5, 111 '"luch lJ b mdcpcndt'nt of C. \Ve C'On­
•uicr rli, • C--L"' \\lit•I\· tlll' thfTu,1011 CO<.•ffi1:il:'llt t-.u1 be wriltrn ,IS 

(24) 

,, lll'n• c; i, tl1t· ,urf1t,• c-unet•11tr:.1tio11 I) "till' d.1ffusiou roeffident at tl1t• surface, and 
y i, 1 p.U':unf'lt'r to <lt·,c1ilx• tlw rouet•ntn1tio11 dl'p<rn~lcncc F~r suC'h ,1 C'C\.,e, ,, ·can" rile 
Eri -I a., 111 onliu,11) dilfonmti,J vq11,1tiQ11 .111d ~oht• 1t nunwnca.ll). . . . . 

F'ii,1r,• fi.9 ,ltu11 th.- ,olution, • for C01hiunt ,urfoct• ronrentration clifius1011 111th di{. 
l~·rt·nl ,.,lut•, or r For r"' 0, \\t' l1a\t' thl" C,ll>t' of C'Ollstanl dllTil\i\'il}, ,1110 tilt profile i~ 
tlit· i.a111t· a,) th.it ho\,11 i11 Fii_•ure 6.5a For y> 0. the <liffusi\'it> tlct•rt•:L,e~ ,L, tlw con­
e, ntrahun 111, rt•,Lw\, ,md incr,•a:.i11gly !>ll'cp .md boxlikt> ronet"ntralion profilt•s result for 
ancrr,Nlll! r Tht•fl•fort•, lughh ,1hmpt jrn1ction!> are fonnc<l wh,•11 cli!Tu,ions arc made 
antu .1 h.1cl.gro11ncl of .111 oppo~ik impurity l)'{X'• Tlw .ihniptnh, of th,· doping profile 
n·,ult, in u Jlllldm11 tkpth, irh1,tll> independl'nt of the back,..rround cont't:'11tration. Note 
tl1.1t tlw J1mct10n cleptli (,t·t• Fig. 6.91 h l!iven by 
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6 2 Extrini,c Dlffus,on ◄ 117 

ll ~ 1.6~ for D - C t y - l) 

l J c 1.1 ~ for D - c 1 ( r ~ 2) 

x, = O.b1'1/o; for[) - C' <r 3) 

111 the case of )'= -2, llw diffusivity 111t'rl',bCs wilh dPcrcasing l'Onc...,ntr:1lto11, which lc·ad, 
lo u <.-unca,·r profilt• . a.s opposed to the <.'OllH'\ profiles for other c,tst,. 

Diffusion Profiles 

Diffusion in Silicon 

Tht: rnea,\urcd difl'u~ion cocf£icients of boron and :m,cnic i.n ~ilk-on haw a mnCt"ntrabon 
dcpcndenCt' ,~ith Y= l . Their cont'Cntmtion profiles rm: abmpt u., dt:plcted in <:'ltrvt• c 
of fi'1gure 6.9. For gold .ind plaliuuin diffusion in silicon. yh clo~c to -2. and tlwir con­
t'Cntratio11 profilE's ha\'C the co11c::1ve shupe shown in curw d of Figure 6.9. 

The di1T11sio11 of phosphonis in ~ilic-on 1s assodntcd with tl1r douhl} dmrgc•d .1ct~'P­

ton,1rancy V' • and the diffusion coefficient at high <.'Oncentmtion v-.uies ;L\ C· \\'e ,,ould 
<'Xpt't·t that the dilTu\iOn profile of phosphorus resembles that liow11 in curw b of 
F1gurn 6.9. However. because of a dissociation cfl'cct, tl1c dilTu~ion profile e:<l1ihib .u1oma­
lou~ beluwior. 

Figure 6.10 shows pliosphoru~ diffusion profiles for ,~Jrious surfot'C c'Onct:11tmlion., 
after diffusion into silit'On for 1 hour at l000°C.1 Wheu the ~urfacc concentmtion h low. 
torresponding to tl1e intrinsic diffusion region, the- diffusion profile h ginm h} au erfo 
(curve a). As the concentration i11crc11sPs, the prollle begim to d.-\iate from th<: <imple 
exprc.~sion (curves b and c). Al very high t'011ccntrulion (cune cl). the profile nc.1r tlit> 
surf.we is iudeecl similar to that shown in CIIM~ b of Figure 6.9. I lowe\1/r, at cone<>ntni­
tion "·· a kink occurs and is followed by ,1 rnpid diffusion in the tail rnjtion. Tlw conccn• 
tralion 11, <.'Orrcsponds to a Fcm1i level 0.11 eV below tl1e conduction band. At th.is enc~ 
lc,·cl. the t'<>upled impurity-vacant')' pair (p·v--) dissociate~ to P', , .... and an c-lectmn. 
Thus, the dL<;.sociation geuerntcis a lnrge nu,nber of sing!) cl1~ed acceptor \".1cancics \' . 
winch in tum enhances the clifTusion in the tail region of the profile. The cl.iffi1 iVlt) in 
tlw tail region is over 10·12 cm%. wJ1ich is about two orden. of 111ngnit11clc larger lli.m tl1e 
intrinsic diffusivity at 1000°C. Because of its high diffushity. phosphon1< is rornmonl} 
used to fom1 deep junctions. such as the ,1-lubs in CMOS. 

Zinc Diffusion in Gallium Arsenide 
We expect diffusion in gnllium unenide to be 111orc t-ornplimt<'(I than that ii'. si.licou lx'CJt~ 
the diffusion of impurities may invoh e ,1to111ic tnowments on both the_ galliu,_11 ;tntl ar;e~c 
sublnttices. Vacancies play a dominant role in dilTusion pro<.'t' ~l:'s in gallium arsenj(le 
bt'c..1u~e both 7,- and IH)pC impurities mu~t 11lti111;1tely reside in lnttice sites. llowe,1:r. 
the charge states of tl1e v,1c.u1cies haw not bet>n eshibli~hecl 

Zlnc is t11c 1nost c>.1emi\'ely studied dilT11 ant i11 galhum arse111d1:. rts difT11,_io11 ~•r. 
Ocicnl is found to \11\1)' as C2 Therefort'. tl1c clilTusion profiles ,11,· qeep, ,ls shO\\ll Ill F1gurt· 
6. J l , 13 and resemble t·un·e I, of r'igure 6.9. :'liote that even for the c.1se of tlw lm\'t."~t ~ur­
faet• concentration. the dilTmion h in tl1e extrin~ic: diffusion rl'giou. bt-c.111st• n for C,L-\~ 

at t000°C is l<.'~s 1hr111 101' cm '. As M·en in Fii,1re 6.11. th<.' mrfaCf• conCt"ntr.1tio11 h,L, ,1 
profound cfTcct 011 the junction depth. ThL• difl'ushity ,·arie, l111<',1_rl} ,,itJ1 tJ1e p.1rti.J prt•,. 
~11rc of the ,due Yapor. and th1: surface l'Oncentmlion "proportional to ~Ill' st111art• ruol 
of the partial prcssurn. Thercfo1't\ from Eq. 25. tJw junction dt·pth 1s lint•arl~ propor­
tion11I to tlw surfo<'<! concentration. 
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figun, 6.10 Pho,phoni) d1IT1L,i<>n profiles' for various surf.,cc concentration, ·Lftt'r d11Tusio11 
into '1hron for I hour al 1000 C. 

6.3 LATERAL DIFFUSION 

The ont. -..dimens1onal diffusion equation di<;CUssed previously can describe the diffusion pro­
ce, safufactorily. <::<Ct-pt at the edge of tJ1e mask window. Here the impurities will diffuse 
d01mward and tjdl'Wa}~ (i.e., laterally). ln this case. we must consider a two-dimensional 
diff11s1011 equation and use a numerical technique to obtain tl1e diffusion profiles under dif. 
fcrcnt initul and boundary condition:,. 

Figure 6.12 shows th~ contours of constant doping concentration for a constant sur­
foc,_• concentration diffutjon c.-oudition. assuming that the diffushit)' is independent of con­
ccntrJtion. ' At the far right of thi.: figure. tJie variation of the dopant concentration from 
0..5 C to 10 ... C, 1whcrc C. b the surface concentrntiou) <.'Orrespond~ to the erfc distri· 
hubon giwn by Eq 9. TI1e contour'\ are in effect a 111,1p of the loc-.-1tio11 of tJ1e jwictiOII\ 
c-reatL-d by di1Tu~in1; into ,anoll5 back-wound concentrations. For example. at CIC,= JO 1 

(1.e .. tJ1e hackgrounJ doping is 10' times lower than the surface concentr.1tion). we see 
frum t1us constant conct>ntration cune th.1t tht- vertic-.il penetration is about 2.8 µ111. 
wl1er,•.t, the latt>ral pent'tration 1$ about 2.3 µm (i.e .. the penetr:'llion along the diffu~ion 
nwk-~miconductor inter{; et,) Therefore, the l,1teral penetration is about 80%_ o_f_t_h_e _____ _ 
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Figur111 6.11 Diffusion proOles'' of zinc in CaAs afttr annealing ~t 1000°C for 2.i hours. TI,e 
difTl.'rvnt ~urface conccntrntiom arc obtainL'<:I by inaintainin~ the Zn sourt.v at tenipcr.itun•, in 
the range 600°C to 800°C. 

penetration in the vertical direction for concentrations three or more order; of magni• 
tude below the surface concentration. Similar results arc obtained for a constant total 
dopant diffusion C.'Ondition. The ratio oflateral to vertical penetration is about 75%. For 
concentration-dependent diffusivitics. the ratio is found to be reduced slightly. to about 
65% to 70%. 
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Figure 6.12 Diffusion c.-ontoun; at the cdgt of ~n nxidt' win<luw, whl're r, IS tht' radius uf 
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u,{' of tht I 1kr.1l dul11,1on ,•lit•t·I tlw _11111d1011 Cl.lllSiSb of ll t't'Olr.u pl:Ute for 

n: 11 ,\~111 npproxi111,1tl'I, cdindri,~tl ed~e, \\ith II mtli1" of cul'\,1hm• r •• L~ ~hown 
lD f l!?\lft b l:'.! ln, <ld1ho11, if tilt' ,1in11~10ll 111.~\k ('1:)111,ll l\S ~harp t.'Onlt'l'S, UH' sh apt• of thl' 
pinctii>n urar dw 1nn1t•1 ,1ill l1t• rou~hh· ,plwncnl bt.'t'.tll\l' of lateral d1flu,io'.'· Sincc 
the clectnc- fil:'ld 1111l'11. 1lic\ .m· h11i;lll'1 for cvlin<lrical and ;.plwnl·al JUlltli1>11 region~. tlw 

'ilWlChc lm•.1ktl0\111 \Olt.1~e, of ,uch n:i,on;. c.111 be snhst.111tiall) lo,\1.•r th,m that of a 
p!ane junmnn tumng tJw ,1111t• b..1d,g1011nd <lopmg 

► 6.4 DIFFUSION SIMULATION 
The, n<1u, ro111pht..1hon, th,11 arist• in tlit· tomput:ilion of diffusion proftk-~ lsuch as con• 
<'Cnlmhon-tlt>pt.·n<l,·111 diffusi\it\'\ trn<l to pl'l.'Cl11de tlie u ·e of ,rnal)tiel\l haud calculntions 
for U but tl11• ,unplt'~t t'\.unpl,•~. Fortunutd~. tl1e SUPRE~I :.ollw:\re p.icl..~c mtroduced 
m Cl1aplt'r J ibo i11cludr, t'Otnplelt.• models for cLffusion. SU PREM c.m\ ~imulnte one- or 
t\,o-<llml'n ,on.ti <lifTu~ion profile . Thi~ h ,1ccomplhhcd using tl1e DIFFUSI~ c-ommnnd. 
l11t• output of th,, prognuu " t} picalh the chemical. carrier, and vac:lllC) , "r,cenlrations 
a., fundiort~ of depth mlo tl1t• -emicondudor suhstrnte. 

\II dtllu.,1011 prot , ,imubtors. including SUPRE~t. are based upon tl1re<- basic equa­
tion, 11,e fi~t e<1ualion is lor the Oux (J l. wh.ich in one dirneru.ion is given by 

(26) 

"here l, is thf' ch.i~e state µ i~ the mobility of the impurity. and E is the electric field. 
The ,ub,cript i indi<.'iltl"> tht· UPR E~l grid loc.ition. The second relationship is the con­
tinwt) equation. which is gi,·en b) 

dC. +di =G 
dt dx ' 

(27) 

"hrl'I.· C i~ tlw generobon/rccornbination rnte of the impurit). The final key relntionship 
L~ Pob-,on's t'qu.ttion which in one dhnension is given by 

(28) 

,~hert f is the p<:-nnitthit)·. 11 and p are the electron and hole concentrations. and Ni:, 
and X, ,m, the conccntmtions ofionized donors and ncceptors, respectively. SUPREM 
sol\es_Eqs. 26 to 2& s1multaneo11 I) o,er a one-dimensional grid specified by the user. 
Tlw d,lTu 1,1t) valut>S used b} SU PREM an: b,L~ed on tJ,e vacancr model of Frur. 11 The 
",Jue, of E ,md D for B. Sb, and A, ;ire included in a look-up tnble. Empirical models 
,ire used to .iccounl for field-aided, oxiclation-enhaucc<l. and oxidation-retarded diffusion. 

EXAMPLE3 

11~'."" "ant lo "'nul.ite tht· prt-dcpo,.ition ofhomn mtoan 11-typc <100> silicon wafer JI 650"C 
for I~ m111111t-,. lfthr ~•hlvn :ub-"1r.itc i, doped \\ilh pho~phom~ ,it a k'\-cl of 10 .. cm'', 11\t! SUPRE~I 
tn d<.>1t•m1111c the homn dopin~ profll .... md the junttion d,•plh 

SOLUTION Th1-· SLPllE~I mput lhti11~ 15 JS foll0\1s: 

TITLE 
COY.-~ENT 
INITIALIZE 
co~~ENT 
DIFFUSION 
PRINT 
PLOT 
STOP 

6.5 Summery ◄ 12 1 

Predeposition Example 
Initialize silicon substrate 
<100> Silicon Phosphor Concentration•lel6 
Oi ffuse boron 
Time-1S Temperature•8S0 Boron Solidsol 
Layers Chemical Concentration Phosphorus Boron Net 
Active Net Cmin•lelS 
End predeposition example 

'>ok th.it )_urfucc 0011t't'Olrnlion oftl,t• boron i, ,t·l to the ~lid ~olubility limit hy thl' Solidsol 
~11.inwter 111 lht'. DIFFUSION command, Afit:r prt•dcpositinn b t'Omplc·te, w,• print ,111J plot Lht: 
boron r.on('(,'nlraLion as a function of depth into the ~ilicou ,ub,tr.ue. TI1c rc~ulL\ JJ•• ~J,r,wn in F,,1tnri• 
6. 13. ~Inch indic,1lcs a junction depth of 0.0555 µ111. 

► 6.5 SUMMARY 

Diffusion is n key method of impurity doping. This chapter first considered the basic dif­
fu~ion equation for constant diffusivity. The complementaiycrror function (erfc) and the 
Ga11•~ian function were obtained for the constant surface concentration case and con­
stant total dopant cases, respectively. The res\lltS of a diffusion proce scan be evaluated 
by measurements of the junction depth, the sheet resistance. and tlte dopant profile 
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Figure 6.13 Plot oflx>ron ,-oncmtmtion as.., function of dt>pth into tlw ~ili<.~,n ,ub~tmt,•. filinµ 
SUPREM. 



12:! ► Chap:e 6 Diffusion 

\\111, 0 th,· doping conrentmtion is higher than tht: 1ntri1tsic_ carrier <.'Oncentra~ion •~ at 
the diffu'1on tc111pc.•n1lul't·. tht' cliJTushit) bt'<'Omes conc.-<:ntrott0n dc1X'ndent. Tlus depen­
<lt•n<'t' lus ,1 profound 1•1Tect on the rn~ulting doping profile. For e~n~1ple. a~enic nnd 
boron d11Tu,i,ih 111 silk-on ,-al} linearly witJ1 tJw impurity c.-onccntmtion. Their doping 
pmfih·, ,,w llllll~I moru abrupt than tJ1c erfc pronle. Phospl'.orus_cli!fusivity in s!li<.-o~ \'::lries 
. t, tJw squ,u·e of ooncentrotion. This dependence ,u'.d :~ di~s~nti_on e_~ect give nse to a 
pl11>~1>hon1, diffusi,ity thnt is I 00 times l.1rger than its_ mtru1-:-1c ~ff,~s1v1l): . . . 

L.atcml diffu.sion ,
1
t the edge of a mm,k and impunty rcd1smbution dunng 0~1dahon 

,11-e ~,0 proc'l!..,<.es in which di1T\1sion c.111 have an important impact on de,ice ~rf'.omtance. 
Tlw former c-.ui ~ubstantinlly reduce the breakdown voltage. and tJ1e latter will mfluence 
tho: threshold voltngt> ,IS well ru. tlw c:ontact resistance. 

REFERENCES 
\t 5,, EJ . \ 'I.SI Tt-t·h,,.,loey. 2nd cd . ~kGr:.w-lliU, Nt•w York, 19SS, Ch 7, 8. 

2 1- Clwullu \ '/,SI FoJ,rir-atkm Pnt1ci1>ln. 2nd Ed . \\'lie), :,-cw York 199-1. Cb. -1, 6 

3. \\' R Rut1\JR .u1J K E. S..·.u,. s,-,,.u,111rl11t1or lntr::,rot,·tl Ctm,/t Proc,..>Slng Tt'cl1n,>logy, Atlclison-\\'cslcy, 
Bc,,ton 1990 Ch S 

1 11. c. C....."\ .i,J C L Pcarwn. D1fT11<ion m S1•1nicoruluctor.." 111 J II Cr-~wforJ .,ncl I \ t Slillcin, l.::ds .. 
Pmr,1 D<frr1, 111 Solul.,., \'ol 2, Plenum '\c,, York 1975. 

s J p Joi,, "\frt . .Jilc Contun1n:itlon of SJ~ron 11".ift·l"li." ,\l/m,,-/rctm11 Eng .. ..fO. 2l)S ( 191-l 'I), 

6 . .\ Cruw Pl,y11,-. and n ·rlwology of S,111Jcmul11aor V<1.lcN. \Vik'), l\t"v Yorl;, 1967. 

i 1ST:-1 M,tl,od f"371-~ . , ..,,1 Mctl1od for She.-t Rc<utana: ofSUk-on Epit.wal. DilTu,ccl. Jnd lon­
lmpl,anti,d L.._-...-,. Uj1115: ;a Cotlinc.u- four-Probe Army.· \'JO. 2,19 ( 1993,. 

,. J C 1 nm. r.,.duJbon c,£ l);ffii,.,J W}'ers III Silicon," Brll Sytt T,•cl, J. 41, 2 ( l'l62) . 

Y S ~t S.u· Smurimtl11ctur Dttfo,-. Pliy.f/C$ o,ul T,•d1111,/<1ey, 211J Ed . \\r,I,'}\ :,;,._v York 2002, Ch 7. 

10 \STM \h thocl El 13-'s-9I "Stmd.ud Cwdc for ~l\'.u11ring \\'adth of l11t,-rf...,.,, w Sputler Depth 
Profllm~ V,uu: l~fS. VIO, S71> 1993). 

11 R B ~·.11,. Coac.,atrollon Profib of DifTus,:d Dopaub." In F. ~: Y. W,m\(, U.tl. l111p,mty Do,,tng 
F1'Pt"n><, 111 S1/rw11. Xorth-HoU.mtl Am~.-r<lnm. 19.81. 

12 l. R 11 .. ut.-·tJ: .. utl J Bl;mc,. ·OifTu"on with h11<'r,titial-Suhs1ituhonal Equllibnuru. Zlnt· m CaAs." 
Pliu, &·i., 131. ls-I~ 19631. 

13 F A Cuu,,..11 uud C. H. C00tb. "D1JTu<1on of Zinc m C311lum /\rsenit.1.-. J Phy, Chm, Solid, 15. 12i 
( lilflf) 

I~ D I' K,·m,t-d~ und R. R O'Br11'n. "Analpi< of the Impurity Atom Distribution ~c:ar the OifTu<ion Mnsk 
for., Pl.Arur ,,.,. J11nt1io11. IBM J Rr:, O.·~ 9, 179 (lllf>5). 

15 S ,\ C.Uupb.-11, Th, Selrnc,- nurl E:11,:it1uring of .\f/m,r/rrtmnlr. F1d,rlra//m1. 2nd Ed. 0 :d"ord Uni,'l!r<ity 
Pl'\",,. ,,-.v York 2001 Ch 3 

PROBLEMS 

ECTIO:'\ 6.1: BASIC DlffU ION PROCESS 

1. CJ.leulato.> the JllllCtion depth and the total amount of dop,tnt lntroduccd aOer boron pre• 
tll:)'X1'ilion pcrfonncd at 950°C for 30 min111es in a neutral amhit:nt. Assume the ,ub­
,trdt1: i~ 11-type ,il,c-011 "ith .V n = Lil x 10 .. cm and th,, boron ~urf;ioc co11ccntrntiur1 h 
C J <;x 10- ' cm 

2. If u,~ ,jmpl,· in Problem I i.\ subjected to ., 1M1tral drive-in at l050°C for 60 minulcs. 
cak11l,1k tlw clifTu~ion profile and the junction depth. 

Problems ◄ 123 

3. A"Ulll<' th<? nwa.-.urL"<i phosphllnL, proOle can lw renr~cnt1:d (,. .. , C:alli,iw, (,mc1,·nn , -11 
di"" • • D 2 3 JO 11 l I' ., \II I 

,I irus1vity "' • X • can A Th,, rrwasurcd mrfacx, con,~ntration i~ 1 x JO 1 

,1to111s~~m • ,111d the 1111:...sun:d junction dcpdt i\ I µm at a sub~trutc ,'Onrentmtion ,.r 
I X 10 • Calculate the dllTmion li1ne 1md the• total dopant in the diffiuc<l l.t)'l.'r. 

•4. ~o .t\'Oid w•.ir~r w-.irp duet? a sudden reclu<..1ion in tempcmturc the tempcmtun· ma Jjffo . 
s1on furnace L\ decreaw<l hncarly rrom JOO(JOC to SOO'C in 2() minuh:, \\.'hat;~ the e:fTee­
tive difTu~ion time at the 1n1tinl diffu~ion l<>mpcrah1rc for n ph0<,phorus dilTo.1.,iun in ,llk,m? 

•s. For t1 low-contc11trntion phospl,onas drive-in difTusit111 in silicon at 1ooo•c. find thr 
pcrce,uagc change of surface t'()n(.'Cntration for I% v:iriatiou in diITu.sion time and 
tl·mperaturc. 

6. If arsenic b diffused into a thick ~lic:1: of silicon doped with 10" borori Jlon,~/c1111 .;I a 
tL' n1pcraturc of 1100°C for 3 hours, whut is the final di~1ribulion of ar;cnic if 1he ~urfat-e 
<.-onccntratlon is held rLt<:d al 4 x to" atoms/cm'? \\'hat arc the diffru,on k-n!(th and junc­
tiou depth? 

SECl .. }'ON 6.2: EXTRINSIC DIFFUSION 

7. If ar:,imic h diffused into a thick slice of silkon doped with 10" boron ato111,/cm' at a 
lt mpcraturc of900°C for 3 houri.. what is thll final clistribnlion of ~nic if the siu-fdce 
conCf:nlnition i held fixed at 4 x 101

' ato,n\/cm ·? What h the junction dllpth? &s11me 
th1,, following: 

D0 = 45.8 cml/s E. = 4.0.5 eV x, = J .6YDt 

8. Explain the meaning of /11trl11sic diffusio11 and rxtrlnfic dlffusio11. 

SEC.,"J.10N 6.4: DIFFUSION SL\IULATIO ' 

9. Use SUPREM to perfom) a drive-in step for 6 hours at ll75°C following tJ1e predcpmi­
tion described in Exa1nple 3. Plot the boron profile and give the n,,.-w junction depth 

• 10. AA.er the boron drive-in step in Problem 9, suppose phosphorus is \nbst'(JUcntJy prcde­
posited and driven in. TI1e phosphorus predeposition occurs ,it li50°C for 30 minules. anJ 
the drive-in occurs at 1000°C for 30 minute . Use SUI>R EM to plot tJ1c phosphnm, Md 
hon>n impurity proO!cs. and dctennine the jun"-tion dcpth{s). 



7 
Ion Implantation 

.1. •r 6 <liffo ion ,md ion irnpl.mt,,tion .,re the two kc} methods c,f 
,u c1i,l'l1,.-t,I in C _uptc I • l 19-r. 111·111, dopino ont•mlions have been perfonne<l 
· • J • • Smet• l ll' ~.u ' ""· • , ~ , .. m1punt, 0P111~-

1 
. ·F. . - 1 ln thb prore s the dopant ion, arc implanted 

'-- · • t t t on a., s tQ\\11 111 1gun: , • 
P)'1on uup .111 .1 • • • b f in ·1011 l,c-1111 Tiu: do1>ill" c:oncentr..1tion bn.~ a peak ., • I ctor , n1e·ms o • • • '' 
u1to ulC ~emK,~ldl( utl . 'd tor and th(' profile or the dopant distribution is dct<.'r-
tfi,tnhuhOII u1s1 e It' -.t'llllt'Oll uc • • . h di. . I 

. 1 b I · . . .. ,d the implantt.'d-ion l.'ncrgy. Tlus c apter scu cs t ,e nunt'<l 111.un ~ )' t ic 1011 ma.,s ... 
folio\\ in!! topic : 

• Tllt' proc-t' \ .rnd ad,,mtage-- of ion impb11t.1tion . _ 
• Ion cli.,tributions in tht· cry,t.il lattice and how to rt'movc bttic.: tL11n,1ge ca1L,ed 

t,, ion impLrnt.ition . . 
• I • l· t . .1 """'sses such 1., ma.~kino. higl1-energy 11npLmtation. and • Imp ant.1tion-n.· ,1 ~-u pr.,.... . . • . • .,, 

lugh,urrent unplantation 
• The ~imulation of ion i111pb11tation using SUPRE~I 

1-t.uk 

lnC 

(b l 

Figure 7.1 C:t1111p.in-\On of (,1) d1ff11,inn and 1/,) ion-1111pl.mt.1bon tcchnirpw, for tht, Sl'lt-<-tiw 
intro !,Kott ,n n( dnp.tnb into the <••m1conduc:tor ,nh\tratc 

7 1 Range of Implanted Ions ◄ I 2S 

7.1 RANGE OF IMPLANTED IONS 

Ion hnplantalion i~ the introduction of crwrgl'lic. charged p,trticl1: mtn" s11h~lr,1lt• ,uc:h 
as silit'on. l111pl.mt,1ho11 enc•~ PS are bNwct•n l kc\' .111d I Me\'. result mg in 10n tll\tri• 
buhons with awrng,• depth~ rungin~ from 10 nm to LO µ111. 1011 do,cs vary from }()11 

ions/cm' for threshold voltugc adju,hnl'nt to 101' ion..tcrn! for tlw fonnation of huril'd 
1nsulatin~ lu)l'l'i. • ote that the dost• i.s expre wd a~ tlw number of ion, implantt-d inh> 
I cm: of Ult' ~cn1kond11ctor ~urfncc arC'a. 11,t• ntain .,d,,111t11ges of ion 11nplant.1tion arc· 
its more precise control and reproducibility of 11npurity doping~ and its lowt:r process­
ing tcmpcmturc compared with those of the diffusion proctss. 

Fi~ire i.2 scl1cmatically shows ii 111cdi11r11-cnc-rgy ion implantor.' 111e ion w11rC1• h .. 1:; 

a lwated filament to break up source gases such ,IS BF or Asll , into charged ions I s· or 
A.s ). An extraction voltage. around 40 kV, causes the <.'hargcd ion~ to 1110,e out of the 
1011-source chamber into a mas~ anal)'7..Cr. The nrngnetic flt>ld of the analy-L.L>r 1, chosen 
such lliat only ions with the de~ircd mass-to-charge rutio can tra\'CI through it \\ithout 
being filtered. The selected ion, then enter the acceleration h1bt.·. where they arc acc-el­
E'mtcd to the implantation eni:rgy a., tl1e)' move from high voltage to ground. Aperture, 
ensure that the ion beam is well collimated. The pressure in the implantor is kept below 
JO" ;,,, to minimize ion scattering by gas molecules. 111e ion bt'am i_, then sc-anncd over 
tJw \\afor surface using electrostatic deflection plates and is implantt:d into the wmi­
cond11 ~tor substrate. 

The energetic ions lose energ) through collisions with eledrons and nudci in the 
substrute and finally come to rest at some depth "itl1in the lattice. The a,er.1ge depth 
cut be controlled by adjusting tl1e ace,-cleration energy. The dopant dose can be controlled 
by monitoring the ion current during implantation. The principle side eff11ct is disrup­
tion er d.unage oftl1e semiconductor lattice due to ion collisions.111ereforc, a subSt-quent 
annealing treatment is needed to rcmo,e this damage. 

7.1.1 Ion Distribution 
The lotal distance that an ion travels in coming to rest is called its ro11g1· (R) and is il11Ls• 
trated in Figure 7.3a .1 The projection of this distance along the am of incidence is called 
the projected mnge (R/ Because the number of _collisions ~r u~t ~st~ce and tht> en,•~ 
lost per collision are mndom variables. there \\111 be a spatial di.stnhulion of ions hann~ 
the ,amc mass and the same initial energy. The statistical Ouctuatio11.s in the proje<.11.'<I 
range arc called tJ1c ,,,.ojectccl \trnggfe (o;). There is also a st,1tistil·.il fluctuation .lion~ 
an axis 1)t'rpc-ndic11lar to tl1e axis of incidence. which is c:uled tlu• latrmf ~,ror,p,11• (o). 

Ti-rmmJ.I 
gmund 

8<.';fom trap 111.J .Srutr.11 
i.:~,,_,. pl.alt· an,1 lx•.u,1 

----i•I-. __ .... poth ~•h"-1 

c::::::, 

\\'.f,r Ill 

,.1kfrr pn 
ch.smlir.r 

figure 72 Sclwmatic of a 111c<lium-c11rrl.'nl Ion impl.auto_r. ________ ~ _____ __.. 
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(a) 

(b) 

Figure 7.3 10 Schematic of the ion r.infl:c R J.Od proJect<:J mn~e R (b) Two-<l1 mcn,ionru distri• 
buti,n ol th,· implolnlt'O ion,: 

Figure i .3b shows the ion distribution. Along the axis of incidence, the implanted 
impurity profde can be approximated by a Gaussian distribution function: 

(l) 

when· S ,, the ion dose per unit Jrea Thi.~ Pquation is similar to Eq. 14 in Chapter 6 for 
ron~tant total dopant diffusion. C'l:cept that the quantity 4D/ is replaced b) 2a~ and the 
di.--tribution is shifted along the ,Mt'Cb by R. Thus. for clifftmon, the ma.ximum concen· 
trntion is at .r a 0. where.~ for ion implJntation the maximum concentration i~ at the pro­
Jt:c:h-d nui~c. The ion l'OnCl.'ntration is rc'<iuced by 40% from ii!> peak value at (x -R,) = 
±a , by ont· tlt-c-.idl• .it ±2a. by two dOOlde, c1t ±3ar and hr fi"e decades at ±4.Sar- . 

\Jong the a.u, [)<'rpendicular to the .1.xis of incidcnc.-c. the dbtribution i..~ aho a CaUSSiall 
fonttion of till' fonn exp•-1j/2a J. Bec-,1u5t' of this di~tribution. tJwrc will be some lat­
tr.J implantahoo.1 llowewr. the wkrnl penetmtion from the mask edge (on the o~r 
of a is t"Omiderabl)' ,111!\llcr tJ1.ui tJut from tJ1c thermal diffusion process di~cus<ied 111 

~tlOll 6.3. 

7.1 Range of Implanted Ions ◄ 127 

7.1.2 Ion Stopping 

Tlwrt• nrl' two , topp111g llll'<"hani,111' h) wluch .111 cn,,~clic 100. 0 11 1·n1t·rin~ ., ,l·micrm­
ductor sub,tmte (,Jso t·alll•d the ln~1•1t t~u, lw bmu~ht to rc:,t 11u• fiN i, IJ\ tr,111,f,•r• 
ring its t'll<'tro to tlw targd nuclei. Thi~ t-.111,c, d<•Oectinn of the: inC'i<ll·llt io~ .ind ,11"1 
di!.l{)(l~t·s ni,111) t,1rge_t 11111:lt.•i from tlw,r original latt1t't• sitt•s. ff E i\ the <•ncrK\ ol tlw i"" 
at anr po111t r ;ilong its path. we can define• .1 nuclc-.,r stoppin~ po,1cr. S ,(E) • 1df:Jrlz• 
lo char.1ctcri7e thh pro<.'('s,. Tlw se<.'<md ,toppi11g mrch,u1ism i, by tl,c 111tcra<.11on of tilt' 
incidrnt ion ,~ith the cloud of ck'<trons ,urmundin~ th,• t.~('fS atom\. 1111.: mn lo'>(.'\ <'lw~· 

in collisions with electrons through Coulombic intemction. Tlw clc:<·trun, can be• i•x<itc:cl 
to hightr encrg}' lc:,eb (cxc1latio11). or the) can be ejt•ctc<l fro111 tlw atom (ioni1.a1Jo11) Wr 
can define an electronic stopping power. S,(E) ■ {dF,Jdx). to chamtteri1e thi, prot'l''"· 

The- ,1verage rate of energy loss witl1 <lhtiuit-e is gi,en by a \upcrpmition of the two 
stoppin~ 111cchani..,111s: 

d£ 
dx =S.(E)+S.(£) (2) 

If tJ1c total dhtnnce trmclt•d b) the ion b<•forl.' coming to rest is R. t1ll'n 

R f dE 
R=fd\= f---

0 0 S(E)+S,(£) (3) 

where £ 11 is tJ1e initio.l ion cnerg_}. The quantity R has bt>en defu1cd prC\iously ,L~ tl1t- r.u1~e. 
\\'e can ,isuo.lize tJ1e nuclear stopping proc:ess b) considering tl1c el:1.,lic collision 

between an intoming hard sphere (cnCn!',) £0 and mass .\11) and a target hard sphere 1ini­
tial cner~ zero and mass ,\/~). as illustrated in Figure i .4. \\11en the spht>rt" collide. 
momentum is tran~ferred along the cente~ of the spheres. The dcOection angle (6 ) ,md 
tlie ,·eloc:ities. v, and V::, can be obtained from the requiremenls forconsen.1tion of 111on11.•n­
h1m and energy. The maximum cnergr loss is in a head-<m colli!,ion. For this t-as<•. tht• 
energy loss by tJ,e incident p.1rticle .\/ 1, or the cnerro transferred to ,\I"' ~ 

.!_M, ,,i =[ 4M,M~ ,]£ 
2 • 1 (M1 + M,)' 

0 

Figure 7.4 <:ollhion of h.trd \phcn·, 

(4) 



I,",· 4'f, 1, 11'11.tll) or tht• ,.mil' mdt:r uf IIHll!lllhlclt• ;I!, ,\I I ,I l,ll)~l' alllOlll\l of l'llt:rro 

c •, I , , ,n,f, nt-d 111 ,1 nudear ,tuppinl! prtx.'l''' 
llctmlt•d l,Joul.1h1111, ,ho\\ tl1.1t thl• 1111ck·ar ,1opp111~ powt·r mcrt·,L-.e, li1w.1rl} \\ith 

<·•w~ at IOI, , "' rg,,., (,imil.11 to 1;11 -t) •. u1d ,(I-:) rt-aclw, a llltl\imum al ~onw intcr-
10l:di;11t• ,•n1•r~ \t lul!h t:ni-r)!it·~ S I::• i>l'<'<lllll'' ,11mll1•r lx•c,111se fa,t p,u1icll•s may not 
h;iH' ~11ffide11t 1111l'n11.:tio11 lime w1tl1 tlw 1.1rgd ,,tom, to :1ch1l'H' cfft-ctiw ,·1terK\ tr.im­
fer TI1e rnlcul.,lt'<I ,.,hws of • .,E fo1 ,ID1·11ic. phusphoni,. and boron in ,ilicon .it \'ari­
ou, t•nt fl!i,·, :1n• ,htnrn i.11 Fii,1rl' 7 5 ('Olid lint•~." hl're th,• supc.•r-t>ript indit•jtes the .1tomic: 
weid1t).' Xote tli.,t he.1, ier .110111,. \11d1 ,L, .1r-c11k ha, l' a largc.•r n11c·ll'.ir stoppinJ?, power. 

111.11 1, far,.!er l'lll"~ lo,, pt'I" unit dl'IHlll't' 

Th<· ,•lt:'<:tro111<· stoppin~ powt.·r h found to lw proportional to the \'(:loci!\ of the inci-

ile111 11111, or 
(5) 

,, hcn.- tl1c.· l'Oc:ffidcnt I., i, .1 rdati, d) \\t:,tk func:tion of atomic- tna.\, and ato1111c number, 
rlw ulue ofk, is ,1pprox1111;1tdy Hf ,c\ /em for ,ilicon and 3 X 10 (cV ·/cm for g,J. 
li11111 nrs<'11idl.' Thl• dectronic ,topp111g powl•r in silicon b plotted 111 Figure 7.5 (dotted 
Imel. ,\I-.() ,ltw11 in tlw fil!\Hl ,lre tlw cro\\owr energies. al which s,,f;) S~(E). For 
bon111. ,\hkh li.L, 11 rd.1tin-lJ low ion 111,t" ro111parcd with the ta~l'l ,1lit'011 atom. thl' 
crm~,er l'm'tg_\ ,, onh 10 kt>\. Thi, lll(',ms that o,er most of the irnplantation energy 
r.tlll!<' of I kt•V to 1 \It•\ thl· main cnel'g\ lo--.s me<:hanism is due to i>ledronic stoppin~. 
On the other liand. for mcmc ,\ith its relati,el~ high ion ma.,s. the cro so, er 1:ncr&'t· is 
iOO kl•\: 11111,. nudt'.tr stoppin~ dominates owr most of tht· energ\ range. For phosphorus. 
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Figur: 7.5 ~11~·lear ,toppin~ (>U'I, , , E , and ,·k"trnnic stoppm)t (lCJ\Wr, S. (E . for •\.\, P. and 
B 1 · 1 11' pomh nf 1111t-N:•c:t101 uf tlw c:uT\,:, com~pond In the cnl·~ .11 "hich nuclear .1nd 
d~-tromc 11t)pplni: an.• cqiul • 

7.1 Range oflmplanted Ions ◄ 129 

tlw c.·ros,owr l'llerg) i, 130 kl>\' For Ill E I . ti . 130 k . 
inatt•. for ln~lll'r l'lll·r•!ll'~ dcci'ronin',

1 
• .

1
" '·1

1

1
11 

k. '(•\. uuc-k,;,r stnppln~ \\ill dum-
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Figure i.6a show, lhi, proiec-ted (R I • I t I ( ) r • . , ran~c : ), t ie prOJctlPd ,tnige,lc t o ). an<l the 1.it-
er.i ~ mgg e o. ,or arsemc, horo11. and phosphom, in silicon.'· A.~ e "<.lro the I, l'r 
thl enerro, los,. the smaUer tlw range. Al,o the proit""'"'1 r.••nge. d t ,qxl • • • rgtl · F • • , ""-u ~· ,m ' r.t1U5 rs mcrt•.~<,e \\1 1 

1011 c·ncrro,· •. • ~r ~ givt•n ele111e111 :t a specific inc:ident energy. 01 and O art: com ;irablc 
aml uw,tll} ,,1tl11n ±20~. Figure 1.6b ~hows the co~·spo c1· I r • h .. , p • I II . . . • •.. n mg va 1ws ,or }u~t•n zinc 
anc h• unum 1n gallium at"S('llide.3 l fwc compare Fiuu~es7 "·1 aricl b ,,. . tJ 1' • f tJ I I " ·°' • <' we ia rno,t 
o 1< popu ar < opanl~ (except hydrogen) ha, c larger projected rnnges 111 sil'ro tJ 
tlwr ha,·t,> Ill galliu111 arsenide. • 
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EXAMPLE 1 

. \."llllK IU{l-k\' bon111 lmpl.iuh 011.1200-111111 ,1Lt~lll \\".tft•r,1t ti du,l' ors X to" ion.Jc1111 C,Jculntt 
tl, I" al.: ,.,11.v11u.1t1ou aml tht• n:qmn:d 1011 bt•,un C'l1rrt•nt for l 111t11ull: uf hnpl,mt,,ttnn. 

SOll/TION Fn1111 F11t11ft' 'i (l.,1, ,-.• obt.11n 0.3111nd ll.07 µ111 for the projl'cl\'d 1,ul){l' ,,nd proJ•'(:tl~I 
,1r.i~I(• n 'l'll~l\vh 

Frum Ert I, 

Thr p.- .11. Qlln"·ntn1LJun 1:. ,It , • R t. ,md 11(T) c 2.85 x 101 ions/cm'· 

The lot.J numl,c:r of 11nplantc<l ion$, Q, ,, giwn b, 

Q=5x l0 'xn x(~
0

) = l.57x lO' ion~/ cr11' 

l =qQ l.6XIO ••x t.57 x lO'' 
4 19 0

_. O l 
1 

60 = . XI A = .4 mA 

7.1.3 Ion Channeling 

◄ 

Tlte projt--<.-tt.'d range and slral(~lc of the C,1ussian distribution discu~sed pre,iously give 
a good de,criptiou of tJ1e implanted ions in amorphous or floe-grain polycrystalline sub­
stmtc • Both ,ilk-on and gallium ar$Cnide behave as if lhey were amorphous sernic:on­
ductori;, provided tl1c ion beam i.~ rni.sorientcd from the low-index c~tall<>wnphic direction 
(t>.g., < 111 > ). In tl1fa situallon. tlie doping profile described by Eq. I is followed closely 
nt>ar the pe,tk .tnd extended to one or two decade~ below the peak value. This is illus­
tr.lt<'d in Figure 7.7. llowcver. even fora mi orientation of7° from the <lll> axis, 1here 
still is a tail tbnt ,arie cxponcntialJ) with di~t:ince as exp(-x//4), w}icre ). is typically on 
the: order of 0. I µ111 . 

Th<i e"1xmential tail is rcl:ited to tJic ion clu1m1cli11g clTect. Channeling occurs when 
incicfout ion~ align with :i maJor crystallogmphic direction .ind are guided betwee11 rows 
of atoms in a Cl}'St al. Figure 7.8 illu. lratcs a diamond lattice vi<,,wcd along a < J LO> direc­
tion' Ions impl.intcd in the <1 10> cLJrection will follow lrnjL-ctories tJ1at will not bring tJiem 
closl' l'nough to a t,1rget aton, I<> lose significant amounts of euc-rgy in nuclear e,-ollision.s. 
Titus for chilnndC"CI iom, tJ1e only energy Jos.\ mechruusm L\ electronic stopping. and the 
range of channeled ions c.u1 be i~niflcantl} k1rger than it would be in an a111orphous t:ir­
gl t Ion ckinneling ~ particnlarly critical for low-energy implants and lwavy ions. 

Channeling c.·,u1 be mjnimizcd by several techniques: a blocking ainorpltous surfore 
l,1\.er. 111u.orientat1011 of tlw wafer. and cre.ttill~ a da111ugcd layer i11 the wafer surface. The 
usual bloc:1-ing amorphou\ l1yer 1s imply a tJ1in layrr of grown silicon dioxide (Fig. 7.9a). 
111<' L1}<'r mndonllw\ the dirct-tion of lite ion beam so that the ions enter the wnfer nt 
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Figure 7.7 I1np11rityproflle obtained in a purposely misoricnted tru,zct Ion beam is incident i' ' 
from Wt! d l b a.xis.l 

di/Tcre11t angles Md not directly down the Cl) tal channels. Misorientation of tht• wnft•~ 
5° to l 0° off tJ,e major plane also has the- effect of preventing the i.011.s from entering the di.111-

nels (Fig. 7.9b). With this method, most irnpltu1talio11 machines tilt the wafer by 7° and 
then apply a 22° twist from tJie Ont to prC\'Cnt ch:uineling. Pre-d11n:1ging the \\~\fer ~urface 
with a hea\'y silk-on or gennanium implant creates a nu1domizing L'l}Cr in the wafer sur­
fac<' (Fig. 7.9c). This metJ1od. however, inCl"('USes tJ1e 11.sc• or the c,-pe11$i\'I', ion i111plU1tor. 

7.2 IMPLANT DAMAGE AND ANNEALING 
7.2.1 Implant Damage 

When ('nergelic ions enter a se1nkonductor ·ubstr.ite. tJ1er lose their enet)..')' in a series 
of nuclear aml electronic c:ollision and fiMlly ro111e to re t. The electronic: cne~ lt1~, 
c.-an be accounted for in tcmis of electronic excitntions to higher cncrro· lewis or in lcnn, 
of the, gimemt.ion of c·lcctron-holc pairs. I low~vt.'r. electronic coW~ions do not di.,pL1ce semi­
conductor nto1m from th<>ir lnttice position . Only nuclear collision· c,•,u1 tr.uisfcr ~uffic:ient 
energy to the lattice so lh.it ltost atoll\ are displaced. re$nlting in implant damage (,tlw 
called In/lice disr1rdcr).-Thc e displ,l<:cd atoms 111uy po t'& large fr..1ction~ of tlw inddL·nt 
e1wrgy, and they in tum c:,u~e (:asc1dcs of sec;-ondary displ:iccmcnt~ of ni>.irb) atom~ to 
form a tree of clisorcler along the ion pnth. \\'hen tht> displnced atont, per u1ut ,olunw 
11pproach the atomic dcn,ity of tJ1& sr111iconductor. the materi:tl lx,rornes :unorphou~. 
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Figure 7.8 ~lode! for .i diamond ,trn,11mi, vit>\wJ .ilong" dlO> d.\JS • 
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Figure 7.9 }.linimu.iu~ d1JJ1fll;lin~. lo) rmplanta11on through .tn an,orpbou, ondt l.s)er. 
(b Misori1:ntulion of the bt.-am dirt·<.1.1011 ti, all cryst.i.l a.,~. (c) Prt•-d,1m111t1: on tl1c <.'I) tJI surface. 

The tree of ck~order for light 10111, i~ quite different from tJiat for he,wy ions. ~Inch of 
the energy l<K, for light ions (e.g., 11 B' in ~ilic:on) is due to ele<.1ronic colli.,ions (sec Fig. 7.5), 
which do not c:nLse lattice damage. TI1e ions lose their energies a.~ they penetrate deeper 
into the ~ub,tmte. EH•ntuall}, the ion rnerro is reduOl!d bdow the crossover energy (10 
kc\ ' for ooron 1 ,~hcrL· nuclear ~topping lx:comes dominant. Till'refore, mo~t of the lat­
lJre dl!iordn occur, ,war the fin,J ,on position. This is illu trnted in Figure 7.1 ()(I . 

\\'c can t·~ti111.1te tli • dama~e b) considt·ring a 100-ke\ ' boron ion. Its projcx:ted mngl' 
t, 0.31 µm ( F11?. oo) ,incl ii~ initial nuclear enl"rgy loss 1s only 3 c\'/A (Fig. 7.5). Since the 
p.1cin~ bet\wcu L1ttic.~ plane~ i11 \ilicon is about 2.5 A. this means that tht" boron ion 

,,ill IO\l· i .S t•\ at each lattic.:e pl.111L' hccause of n11dcar stopping. The energy rnquire<l 
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to d.isp_lacc a silicon atom from its lattiet> position is about 15 c.-\ '. Therefore. the incident 
boron ~on docs not re leas~ ~nough energy from nuclear topping to dispbcc a silicon atom 
when st rm.t enters the s1hcon substrate. When the ion energy is reduced to about 50 
kcV lat a de~t11 of 1500 Al. the energy loss due to nuclear stopping incre.mis to 15 eV 
for eacl_1 la~t,ce plane (i.e.,_ 6 eV/A.), sufficient to create a lattice disorder. Assun11ng that 
I _at~m IS di~pla~I per lat~,ce plane for the remaining ion range. we baw 600 Littice atom!> 
'.lisprnce_d_ (1.e., l.)00 tV2.;, A). If each clL~placed atom mmes roug_hly 2.5 A from ib orig­
mnl pos1t1on. the damage \'Olume is gi\'en b} \10 = n(2.5A)!( l500,\) = 3 x JO ''cm . nu.· 
damage density is 600N,> = 2 x 10·"' c111·1 which is only 0.-4~ of the atoms. Thus. wrv 
l11gh doses of light ions are needed to create an amorphous layer. 

For heavy ions, the ene1iy lo is primarily due to nuclear collisions; tJ1t'refore. we cx-pect 
substantial damage. Consider a 100-keV arsenic ion with a projected mngc of0.06 µm. or 
60 nm. The a\'erage nuclear energy lo$S on~r the entire cnergr range is .ibout 1320 e\'/nm 
(Fig. i.5). This means that tJ1e arsenic ion loses about 330 cN for eacl1 lattice plane 011 the 
a\cragc. ~lost of the energy is given to one priutary silicon .,torn Each prima,, ,,torn \\ill 
subscquentJ) cause 22 displnced tnrget atoms (i.e., 330 c\'/15 e\'). The tot.J numbl,r of di.,;. 
placed atom, is 52 'O. Assuming a mnge of2.5 nm for tl1e dispk1ced ,1to111s. t11ed;uu.1gevol­
umc L~ VO = 1t(2.5 nmf (60 nm) = 10·" cm 1. The clunngc dl.'11Sil\ is th1.•11 52',0f\'0 = 5 x 

~ ~ • 
IO' cm . or about 10% of the total number of ntoms in ,, ~ As .J result of the ht·aw-ion 
implru1tatio11, the material be<.'Omes t'Ss<>ntially amorphous. Figure i.JDb illll,l,lr.ttt"' tl;e :.it­
uation in which tJ,e damage fonn:. a disordcrt>d dustt>r O\Cr the entire projt:ctl't1 range 

To cstimAtc the dose required to convert a crystalline materi.11 to an amorphous fom1 
we can U\e the criterion th.it the enl.'rro dt•nsity is of the ~.unt> ordt>r of magnitude ,\., 
that needt•<l for melting the matrriru (i.e .. Hr' kc\'/('m3

) . For 100-kt>\' :lf'.l•IU(' 1011,. tht· 
dose requir<'d to make amorphous silicon is then 

(l011 kc\' / cm ' )R 
S= r = 6xl011 i01h/cm: lS) 

Eo 
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For 100-ke\ lomn 1011\, till' dtN· fl'qum-<l 1, 3 x l014 
1011:-.-',•m· lwcau,,• R1 for hom11 l\ 

Ch,• tune,. llr..:•·r 1h.111 for .rn.t·nk. I fl)ln-wr III practlt't', lu~llt'r do~l'' (> lO' ions/c,nJ) an• 
n'<ium'tl for l,nron 1111pl.mt.11iu11 into a I.U\!l'I .1t mom tt·mpcr.11tm• bt•c.111,t· of the nonuni. 
fon11 di 1rih11tic111 uf tlw clunal!t' alonl! the ion path, 

7.1..1. Annealing 
Bt-c11s-t, ol tlllC' dun.11!t'<I r••\!ion .incl tl1t· di,ordl•r dush:r th.it n•,ult from 1011 11nplant.,. 
uon .c.'1111cu11dnctor p.1ranwkr-. ,uch a, mol>ilil) ,md Ufetinw an: scH•rely dt.'grade<l. 111 
iulclition, mmt of tlw ion, ,1, 1111pl,mtt-d .1rt.• not lcx.·.itcd in substitutional ,ites. To activate 
tht' impl.u1ted iou, .u1d to re,ton.- rnobilih .md other matt•rial parameter,;, we must ,mne,J 
tl1t' ,e111il'ond11t1or nt ,m ,1ppmpriutc cornlmution of lime and te111p1m1turl'. 

Con\'l'lltlOn,tl 111111e.Jing u,e, .111 opt•n-tubi· batch furnace') ll•m si111iL1r to tlmt Uf>l-d 

for tJ,erm.J ourl.ttion. Tiu, prcx't''' requires a long hull' ,uid high temperature to remo,·e 
the uupbut J:1111.tl!t'. IIO\\t.'WI'. conH·ntio11:tl ,mm·.Jin~ ma}' cause ~ubst.mti,J dopant dif. 
fu,ivn am! c-.1111101 lll("t't n.•14uir1•11wnb for shallow junction~ a11d narrow eloping profiles. 
Rai1ld thrnr111I 111mcal111/!. (RTA) i, .111 amwaling process that t'rnplo):. a ,,u'kty of enc~· 
,-011m'' \\1th 11 ",J,, r.ml!l' of time,. fro111 lOO scconds down to mlllOWC'Onds-all short 
co111p.u-t.J \\1th con,.,.ntional .u11waling. RTA c.-an acti,.1te dopants fully with minimal 
red1,tnhu1Jon. 

CoO\ entionnl Annc:1li11i;t of Boron and Phosphorus 
A1,11,·.1W11! ch.irac·t ... n,nc.--. clt'pcnd 011 tlie dopant type and tlw dow im·o~v-d. Figure 7.11 
,how, tlu• :uint•:u1111! beha,ir>r, of boron ,ind phosphonL, implantation •nto ,ilicon sub­
,tr:1tc, • Tlie rnh)trdtl' h hdd .1t room tt·mpemh1re (Tl durin~ implan!Jtion At a given 
1011 dow, tl1c• ,U1nt',1ling t1•111pt•mturc 1.\ clcfinl·cl as the t<•111pernturt· .11 which 90% of the 
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1mpl,t11tt-d io1h .ire• acti\',1tc-d bv a 30-minutt· uult'ali · . • . 
C(> F< bo · I . r' I ' n~ 111 ·• rnnwntional ,mnealmg fur-

;• '1 ,r I ron mt antation, ug ll·r iUllle:Jmg ll'mpcmh,r .. , ,ire ll('C<U·d for hiitlu:r dows 
'or p tO!.p 11,ru~ at (JW(•r dO\I>\, tlw aJUl(',uing ht.'ha,ior i, ~i1111lu- t<J ti . t ~ he: • 

wlwn tl1:· dtN· is gr~atcr than 101
' c111 •. tlic anueahng t~mp<>rature,<lroor, t:,~i::

1
!'~~~ 

Tiu, ph~ IIOll\CIIOn IS related to till' ,oli<l-phase ep,t--~· [> . ( Clp • 
I I •-, rocc,s ,c·t· 1.-ptcr 1>) ,\t pho~ 

p 1orn~ , osc~ gTt'att·r than 6 x 101' cm i th<! silicon~ rf; I· . I • • -
Tl · wl 1 · d ' • II aCt.• •1)'1'1' Jt.'C'Qmc, a111orpho11\ 

w ~IOi;,<.'-Cl)'5ta ,enucon U(-tor undt•mcath the amorphous Ja}<'r a . di • 
r alli . r .... nL') :u <i ,cc.- na .u-c.1 ,or rt-Cl)-:.li ;,~\hon o the a,norphou.<, la)•·r.111t- <'pita-oal 11 al tJ ,.. 

din'Ct.lon is JO nm/min ,lt 550•c and .'50 nm/i~in ·11 600·c ,7~lh~ I ':1cttc. o~g IC <It)();,. 
2 \ , 11 Ii ' , .. an a t\ation eru:® at 

.4 l' iere Ort•. a JOO. to 5()0.11111 amorpl10us h}·cr ca11 L- rccl) ·talli··--' · r . D · tJ 1, ' vc: ' • lru Ill ;1 WW IIUO· 
utcs •. unng 1e _sou~•phase epilaxi.tl process. tlw impurity dopant atoms .m.• int'o 
rated mto the lattice s1lc:. ,tlona with the host atoms 11111, r1111 . " . o< t.. b ~ 

I · I I ., · · •· 11 ,iCu\,luOn tan ,,.. o t.um.-u 
at re ative y ow temperatures. 

Rapid Thcm1ol Annealing 
11w m.1cltine for RTA witl1 tnUlSient lamp lwating is ~hCl\rn in Figurt· 7.12. Tiit• tempera.tun· 
me~ull'<l from ~': heat~ ,~·afer is ~ually from 60(fC to l l?O"C.' A wafer is heatc'<I <tuickly 
umkr ,1tmosphcnc conditions or at low pressure under isotht'rm,J conditions. T\'pical 
lamp~ 111 ,l~ RTA S} tem _"re tungsten filaments or arc lamps. 11w proct> rng ch.u;l>t-r is 
m.idc of e1tlu:r q~artz. silicon c-Jtbide, stainless steel or aluminum and h~ quartz "in• 
dom, through wluch tlw opllc.-al radiation passes to illuminat~ the wafer. TI1e wafor holder 
i~ often made of quartz and contacts the wafer in a minimum numher of places. A rnea­
surc..mcnt S)~lem 1s placed in a control loop to set wafer temperature. 11,e RTA S\'stem 
inte:f.1<.-e, with a gas-handling system and a computer tl1at controls ~">tt.>rn ope~.ition. 
T)ptC-JJI> \\,Uer tempe~uturc in an RTA system is measured \\ith a noncontact optic.-.il 
P}Tum•·1er tJ1at detenmnes temperature from radiated infran•d ener~\'. 

_T.,bl~ 7.1 co~parcs COl\\entional furnace and RTA technology. To acltic,c short pro­
«ming ttme, usmg RTA, trnde-ofTs must be made in temperature and proc-css unifor­
lllil) temperature measurement and control. mid wafer sire~ and tl1roughput. In addition, 
there .tl'C concerns about the introduction of electrica.lly acti\'e wafer defects during the 

c ... 111ltt 

Figure 7.12 R,1pid tJwm1.1I annc.1lini: ')"lt'm that 1, optic.JI~ hcatro 



TABLE 7,1 Techoology Comparison 

,-cle lune 
TMnpC'1lll wt' mmutur 
Thtrm.Jbudg<t 
r,u1ldt! pruhl !II 
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UJ\\ 
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WI) fo.,.t (100 -300 C/,l tlwnu.J tmn,ient, Rapid ht•,1hng ,,ith lt'IIIP''ratun• gmditmts 

111 tlw wllft>I"' l':llt l~111,e ,,af,·r d,1111,1~,· in tht' form of ,lip dhlocation, 111<l11C'C'd by thcr­
ni; 1 stll' On th1• other h.uad. t'tlll\l'llhon.J furn,ll't' pnx·,•,\ill~ c.m,,·, ,1)!11ilk·.111t prob­
lem,, uch lb particle ~<•1wmtio11 from tlw hot w,JI\, limitt•d ambit•nt control in an open 
S) tMn, am! a lam,• tl1<•nnal m.1s, th.it n·,tmt, rontroll,•d ht·,1llng timt•, t~ ll'n, of min­
ut,·, In tact, rnqmn.·rnl'nt-. on t'Ont.umnation, prot't'~s l"ontrol, .1ml cost ol m.mufoctur­
!n~ !loor 'pl('(' 11.'lH' n•,ultetl in ,1 par.icligiu shift to tlie RT\ pl'OCl'ss. 

► 7.3 IMPLANTATION-RELATED PROCESSES 
TI11, cct:ion wn-.idcrs ,t fo,, 1111pla11tation-rel,1t1.--d prore~.,..,, !iUCh .~ multiple impl:uitation. 
1n:L,killf!, tilt-wt~le 1mplant:1tion, lugh-cne'X'· implant,1tion, and hie,ft-<'\ltrellt implantation. 

7.3.1 Multiple Implantation and Masking 

In m . .ny .1pplic:1tio11,, doping profill', othn than the simpll' C,111,~i.111 d1'tnbution are 
requirt--d. One $ud, ca-.e is the pr£•impLmtation of sili<:on \\ith an int•rt ion to make tilt' 
~ilit'On ,urfare re¢on .1111orphous. Thi5 techniqut· .Jlo,\ s do~c control of tht• doping pro­
fi!t', mcl pt:nmL, m.>,1rly 1001! <lop.mt acth11tion at low lt•mperJtnrcs, :L~ ui(cuswd prc,i• 
Oll\lJ, 111 ,uch a mw. a det·p .unorphous region mar be requm•d. To ohtain this type of 
l't'\tion, ,w 11111~1 malw a st>rit·s of 1111plant~ at \'aJ)ing ion cncrgic:, and dose~. 

~lultiple impb11tation cm al-.o ht ust'<l to fom1 a fl.it dopin~ pron It.', 11., ~hO\m in Fi~re 
7.13 I len.·, four boron implu1t.s into (Uioon arc med to prO\idt• a compo,itc doping pro-
6lc. v The 111e.i.,urC<I c..uner ronC't.'ntr.1bo11 and tl1.1t pre-dick-ti 1C>ing mngt· tlwory are \hown 
in tla• figure. Otlaer doping profiles, mu,,ubhlu from diJTIDion ti:-cluuqul's. C'ln be obtain1.J 
b) u,111g,.11ious combiiutio1L, ofi111p11ril) dost• and implantation t·ue~· ~lultiplc implants 
lia,c been used to pn·wo t• stoic:hiorncll) during the implantation ,md m,waling of Ca.\.< 
TI,i\ .,ppro.1C·li, wiwrc½ t.'qu,J ,unnunh of g,tllium and .111 n-t)pc dopant (or ,1rst'1lic an<l" 
J'·lype dop:111t) are impl.mted prior to ,llllll.',Jing. h,u n,wlted III lughcr c--.mic:r a<·tivation. 

To fonn 1>-11 JUll<:tmns m scl1-ck cl .trc,l, of tlu• s,•1111cxmdu<-tor sub,tmte. ,111 appropri· 
nh• 111:1.,k ,huul<l lx· 11,ed for tlw impl.111t,1tio11, &>cmq: i111pl,111tah11n i~ :, low-tc·111pemtun· 
proce , a l.tr\!t' rnncty of the rna,king n1.1tt•n.1l, c-an be u<t>d Tht> minimum thirknt~< 
<>I the ma,l;11i 111.itni.J rt"quin,d to ,top a i,wn perccnla~c: of 111c-1dc11t 1011s t·an be l'\h• 
mated from till' rang,, P3m111clel'I for ion, Tlu• in¼'t of f'i~re 7.1-1 ,l1ow~ .1 profill· of 
rut unpbnt iu a ma: kin~ matcri.1I. The do,,• impl.1111,'(] in till' rPgi0n lx·yond .1 <ll'ptl1 d 
(4own ~h.-Kl.-<l) is gi,,·n by mlt'l!r.ttion of E11, I ,~\ 
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► Cl'IO~r 7 Ion lmplan1atton 

S { ( r-R )'] S =--- - Je,- -~ d., 
,t11r<1 r , 2a r 

(9) 

1-•n1m 'I.1hlt· 6.1, '"' (';Ill dt•m t' llw t•~-prt•s.,io11 

Jr"' dy = "; erfc(x) (10) 

Tlit·r1.·for~•. tl1t· frnctm11 of tJw dose tJrnt has "tn111sm11tecl" lx:yond n depth d is gi"en b) 
111,· tr-.uhmi.,,mn t'Ot•ffic:u•nt (T): 

S., I ... (~) 
s=2e1,c .fi.<Jr 

(1 l) 

Oncv r i~ ~,,•11 wt' c.u1 obllun tht' mask tl1idmess ti from Eq. 11 for any given Hr nnd a. 
Th, ,alue~ of cl to stop 99 99~ of th<.· iuci<lent i0tL~ (T = 10 1) are shown in Figu~ 

i.l-t for 10 1 :'\,.and photon•sl't ,ll> masking material .3•
10 task thickiwsses given in 

tlu~ ll~m· .m, for boron, pho.,phoms. :ind .m,enic implanted into ~ilicon. These, mask thick­
nt-ss.e, abo cu1 IX> U.<.t"(I .t.'i i,udt'lir1cs for impurity masking in gallium nrsenide. The dopant.s 
art' ,hO\m 111 tht• p.i.n·ntlwses. Sin<'I! bot! 1 Rr and CJ. vmy approximately linearly with energy, 
tlte minimum thkkn~· • of tl1c ml\Sking materitJ ,Jso incret1Ses linear!~ with 1.merg). In 
c.:rtam applic.1tiom. ln!-tt',td of totall) stopping the beam. masks can ~ used ,\S attenu­
.1tors th.it can pro,idl .111 amorphous surface layer to the incident ion beam to minimize 
the channcllng dfoc:t. 

EXAMPLE 2 

\\ ht'n boron ion\ .U\' unpl.mll-<l at 200 ke\'. what thicknt~ ofSiO, \\ill he n:'()llin.-d to mask 99.996Cl 
of tJ • impl .• nt<-<l 1<nu IR, = 0.53 µm a

1 
- 0.093 µm l? 

SOLUTION Tiie complcmcnta1y l"m>r functfon in Eq. 11 can l>t: appro~mall-<l 1r the argument i~ 

L~e ,.,. e Table 6.1). 

T= I!...__ 
-"'iJ; II 

"h,·re tlu: pamrm·ter u u l!),cn by (ti - R,.l/V2a For T - 10-• we solvt the abow equation to 
oht 110 u 2.11. l11tl\. 

d.:. R + 3.960" = 0.53 + 3.96x0.093 = 0.898 µm ◄ 

7.3.2 Tilt-Angle Ion Implantation 

In ~c-Jlin~ <le\-ite~ to wbmicron (hmensions. il is important al.so to ~cale dop;rnt proOles 
\-t.>rbmUy We ni:ed to produce jun<:tion deptl1s less thru1 JOO nm, including difTusion dur• 
ing dop.,nt acu'"aliou aHd subsequent processi11g steps. Modem de\.icc structures. such 
~ tlit: lightly doped drain {LDOl \IOSFET, require precise control of dopant distribu• 
llnn, \L•rtieiJh .,nd latemllv. 

Ith thr. i~n ,docil) pe·rpe11d1cular to the ~urfacc thut determines the projccte<I rdllge 
of w, implantt-<l ion distrihution. If tl1c ,v.1.for LS tilted at a l.1rgc angk• to the ion beam. 
tl1P11 the effoctiH.' 1011 cnerID'" weatly reduced. Figure 7.15 illu~tnites this for 60-ke\' 
~enic ions ,l~ ,1 function of the till :U1gll'. sho,,ing that it is possible to achieve e.xtrernelJ 
,hallow <li,tnbutiotls usin~ ,\ hi~h tilt angle {86°). In tilt-angl<> ion implantation. we should 

7.3 lmplantauon,Reta1ed Processes 

fiOlrV \\•-==--=-l>,:---------------------

10 50 r,o 7(1 Ml 
D\•plh 1nm) 
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Figure 7.15 60-kc\l arsenic irnplan11•d into ,ilico11 . .i:. a function ofhc:u11 tilt un,!ll• Jn,ct ,how, 
thf· ,lu.do\\ area for tilt-angle 1011 unpltmt.ition. 

consi<ll•r thc shadow effect (inset in Fig. 7.15) for the patkmed w-afer. ,\ lower tilt anglr 
leads to a small shadow 11rea. For example. if tJ1e heigltt of the patterned lfl.!!>k i, 0.5 µm. 
with vertical sidewall. a 7° incident ion lx:am ,ii.LI induce ,16l-n111 shadow. 111b ~1~'ldo" 
effect may introduce an une.x1>ectcd series resistance in the dcvit-ct 

7.3.3 High-Energy and High-Current Implantation 

High-ent'T!O' implantors. capnble of energies as high as 1.5 to 5 }.le\', are ,1vailable and 
have been used for a number of no, el appllcatio11 . Tlw majority of thc,e <lcpcn<l 011 tlw 
abilit\ to dope the semiconductor to many micrometers m dt>plh. \\ithout th<' nce<l for 
l011g cllffu:;ion limes at high tC'mpen1ture~. lligh-enerro· nnplantor.. c.ui aho he U\l.'d tu 
produce low-resisthity buried layers. For example, ;i burit'd la~er 1.5 to 3 µm hel0\1 the 
~urfacc for a C~IOS device can be achil~\f'd by ltigh-encrgr implantation. 

I ligh-current implantors (10-20 mA ). operating in tht• 25- to 30-ke\' r,111gl.', a.re rou­
tinely USl·cl for th"" predeposition slt:p in diffusion technol(>!;\ oc'<.•,m-.t• the amount of tot.ii 
dopant <.".Ul be rontrull<.-<l precisely. Aficr pn:depotjtion. the dopant imp11ntit•i. can ix- dri\l.'11 

in by a hi~h-tempcr,1tme diffusion step at the same tune that impla11t d,1111,1gl' ,1t the ~11r­
fn~ region is anne.ucd out. Anolluir appli<."Jtion ,, the tlm:~holcl ,olt,lgl' ,ldJU~tmt•nt Ill 

MOS dc,iccs. A preciselycontrollt>d amount of dopant (t·.g., boron) is implanted through 
the ~file O'-ide to tlu• channel rcgion11 (Fig. 7. loo). Bt•C'a11st• tlw projected r:mge, of boron 
in silicon and ~ilkon oxid<' arc oomparable. if wt• choose .i suitable 1nc1dl·nt l'llt'~. till' 
ions will peul'tntte just the thin gate oxide. 1101 llll' thicker field o~dll. Tlw tl_1rl',hold rnlt­
nge will vary appro:<imntt·ly Unearlr witJi the impla11kd J~. -\ftcr bom_11 1nipLu1t'.1tJ~11. 
poly~ilicou can be deposited and p.itt(.'nlt'd lo for111 the gale dl'c:trodc of lite \ IOSFE1 
111c: tltin o,iclc- sum>uncling the: gntc dcctrodc: i remowd. and thl· wurt,• ,mcl dr,un n.'j_,'lon, 
11rc fonnccl a~ shown in Figure 7.16/J, by auother high-clos11 ar<-l·nit· i1npl.mt,1t1011. . 

I Ugh-current impln11lors with cnerl!iCs in tlw 150- lo 200-kt'\. r.m~t· ,ll't.' no,~ ,l\,ul­
ablc·. A~ major use for these mnchines is to form high-c111,1lit) ,1lico11 Glm, wluch Ill'(.' 




