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Preface 

This hook provides an introduction 10 semiconductor fabncatinn tec:hnoloey, from C')~ 

tal growth to integro1 :d dC\<ices ru,d circuit . It COVl'l''S thoorctic: I and P™-ti il ·•~-fs 
of ,\11 major ~ ps in the fabric:,tio11: ·quence. lt I intended as a textbook for wnior undl-r­
gr:1du. te or lln.t-yeargmdunt studen in ph)'SiCS. chemiStty. elcctrical engineering. c1..,.,.. 
ic;u cngin cring. and mat rials science. Th book can be used oon,eni ·ntly in a 
semester-length course on integrated circuit f.abncation. uch course m;L} or may not 
be nccompanied by a corequlsit labomto,y. Th tc:rt can also SCI\ • a reference fOT 

practicing e ngine •rs a11d scic11lists in th miconductor industry. 
Chapter I gives a bri ·f historical O\' rview of major •micouductor d i ;,.0d ke:, 

technology d velopmenlS, • well , an introduction to basic f.,brication tc(X Chaptc,r 
2 deals witl, crystal growth tech.niques. The next s 0,-eral chapt rs are org;inizcd ..ocnni­
ing to a typical fabrication sequence. Chapter3 pr · •nlS silicon oxidation. Photolitliogr.,phy 
and e tching are discussed in Chapt rs 4 and 5, re:.pcctively. Chapt ·rs 6 and i pr ru 
th prim, ry t chniques for the introduction of dopun ; diffu ,on and ion implaubtion 
The final clu1ple r on indh-i dual process steps. Chapter , CO\' rs ,-anous methods of t.hm 
lllm depo itlon. The llnal lbre chapters focus on broad, summatiV" topi~. Chapter 9 
tics th indi\<idual proces teps togetb r by presenting tl1e p= no-, for critic.ii pro­
cess technologies, integrated devices, and microclectrical m chan.ical sy tetrn M E~I l 
Ch pt r 10 introduce high-level integmted circuit manufacturing issues. includin elec­
tric.u t ting. packaging, process control, and yield. Finall •, Chapter 11 ~ lhe futt= 
outlook and clmlleng for tl, semloouductor industry. 

Each chapter begins with an introduction and a list ofleaming goals and condudb 
\\ith a summary of important con pts. Sol\'ed example problems are pT'O\-ided through­
out , and sugg l d homework proble m appear at tl1e end of th chapt r. nu, concept 
of proce s imulation is pre nt d in veral chapters. usin the popular "PR.E~I and 
PHO'LITH software JX ck:lg as application vehicl . ~ taste~• of this software is intended 
to supplement, but not replace, learning the fundamcntnl con p ted ,,;th micro­
el ct-ronics proces ing. 

A compl t • set of detailed solutions to all e nd--0f- h:ipter prob! ms has been pre­
pared. This instructor's manunl is :wailnble to all adopting E cull). The figu in the text 
:ire al o available. in el ctronic formnt. from th publisher . I the follow\n~ " bS1t : 
http://www.wiley.com/collegc/m y. 
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► CM ,er I . lntroduc1ion 

The 111 ,t importnut de,~ ~ r. dvnnced integmted cir nits is Lile , IOSFET (m ttt 
ou.l<·- <'nuoonductor flc-ld-cffi t tnmsi lor). whi h \\1 . re~rt- d h)'. ~ahng and Atalla 

I.,,,,, c- 1 ·' ,Jiow the fi I dt>vic u,.inu nth rmnll: uxidi.:ed s1Ucon u. bstml<:· Th 
ul ;,vv. r 1gure •" · ., f 00 (1 10-· ) 
d._,,;Ol> I, ,1 iate length of _o µm and a • ti' o.~dc thic~'ll ~ o I nm nm = . _ m . 
lbe i-,-o ke, ho! ,. ,ire th, ourcc and dntin con I net .• nd tl1 ' lop elongat d urea 1s the 
~uminuni mw e,·apon,t,•d tl1rough n metal 1m k. Ith ~gh pr _ , nt-duy 1'10 FE;s hnv 
bt--cn seal dO\\·ll 10 tl1 d .p-subrnicron reginw. U1 ch I of ~con nnd them1~ ~\\Ill 

cihcon dJo ·de used in tht' fil'$t MO FET remains the most 1111~rtant combmntioll of 
m icrinls. The ~10 FET nncl relnted integrntt>d ircuits now const1tule about 90% o; th 

mic<mductor d ,; markel. An uhrnsmall -10 FET \\titl1 n channel I ngth of b nm 
Ji,15 ~ n d · monslr. ted recently.1• Th· d vi can s J'\ as the b: is for th most advanced 
integrated rcuit chi~ conlniniu O\'er one trillion (;, lOu) d vice . 

111 1962. Hall t .J.1l fl t, chi , d lasing in semk'onductors. ln L963. Kroe1ner16 and 
\lfero\' and Kaz: rino,r proposed t11 .. het rosLruclure It - r. The proposals In.id the faun• 
d ti n for mod m I r diod . wWch an be opemt d continuously at room l mpem­
ture. er cliod are th key c.'Omponent for n ,,1d range of application . including 
digitnl ~idea disks, optirol-flber communication. las r printing, and atmo pheric pollu­
tion monitoring. 

Figure 1.3 The llnt mctal-oxidc-wmlconcluctor A Id- lfoct lransistor. u U'holow:iph courte~)' of 
8 II L..tbontlqri . l 

1.3 Semiconductor l'roceu Technology ;; 

Thr 'importaut microw!l\ • d ·vices wer inv ·ntcd or realfaed in th next thr . ~ 
Tio · rm-t d •k ' ""'i.s the Lmnsfi mxl-<:lectroo diode (TED: al.so called Cmm diode), im ;led 
by Co'.1n._ in 1963. TI1 TED is used ext n ii.' ly in uch millimeter-wave nppli<:alion. 
d •tcction syst ms, remote controls. and microw·..tv • t t instrurn n TI1e set.,ond dC'Vioo 
isthe l IP/\Tr cliod : it opcmtion,1 fltlitob rvcdbyjoh,1.~on tal.'"inl96.5.JMP IT 
diode. , ft g nemt11 th • high st oonlinuous-wa\'e (C\-\ ) power t millim t r-w,M: fr . 
quenci ·s of all miconcluctor d vices. They are w din . dllr >) tern :rnd alarm l 1ru. 
Th tltird d •vi is th · ME !-'ET (m ta!- emiconductor fl Id fli ct tmnsitor). im-entt:il 
by M a~"' in 1966. lt i a k .' d tje,-c for monolithic microwa, integral d circuits (MMI ). 

n nnportaul emkondu tor 111 mory d vice w·<15 i1w nted b · Kahn" and z ,:, in 
1967. TI1is is lhc rlonvol. Lil · miconduc.-tor memory ( M), which CM retain its ston.-d 
infommtion when the power upply is switched off. All.hough it i simUar IQ" conven­
tional MO FIIT, tl1 major different-e is the addition of a "Ooating L • in whid1 semiper• 
ma.11 •nt charg tora is possible. B ,-nuse of ils. ttribut of uom-olatility, liigh device 
den ily. low power consumption. and el tric:al rcwritability (I.e., the tor !d charge can 
be removed b appl)ing ,·olta e to the control gale), tl1c V M has become the domi­
nant Jnemory for portable electronic syst m$ such , tl1e cellular phone, notebook com­
puter, digital cam ra, and smart card. 

A limiting cas of the Oo ting-gate nonvolatile n,emory is I.he single-electrou 111 01-

ory cell ( EMC). whicl1 · obtain d by reducing th • length of the lloatiu g-,1Le to ultr,1-
small dimensions (e.g .. 10 nm). Al this dim nsicm, wheal an electron mO\-es into the floating 
gat . tl1e potential or the g. te will be alt red so tl1at it ,.,,ill pre\'ent the entrance of anotl1er 
electron. TI1 EMC is the ultimate flo. ting-g, te mt'mory cell. since wen cd only one 
electron for infonnation storage. Tb operation of a EMC t roo,n I 111pcmture ,, first 
demonstrated by Ynno t al.~ in 1994. The EM can rVe as tbe bas' for th most 
advanced miconductor memori , which can contain over one trillion bits. 

The charg -coup! !cl de,ice (CCO) w. s invented by Boyle and miU?' iu 1970. CCD 
is u d cxiensi\' ly iu video cameras aod in optical nsmg application The re50nant l\LD· 

uel.ing diode (RTD) \\, flm studied by Chnug t al.~' in 1974. RTD is the basis for most 
qu.mhtm-cffi :t dC\ice . which olforextremely high d n.sity, ullmla.igh speed. and enhanced 
function:ili ty, because it permi a greatl • reduced number or de-.i to perfonn a gi, n 
circuit function. In 1980. Mimum t,J.~ dc\'eloped the MODFET (1nodulnti0n-<lope<l field. 
eJfect trnn~istor). \\'itJ1 the proper ele<.'!:ion of h t rojunction mat rinls. th MODFET is 

Uie f~ t t field-effect transil tor. 
ince tl1 invention of the bipolar tmnsi tor in 19-17. th number and ,~uietyof ,m­

conductor cl ,~ e have increased Lrom nclously as ndv:111<:ed technology, new m, terials, 
and brcx clened comprehension hm been applied to tl1ecreation of newdC\it'Cl. Ho" er 
one compelling que tion r main. : What procc are required to ron tmcl th won­
drous de\ices from basic emiconductor materials? 

► 1.3 SEMICONDUCTOR PROCESS TECHNOLOGY 

1.3.1 Key Semiconductor Technologies 
!\•Ian , imporu,nt emiconclu tor 1echnologics luwl.' been d rivt><I (rom proce · in,;;.ti 
t-enturi ngo. for xampl . tl1 growth of metlllli Cl)-stals in a furn.Jee"· pmnee n _. 
Africm\S living on Uie ,,. ten1 ·hares of Lake ictoria more tl1,m 2000) ,1rs • • w 
proces "'as med 10 produce rorbon steel in ~reh ted. fo~-drnll _rum_~ . .Anotl1er 

I · tl J'tli'"'"'i>hvprooe whichw,~uwentl'<lml,9 . lntl11songin.ilprore. 
exa,np is 1 1 v 0 •-- , • I' I )rTI • · 'd ~ 
the p,ittem. or ianng • "· tmnsfi rred from a tone plat ( 11 io • us ecu n 1 1 e 
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d11cl)()n 

tlie mi1 tc n ft Im Jogi tlmt were appli I ror th _first ti~e t~ mit-onductor pro-

• me or (k, ,toped specificall for semiconclu~or ~ \'IC fobn~t1on . . . 
· m, k, nli nductor t€ bnologie tln: listed m Tab! l.2 m chronologic.11 o_rder. 

111 l91 ochnuski• d ,doped a liquid- olid monocompooent growth t_ h1'.1~ue. 
hrabki growth c; t1ie proce ll · d t grow mo t or t11e crystals ri:om wh:;t_1 1!1con 

wafen. are produced. not11er growth techniqu , , 1 ,·tllopcd b I Bnrdalnli1an 111 19~d. 
Thi' Bridgmnn t hnique bas been 115ed extensively ,or 1e gro"~ 1 o g um arsem_ e 
JJJd rel. tt.-d compound micooductor Cl) tals. Although t11 enucond_uctor propc1t1 
f silicon b,, been "idelv tudied since arl · l940, th tud · or em1conductor com­

~unds "' neglected for~ longtim . ln 1952, Welker' noted tl1at g8:1"um nrs nid and 
rel,\led 111-V compow1ds " ' re miconductors. Ile was able to predict their ch:m1cter­
isti ,lOd to prove tl,em experim ntall ·. Technology and devices u ing tl1 compounds 

h:l, since been acti,el • tudied. 
The diffusion of impurit · atom ill semiconductors is import.mt for device proce s­

in . B ic diffusion theory was con id red b , Fick11 in 1855. Th idea of u ing difTu ion 
tecbniqu to alter th type of conductivity in silicon wos disclo ed in a pat nt in 1952 
b" Pfann. ' ln 1957. tl,e ancient liiliographyproce was appli d to emiconductor cl vice 
f;brication by ndru .» He used photo ensitive, tch-re ist,mt polymers (photoresist) for 
p:ittem traJ1Sfer. Lithograph)· is a k }' tecbJJology for the emiconcluctor inclustry. Tb con­
tinued growtl1 of the indw;try has been the direct r ult of improved litho~rophic t~h­
nology. Lithography is also a i!'Tlificant economic factor. currently representing o,·er 35% 

of IC manufacturin co ts. 

TABLE 12 Key Semiconductor Technologies 

19'25 
1952 
1952 
1957 

1957 
1957 
195 
1959 
1959 

1960 
1963 
1967 
1969 
1969 
1971 
1971 
l9'il 
19 2 
l 
1993 

C20Chralski crystal grm,th 
Bridgman cry ta! grm,th 
111-\I compounds 
Diffusion 
Uthographic photoresist 
O:tide ma, kin 
Epitaxial CVD grm,-th 
Ion implantation 
nrbnd integrated circuit 
Monolithic integrated circuit 
Planar process 
CMO 
DRA.\I 
PolysiUcon self-aligned gate 
~10CVD 
Dry· etching 
Molecular bc,am epillu.-y 
Microprocessor (400-l) 

Tr.,nch i5olation 
Chemical mechanical polishin" 
Copper inten:onnt!Ct 

Author(s)/lnventor(s) 

Czochralski 
Bridgman 
Welker 
Pfann 
Andrus 
Frosch and Derrick 
hefial, Kokorish. and Krasilo,• 

Shockley 
Kilby 
1 oyce 
lloemi 
\\'anlas and ah 
Dennard 
Ken,in. Klei.n. and arace 
Manascvit and impson 
I rvina, Lemons, and Bobo 
Cho 
Hoff et al. 

Run Momose. and Na akubo 
D,v:ui el al. 
Paraszczak et al. 

Ref. 

28 
29 
30 
32 

33 
34 
3.5 
36 
3i 
38 
39 
-10 
41 
42 
.J3 
44 

45 
46 
.J7 
4 

49 

1) di.,nuc,al por <kpositiOn; C~10 • complcmenlJI) m<:bli-Od~1nlcondue1or flclJ .cfli !IU!lilltor, 

D \\I ch-n.snic random ~mot), ~IOC\10. memlorg..ruc CVO, 

1.3 Semiconductor Process Technology ◄ 7 

The oxide ~.L~king method \\l lS dc'"eloped hr Pro ch and Derrick-" in 1957. nil')' 
found that ,n OJ(ld l~ye~can pruv •nl most impurity atom from dirfusiug through it. In 
th • amc y • r, the p1ln."O:u growth proce b ,d 011 tl1, chemi al \~lpor d [)O!lition tt·cl1-
11iqu • was cl ,,'eloped hy b Ital l al. , £pita.,)", deli'" d from tlw reek words cpl. m an­
ing ··011 ;· and lnxls, meaning ··arnu1ge111cnt.~ de cril a I ·hni'JUC of cry ta] growth to 
fom1 a thin layer of scmit'Ouductor material on Lh urf: re of a cryst..-il that ru a I tli 

structure id nti . I to tlmt of the CT) ·ta!. Th~ metJ1od is important for th Improvement 
of device perfomrnnce and the creation of novel device ~truclure . In 1959. a rudinu-n­
tary integroted circuit was made b • Kilby.r- It contai,wd one bipolar tmnsistor, thr resi • 
tors, and one capacitor, all mad in gem1anium aud (,'Onnccted by wire bondin&-'l hybrid 
circuit. Also ill 1959. oyce proposed tl,e monolithic f by fobri ti11g aU dcvkes lu a 
sing! semiconductor substrat (monolith means· ingl ton "\ uncl connecting the de-vi .. 
by aluminum m tallization . Figure 1.4 hows th first monolithic IC of a fiip-nop circuit 
containing. ix d vices. TI1e alwninum int rconnection lines were obtained by etching ev-np­
orated aluminum lay rover the ntire oxid surface using the lithographic teclUlique. TI1ese 
inve11tioos laid th founclation for the rapid growth of t11e microelectronics industry. 

The planar proce "·, developed by Hoemi1 ' in 1960. In iliis process, an oxide lnyer 
is formed on a erniconductor urface. Willt tl1e help of a lithography proces . portions 
of tl1 oxide can be removed and windows cut in the oxide. Impurity atom will diJTuse 
only tluough the expo ed miconductor surf are, ruid p-11 junctions will form in tl1e oxide 
window areas. 

figure 1.4 The llrst monoli1hic inlegrotcd circuit. n ( Pl,ologr•ph cour1t-,y of Dr C Monn·.) 
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11 • h ul th I in •rt>, ed. tl•chnolog,· has moved from NMO (11-clinnn 1 
I . •t 111plemenb11)' M FET), wluch 11,plO) · both /I.I und PMO 

, \10. fETJ to fonn th.- logic lenlt'nt . Th M oon p l , . s propos d by 
11 I · , · In 1963 11.tt> .,~·.mtnur. of MO · tl' Imo! ' i that logic ·I •in nts cl . w 

1 t l,, 111 nh· <lunng dw t u1sili n from one ;rote to another (e.g .. frou , 0 to l ) 
J dnt, , •n htt.ll· curr.-nt bt t" n tr..Ln<itious, allowing power consu.mption to be min-

I t ~ • 111olog, is th d min.ult t bnology for advunce<l I s. 
i, .m 1111portMt h\'o-de111enl circuit. th d I mi rando111 ace<: m mory 

o \\I " i111't'nt..db\'O nnru-d."Them mun·cellcontainson MO F.ETnndone 
,~ tn •!t' .ip. 'tor. The ~10 FET n as 11 ;..vitcli to charge or discharge the capa<>-
11 r tlt0u~h " DRAM is, latil , and COtlliUllles l(lti,· l high po" r, we xp t that 
D :\.\I 1,111 l'Outinue to be tlw fust choice run ug,, rious semiconductor m mori fo r 
n uportable lt'CIJ"Onit· ~") tems in the foresee ab I future. 

To impro,e de,'lc perfonnw.1cv. the pol ilicon elf-aligned gate proce · was pro-
pe> b Kt:rwm t ,J . ' in 1969. This pro<:e not nl • improv d device reliability but 

un--<I pam; itic • p, citnu - . Also in 1969, the 111etalorgMic chemical vapor depo-
"' n(M 'D)meihoch~, d Jopedb · 1nnasevit.u1d impsoo:., l1u isaveryimpor-
t.int ep1t ~ ·a1 gro"th I chniqu for compound emiconductors uch as C, 

th d ~ di.r11 mio1 were reduced, tb di)• etehing technique w·a d veloped 
to n·pbce, et chemical e~g for lligh-fid lity pattem transf r. This technique was ini­
tm1ed by lr\'in et ru. 41 in L9il usin a CF / 0 1 gas mLxture to etch silicon wafers. Anoth r 
important t~lmiqlte d v loped in the me y nr by Cho..s was mo! cular beam epita: . 
Thi., techmque has tl1e advant-..-ige of near-perfect vertical control of com po ition and dop­
ina dm,11 to , tomic dim nsioos. It is responsibl for the creation of numerous photonic 
d ice and quantum-effect devices. 

Jn 1971. the first mi roproce or was mad b HofI et a1 .. -o11 who put the entire cen­
tr:J processing unit ( P ) of a imple computer on one chip. It was a four-bit micro­
proce or (Intel 4004). shown in Figur 1.5, \\~th a chip size of 3 mm b 4 mm. and it 
conl,lined 2300 ~10 FET:. It was f. bricated byn71-chnonel polysilicon gate process using 
an -µm d ign mle. This microproces or performed as well as tlio in 5300,000 IBM 
computers of the .,rly 19~ach of wllich needed a CPU the size of a large desk. This 
, , a major break1h.rough for the semiconductor indushy. Currently, mi roproc ors 
C'OtLWtut · tJu larg t segm nt of the industry. 

i,i tbe early 1980 • many new technologi have been de\"eloped to meet tli 
requirem nts of e\"er-, hrinking minimum feature lengths. Three ke , technologie are 
tr ncli isolation. ch mical m chanical polishino., nd copper interconnect. Trench isola­
tion technology, • introduced by Rung et al.'' in l9 2 to isolate CMO devi s. This 
appTOJ. h ' ntuall)' replaced all other isolation metJ10ds. In 19 9. tl1e chemical mechan.­
i<al polishing m thocl" dPveloped by Da,. ri et al.'' for global pl, narizatioo of tlie inter­
laJ r dielectrics. TI1is is a ke,,·pl'OCeli for multilevel metallw tion. At submicron dimensions. 
~ widel} k'Tlown failttre mecl1anism is el ctromigration. which is the transport of metal 
ions through 11 oooductor du to the passage of an electrical current. Although aluminum 
~ bt:en u ed since the early l960 as Jnterconnect material. it uffers from electromi-

,1tioo t lti h electrical curr nt. Copper int rconnect was introduced in 1993 b 
PamszC:"'ik et :J. t~ r plac-e alwu.i.num for minimum fea tur len!'ths approaching 100 
om. This book cons1d.:rs all th technologi listed in Table J .2. 

1.l.2 Technology Trends 

'in • tL beginrting of the n\icroelectronics era. th small t linewidth (or the minimum 
~ len~ of an int grated circuit h::is been reduced at a rate of about 13% per year:'" 

1.3 Semiconduc1or Process Technology 9 

At llmt rat , the minimum feature length will shrink to about 50 nm in the year 2010. 
Device miniaturiwtion re nits in reduced unit cost per ci rcuit function . For xrunple. the 
co t per bit of memory cl1ips has halved C\"ery 2 y ars for successi, gencmlioos of DRAM 
circuit•. As device dimensions deer ase, the intrinsic switching tim decrease . De\-ice 
speed has improved by fottr orders of magnitude since 1959. Higher peeds lead to 
ex-paneled JC functional throughput i:at ·, In th future , digital !Cs will be able to ~r­
form d, ta processing and m1111erical computation at tei:abit•per-second rat deVlres 
becom smaller, tl1ey consume less power. l11erefore. de,~ce ,niniaturi7.ation also redu 
the nergy used for each 51,~tching operation. The en ~ -di sipnted per logic gate 1w 
d creased by over one million time .. ince 1959. . 

li'igure 1.6 ·hows the e~-ponentinl inereaw of tJ1c actual DRAM d,.,,1.,oaty \'ersus tl1e} ar 
offlrst production fro111 197 to 2000. Th d nsity increase · bya factorof2 , ry 1 months. 
lftrends continue, DRA~I density will increa.'ll' to Gb i11 th year 2005 and to6-l Gb~md 
tl, y ar 2012. Figure 1.7 shows th C,1-poncntial incre;ise of microprorossor computation.II 
power. Computational power also i.ncreas s by a factor of~ C\"Cl)' l months. Cul"Tl'ntl); a 
Pentium-Ix ed personal 1..-ompuler has the same romputational p<I'' r ,IS that of a CRA"\ 1 
supercomputer of the lat 1960s. yet it is tJ1rce ord rs of 111agnitud~ smaller. J{ tlwse trends 
continu , we will reach 100 GIP (billion in tructions per second) m the )>ear 2010. 
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Figure 1.8 Growth curves fo r different technology dr:i,·ers." 

Figure I. illustrates the growth curves for different lochnology drivers:' At the begin· 
ning of the modem electronic em (1950- 1970), the bipolar tran i tor was the teclmol­
ogy chi er. From 1970 to 1990, the DRAM and the microprocessor based on MOS devices 
were the technology drivers b caHS of the rapid growtl1 of personal computers and 
advanced electronic systems. Since 1990, nonvolatile semiconduct-or memory has been 
tl1e technology driver, mainly becaHSc of the rapid growth of portable electronic rstems. 

► 1.4 BASIC FABRICATION STEPS 
Today, planar teclmology i used ex-tcnsively for JC fabrication . Figures 1.9 and 1.10 bow 
the major st ps of a planar process. TI1ese steps include oxidation. photolithogmphy. etcl1-
ing. ion implanation, and met.allization. Tl1is section describes these teps briefly. More 
detail d discus ions C!lll be found in Chapters 3 to ; Chapter 9 describes tl1e integm• 
tion of these unit process steps to form s miconductor d vices. 

1.4.1 Oxidation 
Th de, lopmenl of a high-quality silicon dioxide (SiO2) has helped to establish the dom­
inance of Si in tl1e production of commercial ICs, Generali . iO, functions as an insulator 
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Figure 1.9 (a) bare n-type i, afer. (b) An axidi7ed Si wafor by dry or wet oxidation. 
!c) pplicat.ion of ·.51.. (d) Resist exposure thro\1gh the mask. 

in a ntunberof de- ·ce tructu.res or as a barrier to diffusion or implantation during device 
f: bri tion. In th fabrication of a p-n jun1.-tion (Fig. l.9), the SiO~ film is used to define 
th junction rea. 

Tb re ar two iO2 growth methods. dry and w t oxidation, d pending on whetlier 
dry o n or water, por is used. Dry oxidation is usually used to form thin oxide in 
ooi structure because of its good i- i02 interface characteristics, whereas wet oxi­

dation · used for thicker la) rs because of it. higher growth rate. Figure l.9o shows a 
. · n fa bare i wali r ready for oxidation. Aft r the oxidation process, a SiO2 layer is 
fonned all 0\ r th wafer urface. For implicity, Fi2t1re 1.9b shows only the upper sur-

of an o.-udized wafer. Mor <l tails on oxidation ma · be found in Chapter 3. 

(a) 

(c) 

L4 Basic Fabrication Steps ,. 13 

D<,p;,,11g;u 
o, 

~ k·n11~d lmporily Ion, 

(d) 

(c,) 

(0 

Figure 1.10 (11) The wafer after the development. (b) The wafer after SiO, ttmoval. (c) 11ie 
final result n.fter a complete lithographic process. (d) A p-n junction is Conned ln the diffusion 
or imphllltation p=ss. (e) Th wafer after metallization. if) Ap-n junction after the ()Omplete 
processes. 

1.42 Photolithography and Etching 

AnotJ1er technology. called photolithography. is used to define the geomeby of the p-n 
junction. After the formation of SiO1• the wafer is coated with an ultraviolet ( 
light-sensitive material called a photoresist. which is spun on the wafer surface by high­
speed spinner. Afterward (Fig. 1.9c). the wafer is baked at about 80°C to lOO"C to dri 
the solv nt out of the resist and to harden the resist for improved adhesion. 

Figure 1.9d sho" the next step. which is to expose the wafer through a patterned 
mask using a UV light source. The exposed region of the photoreslst-coated waferuncler­
goes a chemical reaction depending on the type of resist The area espoaed to light becomes 
polymem.ed and difficult to rem<M! in an etchant. The polymeri:zed region remmswhm 
the wafer is placed io a developer, whereas the~ region (under lhe<JPIIIU9 ma> 
dissolves and washes away. 
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1.ll\-J ,b " th " r. r afier the developm nt. Th waft r is agnin bak d to 
to l for _o minute to nhimt'<' th adhe ion tuid improve U1 r i.tan · to 

uc>nt et hing p s. Then. rm etch usin buff: red hydrofluoric cid (HF) 
n!fflO' the unprotected iO_ urfa ('F'ig. LlOb). Lnstl • the re i t is stripped awa by 

clu,mK'31 ~uhon or ,m Ol) en pit sma ) t m. Figur 1.IOc hows tl1c final result of n 
n "itl,out o.'dd (a window) afier the- uthom1phy proc:es . The ,vnfer is now r od 

for fonning thep-'11 junction b · a clilTusiou Oriol\ irnpl ntation prooc . Photolithograph 
nd t>tdiin are described more thoroughly i11 h, pters 4 and 5. re. pectively. 

1.43 Diffusion and Ion Implantation 

In 1h di.lTu.sion mctl,od. the miconductor surfaoe not protected b the oxid is e.,posed 
to a u with a high concen!:nlti n of opposite-type impurity. The impurity move. ,nto 
tl1 1l1iconductor crystal by soUd-stale clilTu:,ion. 1n i n impltmtation, tli intended impu­
rity is introduced into th miconductor by accelerating the impurity ions to a high energy 
lev I and theu implanting the ions ill tlie semiconductor. The SiO2 la} r serves as a bnr­
rier to impurity difl'usion or ion implantation. After the diITusion or implantation pro-

• the p--n junction is formed. as sho\\~l in Figure LlOd. Due to lateral diffusion of 
1mpuriti or I ternl straggle of implanted ions, the width of the p-region i slightly wider 
than the window opening. OilTu ion and ion implautation are discussed in Chapter 6 
and 7. respecli\ ly. 

1.4.4 Metallization 

Mer diffusion or ion implantation. a metallization prooe sis used to fonn ohmic contacts 
1111d interconnections (Fig. l.!Oe). Metal film can be fonned by physical vapor deposition 
or chemical vapor deposition. Th pbotouthography process is again used to define the 
front contnct, whicl1 is shown in figure 1.10/ A similar metallization tep is perfonned on 
th back contocl without using a lithograpl1yprocess. Nonnall)~ a low-temperature (:s; 500°C) 
anneal would also be performed to promo! low-resistance contacts between the metal 
I ~~ nnd the semiconductor. Metalli7.ation i discussed in more detail in Chapter S. 

► 1.5 SUMMARY 

emfoonductor devices have an enormous impact on our society and the global economy 
because they rve as the foundation of the large t industry in tl1e world-the electron­
ics industty. 

This introductory chapter has presented a historical review of major ernkonducto.r 
d ic.-e • from the first study of the metal-semiconductor contact in 1874 to the fabrication 
of an ultrasrnall 15-nm MOSFET in 200.L. Of particul.ar importance are the invention of 
U1 bipolar transistor in l947, which ushered in the modem electronics era; tl1 devel­
op'.11ent of the ~10 ~ET in l960. which is the most important device for integrated cir­
cwts, and the 1m·entioo of the nonvolati le semiconductor memO')' in L967, which has 
been the technology driver of the electronics industry since 1990. 

This ~hapter also described k }' ~emiconductor technologie . Tbe origins of these 
teclmologi can be t_rnced back as fa r as two millennia. Of particular importance, re the 
del.elopment of the lith~phic photo re ist in l957, which establi he<l the basic patt m 
tr"°' ~ r proces. for semiconductor devices: the invention of the integrated circuit in 1959. 
v.Juch was semmal to the mpid growtl1 or the m.icroelectroni industry; and the d vel­
opm o of the DR.Al\! ill 1967 and tJ1e microprocessor in 1971 , which constitute the 

wg seg,n nts or tl1 semiconductor industry. 
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Crysta I Growth 

The two mo ·t important semiconductors for discrete devices and integrnted circuits are 
ilicon and gallhm1 arsenide. This chapter describes the common techniques for growjng 

single crystals of these two semiconductors. The basic proce flow from starting mate­
rials to polished wafers is shown in Figure 2.1. The starting materials-silicon dio:ade for 
a silicon wafer, and gallium and nrsenic for a gallium arsenide wafer-are chemically pro-

ed to form a high-purity polycrystalline miconduc.-tor from which single crystals are 
grown. The single-crystal ingots are shaped to deflne the diameter of tl1e material and 
are sawed into ,v-afers. These wafers are etched and polished to provide smooth. specu­
lar urfaces upon which devices will be made. This chapter covers the following topics: 

• Basic techniques to grow silicon and GaAs single-crystal ingots 
• Wafer-shaping steps from ingots to polished wafer 
• Wafer characterization in tenns of its electrical and mechanical properties 

i 

~ 7o, 

Distillation 
dnd 
f\'duct:lon 

Po~'C')'$lnllinc 
sc1nlco1uluctor 
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Cl) tnl s-11 

Crutd, saw 
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figure 2.1 P= flow from sturting material to polished ,v-.uer. 
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CllapW 2. Crystal Growth 

2.1 SILICON CRYSTAL GROWTH FROM THE MELT 
The Ix ~ct hnique for silicoo c ·ta! growth from th melt. which is mat rial in liquid 
funn. the CW<'limlski tecliuique. A substimtial percent:ig (>90%) of •ilicon Cl) tnl 
for tl1 miconductor industry are prepared b tJ1 Cwchml ki technique, and o i vir­
t11ally :tit the silicon used for fabricating integrated circuits. 

2.1.1 Starting Material 
The .tarting 111aterial for silicon is a relati\rel , pure fom1 of saud ( iO~) cal l d quartzite. 
ni· i placed in a fumac.-e with variou fonn of carbon (coal, coke, and wood cJtips). 

lthouah a number of rea tions tRke place ill the fun1ace. the overall reaction is 

iC{solid) + ~02( olid) ➔ i( olid) + SiO(gas) + CO(g. ) (1) 

This process produ metallurgical-grade ilicon witlt a purity of about 9 %. ext. the 
iliroo is pulverized and treated "~th hydn>!l'en chloride (HCI) at 300°C to fomi lrichlorosi­

lant- ( ilICl3) : 

i( oUd) + 3HCl(gas) ➔ SiHCl:,(gas) + f4(gas) (2) 

Th trichloro ilane is a liquid at room temperature (it has a boiling point of 32~C). 
fractional distillation of the liquid remo\'es tJ1e unwanted irnpuritie . The purified SiHC~ 
is then used io ah drogen reduction reaction to prepare the electronic-grade silicon (EGS): 

SiHCla(gas) + f4(gas) ➔ Si(solid) + 3HCl(gas) (3) 

This re3ction takes place in a reactor containing a resistance-heated silicon rod. which se"' 
as tl1e nucleation point for th deposition of silicon. EGS, a pol ,crystalline material of high 
purity. is tJ,e raw material used to prepared ,~cc-quality. single-crystal ilit'On. Pur EGS 
g nemlly has impurity concentrations in tJ1e parts-per-billion range.' 

2.12 The Czochralski Technique 

Tb Gwchralski techniqu u es an apparatus called a crystal puller. A simplified version 
of this device is bown in Figure 2.2. The puller has three main components: (a) a £Unlace. 
which includes a fused-silicon (SiO~) crucible. a grapltite susceptor, a rotation mechanism 
(clocl.""ise ns shown}, a heating element. and a power supply: (b) a crystal-pulling m ch­
anism, , hich includ a eed holder and a rotation mechanism (countercloc!..wise); and 
(c} an ambient control, which includes a gas souroe (such as argon), a now control, and an 
e.m ust S)'"Stem. In addition, the puller has an overall microproc.-essor-bas d controls tem 
to control proces parameters such as temperature, crystal diameter, pull rate, and rota­
tion speeds, as well as to permit programmed process steps. Various nsors and feedbnck 
loops allow tJ1e control system to respond automatic:llly. reducing operator inte,vention. 

In the crystal-gro"tjng process, pol)'CI)' talline silicon (EGS) is placed in tJ1e crucible, 
and the fum. ce is heated above tJ1e melting temperatur of silicon. A uitably orient d 
eed crystal (e.g., <lll>) is uspended over the crucible in a eed bolder. The seed is 

inserted into the melt. Part ofit melts. but tl1 tip of the remaining seed crystal still touches 
the liquid urface. It is tJ1en lowly ,vitJ1drawn. Progressiv; freezing at the solid- liquid 
interface )'i Ids a large, ingle cry-stal. A typical pull rate is a rew millim ters per minut ,. 
For larg~diameter si licon i.Jlaots. an temal magnetic field is applied to the basic 
wchralski puller. The pwpose of the ext ma! magnetic field is to cont(ol th • concen­

tration of defects, impuriti s, and oxygen.~ Figure 2.3 hows a 300-rnm (12 in. ) and a 
-100-mm (16 in. ) C7.0chralski-grown ilicon ingot. 
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Figure 2.2 Cwchralski crystal puller. C\V. clockwis •; CW. counterdoc~·wiSe, 

2. 1.3 Distribution of Dopant 

ln crystal growth. a known amount of dopant is added to the m It to obtain the de ired 
doping conccntmtion in tl1e grown crystal. For silicon, boron and phosphorus are the most 
common dopants for p- and 11-type materials. respcctiv I '. 

As a Cl)'Stal is pulled from the melt, the doping conoentration incorpomted into the 
crystal (solid) is usually different from the doping conc-eatration of the melt (liquid) at 
the interface. The ratio of thes two concentrations is defined as the cq111/lbri11rn scgrr­
gotion coefficient, k0: 

k c. o,._ 
c, 

(4) 

where C, and C1 irre, respectively. the equilibrium concentrations of the dopant in the 
solid ,md liquid near t)1e interface. Table 2.1 lists values of k., for tl1e commonly wed dQpants 
for ii.icon. ote tltat most values are below 1. "~uch means that during growth the dopa.n~ 
are rejected into the melt. Consequently. tJ1e melt becomes progressively enriched with 
the dopant as the crystal gr<l" . 
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Figure 2.3 I-mm 112 in ) and -lilO-mm ( 16 in ) Cwchrnlski-grown silicon in ots. (Photo COW"· 

tCS} of hin-E n Hl&lldooli .. To~·yo.) 

TABLE2.1 Equilibrium Segregation Coefficients 1or Dopants in Silicon 

°"!wit t Type Dopant ko Type 

8 Hr' p / :l.0xl0' II 

Al 2 x lo-' p b 2.3x 10·1 11 .~ x 10 ' Jl Tc 2.0 x JO'"' II 

In •Ix 10 ... p Li 1.0 X 10 t II 

1.25 n u 4.0 X 10"" -· 
ll Au 2.5x I - . 
n 

Dt,rp-lnn 

. i_isidCT. Cl) tal_ bein grown from melt ha\ling an initial weight M,, with , n ini­
ti3.I oopine; coorentr.lnon C., in th m It (i. .. the weight of the dopant per J of melt). 
.:\I gi,en point of grm\~h wh n a Cl) tal of weight M has be n grown. the mount of 
< _ t remaining in th' n1 It y w ig,htl is . For an incr mental amount of tl, Cl) tal 
with,\ 1 1tdM thec.-orre pondingreductionof th dopant (-d lfrom th m ltisC,d (, 
"h re , i'> the dopin conrentrntion m the cry tal (hy weight): 

-d ,. C,dM (5) 

2.1 Silicon Crystal Growth from lhe Mell 21 

ow, th r •naai11ing w ight of th • melt i M0 - M. and th • doping w nCt'ntratlon in tli • 
liquid (by weight), C1, is ¢v •n b • 

c,=-­
M0- M 

omhining Eqs. 5 • nd 6 and ub~tiluting ,IC,= k0 yields 

dS = -1:,,(...!!!:!__) 
S M0 -M 

Gh, n the initi:J w ight of th dopant, C.-,M.,. w n int , t Eq. 7: 

f dS = kof -dM 
c " S o Mo- M 

olvin q. and combining with Eq. 6 gi, 

C, = k0c0(1-;
0 
r _, 

(6) 

(7) 

() 

(9) 

Figur 2.4 illustmtes the doping distribution as a fw.1ction of the fraction solidifl~ (MIM~ 
for several se r gation coefficient _:1.,1 crystal growth progresses, tbe composition ini­
tially at k0C0 will increase continually for k0 <land decreas continually for k0 > l . When 
k0 = l. a uniform impurity distribution can be obtained. 

► EXAMPLE 1 

silicon ingot. which houlJ contain 10" boron ntom cm . is to be grtl\'1l by the Cwchralski tech· 
niqu . What concent:ration of boron nlOm should be in the melt lo give the r ,1uired concrntra­
tion in the in ot? If the initial I d of silicon in the crucible is 60 kg. how man gram of boron 
( tomie weight 10. ) hould be added? 11,e density of molt II silicon i, !!.53 g/cm1. 

SOLUTION Tahl · 2.J hO\ that the egregation ooeffi cienl k0 for boron i~ 0 .. We AA,ume th t 
C, ■ k0C1 throughout the growth. Thus, the initial concentr:ition of boron In llit: rnelt hould be 

~ = 1.25 x L010 boron atolll.\ / cm' 
0.8 

incc th amount of boron conoon1.rolion is so mall. tlw ,-.,lume of m It can be calculated from 
the, ight of silico11 . 11,erefor . the volum · of 60 kg of silicon is 

~=2.37xtO'cni ' 
2.53 

Th total number of boron at m in the ,ndt Is 

so th. t 

t.'25 x 101• atom /em' x 2.37 x IO'em ' "'2.96x 10• boron toms 

2.96 x t0'° atoms x 10.Sg/ mol =S.3lx l0 • gofboron = S.31 mgofborou 
6.02xlO" :iton~/ rnol 

Note the ,mall amoout of boron nl't.,dc.'<I to dope uch ~~ load ofsillwn. ◄ 
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Fr;ict;on solidified 

Figun 2.4 Curves for growth from the melt hQ\,ing the doping concentration in a solid as a 
Fun<;tion of the fraction solidified.' 

2.1.4 Effective Segregation Coefficient 

\Vhile tJ1 crystal is grm~in . dopants are constantly being r jected into tl1 melt (for ko > 1). 
lf the rejection fllte is higher than the rate at which the dopant can be transported away 
by diffusion or tining. then a concentration gradient ,~ill develop at tl1e interface, as illus­
trated in Figure 2.5. The segregation coefficient (given in Section 2.1.3) is k0 = C, /C1{0). 
W c:IJI defin an ITectiv segregation coefficient k,, which is tJ1e ratio of C, and the impu­
rit) concentration far away from th interface: 

(10) 

ider a small. virtually tagnant layer of melt witl1 width 6 in which the only flow 
is that required to r place tl1e cr;-stal being withdrawn from tl1e melt. Outside this stag­
nant lay r, th doping concentration has a con tant value C1• In ide tbe Jay r. tli dop­
ing o 11tnttion can be d ribed b · the teadr-stat continuity equation: 

Cf,O) 

Ck0 < I) 

0 6 
I r---- Cro-.,1h direction 
I 

figure 2.5 Doping distribution near the solid-melt interface. 

(11) 

where Dis ilie dopant diffu ion coefficient in the melt, vis the crystal growtl1 \'elocity. 
and C i the doping concentration in the melt . 

The olution of Eq. 11 is 

(12) 

where A, and Ai ar constants to be determined by tl1e boundary conditions. The first 
boundary condition is that C = C1 (0) at x = 0. The set-ond boundary condition is the con­
serv:ltion of the total number of dopants: that is , the sum of the dopant f11Ltes at the inter­
face mu t be zero. By considering the diffusion of dopant atoms in the melt (neglecting 
diffusion in the solid), w have 

o(dC ) +[c1(0)-c,]v=O 
dx ,-0 

(13) 

Substituting these boundary conditions into Eq. 12 and noting that C = C1 at x = 6 give 

(14) 

Therefore, 

k ,. c.= ko 
• C1 k0 +(1-ko)e·''"0 

(15) 

Th doping distribution in th Cl') ta! i given by the same expression a.~ in Eq. 9. e:<cept 
that k0 is replaced by k,.. Value of k. ar larger t11an those of k0 and CllJI approach l for 
large valu of the growth param t r v6/D. Uniform doping distributi_on (k, ➔ 1) !" the 
cry tal l'al\ be obtained by employing a high pull rate and a low rotati?n ~ (Slllce 6 
is inv rsely proportional to the rotation speed). Another approach to achieve uniform dop­
ing i to add ultrapure polycl)'Stalline silicon continuously to tl1e melt so that the initial 
doping concentration is maintained. 
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► 2.2 SILICON FLOAT-ZONE PROCESS 
,. - '" pn m be used to , illcon tlmt Ii L~ low r (,'ODt,,min. tion thun tb, t 

I\ obt .. wwd from the zocbr.J..<ld technique. ch matic etup of the n at-zone 
•. <li0\1,1 i11 Figure 2.6a. !ugh-purity polycry talline rod with as d crystal nl 

th.- om u Ii Id in , , rtical position and rot11ted. The rod i enclosed in u quartz enve• 
, ,~11.hiu which tlfl in •rt. rmosphere (11rgon) · miuntaint:d During th operation, a small 

n a t w •ntimeters in length) of the Cl) ·tal is k pt molten by a roclio-frequency (RF) 
ht• tc!J', wiud1 is 111 ved fro,n tJ1, seed upward so tl1at tl1is Jloatirr ume tr.we rs tl1 length 

t' th rod The molten silicon i.~ r tained by urfacc t nsion between tll rn !ting and 
gro,.,ing bd-.<il:imn fo . • lhe Ooatiug zon move upmll'd, singl •-crystal silicon fre zcs 
• t the zone· retreatin end and grow as an ~'t 11.ion of the ed I) tnl . Materials witll 
higher rE' • tiviti can be obtained from the float-zone proc than frnm the zochral ki 
pr'OCI: becau the former can be u d to purify tl1e crystal more easil . Furthemiore, 
in no crucibl is used in the n ·it-zone process. tliere is no contruninntion from the 

crucibltl ( with zochralski wth). At the pr nt tim , noat-zonc crystal are used 
lll.lin~· for b.igh•J><l'' r, higJ1-volt.1ge d ,,~c . " 'he high-resistivity material are required. 

To e'\-WWlte the dopil1 distribution of a float-zone process. consider a simplilled model. 
~ $11<1wn in Figure 2.6b. The initial unifom1 doping concentration in th rod i C0 (b • 
weight). L · th length or the molten zone at a distance x along th rod, A is th cro s-

:uional area oftli · rod. p,1 is th spe ific de11sity of silicon and is the amount of dopant 
p=ent in tlie m<1lten 2011 . the zo11e traverse a clistance dx. the amount of dopant 
• dded to it, tits <lvancing end is CrJ)dA dx, where, the amount of dopant remov d from 
11 t the retreatin end is k,( dx!L ), "~1ere k. is the fli tive segregation coefficient. Thus, 

(16) 

dz 

... _______ .. __ _ 

--------

Cros, section A 

(b) 

2:2 Siricon Aoat-Zone Process "' 25 

1 <tt :o J dS 
o $ Cop,1A-(k,S/L) (J6o) 

~~~n~ nd : ftohPJALd i l"tlie. nE1ount of dopant in the 7.one w11cn fl wns fiM form ·d at th!' 
c ro • •rom •q. 16a. w obtain 

( l1 

or 

(170) 

Since C, (the doping concentration in the crystal at the retreating end) is given b , c _ 
k,(S/Ap/..,), tl1en ) ' -

C, =C0[t-l(t-k,r l.•/L] (l) 

Figure 2. 7 shows tl1e doping concentration versus tl1e olidified zone length for "a · 
aJues of k., nou 

. These h'."o crystal ~owtl'. techniques can also be used to remove impurities. A com­
panson of Figure 2. 7 with Figure 2.4 shows tliat a single pass in the float-zone process 
~oes ~ot produce as_ much purification as a single Czochralski growth. For example, for 
ko = k, = 0.1. C/C0 1s mailer over most of tl1e solidilled ingot made by the Czochralski 
?"°'vtl1. However, multiple float-zone passes can be performed on a rod much more eas­
il~ than a crystal can be grown, tl1e end region cropped off, and regrown from tl,e melt. 
F1gi.1re 2.8 hows the impurity distribution for an element witl1 k, = 0.1 after a 11umber 
of u~ssive passes of the zone along the length of the rod' Note that there is a sub­
stantial reduction of impurity concentration in tl1e rod after each pass. Therefore. the 
float-zone prooess is ideally suited for crystal purification. 111is process is also called tJie 
zo11e-reft11111g technique, wliich can provide a vel)' high pt•ritv level of the raw material. 

If it is desirable to dope the rod rather than purify it. consider the ca.~ in which all 
the dopants are introduced in tbe first zone (S0 = Caf.pJ.,) and the initial concentration 
C0 is negligibly small. Equation 17 gives 

S0 =Sex{kt) (19) 

Since C, = k,(SIAp,aI-,), we obtain the following from Eq. 19: 

C, = k,c,e-1..•IL (20) 

Therefore, if k,x!L is small. C, will remain nearly constant with distance except at the 
end tliat is Inst to solidify. 

For certain switching d vi , such ns high-voltage thyristors. large clup areas are 
used- frequently an entire wafer fora single device. 111is size imposes stringent require­
ments on tl1e uniformity of the starting material. To obtain homogeneous distribution of 
dopants, a float-zone silicon lice that hns an average doping coocentration wtll belbW 
the required amount is used. 111e slice is tlien irradiated with thennal nf'utrons. This pro­
ce. s, called 11e11tro11 Irradiation, gi\'CS rise to frnt-tional transmutation of silicon into pltOS­
phorus and dopes the siOcon 11 -type: 

Si ~ + neutron ➔ Si~! + rray ➔ Pj') + /J ray (21) re l.i Fl t•mnt!' Pr'O<'I, • (11) 1ematic hip. (b) . irnpl model fQr doping luation. -----------------------------------------
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Figure 2.7 ul\ for th noat-wne p hQ\ving doping conccntmtion in th , solid as a 
function of l,Olidifi ~ zone lengths.' 

Th• h,llf-lif◄ of tJ1e i.J1t nnedi. te elem nt it~ is 2.62 hours. Because th penetration d pth 
of neutror in silicon is about 100 cm. doping is very unifonn throughout the slice. 
Figure 2.9 compares th lat ral res· tivity distribution i.J1 com· ntionally dop<,·d ilicon and 
in qjjcon doped by neutron irradiation.5 ot that th r i th~tv nation for the n u­
tron-irmdiated ilicon are much mall r tJ1ai1 tJ1ose for tlt conv; ntionally doped ilicon. 

2.3 GaAs CRYSTAL GROWTH TECHNIQUES 
2.3. 1 Starting Materials 

2.3 GaA.s Cl\'stal Growth Techniques ◄ 27 

"' 

5 10-:l 
·.:, 

; 
~ 
8 ,.,. 
C ur' r 

IO"" 

SoUdJflcd zone lengths %//., 

Figura 2.8 Rd i1tive impurity concentration ·v rsus wne length for a number of passes. I, 
denot the zone length.' 

( .g .. solid. liquid. or gaseous) in which a material may xist. A plia.se diagram hows ilie 
relationship betw en the two components. gallium and arse1\iC, as a function or tem­
perature. 

Figure 2.10 bo" the phase diagmm or the gallium-arsenic S)- tem. The abscissa 
r presents various c:ompo ition of the hvo components in tem1 of atomic percent (lower 
cale) or weight percent (upper seal ). ·7 Con idcr a melt that is initially of compo. ition 

x (e.g .. 85 atomic percent arsenic, ns ho"11 in Fig. 2.10). When the temperatu~ is low­
er d, its composition will remain a~ed until tbe liquidus line is reached. At the pou1t (7j. r ), 
material of 50 atomic percent ars nic (i.e .. galliwn ars nide) will begin to solidify. 

► EXAMPLE2 

In Figu r 2.10, consider a melt ofinitial composition C. (weight ~ _rcent ~~) that is mokd fiv111 
T. (on the liquidus line) to T., Find the fraction oftl,c mdt that w,11 be sol,d,ll~-d. 

SOLUTION At Tb, M, Ls the weight of the liquid. M, is the weight of the solid !i.e .. G l, and C, 
and c. arc th • conccntrntions of dopant in the liquid und the solid. respcctiwly. Therefo~. the 
weight of arscok in the liquid and solid are MiC1 and M,C,. respectiwly 8ecaU$e lhl" total arsenk 
weight i (M1 + M.)C.,, w have 

T11e tarting m tcri;\ls for th<' . Tithe is of pol ,crystallin gallium rsenid are th le­
nn-nt..J. h~ mit,ill> pur gallium and arsenic. 'B II gallium nr nide is a combination 
rt" malerials. ill behavior is different from that or a single m. t rial such , silicon. 

11t.- bd1.mor of (:(lmbination can be described b a h di, gram. pl1asc is a_ t._at_e __ ~ _________________ 1.1_1C_1_•_·_\r_,c_._•_<_M_, _+_M_.>_c_. __________ _ 
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wh •r• $ and I or· th · I ·ngth of llw iwu lines rn .. a.,iiretl from C,. to lhe liquldnj; 1111d "llklus hnc, 
re pccU ly. As can be s I'll from Figure 2.10. 1thuut 10% of lhe mt'lt Is solidlfk'<I. ◄ 

Un.like silicon. which has a relatively low , pc>r pressur at its melting point (approx­
imnlel)' 10~ ntm at l412°C), arsenic has muclr l1lgher vapor pre surcs at th melting point 
of gallium arsenide (1240°C). ln ils vapor phase, arsenic (Ill! A¾ and As,~ its major specit.-s 
Figur 2.11 shows the ,-npor pressures of gallium and , 1'$Cnlc along th liquidus <.-Ur\'e.A 

Also hown for comparison is the vnpor pr sure of silicon. 11ie vapor pr ur, <."\Irv for 
gallium arsenide are double valued.111edashed curves are forarsenlo-rieh gallium arsenide 
m It (right ide of liquidus line in Fig. 2.10). and the solid curves are for galllurn-ricl1 gal­
lium arsenid melt (lefi side ofliqu.idus line in F.ig. 2.10). Because there is a larger amount 
of arsenic in an arsenic-rich melt than in a gallium-rich melt, more arsenic {As, and As,) 

T(°C) 

lo' ~-•4~1_2 _1~24~0 ___ 1000~-~--800-_____ 600~-, lei' 

-"•(As-rich) 

I ,,,- - - - - - - ---.., ,.. .., 

: ,," ... .. ........ ... 
" .. .. I,.. -... ....... ... .... .. .. .. , 

••• Asz(A.s-ricltl 
...... ..... ... .. ...... 

....... .... .. 

Ga-rich) 

1000,T{t.1) 

.. ... ......... 
-­ .. ....... lo' 

Figure 2.11 Purtial pr ure of gallium and anenlc ~r gallJum arsenide u • func:doD oflielD­
perature.' Also shown Is th,· partial pressure of Silicon. 
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t 2 Crystal Growth 

11 b. rizPd from th arsenic--rich melt. thu re olting i1l a higher vapor pressur . A 
1 ., ,.,po t I •1 theliighervnporpre ureofgalliuminagallium-richmelt. 
unuat .1igu111ci1 can SF 1111 rf: I f 1· ·d al]· 

, • th:tt loo before the melting point is reach d. the SU ace tl 'ers O 1qm g mm 
• nid m;i decompo into gallium and nrsenic. Beenuse the vapor_ pre u~es of ~al. 

hum .uw. ni are different, there is a preferential loss oftl1 more \'olatile arsen,c speci , 

and tht> liquid becomes gallium rich. . . 
To svntli •;7.e allium arsenide, an vncuated, scaled quart~ ~be syste~ with a t\\:o­

tempernture fum is ooromonly used. The high-purity 11rse111c IS ~laced m a graphite 
txxit and heated to 610°C to 620°C., her ns the high-purity gallium 1s ~laced m anoth r 
gniphit boat aud be. ted to slight! , nbove the gallium arsenide. m~lting t~mperature 
l240-1260°C). Under these conditious. an overpressure of arsenic I stabl1 hed (a) to 

~use tile transport of ru nicvapor to tl1e ~um melt. ~nv ~ng i'. into_ gallium ars. nide; 
and {b) to prevent decomposition of the gallium arserude whil~ 1t IS hem~ formed Ht th_e 
furnace. When the melt cools, a high-purity polycrystalline gallium arsenide results. This 

rv · tl,e raw material to grow single-crystnl gallium arsenide.' 

2.3.2 Crystal Growth Techniques 

There are two techniques for GaAs crystal growth: the Czochrnlski technique and the 
Bridama11 tedllliq11e. Most gallium arsenide is gro\m bytl1e Bridgman technique. However, 
th Cwchrnl ki techniqu is more popular for tl1e growth of larger-diam ter CaAs ingots. 

For Czochrnlski growth of gallium arsenide, the basic puller is identical to that for 
silioon. However, to prevent decomposition of tl1e melt during crystru growth, a liquid encap­
sulation metl1od is employed. The liquid encapsulant is n molten boro1\ trioxide (B20:J larer 
bout l cm thick. Molten boron trioxide is inert to tl1e gallium arsenide surface and serves 

a.~ a rop to cover the melt. Th.is cap prevents decompo ition oftl1e gallium arsenide as long 
· the pr ure on its surface is hiaher than l atm (760 Torr). Because boron trioxide can 

diswlve ilicon dioxide, the fas d- ilica crucible is replaced with a graphite crucible. 
To obtain tlte desired doping concentration in the grown crystal of GaAs, cadmium 

and zinc are commonly used for p-type materials. whereilS selenium, silicon, and tellurium 
are used for n-type materials. For semiinstilating GaAs, the material is undoped. The equi­
librium s gregation coefficients for dopants in GaAs are listed i11 Table 2.2. Similar to 
th e in Si. most of tlie segregation coefficients are less ilian 1. The expression derived 
pr6'iously for Si (Eqs. 4 to 15) are equally applicable to GaAs. 

TABLE 2.2 Equilibrium Segregation Coefficients for 0opants in GaAs 

Dopant 

Be 
Mg 
Zn 
C 

Ce 

r 
Fe 

k u 

3 
O.l 

4X 10"1 

0, 
1.65 X 10"1 

2. xl(,' 
0.5 

5,0 X 10'1 

5.2 X 10-' 
6. X 10 l 

J.03 X 10_. 
I.Ox l(J-1 

Type 
,, 
p 
p 

rtlp 

11/p 

nip 
n 
II 

II 

ll 

Semiinsulating 
S rniins11lating 
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Figure 2.12 Bridgman technique for growing single-cl) ta! gallium IU"Seni<le, ancl a temperature 
profile of the furnace. 

Figure 2.12 shows a Bridgman system in which a two-zone furnace i used for grow­
ing single-crystal gallium arsenide. The left-hand zone is held at a temperature (appro.'t­
imately 610°C) to maintain the required overpressure of arsenic. whereas the right-hand 
wne is held ju t above the melting point of gallium arsenide (1240°C). The sealed tube 
is made of quartz, and the boat is made of graphite. In operation. tl1e boat is loaded with 
a charge of polycrystalline gallium arsenide, with the ar enic kept at the other end of 
the tube. 

As tl1e furn. ce is moved toward the right, tl1e melt cools at one end. Usually. tl1ere is 
a seed placed at tl1e left end of tl1e boat to establish a specific Cl)'Stal orientation. TI1e gmd­
ual freezing (soUdiflcation) of tl1e melt allows a single crystal to propagate at ilie liquid-solid 
interfac.-e. Eventually, a single cry tal of gallium arsenide is grown. The impurity distribu­
tion can be described essentially by Eqs. 9 and 15, where the growth rate is gi~-en by the 
traversing speed of the furnace. 

► 2.4 MATERIAL CHARACTERIZATION 

2.4.1 Wafer Shaping 

After 3 Cl)'Stal is grown. the first shaping operation is to re~ove tl,e ~d and the other 
end of tl1e ingot. which i last to olidify.1 The next operation 1s to gnn~ the surface so 
that the diameter of tl1e material is defined. After tl1at. one or more Oat regions &re ground 
along tl1e length of th ingot. These regions, or flats. •~ark the pecific cry t.al o~enta­
tion of the ingot and tl1e conductivity type _of the m~tenal. ~e large t fl.'l_t._ the pnrnary 
flat, allows a mecl1anical locator in automatic processmg eqmpmeM to position the wafer 
and to orient the devices relative to the Cl) tal. Otl1er smaller fl.'lts, calle<ht'.W11daryfla': • 
are ground to identify tl1 orientation and conductivity type of the Cl:) . ta!. as shown m 
Figure 2.13. For Cl) tals,vith dianletcrs fqual to or larger tli'.'11200 mm. no Oat are ground. 
Instead, a small groove is ground along th • length of the mgot. 



Page 22 of 158

11 2. Crystal Growth 
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Figure 2.13 ldenti~ing Oats on a semiconductor wafer. 
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Th in ot is then read • to b liced by diamond saw into wafers. Slicing deter­
min s follrwafer parameters: 11,faceorientation ( .g., -di I> or <100> ); thickness (e.g., 
0.5--0. 7 mm. cl pendintr on wafer diameter); taper, which is the wafer thickne vari­
ation from one e11d to :moth r; and bow. which is th surface curvature of the wafer, 
measured from th center of the ,vafer to its edge. 

Afi r !icing. both ides of the war. r ar lapped using a mi.xture of AIP3 and glyc­
erin to produce a t)pical Oatn uniformity "~thin 2 µm . Th lapping operation usu­
ally leaves the urf..we and edg of tJ1 wafer damaged and contaminated. Tbe damaged 
and contaminat d region. can be removed by chemical etching (see Chapt r5). The final 
step of wafer shaping is polishina. Its purpo e is to pro,~de a mooth. sp cular urfac 
wh re de\;ce ~ , ture can be defined by photolithographic processes (see Chapter 4). 
Fi!1'11 r 2.14 ho" 200-mm ( in.) and 400-mm (16 in.) poli hed ilicon wafer in cas-

tle . Table 2.3 shows the specifications for 125-, 150-, 200-, and 300-mm diameter pol­
il hed silicon wafers from the miconductor Equipment and 'laterials In titut ( EMl}. 

mentiooed previously. for large cry tals (;.: 200 n,n, di;.uneter). no flats are grow·1d: inst ·ld, 
, groove is made on the edge of tJ1e ,,.,-afer for po itioning and orientation purposes. 

Uium arsenide is a more fragil materi, I tlian ilicon. Although tJ1e basic haping 
oper.ition of gallium arsenide is ntiall the same as that for silicon, greater care must 
be ex rcised in gallium arsenide" fer prepamtion. The. tat of gallium ars nide t chnol­
ogy · rel: tiv I)' p1imilive compared with that of iii.con. How ver. tJ, technology of group 
ILi-\' compounds has advanced part I · because of the ad , n in silicon technology. 

2.4.2 

2.4 Material Characterr.iatioo ◄ 33 

Figure 2.14 200-mm ( in .) and 400-mm (l6 in .) polished silkon wafers in cassettes. 
(Photo courtesy of hin-Etsu 1 landotai Co .. Tol.-yo.) 

TA.BLE2.3 Specifications for Polished Monocrystalline Silicon Wafers 

Partnneter 125 mm 150mm 200mm 300mm 

Diameter (mm) 125 ± I 150± I 200± I 300± I 
Thickn~ (mm) 0.6-0.65 0.65--0.7 o. 715-0. i3.5 0.755-0.775 
Primary Oat length (mm) 40-45 ~ NA 
Se<:onda,y Oat length (mm) 25-30 35-40 A ~A 

Bow (µm ) 70 60 30 <30 
Total thicl.'Tle variation (µm) 65 50 10 < 10 

Surface orientat ion {HJO)± 1° Same Same ame 
(Ul)± 1° ame ame me 

NA. not ,'l\i!nblc. 

Crystal Characterization 

Cry tal Defects 
A real crystal (such as a silicon wafer} differs from the ideal crystal in in1portant ,v-.1y . lt 
is finite; tJms. urface atom are incompletely bonded. Furthermore, it has defect . which 
strongly influence the electrical. mechanical, and optical properties of the miconduc­
tor. There are four categories of defects: point defects. line defect·. area defects. and \'Ol­
ume d fects. 

Figur 2.15 hows s veral forms ofpoillt defects.•• An ' foreign atom incorporated 
into the latlic at ither a sub titutional site (i.e., at a regular lattice site (Fig. 2.lSo)] 
or an interstitial site [i.e .. between regular lattice site (Fig. 2.15b)l i a point defect. 
missi.ng Mom in the lattice creates a vacancy. also con idereda point defect {Fig. 2.15c). 
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Figure 2.15 Point defects. (a) ub titutional impurity. (b) Interstitial impurity. (c) Lattice 
\':,caner, (d ) Frenkel-type defect" 

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

The next class of defects is the line d£ject , also called a dislocation . 10 There are two 
l:)pe of dislocation : the edge and crew types. Figure 2.16a i a chematic represen­
tation of an edae dislocation in a cubic lattice. An extra plane of atoms AB is in erted into 
tlae lattice. The line of tl1e dislocation would be perpendicular to th plane of the page. 
The screw dislocation may be considered as being produced by cutting the crystal part­
way through and pushing tl1e upper part one lattice spacing over, as shown in Figure 2.16b. 
Line defects in de,~ces are undesirable because tliey act as precipitation sites for metal­
lic impurities, whicli may degrade device performance. 

Arw defeas represent a large-area discontinuity in th lattioe. Typical d f, cts are l\vi11s 
and grain boundaries. Twinning represents a change in the Cl'}"Stal orientation aero a 
plan~. A ~n boundary is n tmnsition between Cl'}"Stals having no particular orientational 
relation.ship to one another. Such defects appear during etystal growth. Allotl1er area d feet 
is th~ suu;l..'ing[a11lt.• In this d fect. the stacking sequence of an atomic layer is int rrupted. 
In_ F'.gure 2.11 the sequenoe of atom in the stack is ABCABC ... . If a part oflay r C is 
'."11ssmg, tl1e defect is called an intrinsic stacking fault (Fig. 2.17n). IT an ~tra plane A is 
Ul rted between layers Band C, it is an extrin ic stacking fault (Fig. 2.17b). Such defect 
may appear during crystal growtl1. Cl'}"Stals having U1ese area defects are not usable for 
integrated circuit manufacture and ar discarded. 

2.4 Ma1erial Characterization ◄ 35 

(n) (b) 

Figure 2.16 (a) Edge and (b) screw dislocation formation in cubic Cl)'Stals.'" 
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Figure 2.17 Stacking fau lt in semiconductor. (o) Intrinsic tacking fault. (b) Extrinsic stacking 
fault.• 

Precipitate of impurities or dopant atoms make up th fourth class of defects: vol­
ume defects. The e defects arise because of the inherent solubility of the i,mpurity io the 
host lattice. Tbere is a pecific concentration of imp11rity that the ho t lattice can accept 
in a ·olid solution of itself and th impurity. Figure 2.1 sbo" olubility versus temper­
ature for a vnri ty of elements in ilicon. 11 The solubility of most impurities de<:rea! 
"~tl1 d creasing temperature. Thus, if an impurity is introduced to the maximum con­
centration nllo" d by its solubility at a gi,·en temperature, and the ~-tal is then cooled 
to a lower temperature. the cryi;tnl can only achi ve an equilibrium state by precipitat­
i'ng the impurity atoms in excess of the solubility level. However. the ,,olume mismatch 
between Ui host lattice and the precipitates re ults in dislocations. 

Material Properties 
Tnble 2.4 compares silicon chamct ristics and t1i requirement for integrated circuit tedi­
nology having more tl1an 10' componeuls, which is referred to as ultmlarge--scak lrit,­
grotio11 (ULSl).1~1' The semironductor material properties listed in Table 2.-1 cao oo 
measured by various m thods. TI1r resisfo~ty ~ measured by tl1e four"polnt probe method." 
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figure2.18 olid sol11biliti ofimpnrity elemen in ilicon.11 

and tr.ice impuriti such as oxyg >n and carbon in ilicon can be analy.red by the seconruuy 
iou m spectroscopic ( l~I ) technique described. in Ch pter 6. ote tlU1t although cur­
rent ipabiliti can m t most of the wafer specifications listed in Tabl 2.3, many improve­
Ill n are needed to S3tisfy the tringeot r quirement for ULS[ t chnology. 13 

The 0~1-g n , nd carbon concentrations are substantiaU higher in Czochniliki crys­
tru than in lloat-wn Cl) tab becaus of Lhe dissolution of oxygen from the siHca cru­
cibl · dl'ld transport of carbon to th melt from the graph.it use ptor during crystal growth. 
'J1p1calcarbon roncentmtion rang from 101• to about 101; atoins/cm1, and carbon atoms 
in iliooo OCCUp)' substitutional lattice it . Th presence of carbon is undesirabl because 

2.4 Material Characteritttlon 

TABLE 2.4 Comparison of Silicon Material Characteristics and R1quiram1nts for ULSI 

haractcri lies 

Propcrt 

Re i<livity (phospl1oru, ) ll ·l:ype (ohm•cm) 
R i tivlty (antimony) 11-type (ohm-cm) 

Resistivity (boron) p·lype (ohm•cm) 
R•sislivity gradlenl (four•point probe) (Cl') 
Minority carri r lifi•tim (µs) 

Oxygen (pprna) 

Cnrlxm !ppma) 
Di location (before proressing) (J><:r cm') 
Diameter (mm) 
SUc bow(µm ) 
Slice raper (µll'I ) 

Surf'~c nam · (µm) 

Uea,y-mctal impurities (ppba) 

1- 5() 

(),()(t5-10 
().005--50 

5--10 
30-300 

5--25 

l-5 
ssoo 

Upto200 
s25 
S 15 

S5 
Sl 

ppm p111u per mlWon atom : ppb;i, parts per bUbon atoms. 

Float Zone 

L-300 and \JP 

1-300 
20 

50--500 
• Ol detected 

0.1-l 
S500 

Up to 100 
S25 
S 15 
S5 

S0.01 

R (j\Jlrrrnents 
for LSJ 

5-50and up 
0 001...0.02 

5..soan<lup 
< L 

300- 1000 
Unlfonn and 

C<mlrollcd 
<0.L 
SI 

Upto300 
<5 
<5 
<l 

< 0.001 

it aids the formation of defects. Typical oxygen concentrations range from 1017 to 101' 
atornslcmJ. Oxygen, how ver, hru both deleterious and beneficial effects. It can act a.~ a 
donor. di torting the resistivity of the crystal caused by int ntional doping. On the other 
hand, oxygen in an interstitial lattice site can increase the yield strength of silicon. 

In addition, the precipitates of oxygen du to the olubility effect can be used for 
gettering. Gettering is a general term meaning a proce that remov s harmful impuri­
ties or defects from die region in a wafer where d ,~ces are fabricated. When tl1e wafer 
I ubjected to high-temperature treatment {e.g .. 1050°C in NJ, oX)--gcn emporates from 
th surface. This lowers the oxygen content near tlle surface. TI1e treatment creates a 
defect-free (or denuded) zone for device fabrication, as shown in the inset of Figure 2.19. 1 

,\dclitional tl1ermal cycles can be used to promote the formation of OX}-gen precipitate 
in tbe interior of tit wafer for gettering of impurities. The depth of the defect-free zone 
depends on the time and temperature of tl1e thcmial cycle and on the diffusivity of oxy­
gen in silicon. !ensured results for the denuded :wne are shown ill Figure 2.19.1 It is 
possible to obtain Czochralski crystals of silicon that are virtually free of dislocations. 

Commef'(;ial melt-grown materials of gallium arsenide are heavily contaminated by 
the cn1cible. However, for photonic applications. most requirements call for heavily doped 
mat rials (between 1017 and 101• cm~). For integrated circuits or for dil r te IESFET 
d vices. undoped gallium ar.;enid can be used as the starting material with a re istMty 
of 109 Q-cin. Oxygen is an und irable impurity in GaAs because it can fonn a deep donor 
level, which contributes to a tmppiog cl1arge in the bulk of tl1e substrate and increa.<e 
it resi tiVity. o~ygcn contamination can be minimized by using graphite crucibles for 
melt growth . The dislocation content for Czochralski-grown gallium arsenide Cl) tals is 
about two orders of magnitude liigher than that for ilicon. For Bridgman GaAs crystals, 
the dislocation density is ubout .in order of magnitude lower than that for 0.tOC.hralski­
grown GaAs crystals. 
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2.5 SUMMARY 

~---

·ml tecluuqu are a"ailabl to grow iogl • Cl') ta] of ilioon and gallium arsenide. 
For silkon crystals, sand ( iOz) is used to produce polycrystalline Woon, "1lich then sel'\ 

llie r.1w m. It-rial in a 1.ochralsla pu ller. A seed Cl) ta! witl1 the d ired orientation is 
used to grow a 13rge ingot from tbe melt. Over 90% of .ilicon Cl) t.als are prepared by 
this t hnique. During cry tal gTO\~th. the dopant in th Cl) ta! will redi tribute. A key 
parnm ter i the egreg lion coeffici nt, that i . th mtio ofth dopant con ntmtion in 
th wUcl to th: t io th ll'lelt. ince most of the coefficients are I · tl1nn 1. tJ1e melt l,ecomes 
progre_ sivrly nriclied "~th the dopant as the crystal growi;. 

notl1er growth technique for ilioon is the float.-2:0ne process. It offers lower con­
tamin. tlon th n that nonnallyobtained from the zochral. kit cbnique. Float-zone crys­
tals ar us xi mautlr for high-power. high-,·olta c d ,ri • , her lugli-resi uvity materials 
are required. 
. To m ke C. . chemit-.illy pure allium and ari;cnic , r used as tlle tarting mate­

n.us tJiat are n thlll ized 10 form pol) , tallin . in >le Cl) tals of G can be 
l?f0\\11 bytht' wchrolski technique. liowe\'er, a liquid encap, ulant ( .g .. B OJ is required 
to?""'. nt decompo ition of G· at the growth t rnperature. Another t chniqae is the 
Bndt?m, n proocs·. winch use a two-zon furoace for gradual solidification of th melt. 

Aftc:r a C-1) ta! i~ grown. it usu.ill) goes through wafer- hapiog operations to give an 
end product of highl) poli h!'d wnfers witJ1 a pecified diam ter, th.ickue . and urface 
orietltation For xampl('. 200-,run ilioon wafers for a MO FET fabrica tion line should 
Im ,1 di.ii11t:t ·r of 200 ± l mm, a thiclm of 0.72.r ± 0.01 mm. and a urf ce ori nta· 
bon of I(~) J: l . W..ucr. \\1th diai.n te.rs larger than 2.00 mm are being manufactured 
or futum mt ~11l-d circuit . Their sp<:ciflClltions are list d in Table 2.3. 

Problem, ◄ 39 

. . r al Cl) t;u_ lms c 11ce 1be ·h11,1icnl .• md optical prup• 
rt1 ' of tlit' s •1rnt.'Ond els a~ line defoct . area d •fot1.5. 

:111<l vokun det>cts. iscussc inlmi7.t· rnch dcfods. For 
th· ,nor demanding io,is, the disl nsit)' mu t be It· ~ th.,o I per 
·quare centim t r. Other import,1nl r<'quircm ' OL~ are listed in Tab! 2.4. 
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► PROBLEMS 

SECfJO 2.1: ILICO ' C.RYf>"TAL GROWTTI FROM THE MELT 

l. Plot the doping distribution of arsenic ill distan • of 10. 20, 30, 40, and 45 cm from the 
. ce<l in a silicon Ingot 50 cm long that has been pulled from a melt with an initial doping 
concentration of JO" cm·). 

2. In silicon. the la1ticc constant i 5.-1.3 . 1110., a hard•sphere model (a) Calculate the 
radius of a silicon atom. (b) Dc1erminc Ille d nslly of ilicon toms in atom cm•. (cl U 
tho vogad.ro constant to find the d nsil)' of silicon. 

3. 1 • ming that a 10-kg pure . i.licon charitc i used. what i$ the .,mount of boron that mu,t 
be • dded 10 gel the horon-doped ilioon to bR, a re i•tMly of O.ol Cl-<:111 whrn one-half 
of the ir1go1 i grown? 

4. silicon w-afer 1 mm thick having a diameter of 200 mm contains S.-11 n1g of boron un1-
fonnly distrihutcd in ubstitutional ite<- Find (a) tl1e boron ,-oncentr.aUon in <11omstcm' 
and (bl th verage di. 1.111cc bel\ve •n boron atoms. 

5. Th,; Seed cl),;Lal us :d in the 1.ochralski process is usual~· nl!'Ck.d ~vn to a 1,11..ll dilJIX'­
ter (5.5 mm) a~ a m~-ans to i.niliaie dislocation-free growth. If the ~-rttical•yield ~ uf 
,ilicoo i 2 >< l()" gtcm'. calculate the maximum length of o sill n ingot 200 mm in dwnc­
ler tl1at c1n be upportcd by such a sc id. 
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t'k-t ..... CIII' or l.h ... c1c. ,"alue for,, •• 0.05 in the zochrnldi I huiqu . 

; . A hrulsl<i-1?;1-own co mJ is doped ", th born,,. Wliy Is th boron con nlrntion hll'g r 
t th<- tllll rnd of the cry t:1.1 than al the i1cd encl? 

Wh, tS ~ impuril)' ooocenlrJtion larg,·r in the centttr of the ""fer than at ii£ perimeter? 

ECTIO, 2.i! lLl O, FLOAT-ZO PROCESS 

9 \\' the n t-wne pl'OCl'S-) in purify a silicon ingot that ~-ontains . unifonn gnllium 
· t-"on of5 10' cm4 . On,: P"' Is made with a molten zone 2 cm long. Over 

cooren •«" . o•s -3? 
"iaat dhhlD<:C i, the r • ultuig allium ron<X>otrnlton below 5 x I cm 

Jo. Fru,n Eq. I 6nd the C/Cv ,-n!ue nt x!L s I and 2 with k, • 0.3. 

11 Jf p+-•n abrupt-junction diode. are fabricated using the •i!icon materials sh0\-,1 in Figure 
• 2 9. find th,.. p,!rCCnta ~ cha,igc of brcakdO\vn ,-oltage for the con,-entionally doped iii­

con and the ncutroo-imidiated silkon. 

ECTIO, 2.3: cm CROWI'H TECHNIQUES 

12. From Figure 2.10. ifC Is 20%. what f-ract icm of tit• liquid "ill remain al Tb? 

13. From Figure 2.11, e,plain why the CaAs liquid ah\ ys become gallium rich. 

ECTIO,.' 2.4: MATERJAL CHARAGIERIZATIO 

14. The .,..1uilibrium density of, cancy "• is gh-en by , exp(-£,tkn, where~ is the de11Sityof 
miconductor .rtom and E, is the energy of form tion. Calculate rr, in silicon at 27°C. 

900°C. :1nd 1200°C. . me E, • 2.3 eV. 

15. ,ne the energ:, of formation [.E,l of a F'ronkel-type defect to be I. I eV and 'limale 
the dt!(ect densityot2r'C and 900°C. Th equilibrium density of Frenkel-type defects is 
g;, D by 

where ,V i.s the atomic density of ilicon (cm-1), and N' is the density of a"-ailable inlersti­
ti:i.l it (cm~) and Is represented by N' = l x lo" e-,) '' ,u cm-3. 

16. tlow many chip of area 400 mm• can be placed on a wafer 300 mm in diameter? Explain 
)'OUr assumptions regarding the chip hape and unused wafer perimeter. 

3 
Silicon Oxidation 

Many different kinds of thin rilms are u ed to fabricat di cret devices (ind int grated 
circuits, including thermal oxides, dielectric layers, polycrystalline silicon, rind rnetal films. 
Figure 3.l hows a scl1ematic vi w of a conventional silicon n-channel MOSFET that 
uses all four groups of lllms. The Arst important thin film from the thermal oxide group 
is th gate oxide layer, und r which a conducting channel can be formed between the 
source und the drain. A related L1yer Ls the fie ld oxide, which provides isolation fTom otl1er 
devices. Both gate and field oxid g nerall)' are grown by a thennal oxidation process 
because only thermal oxidation can provide the highest-quality oxides lm~ing the lowest 
Interface trap densities. 

This chapter cove.rs tlie following topics: 

• Tbe thermal oxidation process used to fonn silicon dioxide (SiO2) 

• Impurity redistribution during oxidation 

• Materinl properties aud tl1icl,.-ness measurement techniques for Si02 ftlms 

p. i 

MOSFET 

Polysilloon 
g;,tc 

Figure 3.1 Scl1c1n:1Lic ems.~ eclion of d metal-oxide-semiconductor lkkl-effect tJlll irtor 
(MO FET). 
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3.1 THERMAL OXIDATION PROCESS 
· d rious m •• The in lud, tJ1 nnnl <WcL tion, 
and a-enlm e1nicah ".lp0r clepositi n (PE 'D. 

m e rn . . nlion i.. by f. r tJ1e mo t important 
Jt p . m n int .rat d circuit le hnology. For 
0\ enn ati genernlly nor toicluometric films. 
poor electricil tio nductor surface protection; h nee. 

· \un e tedui logy. ons quently, this chapt ·r 
tion of n. 
parntu hown in Figure 3.2. 1 The reactor consists 

' 1drical fwed-quart-.: tube containing tl1 ilicon wafers 
quartz boat. and a ource of either pure dry o. 'g n or pure 

.Th endofth fumacetubeprotnidesinto." rticalflowhoodwhere 
ow aintained. Flow · directt . .J !IS . hown by tlu~ arrow in Fi!'llre 3.2. 

u d particulat matter in the air surrounding the wafers and min• 
tamination duriu " ".Ui r loadin . TI1e Oxidation t mpemture is g nemlly in 

900° to 1200°G, and the t}'pical • flow rate is about l Umin. The oxl­
n us microprocessors to regulate the gas flow sequ nee, to control the auto• 

matic insertion and remo"al of siUcon wafers. to ramp th tempemtur up (i.e., to increase 
tbe furna I mpernture linearly) from a low temperature to tl1e oxidation t mperoture 
so tJmt th.e wafers will not warp du to sudden temperature change, to maintain tl1e oxi­
d, lion temperature to within ±1 •c. and to ramp the temp mtur down wh n oxid tion 
· complett-d. 

3.1.1 Kinetics of Growth 

The following chemical r <:lions d scribe the thermal oxidation of silicon in oxygen (dry 
o.'Cidatioo) or water vapor (wet o'Cidntion): 

A · 12 

Si (solid) + 0 2 (gas) ➔ i02 (solid} (1) 

i (solid) + 2H2O (gas) ➔ iO~ ( olid) + 2H¾ (gas) 

Pllter...J 
air 

m lie t'l'O<'I J-Oetion uf a resistanc.:-h h:d oxidation furnooe. 

(2) 

3.1 Thermal 0x)da1lon Process 43 

Th~ illco1l-s ili ;00 dioxid< interfa mov into tJ1e ilic.-on during the oxiduliun proe< ~ 
Th . creates n fr' h _Interface r gion, with surf: • contamination on the original lllwn 
endm~ 11,r oo tl1e otid_e . urfi . Th d •nsili s . nd rnolecul r weii;Jits or iJicon and ~iii• 
con choxid ar used 111 th following xampl, to how th, t growing n O de of tl,ick­
ne s x consum • a loycr of Wron 0.-M.t thi k (Pig. 3.3). 

EXAMPLE 1 

If ~ slliC()n Oxide I rcr of thlok11e · x is &•rown by thcnnal o.rid:ition, what r the thielm of ,ilieon 
l,e111g consumed? TI1e molecular weight of i i> 2li.9 g/mol. and the dcni;II) of ; h 2,'3-1 efcm 
The corresponding value for ·;o, lll' GO.Ob g,'rnol and 2.21 g/cm'. · 

SOLUTION The , lumc of I m I of silicon is 

~lolccular weight of Si 
Dcn}it of i 

The volum1: of l mol of silicon dioxide is 

28.9 g/mol 1 

2_33 g/ cm , - I 2.06 c111 / mol 

Molecufarweight ofS!O, _ 60.~ g/ mol , 
Den ilyofSiO) - 221 g/ cm' - 27-IBcm /rnol 

Since J mol of silicon · converted to I ,nol of silil'on dioxide, 

Thickness ofSixar(!JI Volume of I mol ofSl 
Thidmc of iO, xarea Vol1Jnie of J mol of 10, 

Thickn of Si = 12.06 =0 44 
Thickness of iO, 27.18 · 

Thick,, of ,ilicon a 0,44 (thiclcnes of iO,). for example, to ~row a ilicon dlox!de la) , , oflOO nm, 
a layl.'r of 44 nm of ilicon is consurncd. 

n,e basic strnctural unit of thermally grown silicon dioxide is a silicon r,tom urrounded 
tetral11:drall by four oxygen atom , as illustrated in Figure 3.4a.111u:, ilicon-tO-OI) en 
int rnuclear clistanl-e is 1.6 A. and the oxygen-lo-oxygen internuclear distance is 2.27 . 
Th e tetrahcdrJ are joined at tl1eircom rs byo en bridges in a ,·Jrietyof ,va) to fonn 
the variou phases or stTIJctures of silicon dioxide (also called sillco). Silica bus several 
crystallin stn1cture (e.g., quartz) and nn amorphous strut'ture. When ilicon i~ them1ally 
oxidized. the ilicon dio,rjde tructure is amorphou~. Typically. :unorphous siliru has a den­
sity of 2.21 g/cm~. compared with 2.65 gjcm~ for quartz. 

ilkorl ,ub tnllc 

figure 3.3 rowth of silk·on dluxide by thermal oxlwition. 
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u l M Oxida n 

(cl 

Figure :U (a) 13a;!c tructu.nJ unit of iii II dioxide. (b) Two-dimension;J rcpr ,cnt\ltion of a 
•tiwt-✓ ~ t.J l.11 · (") Two-dimensional rcpresent:ltion f the amorphous structure of 1lioon 
c.ho-utl<' .1 

TI1 b:.isic dilli ren heh, n the cry ta.lline and amorphous structures is that the for­
m r il • periodic stn,cture. C\1 ndin over man · molecules. wh reas th latter has no peri­
odic struchlre 11t all. Figure 3Ab is a h\'o-dimensional scl1 mati diagram ofa quarti crystalline 
.tructure ~ I up of rill • ,,itl1 six silicon atoms. Figure 3.4c is a two-dim nsiooal ch matic 
diagr.un of 1u1 amorphous tructure hown for comparison. In tl,e amorphous tructure, 
th n!' • still • t ndency to fom1 charact ristic rings \\1th six silicon atom . 'ote that th 
~orph u_ stru~ in Figure 3.4c is quite open bee.au onJ • 43% of th space is occu­
pied by sili n dio.-ade molecul ·. The relath'elyopeo structure accounts for th lowerd n­
si~ and alJO\, a variety of impuriti ( uch as sodium) to enter and difrw r adily tl1rough 
th . ilicon dioxid la r. 

Th kinetics of thermal oxidation of ilicon n be tudied based on simple model 
illustrated in Figur 3.5.2 A ilicon slice contact Ille oxidizin speci (oxygen or water 
,. por~. re ulting in a . urface con ntration of C0 mol cules/cm.l for tl1ese speci s. Th 
•~•agmtud of C0 quals th quilibrium bulk con nlratiou of the speci • t the oxida­
tion tempemtur . The equilibrium concentration g nerally i proportional to tl1 partial 
pr re of tl1 oxidant adjacent to th oxide urfa . At 1000°C and at a pres ure of l 
tm. th cone ntmtion C, is ~.2 x 10'~ mo!ecul s/cm3 for dry oxyg n and 3 x 1019 

molecule cm 1 for ,v.1ter ,-apor. 
Th_ o •dizin speci cliffu s tl1rou h the silicon dioxide I, r. r ulting in a con­

ntmtion C, at the urfa of tjlicon. The flux F, can be writt n as 

Fa = D dC =- D(C0 -c,) 
dx x 

(3) 

wht>rt" D , th ' dilJu.tjon coefficient of th<' oxidizing peci , ru1d xi th tltickne s of tlie 
· L.y r alre. dy pre-cnt. 

3.1 Thermal Oxidation Process ◄ 41> 

OxJ,~nt 

C ,,_ 

Figure 3.5 .8Mi<: model for the th nnal o.,ldntion of ilicon.' 

At the ilico~ urfa , the_ oxidizing speci reacts chemically with sil.icon. Assuming 
the rote of r action 1s proportional to the concentration of the speci at the silic.-on ur­
face. tl1e flux F1 is given by 

(4) 

where K is tl1e urfi ce reaction rate constant for oxidation. At the steady stat • F1 : F, = E 
Combining Eqs. 3 and 4 gives 

(5) 

The reaction of tl1e oxidizing specie with silicon forms silicon dioxide. Let CI be 
the number of mo! cul of the o.udizing pecies in a unit volume of the oxide. Ther 
are 2.2x I~ silicon dioxide molecules/cm3 in th oxide. and we add one oxygen molecule 
(0 2) to each ilicon dioxide molecuJe. \\1hereas we add two water molecules (HP) to each 

iO: molecule. Therefore, C1 for oxidation in dry oxygen is 2.2 x l0u cm·'. and for oxi­
dation in water vapor it is hvice this number (4 .4 x l~ cm"'). Thus, the gr0\~1h rate of 
the oxide layer tJ1ickness is given by 

dx F DC0 /C, 
dr= C, = x+(D/K) 

(6) 

We can solve tlus dilTerential equation subject to th initial condition. x{O) =do- where 
d0 is the initial oxide tl1ickness: d0 can nl o be regarded as the thickness of oxide la) r 
grown in an earlier oxidation st p. olving Eq. 6 yields the g neml relationship for the 
oxidation of silicon, 

2D WC xi+-x=--o(,-n) (7) 
I( c, 

wh re 't a (d ~ + 2Ddof ,r)C/ 2DC0• which represents a time coordinate hifi to a«<>unt 
for the initial oxid layer d0• 

The oxide thickness after an oxidizing time t is gi" n by 

x=!!..[ I+ 2Co,r2(t+r) -1] ( l 
K DC, 
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For 111:ill valu of,, Eq. reduces to 

C,:: 
r=-0-(i+r) . - c, 

311d for larger ,ulue oft. it redu s to 

2DC0 (r+1') 
c, 

(9) 

(IO) 

During the earl_ t," s of oxid growth. wlien urface reaction · th rat -Umiliog factor, 
th a.tide th.ickn \r,uie line. rly with time. As tlie oxide lay r becomes thicker, the oxi­
dm1t must clilTu thruu<>h tl1 o:ode laver to react at the silicou-silicon dioxide interface, 
and the l'('!lction become diffusion llii~ted. Th oxide growth th n becomes proportional 
to the qu. re root of the oxidizing time, wbicl1 re ults io a parabolic growth rate. 

Equation 7 is on n wri.tt 11 in more <.-ompact fonn, 

;r2 = A.r = 8(1 +r) (11) 

wbcre A = 2D!K, B = 2DC,IC1, nnd B/i\ = KCofC ,. U iug this fonn, Eqs. 9 and lO can 
be written as 

for the linear region and as 

B 
x=-(1+-r) 

A 

x2 = 8(1 +-r:) 

(12} 

(13) 

for the parabolic region. For this reason, the term BIA is referred to as the linear rate 
co11Stant. and 8 is the parabolic rate constant. fa-p rimentally measured results agree 
with tl1e predictions of this model O\'er a wide mnge of ox;dation conditions. For wet oxi­
dation, the initial oxide thickne d0 i ver:y small, or -r = 0. However. for dry oxidation. 
the extrapolated value of d0 at I = 0 is about 25 nm. Thus, the use of Eq. L 1 for dry oxi­
dation on bare ilicon requir a value for ,r tJ1at can beg nerat d using th.is initial tltick­
ness. Table 3.1 lists the valu of th rate constants for wet oxidation of silic.-on, and Table 
3.2 lists the valu.es for dry 0:1.idation. 

The temperature depend nee of the linear rate constant Bli\ is shown in Figure 
3.6 for both dry and wet oxidation and for (111 )- and (100)-oriented silicon wafers.zThe 
line.1r rate constant varies as exp(-EjkT). where the activation en rg)' E. is about 2 eV 
for botl1 dry and w t oxidation. This clo ely agrees witli tl1e energy required to break 
ilicon- sillcon bonds, 1.83 eV/molecule. Under a given oxidation conclition, the Unear 

rate constant d pends on crystal orientation. This is because the rate constant is related 

TABL.E3.1 Rate Constants for Wet O>Cidation of Silicon 

Parnbolic Rate Linear Hate 
Chidation Coo tant Constant 
Temperature (0 A (µtn) B (µm'Jh) BIA (µ m/h) -c (hl 

l200 0.05 0.720 14.40 0 
llOO 0.11 0.510 4.64 0 
1000 0.226 0.287 1.27 0 
9'20 0.50 0.203 0.406 0 

3.1 Thermal 0xidetion Proces, ◄ 47 

TABLE 3.2 Rat.e Constants for Dry Oxidation of Silicon 

P:,rubolic R, te Linear Rate 
Oxidation Constant Constant 
T~mpcrature (°C) .A(µm) B (µm1/h) BIA (µm/h) 't (lo ) 

1200 0,040 0.0-15 1.12 0.02i 
1100 0.090 0.027 0.30 0.076 
1000 0.165 0.0117 0.071 0.37 
920 0.23.5 0.0049 0.02 1.40 
800 0.370 0.0011 0.0030 9.0 
700 0.00026 81.0 

T(°Cl 

L01 1200 1000 900 800 700 
'\ 

'\ 
'\ '\ 

'\ H,O (WP) 
I~ '\ E 0 =205cV 1, ". . 

1 '\ 

= '\ ~(lll)Si 
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"' 
JO-I vOOO)Si 

~ ' 
~ 
8 
" 10- Dry o 2 (J oa Po) '\ e E1 =2.0cV \< (llt)SI 
3 )Si 
;j 

J(rl 

IQ-I \ 

0.6 0.7 0, 0.9 1.0 I.I 

1000/T(K•l) 

Figure 3.6 Linear rate constant vcrsu.i; temperature.• 

to the rate of incorporation of oxygen atoms into the silicon. The rate depends on the sur­
face bond structure of ilicon atom ·. making it orientation dependent. Bec-ause the den­
sity or available bonds on tl1e (111) plane i higher than that on the (100} plane. the linear 
rate constant for (J 11) silicon is larger. 

Figure 3. 7 bows tJ1e temperature dependence of the parabolic rate constant B, ,~ch 
can also be described by e~-p(-E/kT). The activation energy E, is 1.24 eV for wy o:oda­
tion. The comparable activation enerro-· for oxygen clilTusion in fused silica is 1.1 eV. n1e 
corresponding value for wet oxidation. 0.7l eV. compares favorably with tl111 value of0.79 
e for the activation energy of di.ffu ion of water in fused silica. 'The parabolic rate con­
stant is independent of Cl)'Stal orientation. n1is independence is expected bectiuse it is 
a measure of tl1e diffusion process of the oxidizing species through a random network 
fayer of amorphous silica. 
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Cha ter 3. Silicon 0xidati011 
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Figure 3.7 Parabolic rate constant versus temperature.' 

Although oxides grown in dry oxygen have the best electrical properties, consider­
ably more time i requi red to grow the same oxide thickness at a given temperature in 
dryo:. en than in water vapor. Forr latively th.in oxides such as the gate oxide ln a MOS­
FET (ty-picnlly ~ 20 nm). dty oxidation i used. However. for thicker oxides such as field 
oxide (~ 20 nm ) in MOS integrated circuits, and for bipolar devices, oxidation in water 
vapor (or team) is u e<l to pro~ide both adequate isolation and pas ivntion. 

Figure 3. shows the e.xperimental results of silicon dioxide thid"Tless as a function 
of re ction time and temperature for two sub trate orientations.3 Under a given o~idn­
tion condition. the oxide thicknes grown on a (111) substrate is larg r than that grown 
on a (100) substrate becau e of the larg r linear rate constant of the (111) orientation. 
:-lote that for a given temperature and time, tJie oxide film obtained using wet oxidation 
is about 5 to 10 times ducker than that using dry oxidation. 

EXAMPLE2 

A <ii icon 1mple is <rodiwd in dI)' 0 1 at J 200°C for 1 hour. (a) What is the thicknes of the oxide 
grown? (b) f!Qw much additional time is required to grow 0.1 µm more oxide in wet O, flt 1200°C? 

SOLUTION (a) From Table 3.2. the valu of the rote constants for dry 0 2 at 1200°C are 

A = 0.04 µm B = 0.045 µm2/h 

and, = 0.0-27 h. Using these parameters in Eq. 11. we obtain an oxide thiclm s of 

X = 0.196 µm 

lb) Frum Table 3.1, the alues of the rate eonsta11t.s for wet 0 1 al 1200°C are 

A " O.OSµm B = 0. 72 µrn '/1, 

'? 
2-

] 
~ 
-8 
2l 

1.0 

0. l 

to 

0.1 
0. 1 

\le t o:<i<htlon 
- - - - - (1111 
-- (10()} 

., 
I 

; 

O,achtion time (hr ) 

(B) 

_ 1250'C I--

.,,. '10SO'C'-,.'.A 

/ 
/' ,, l ,::,, IWC 

-,7 I 

I 
1.0 10 

O<idatlon time (hrl 
(b) 

I 

I i 

3.1 Thermal Oxidation Process 49 

I 

I 

I 
100 

figure 3.8 fa:perimental results of silit-on dioxide thickn .s as a fonction or reaction time and 
tempemtun: for two ub trate orientation . (a) CrO\,th in dry OX}-gen. (b) Growth in team.' 

Since (/0 = 0.196 µm f[Oll1 the first st ' P, we ha,• 

d' +Ad,, u(d! +2Dd.JK)c,f1.oc. =~=0.067 h 

Th final dcsin."<1 thickn is r = d0 -t 0.1 11m = 0.296 µm . . ing th e pnrnmc!lcrs in Eq. 11." • 
oblain an additional o:ddntion time of 

t a 0.76 h = 4$3 min ◄ 

3.1.2 Thin Oxide Growth 
Relatively low growth rotes must be used to reproducibly grow thin o.'ticle films of pre­
cise thickn ss. Various appro;.1ches to aclli ve such slow gro"ih r..ites ha,· · been re~rtt'<.I. 
including growth in dty Qi t atmospheric pre ure and lower te111pe~h1res (800 C .to 
goo•C): growth at pressures lower than atmospheric p urc, gro\\1h in redu~ partial 
pr ssures or Q2 b , u ing 3 diluent inert gas. such as 1 ~· Ar, or He, toge~ter with tlie ?as 
containing the oxidizing species: and the u e of romposit<' o.~d films. with ~1e g11te oudc 
films consi Ung of u la rer of thermally gro\\~l i01 ull<I 1111 overlay r of 10J grown b~ 
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.. 
dit•uu , I~ rd poi it.ion ( VD). Ho\\ ver. th i.; 111ainstrewn 11pprooch for gate oxid s 10 
to J 1111 thick · to •row the o.xide film ut ntino.sphuric pr ure 1111d lower t mpemtures 
tSOO· to ooo• ). "1th this approach, procc sing using lltodena v nloo/ oxid, tiou fur­

v n,producibl , high-quality 10-nm oxide· to within 0.1 nm .cross the wafer. 
It " n e;.I eMli!'r llmt for diy o.xidution. there Ls 011 apparent! rupid oxidation that 

, .... ri>t· lo .m iuiti ii o.xid tlti ·Imes · d,, of about 20 nm. Th re fore. th •imp! mod I 
pn· •·ntt·d in ·on 3.1.l is not ,~illd for di)• "dation witll an oxid thickn s J, tha11 
or eqU31 to :.0 nm. For J, the abUity to grow thin (~ 20 nm). uniform. hi •h-qua.1.ity 
r,;producihlc I(' o.\id lu · become i11cre.1Sin I • i111p0rtant. This ·ection briefl)' coll.Sid rs 
th • growth mecl:mnisms of ucl1 thi.o oxides. 

1 n the c.1rly stage of i:,rro,~th in dry u.xidatiou. tl1ere is u lnrge compressiv stre in 
the o.X'iclt· Li) r that redu the OX} en diffusion coefficient in. th oxicl . the oxide 
ht-com thi k r, th ·tre. s is reduced because of tl1e ,iscous flow of ilica, and tl1e dif­
fa ion fficient will approach its stres -free \1\lu . l'her fore, foT thin oxid -, U1c ,<alu 
of O11,moy be uffi ient~· mall that we can n glect the tenn Ar in Eq, 11 and obtain 

.r-d/=Bt (14) 

wit re:d ~ equru to Vwc .. ·r1 C, . which L~ tl1e in.itial oxide tl1ickn when tinP is xtrnp-
L,ted to i,:ro . . ,ud 8 c. the parobolic ml constant defined previousl . We tl,erofore e.,"(>ect 

the initial growth in dry oxidation to follow a parabolic fonn. 

3.2 IMPURITY REDISTRIBUTION DURING OXIDATION 

Dopant impuriti near the ilicon urfac.-e will be redistributed during them,al oxida­
tion. Th redi tribution depcuds on sernral facto~. When two solid ph. es are brought 
too tber. an i111purity in one solid will redistribute between the two solids wttil it reaches 
equilibrium. This i imilar to the previou discussion in Chapter 2 on impurity Tedistri­
bution in Cl) tnl growth from the melt. The ratio of the quilibrimn concentration of the 
impllri~- in the silicon to that in the silicon dioxide is call d ti , " reg(lt/011 rocfjicie111 
aud is defined as 

I.. = Equilibrium concentration of impurity in silicon 
Equ.ilibri1,m concentration of impurity in iO2 

(15) 

A nd foctor tl1a1 influence impurity distribution is that the impurity ma di IT use 
mpidlr through tl1 ilicon dioxid and scape to tl1e , eous ambient. If tl1e di!Tu ivi ty 
of the impurity in _iJi(.'011 clioXid is large. tliis factor will be important. A tltird factor in 
tho, redistribution p - is tlrn.t th oxide is growing. and thus tlt boundary between 
the ilico,1 mid tJie oxid is 3(1\ ncin into th silicon as a func.-tiou of time. The relative 
rat of tit.is advance com_p.-i.red "~tli the diffu ion rate of tl1e impurity through tlie oxide 
~ important ind termining the e.~tent of tl1e redistribution. ot th 1t v n if the egre­
~ration coefficient of an impurity qual~ unity. sum r distribution of the impurity in the 
ruicon \\-ill still take place. indicated in Figure 3.3, tl1e oxid byer will be about h\-ice 

thicJ.. a, the silicon la r 1t n:ploced. Th r fore. the me mount of impurity ,viii now 
be lfutributed in larger volume. ~ suiting in depletion or the impurity from the J licon. 

Four possibl • redistribution processe · are ilhu trnted in Figur 3.9.~ Thero processes 
can be ck.ssi6cd into two groups. Jn one group. the o."<idc tak up th imp1.1rity (Figs. 3.9/J 
,u1d b fork < I), :\fld in the other the erode rejects the impurity (Fig. 3.9c and d fork> 1). 
In • ch c: . wh:1t happens depend on how rnpiclly tli impurity can diffuse tluough the 
xid,>. In group l. tl1e sili n surface is d pl ted of imp11.ritics; an exampl is boron, with 

k ,1pproxi.111.1tclr qunl to 0.3. Rapid difTusion of the imp1Jril)• UU'Ough tlie silicon dioxide 
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Figure 3.9 Four different c:ises of irnpurity redistribution in silicon due to them1al oxldatiorL • 

increases tJ1e amount of depletion; an example is boron-doped silicon heated in a hyd~ 
gen ambient, because hydrogen in s.ilicon dioxide enhances the diffusiv.it}' of boron. lo 
group 2, k is grealer than unity. so the oxide rejects the impurity. If diffusion of the impu­
rity through the silicon dioxide is relatively slow, tbe impurity pilei; up near tJ1e silicon 
surface: an example is phosphoru . witl1 k approximately equal to 10. When diffusion 
t1nough tJ1e ilicon dioxide is rapid, so much impurity mny escape from the solid to the 
gaseo11 ambient that tlie overall effect will be n depl tion of the impuril)~ an example 
is gall.ium. "~th k approximat ly equal to 20. 

The redistributed dopant impurities in silicon dioxide are seldom electricall · active. 
Howe,,er. redistribution in ilicon has an important effect on proce ing and device per­
formance. For example, oonunifonn dopant distribution will modif)' the interpretation 
of tl1e measur ments of .interface trap properties. and tl1e change of the wface <.'Ori• 

centmtion will moduy the threshold voltage and d6"ice contact resistance. 

► 3.3 MASKING PROPERTIES OF SILICON DIOXIDE 
A silicon dioxid la er can also provide a selective mask against the diffusion of dopant 
at cl , ted t mpcratures, a very useful property in IC fabrication. Predeposition of dopants 
(s e Chapt r 6). whether (t be by ion implantation. chenlical diffusion. or ~n-oo tccli­
niqu • typicnll)' results in a dopant source at or near the utface of the OXldt>. During 



Page 32 of 158

52 ► Chapter 3. Silicon Oxidation 

ubs qu ot high-t mperature drive-in tcp. diffusion in oxid -masked regions mu t be 
low nough with respect to difTusion in the ilicon to pr ent dopant.s from diITusing 

tlirou .h the o.'Cide mask to the ilicon surface. The required th ickn - may be dctcnnin d 
experimentally by measuring the ox.id thickn ~- oece ary to preveot the itw1Jrsion of a 
Ii htl · doped silicon sub trate oF opposite conductivity at a particular temperature ltnd 
time. Typical!)~ oxide used for masking common impuriti s are 0.5 to LO µm th ick 

The values of diffusion con toots for vnrious dopants in iOi d p nd 011 th C.'On-
ntration. properties. and tructurc of th oxide. Tabl 3.3 list dilfusion constants for 

various c,orrunou dopants. and fi2Ure 3.10 giv the oxide t:hick,iess required to mask boron 
and phosphorus as a function of dilTusion tim and temperature .. ote that Si02 i · much 
more effective for masking boron than phosphorus. Neverthel s, th cliffusivities of P. 
b. As, and Bin iOi nrc nil orders of magnitud le than their c.'Orresponcling vain in 

sili~'OO, o th y are all compatible with oxide masking. This is not true, hm ver, for Ca 
or Al. ilicon nitride is u ed as an alternative masking mate1fal for these e lements. 

TABLE 3.3 Diffusion Constllnls in Si01 

Dop:111ts Oiffu ion Con tants at l L00°C (cm2/s) 

B 3.-1 x 10·•= to 2.0 x 10· " 
C 5.3 X 10· 11 

p 2.9 X }0"1.4 t 2.0 X !()"1J 

As 1.2 x 10· 1• to 3.5 x 10-1$ 

Sb 9.9 x LO''" 

-- Boron 
- - - Phosphorus 

0.J 

100 
Ol/TU>iou time (hr) 

Figure 3.10 Thickn~ of silioon dioxide nc<..'<'.lcd to mask boron and phosphorus dlffu,ions tL, a 
limct:!on of diffllSi<m tim • and t mperature. 

3.4 OXide Ouall1y ◄ 5-1 

► 3.4 OXIDE QUALITY 

~xide u ed for masking are usually grown by wet oxidation. A typical growth cycle con­
~ists of a sequ nee ~f dry-wel~ oxidations. Most of the growth iJl such a queneeoccurs 
rn _th wet phas~, SJ_nce the 101 growth rate is much higher when water is us d as the 
oxi~ant. Dry oxidation, however, re ults in a Jijgber-quality oxide that is denser ond bas 
~ h,gber hr ~kdown voltage (5-10 MV/cm). It is for th t: reasons that the thin g,,te oxides 
m !OS deV1ces ore usually fom,ed using dry oxidation. 

MO. de~ces ar~also_affected by charges in tJ1e oxide and traps at the SiOr-Si int r­
faco. Tl~e basic class1fication of these Imp and charge is shown in Figure 3.1 J. Tl,cy 
~r . the mterf, cc trapped charge, fLxed oxide charge, oxide trapped charge, nnd mobile 
IOlllC clmrg .5 

Interface trapped cl~arges ( Q.) are due to the SiO2-Si interfi ce propertie and are 
dependent on the cbem,cal composition of this interface. The trap are located al the 
Si02:-Si i~terface, with e~ergy states in the silicon forbidden bandgap.111c interface trnp 
density <•-~:• num~r or interface trnps per unit area and per eV) is orientation depen­
dent. ln silicon w1tJ1 a <100> crystal orientation, tl1e interface trap density i about au 
order of magnitude smaller tlian lbat in the <111> orientation. Present-day MOS devices 
with_thermally grown silicon dioxide on silicon have most of the interface trapped cl1arges 
pass1vated by low-t mperatu_re (450°C) hydrogen annealing (see Chapter 7). The value 
of Q,. for <100>-orieoted silicon can be as low as JOM cm·1, which amounts to about one 
interface trapped cl1arge per 1~ strrface atoms. For <111>-oriented ilicoo. Q. is about 
1011 cm·~. 

The nxed charge (Q,) is located within approximately 3 nm of the SiOr Si interface. 
This charge is fhed and very difficult to charge or diScharge. Generally, Q, i positive and 
depends on oxidation and annealing conditions and on silit.'On orientation. lt bas been 
suggested that when tJie oxidation is stopped, ome ionic silicon is left near the inter­
foc-e. These ions. along with uncompleted silicon bonds (e.g .. Si-Si or Si~O bonds) at the 
surface, mny result in th positive interface cl111rge. Qr can be regarded as a charge sheet 

9 Mobile ionic T 
Qchnrge (Q.l 

Otidc trappcJ ~ 
charg. (Q .. ) Flml oxide ·o 

1-
__ \_+ __ + __ +---~cl-,nrg~ree-(Q-,

1
) +• ~ El El El El El Gf' 

lntcrfa(I(' lropix-d 
harge (Q11) s1 

l 
Figure 3.11 Tcnninotogy for the charges assocl~ted with thcnnlll~• o.'Ci<liud 5iliron.' 
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•. 'l}pi .ti fL~ d o.tid cliarg d ,o,sitJe.s r. r, 1r full)' treat d 
ut LOl<l cm ' for a <HJO> urfoc a11d about 5 x LO'" cm•t 

f tl1e lo" 'r lu s of Q., and Q1• tlae <100> ori utation ls 
s. 

.. ) · d with defects in thL· Woon dioxido. Th 
ch e.1 • rodiutinn or high-en rgy electron bom-
bardment. The tmps e oxide la r. Most proce -r lated Q .. can 
ht-rem w-t 

Mo ch • from contamination from odium or other 
alk.ili io bil "ithin ti mis d t mpcrotu (e.g .. >100°C) and high 
electric field operations. Tmce ntrunination b)' alkali Ill hJ ion may cause tability prob­
I ms in ~emlconductor d ,,;~s operated under high-bias and high-temperature condi-
tions. h co11ditions 111obilo ionic ch n mov b k nnd forth through the 

'dt· d cm e thresl1old vulta e shifts ore. spe 1111 att ntlon mu t be paid 
tothe Uonofmobilcion ind. vi fubn For xampl .tbe ffectsofsodium 
contamiualiou can be n:duce<l by , !ding hlo ming oxidation. Chlorin immobi-
lize. th sodium ions. A ·mull auiowlt (6% or less) of anhydrou HCI in ti e oxidizing gas 
em ccompli h thi , but the presence of cltluriue during d.ry o:tldation increas · both tl1 
linear and paraholic rote con tants, leading to a higher growth rate. 

3.5 OXIDE THICKNESS CHARACTERIZATION 

Perh p. the simpl t method for det nnining th thickness of an oxid is to compare the 
lor of th ", fer with a ret•r nc color chart. uch as tl, oue in Table 3.4.~ When an 

~id -CO.'lted wafer is Illuminated \\~th white light perpendicular to the surface, tJ1 light 
pt'netrnt th, oxid and is relle ted by tl1e underlying iJjcon wafer. onstru Iii inter­
£,r nee I ads to nhan m nt of a certain 1 .11 I ngtJ1 of reflect d light, and the color 
of the wafer corre ponds to that wave! ngtJ1. For example, a wafer witl1 a 500-nm sili­
con dloxid la r will appear blue green. 

Clearly. lor cltart comparuoos are ubjective and are therefore not the most accu­
rat mechanism ford termining oxide thickness. more accumt measurem nt can be 
obtruned using techniqu s such profilom try or llip 001 by. 

Projllometry is a, iycommon m tJ1od of film thickness measur ment. In this tech­
niqu . ti tep i ature in th grown or deposited film is first created. it:her by masking 
during deposition or by etching afterward. The profilom ter th n dra~ a fine stylus aero 
tl1e film surf: ( e Fi . 3.12)1. When t11 tylus encounters a step, a signal variation 
indi t the tep height. This information is then displa d on a ch rt r cord r or CRT 
scr n. film of thickne e ofless th n LOO nm to greater than -5 µn1 can be measured 
with this instrument. 

Ellip.wnu:try is nother widely used mea.rurem nt teclmiq\l that is based on th polar­
ization chang tl1at occur when light is reflected from or transmitted tlrrough a ruedlum. 

hang in polarization are a func:tion of th optical properti of the material (i.e .. its 
complc.t refractive indi ~>. i tltickn , and tJ1 w:w,J ·ngth and angle of incidence of 
tJ1 light beam relativ to the surface norm:J. Th c difli r nee in polarization ar 111 a­
u red by an ellipsometer, and th oxide thickn -ss can th n b calculated. 

3.6 OXIDATION SIMULATION 

IT n toward minit1turi2l tion oontinu and tl1 scale of integration of ICs increases. 
:umte lmowludge of one-, two-, and thr -dim nsionlll structmnl infom,ation regarding 
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TABLE 3.4 Color Chart tor Thermally Grown S101 Fllms Obse,nd Pupendlcularly undtr Daylight 
fluorescent Lighting 

F'ilm 
Thickness 
(µm) 'olor n11rl Comm •n 

0.05 Thn 
0.07 13rown 
0.10 D1rk violet to red violet 
0.12 Hoynl blue 
0.15 Light bin to metalli blue 
0. Li M tallic lo very light 

yellow grcc11 
0.20 Ught gold ur yellow: 

. lightly metallic 
0.22 Cold 1vi1.h light 

ydl°''' rru1gc 
0.25 OrJJJ~c lo melon 
0.27 Red ,iolet 
0.30 Blu to vi,;, ld blue 
0.31 Blue 
0.32 Blu to blue green 
0.34 Light green 
0.35 Cr en lo llow gr en 
0.36 V. llow green 
0.37 reen yellow 
0.39 Yellow 
0.4l Light omn re 

0.42 C:1mullon pink 
0.411 1ole1 red 
0.46 R ·d violet 
0.47 Violet 
0.4 131110 ~iolet 
0.49 Blue 
0.50 Blue gn,n 
0.52 Gl't'cn (broad) 
0.54 Yellow gre(:n 
0.56 Gre n llow 
0.57 Yellow to "> !lowish" (1101 ycllO\v but 

is in the position where) •!low i to 
be expected: at times appca~ lo be 
light er amy gray or m · talllc:) 

0.58 LI ht ornngc or )'l'llow lo pink 
0.60 amution pink 
0.63 Viol t red 

Film 
Tiuckne 
{µm) Color :<ml C'.omm ·nl> 

0.68 "Bluish" (not blue bu1 honJcrll11i.­
bt:twc n \111)1 t and him, l(l'f•o•n; 
appe= mori, lllw a ml~un-
lot:l\1 ... n viol<'t red Md blllt' 1trL-cn 
.uiJ look.• grn)<isli) 

0.72 nl11 • gn: ·n to grL-cll (quJtc bl'Q(&()J 
CJ.77 ··Yelin,,,; h" 

0. Orange (rather bro d for omnj!e) 
0.82 . almon 
0.65 Dull. light r •d viol 1 

0.86 Viol ·1 

0. 1 Rine violet 
O.Sll Blu · 
0.92 Blue green 
0,95 Dull y •Uow gn. n 
0.9i Yellow to "ycll01~i1h • 

0.99 Omnge 
1.00 Camalion pink 
1.02 Violet red 
1.0· Red violet 
l.06 \r,oJet 
1.0i Blue violet 
L.10 Green 
I. LI Yellow i:rcen 
1.12 Cruen 
J.l Violet 
1.19 Red ,folct 
l.2t \r,oJ I red 
1.24 Gamation pink tu sal111<l11 

1.25 Orange 
1.2-!l ")',,)lowish" 

1.32 kr bl11c to itre n blu 
1.-10 Orange 
1.45 \ r,nlt>t 
1.46 Blue violet 
1.50 Blue 
I .54 Oull > llow grc<'R 
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Figure 3.12 emJlic dr.iwing of II nrfi cc profllom<'ter ' 

th, r,,ature; bein fal,ric-.1ted becomes more and more critical. How ver, (1e,-t,utl experi• 
m •nt,11 "min,1tion ,md characteriz.1tion of u h structur s is both tim -consuming and 
'1X'1l!he. Therefore. computer imulatioo is an important tool for in~ stigating LSI 

f: bri Ilion p . oph· tic-at._>d simul tion program are n eded to olv th gener-
,UUt'<I cliJforcntial 1uations th, t modl'I variou proce s. 

p.,rJ1,1p the mo·t ,~idcl · used xample of uch proces· imulntion oft, ,U'e is th 
tanford niversity PrO<:CJ s Engine ring ~lodeling ( PREM) program. PREM can 

,1 urJtely irnulatc rnultidim nsional oxide growth, accounting for th moving i- iO: 
houndi11), impurity cgreg, tion during growth. and other ph ical phenom na. In, ddi­
tion PRE'.\! can predict the results ofth various d position, cli!Tusion. epita.xial gro"1h. 
,ind ion implant lion processc discw ed in ub qu nt chapters. 

RE'.\l perfonn o:odation . imul. lions b: ,cl on th kin tic growth n1odel cl cribcd 
in ·on 3.1.1. Th· packa incorporates rrhcnius function to de cribe the lin rand 
pamboli rate coefficient for" t and dry oxidation, as w ,U a I rudim ntnry model for 
,hlorin;1t d oxidation. Oxidation i imul. ted u~ing the command DIFFUSION, witl1 eith r 

ET02 or ORY02 included ,I! param ters inclic-Jting wet or dry oxidation, r pectively.' 
PRE1'I ,tlso r quires the specification of proccs conditions such as times. t mpera-

ture pro 11 . :ind ~o fi rtl1. £n th , thin otid' regime. PR EM u . n empiric, I mod 1 
of th form" 

dx =--B-+ce-• 'L 
di 2x+A 

(16) 

\\here Band : re tl1e xidution rate coeffici,mt , and C nnd L are empiri I con !ants. 
To nJO PREM. :m input dt>ck mu t be provided. Th· file contains a serie of tnte• 

m ·nl ,md t-ommcuts. ,\ cl•~ option of :1 few commonly u ed tatement. i gi• n in 
\pp,-n<lt J. 11w d I,. begins witl1 .1 TITLE tatem nt. which ism rely , comment r peatecl 
on ·. , pag1• of tl1e program output. Th next command. INITIALIZE. is a control tat • 
mt·ut th t c-t th • ubrtr.it<' type. ori ntation. md doping. Thi. command can aho be 

3.7 Summary ◄ 57 

used to specify the thi kn s~ of the r giorl to be imulat •d :ind e tnblish n grid. Afi r th 
ub tmt ,uid mat(lrfols a~ es. blish :cl. a . ·ri of , t 111 n~ is used to specify the l,(l(JU ,nee 

or p~ t ps th y occur. Finally. tl1 output or tlir simulation II be printed or plot­
ted u 111g PRINT or PLOT st:it ment • re~1 clively. imulation en<b with a STOP tat ment. 

veml C~l!ENT tatern nt will typically appear tl1rougl1out th deck. 111e uscri ncour­
ag d to use th s Int ment to bett r facilitat • docmn ·nt tion of tire process flow. 11,esc 
id a~ ar illustmted in Ex.,mple 3. 

EXAMPLE3 

Suppose we want to perfonn a dry-wet-dry oxidation cquen • on a <100> ,iUoon " ' fer t 11 
for 5 minute in dry Ot, 2 hours in" t O,, and flnall , for 5 more mioute in dry O,. 1r the sllicon 
11b trot i doped with phosphorus at n l('wl or to•• cm· , ,., UPHEM to dctcrrnin th flnal 

o'tidalion thickncs and the phosphoms doping profile in the oxide and . ilicon la) •rs. 

SOLUTION The PHEM input listing is as folio" : 

TITLE Oxidation Example 
C<WMENT 
INITIALIZE 
C~ENT 
OlFRJSION 
COIOIENT 
OIFRJSION 
COW,,ENT 
OIFRJSION 
COII.YtENT 
OIFF\JSION 
COMMEIIT 
DI FFIJSION 
PRINT 
PLOT 
STOP 

Init1a11ze silicon substrate 
<100> Silicon Phosphor Concentr~tlon•lel6 
Ra p furnace up to llOO C over 10 "lnutes in N2 
Time• lO Te perature-900 NI trogen T. rate-20 
Oxidize the wafers for S 11lnutes i\t 1100 C in dry 02 
Time• S Temperature• ll00 Ory02 
Oxidize the wafers for 120 mi nutes at 1100 C 1n wet 02 
Time-120 Temperarure-1100 Wet02 
Oxidize the wafers for S 11lnutes at 1000 C i n dry 02 
n .. e.s Temperature-1100 Ory02 
Ramp furnace down to 900 C over 10 1>lnutes in 
T1 e-10 T perature• llOO Nitrogen T. rate•-20 
Layers CheJ1ical Concentration Phosphor 
Active Net Cmln• lel4 
End oxidation example 

\ Ve sume the furnace h an idle temperature of 900•c when the wnfor is in ' rt :d, so" • use a 
10-mlnute ramp up at 2o•C1minute to ll00°C at the beginnin of processing and a IO-minute ramp 
down at -20°C/minutc back to 900°C , t the end. The rJmp up and ramp d0\,11 ar(• performed in 
a ni trog n ambi nt. 

After oxidation is complete. we print and plot the phosphorus concenlrlllion llS a function or dt,pth 
into the silicon StJbstratc. The re,.rlts. r shown in Figure 3.13. wbl h indi tc a flruJ oxide thtck­
nes of 0.909 µm and depicts th phospluin,. incorpomlion in the o,ide la) r. ◄ 

► 3.7 SUMMARY 
Silicon dioxid is a high-quality in ulator th, t can be them1ally grown on . ilicon ":11°~,s. 
It can aJ O rve as barrier la) r during impurity di!Tusion or impl~ntation: ~d 11 1 ~ 
key compon nt of 1 O de,,j - and circuits. 111ese fnctors have ~n_tnbuted sig:Uficantl) 
to ilicon's current statu , th dominant miconductor matenal rn use tod.'l)-

This chapt r described th meclmni m of thennal oxidation or ilit-011 and presentl'd 
a kin tic model of oxide growtl1. This model accurately predicts OAide gr~vt_h ra!c for'' 
"~d range of process conclitions. Th chapt r also di!c11s d dopant r ~JStnbu~on and 
tli m, king propcrtie of oxid s. Oxide characterization 111 tliods and oxide quality were 
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.. 

Silicon 
Si02 

Figure 3.13 Plot <lf pho,11horus < occntrulio11 a, a f\1Jlct10n of t!~pth into the ilic m ,ub 1r.1te, 

u.<in~ PRE~1 softwart' 

d cri.bed .i., w •II. Finally, the proce . imulation ftwa.re packa e "PREM was intro­
duced.. n, U5t- of PREM , bowe,.er. is not limited to ox:idation, ;md 1l will be revis­
lled in ubsl'qU nt choptf'rs. 
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Problems ◄ 59 

► PROBLEMS 
<lrrl k, d llor,· difftc11/1 111-00/ w . 

I. p•type <100;>-ori rm·,1 ,iliC<:111 w:ifon,1th n:· Hhit) of JO 0 -<:m I pl11Lv:,I in aw~ ,ru. 
d.ition . km to gro\V , llcld o Id• of() 45 µm at 1050 ', 1),•tl'rmln,• th um, re,-1u1red to 
~row tin• o. d1•. 

'2. After th· llr!.t ~idalJon "' gJv,,11 irl Problem 1. a wind'lw is opt·n ,d iJI lhl' o,id, to grow J 

!(~It! o,cid at tooo•c for 20 rninute< in dry,,. daUot,. ind 1.h • thickn~. • of thl' got 
o"dc and th" total Oeld oxid . 

3. hO\, that Eq. l l reduce, lox' .. 81 for Ion!!: llm ,111d to x; BIA(t + for hort li,n 

4, D t nnin th!' diJTu ion coefficient D for dry o dation or <lOO>-Ori nt ,d silicon ,.unplr 
At 9W°C . nd l atm. 

5. Defin w~n-gntion coejfrcl Ill, 

6. mne that th C\J concentmtio,1 h1 the S!O, layer is 5 x 1011 atornslcm' after ,·•por 
ph e depo Ilion and n,~ 11red " i th atomic absorption spc~'trometry Th u coo n­
lrotion ln th i la) r is 3 X 1011 toms/cm~ aft r IJF/IJ_O_ d' luUon akulatc tho s -
rcgntion coefficient or Cu ln iO _ i I )'ers. 

•1. A bare nnd undoped <100> silicon sample is o:od~ for l hour at l 100°C in dry o,. h is 
then ~•overt.-d and hos the o>'.ide removed over holftl1 "• fer. •,1, it i T\'·O<idi7..c<l in " t 

, at JOOO"C for 30 minut e PUEM to d tcnnine the lhicknes Ill the two 
regions. How high are the tcp on tire surfaC(- and th step in the substrate? 
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4 
Photolithography 

1 oft • ferriJl • pall ni ctric . on a m k 
mat rial (c-.i!J :d plmtc ·erin 11rf.i of a 

tems d fuw th, ,mious region, ,n an 1ted circuit . 
. the contact wu1<lo" . aud tJ,e bondmg-p;,d .u ,, . The 
h •rapine proct'< are not pcnmu1enl d1:mt:nb of th 

fin m;uit r. ature . To pro<lu • circuit fi nh1 ist 
Ct' more into tlie underlyin la) rs compri . 

P 1t1 m b · .u, etching process that d cth I · rem 
portio r 5). 1 hri f de ription of pattem tr.m · 

C'cti n ,;iptt't ro, rs the following topi : 

• TI1e importam.-e of. ell' 11 mom for lithographr 

• Th.- mo t ,,id I,· used lithogmpl11c metl1od-optlcal litl1ograpb ·-and it re olu­
tion nh n m nt technique 

• chan ~ and lunitntions of otl1er lithographic m thods 

.1 OPTICAL LITHOGRAPHY 
m jorit) of lithographic quipm nt for IC f brication is optical equipment u ing 

ultra,iol t light (wawl n h or J...;;0.2-0.4 µm l. This section 001\.tjd rs the exposure tools, 
, re · t:-, • nd resolution e11h nccrn nt technique u ed for optical lithography. It 
ru iders th t> pattern transfer procc . wl1i h serve ,IS a basis for otJ1er lithographic 

~ km Th wction first briefly clisc the clean room. because all litJ1ogmphic pro-
' e~ lllt t be pcrfonned in an ulmicl an nvironm nt. 

4.1.1 The Clean Room 

An lC fabri ·1tion £ oh a clean proce in r 'ally in th area used 
or photolitl1ogrnphy. Th such a cl an room nn u e dust particl in the 

, ~ rs nd lithographlc nd can cau e defects in 
m circmt failure. For xampl t particle on a s 111iron• 
th· ingl ·-CT) tal growth of ·a] film, causing the for-
dtc t particle incorporat d in to tJ1 gate oxide can r ult in 
I c:111 e d "i fa.ilur du to low breakdown \'Oltag . The situ• 
in the litJ1ogr.1ph1c ,uea When dust particl . dhe~ to tJ,e ur-

UIB) bcha" as opaqu patt ms on tbe nd tit s patterns will 
to tl,e undcrl),1niz la) r along with the circuit son th• m, k. Figure 

dust partid on • photomasl 1 Particle I m It tn the formation of 

Fc-.Jturr 
on 

rn.uk 

4.1 Opueal lllhogrephy 61 

Figure 4.1 V;irious wa In wlokh du<t particle .in 111tt rfi ·re with photoma;k p.ut •m 

a pinholu in the underlying I yer. Particle 2 is located near a pilltcm •dgC! aud 111ay rou c 

a constriction of current flow in a metal ruuner. Purtid 3 can I • cl to a short dr(.iut betw n 
tJ1e two conducting rei;on 1111d render tl1e circuit usel 

J n a clc:m room. the total numb r of dust particles per unit ,,olum1: 11111,1 1,c tig).1tl 
rontrollcd. along with the temperature und bumiclity. Figure 4.2 .hO\, th particl •- iw 
di- trib11tio11 cun e for variou cl, e of clean rooms. Two • ) tem art' u ed to d llnc• the 
cl, e. of clean room• In the: ngli I, ) ten1. the numerical d ignation of the cl , ~ 
token fr 111 the ma.ti,num allownble number of particle that are 0.5 µm and larger per 
cubic foot of air. In the ,netric > t m, tl,e cl, i~ taken from th logarithm (b,i.<e 10) of 
the m:Ltimum . llo, • bl numher of particles that arc 0.5 µm Md larg r per cubic m ter 
For ex,rnipl • a cl: LOO clean room (En Ii h tem) h:IS a ell"! count of 100 particl ft ' 
\\1th p;irti I dfamet rs oro.- µm nnd lnrg r. where:1: a cl, M 3.5 clean room (rni,tric 
. yst m) has a du:,t count of !Ou. or about 3500 partidc. m' with particle dinnl(•tcr.; of 
0.5 µ111 or larger. irlce 100 particles/ftl = 3500 parlicle..J,nl, a class 100 in th • En~li~h 
~) tcm corre ponds to 11 cl, M 3.5 in the melliC' S)-stem. 

13ecausc tl1e number of du l particl,-• incre:1:· s :1: particle siz d re ' . a mot\! lrin• 
gent control oftJ, cl an room environment is required when the rninin,um r, .itun· k-11 •tl1 
of I are r duced to th deep ubmicron r, nge. For most I fabric;1tio11 .i.M • a d:c 
100 cle,ui room i r quired: dial i . the dusl unt must be about four order; of ,uagni­
tud lower than that of ordin.uy roo,11 air. 110\\' · r. for Ute litlrogmph are. ., d,'l! IO 
clean room or one "1th o lower du t count is ruquir d. 

EXAMPLf 1 

t f ,w ,,p<>w :1 20().rnm w«f,· r for t minute to .111 air trc-,1111 und(·r a l,urlinar-Oow ndohon at 311 
m/oniu. how rn:t1I)' clu,t particle will land on the wafer io a chss 10 clean n,om• 

SOLUTION r.ur cl,.,,, 10 I anroom,th,·re,,re350pJrti b (O-µm.ndl.1rg1•rl p<-t1:t1hlem ,t~r 

The air , lmni, that g , over tl,e ",lfl'r in t 111u1ul i< 

j 0,2 Ill)' 942 (30m / nun)x,.l-2 - x i 111111111,• : 0 . m 



Page 37 of 158

' 
M~ • \ 
~ ' ' 

~11~ ~ -- \. \' ,1: J(I' \.\; 
l 

. 11 '- -_ 
i: I 
,1. Ill 1----~ 

l \II~--,\ 

10- --i- . ' 
' 

1011----t-- .-➔,----1 

Prutadt• ..,,. tµm ) 

Figure 42 r~rti l,>. ,iz,,• d1'trihution cur-· · for English (- - -\ ancl 111etric (-) cla., < of 
.m rooui..,.1 

'Ilic numbo.·r o du,t partid s (0.5 µm and larger) containt'd in the air volume is 350 x 0.9-12 = 330 
rt1 t: . 

Thcl't.'fore. if tLcre are 400 IC chips on the wafer, the particle t-ounl amounts to one particle on 
c. ch of :!'{ o the chips. F rtunately. only fraction of the particl that land adh re to the wafer 
,'Urfuce . . u,d of thci<Se onh,· a fnlClion are at a circuit locabon critic:J nough to c.,use a failure. How,.w r. 
th.- C'.1lculati<111 ,ndicat · the 1mpor1:lllce of the clean room. ◄ 

4.1.2 Exposure Tools 

The p; ttern tran fer proce . i accomplish d by u~ng a li tl1ographic xpo ur tool. The 
perf. miance of an expo ure tool is detennined by three parameters: re~olution, regis­
tr.ition, and th.ro11ghput. Re.wfoticn i. th minimwn t ture dimension tliat n be trans­
ferred \\ith high fidelity to a resist film on a semiconductor wafer. Registratic,1 is n measure 
of how accurntPI) patterns on succe sive m ks can be align <l (or ov rlaid) with r> pect 
to pre,iou ly defined patt •ms on the wafer. Throughput is the uumber of wafers tbat 
C.Ul be xpo, ·d per hour for a gi, n m k 11:vel. 

Then' ,ire basic-all two optic-di •xposure m thod~: hado, printing and projection 
printin . • • hJdo-.v prinl:in may ha, • tl1c mask and wafer in direct contact with one anotl1er 
( , in ro11tact printirtg ) or in clo. e pro-cimily (, in proximity J>rinting). F'igur 4.3a shows 

lxc ic tup for cont,1ct printing. in , hich a re ist-co. ted wafer i brought into pl, ical 
cont..u:t ,,,tb a 111.: k. and the re i t i · c.,-posed by a ne, rl)' colllmnl d beam of u.ltr.iviolet 

4.1 Optical Lithography ◄ 63 

light tJirou h the b: ck of thl' mask for n rLxcd time. Th inti mat • cont <..1 bctwc .11 re L ts 
and m, ~ provide :1 re olution of approxi ,n tely l µm . IJowever, cont C'I printing , uf­
fors n lllllJOr drawback caused hy dust pnrticl . A dust particle or a speck of illco11 dust 
on th wnfi r can be bnbcddcd into the mosk wh n tl1e mask mnkcs contact " ith t111• wafer. 
The imbedd d particl caus perm:mcnt dnmng to th mask and r suit. in d •fect.t in 
th \\ fer with nch succet>ding expo ure. 

To minimize mask d:image, tl1 proxi initrcxposure mctl1od is us d. Figure 4.$ shuw,; 
tl1 b ic s tup. It is imilar to tJ1e contact printing m thod. xcept tl1at the is small 
gap ( 10-50 µm) betw en the wafi r and tlie mask during ex-posure. 111 , mall gap re u.lts 
in optical di IT ruction at f. ature edge on the photom, k; tliat is. wh n light p by the 
dg of au opaque mask feature. fring ar form d and ome light penetrat into th 
hadow region. s . result, tl1 resolution is degraded to th 2 to 5-µm range . 

In shadow printing, the minimum linewidth (or critical dimension (CD)] that can 
be print d is rough] • 

(I) 

where A is the wavelengtl1 of th e.xposu.re radiation and g is the gap between tlic mosk 
and the wafer and includ the thickness of the re i I. For }., = 0.4 µm and g = 50 µm, 
tlte D is 4.5 µ111 . ff we redu :e :>. to 0.2.5 µm (a wavelengtl1 range of 0.2 to 0.3 µ,n is in 
tbe d p spectral region) nod g to 15 µm . the CD becomes 2 µm . Thu.s. th re is an 
advdlltage in r ducing both :>. ai1d g. However. for a giv n distance g. any dust particle 
with a diameter larger than g potentially can cause m. k dam ge. 

To avoid the mask damage problem associated with shadow printing. projection­
printing expo ure tools have been developed to project an image of the mask patterns 
onto a r ist-coated ""afer many centimeters away from tl1e mask. To increase resolution. 
onl , a small portion of the mask is exposed at a time. The maU image area is scanned or 
tepped over the wafe r to cover tl1e entire wafi r urfac . Figure 4.4a shows a l : l wafer 

scan projection y tem.6.0 A narrow, arc- haped imag field approximately 1 mm in width 
rially transfers th slit image of tl1e mask onto tbe wafer. The image _ize on tl1e wafi r 

i tl1e same as that on tl1e mask. 

Cont:>c( Pro m,tv 

~ug~ - ~ 
(llga.rcl:unp) C 

l...cns ~ 

Mosl: -

Photore. b t ..-0:-1 I 
. ubstratc- / '-------' I Cap l.__ ____ _.1 

---

(a) (b) 

figure 4.3 Schematic of oplical sbadow printing techniques.' (n) O,ntact prinhn.g:. 
(I, ) Proximity printing. 
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C•I (bl 

(~l (d ) 

figur11 U Jm;,ge p.ll1lt:iom:ni; techniqu for prujedio1J printing. (a} Annu;J -fltld wnft-r scan~ 
(bl l:I tl-p-,llld-repe., (r) \ II rt-duc-tion t p-and-rcpeal. (d) M:l rl'duction tc(>"and-scan.' ' 

Th 111.111 image Geld can also be stepped over U1e urfa · or t.h wali r by two­
dim I ionnl translations of th waf. r only, whil the mark remain stationary. ter tJ, 
exposure of on" chip ·ite, the ,, . ~ r IS moved to tJ1e next chip site and the process is 
repented. 1 ir -t4b and 4.-lc how the p:irtitionjng or the wai r imuge b • stcp-and­
rt7Jtat projerlicm "ith a rati of 1:1 or at ad magnillcati n ratio of M:l ( .g. , 10:J for a 
10 tim . reduction on the wafer), r pectively. The demngni.ficatio11 n:1tio is an impor­
tant r~ ctor in our abiljty to produ both the lens and the maslc Crom which we wi h to 
print Th 1:1 optical s terns are easier to design and~ bricat than 10:l or 5:1 reduc­
tion ,) te,ns. but it is much mor difficult to pro<lu defect-fre rn ks at l: l than it is 
at ., 10:l or a .'5: l d magnill tio11 ratio. 

Reduction projection lithography can also print lar r wafers without rede ignii1g 
the tepper lens, as long as tJ1 fi Id siz (i.e .• tJ1e expo ur ar a onto the wali r) of tlie 
lens i larg enough to contain on or more I chip . When th chip size exc.-e ds tbe 
fle lcl . iie oftl1c lens, forth r partitioning of the iml11e on tJ, r ticle .is nt>cessaiy. ln f'jgure 
4.-!d. tl1e 1111. • fl Id on th retie) can be a narrow arc hape for M:l step-and-scan pro­
jection litl1ogmphy. The t p-and-st-an sy. tern yi Ids two-di 111 eru ionnl translations of th 
"-;iJ r \\~th ed v. nd one,dim nsional translation of th mask \\~lh a speed M times 
that of tJie ,\afcr spe d. 

Th resolution of a projection syst m 15 giv n by 

J -k ). -, - (2) 

wh ff' A. i :1e;ain the ~11re wa, I ngtl, . k1 i. a prot-e. -dependent ft ctor, and A · 
U1 111rn1 ·ri al apcnun:. " luch Is g1, ' n b · 

4.1 Op1ical Ulhograplly ◄ 6-5 

' =ii&in8 13) 

, h rc- iii th · index of refraction in th . Im, m cliu r11 (n,ually (lir, wlwrt· ii = I), and 
0 is the half-:111gl of th con oflight conv<'rging to ,, point Im. g ::it th \\ for, (1.5 h°''~' 
in Figure •l,5.$ Als howu in tJ1 figure i tlu, d ptli f foc:u (DOFJ, wl1i h n bE-
xpr ~sed, 

D F = ±1,. /2 - ±JM/2 = k }, 
1an0 i.n8 1 N 

wh re k, is :moth r process-cl pendent f; ctor. 
Equotion 2 indi • te:. that resolution can be improved (i.e.. mnll r Im) by ,itJwr ·du • 

ing tL wav •lengtli or increasing A or both. However, Eq. 4 ind! te th, I tl1 DOF 
degrades much more rapidly by increasing A tlm11 h)' decreasing J.. . Thi> xplalm th1• 
trend toward shorter-wav I ngtl1 ource in optical lithography. 

Th high-pre urc mercurr-arc lamp is widely used in exposur tools because of I 
high intensity nnd r liability. The merC\ll)'•arc spectrum is composed of ever::J pe.1ks, 
:IS sho\\m in Figure 4.6. Th temis C.ltne, I-I-line, and f-lfne r fer to Uie peaks at 436 nm, 
405 nm. @d 365 nm, re p<>elivel •. 1-Une lithography ,~ith -,J lep-:1.nd-rcpe..-.t projection 
can offer a r , olution of 0.3 µm with re olution ·nh:tnccm nt Leclu1iqu ( ,ctiou 
4.1. ). d,=ced expo ure tools uch :IS th 24$-nm lithogr:iph.ic em u i.ng a KtF 

·cimer laser, the 193-nm litbO!!'.raphic S) t Ill using an ArF exci,n r I. r, and th · l57-
nm lithographic sy tem u ing a FI excimer laser have been dll\ loped form produc­
tion ,,~th n r solution of 0.1 µm (180 nm). 0.10 µm (100 nm). nd 0.07 µm (70 nm). 
r ·spectiv ly. 

4.1.3 Masks 

Masks used for IC manufacturing are usual! · reduction reticle . n,e first tep in mask 
making is to use n compu1er-aided d ign (CAD) t min which desigu rs c-an <-0111pk-tely 
de •ribe th circuit pat! ms lectricllll •. Th · digital d ta produrt.-d by the CAD , 'Stem 
tl,en drives • p3.ttem genemtor, wruch is an electron beam lithographic -stem ( ie :on 
-t2. l) that tmn fers th patients dir ~tl to el tron- en. iti7~ m,. k. n1 ,~ k con 
of a fused-silica ubstrate cov red \\~th a chromium layer. The CIJ'Cmt pat! m firs1 trans­
ferred to the eleclron- ·ensitized lny r {electron resist). which i transferred once more 

Len .uds 

(Mask) 
Objc,<-t pl.m,· 

Figure 4.5 Sitnpl hn(IJ{<' tern ' 
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Figure 4.6 l1 pic-:J high-pre ure m r~i.,ry•arc lamp ~pectrum. 

.100 500 

into the underlying chromium la er for th finish d mask. Th d tails of pattern tmn -
fer are consid r d in ection 4.l..5. 

the pattem on a mask repr nt on I v I of :.111 IC d ign. The compo ite layout 
is broken into mask levels that corr pond to tl1e IC process s qucnce. such as th iso­
b tion region on one lev 1, th gat region on anoth r,. nd . o on. 'fypic;illy, 15 to 20 dif­
ferent mask levels are requi red for a complete r process cyd . 

TI1 tllnclard- ·ze ma: k ub tml . · a fused- ilica plate 15 x 15 m square. 0.6 cm thick. 
The size is needed to accommodate the lens fl Id i7.e-~ for 4:J or 5:1 optical A'po urc tools, 
,~11ereas tlw thidm · is r quired to minin1iu p, tt m placement errors du to sub trate 
d.bt rtion. Tb f d- ilica plat is n cded for it low coefficient of th rmal expansion. its 

high trnn mis ·on at short r wav I ngths, and its mechanical strength. Figure 4.7 shows n 

Mttdc j,! ~ n b 1111h"C:l t ._. 

De,icc featur'f" 

Figure 4.7 /\n integratoo circuit ploo10,nask.' 

4.1 Optical Lithography 67 

m kon wl1ich patt ms of geom tric shapes have been fom1ed. A fews('COnd:uychip . ite, . 
11 d for process evaluation, are also included in the ma~k. 

One of the major concerns about masks is d feet density. Mask defi t can be intro­
duced durina tl1c manufacture of th mask or during ubsequent litl1ographic processes. 
E,·en a mall m, k-d feet den ity has a profound effect on the final lC yield. l'idd i 
de fin d as th ratio of good chip per wafer to the total number of chips per wafor (. e 
Chapter 10). As a first-order approximation, tJ1e )1eld 'I' for a given maskin l •vel c: n bl.' 
xpres ed tis 

(5) 

"'here D0 is the average number of "fatal .. d fects per unit ar a, ancl A, is the defi ct­
sensitive nrea (or '"critical area-) of tl1e IC chip. If Dij r main the same for all m k lev­
els (e.g., N = IO lev Is), then the final yield becomes 

(6) 

Figure 4.8 hows the mask limit yield for a 10-1 •vcl ~tl1ogn.1phic proce s n function 
of chip size for various value of defect densities. For xamplc. for D11 = 0.25 defect/cm2, 

the yield is 10% fora chiJHi?.C ofOO mm'. and it drop.< to about L % fora cl,ipmcof 160 mm2• 

Ther fore, impection and cleaning of m11Sks are important to achicv high yielcls on l,ug 
chips. Of course, nn ultmclenn processing 11re,1 is mnnclatory for litl1ogmphic proce ing. 

4, 1.4 Photoresist 

Photor isl is a mdiation-scn ·itive compound tlrnt , n be clus ified , positi,.,, or n ga­
tiv . depending on how it rcsronds to radiation. For //0 iliw re L>t ·, the e,1lQ.sed region, 
be<.-om mor solubl and are Lhu more easil • remo\'ed in the d velopment proc . s. Tl,e 
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Figure U \idd lor ., 10-mask lithoirr.ipliic pr0t-c" \\1th various defect d nsities per leveL 

nd r . ult il that th patt ms funned (abu call ,cl image ) in tJ1e positiver L~t ar the 
,llnte those on th m k. For negative re,is/$. the exposed regiow become le solu­
bl •• and tli · patk·m form d in the negative r i t are the rev rse of th , mask pall ms. 

Po,ith photon? · ts oonsi t ofthre mponent~: , photosensitiv compound, a base 
resin. and illl organic sok ot. Prior to :qx> ur . the photo I\Sitive compound is insoluble 
111 the <ll'~ loper lution. Aft r xpo ure, th photo en.~itiv compound ab orb radia­
tion in lh · 1'\'p<> ed patt m areas, chang it chemi I tructure, and becomes oluble 
io tJ1e d ., loper solution. After d vclopm nt, th · exposed areru ar r moved. 

Neg.1tive photo resists are polym r.; com bin d with a photo cnsitive rompound. After 
expo ure, tl1e photo nsitive compound absorb tl1e optical en rgy and con,· rts it into 
cl, mical l'nerro to initi tea polrm r cro -linking rcacti.on. This reaction cause cro· 
linkin of the polymer molecule . Th cross-linked pol)mer h. a high r molecular weight 
and becom iru. Jubie in tJ1e dev ·loper olution. A.fl rd v lopm nt , th unexposed areas 
are rcnlO\ ed. 011 major dmwb.1ck of a neg, live pbotoresi t i tlmt in tl1 development 
p~ss, the whole resi. t mas swells by, bsorbin d vrloper olvent. This swellin 1 action 
limit the r olubon of n gath•e photor si t . 

figure 4.9o It , · a typic-.i.l cxposur re ·pons curve and imag cro ection for a 
positive resist.' TI1c rospon cmvc describes ilie percentag of r i t remaining after expo· 
. ure and <lewlopm nt versus the exposure en rgy. Note that the re isl h. s a fin ite solu• 
bilit)' in it,, df:\doper, e-.cn witl1outexposurc to racliati n. th exposure en ,rgy incr ases. 
1he o;olubiliiy gr-.iuually iucr · e until at a thr hold n rgy E,,, th resist beco, 11 com· 
pl •tel · lublc•. The sen. ithity of a po. itiv r ist is cl fined as the en rg>· required tu pro­
duct- comp! •te lubility in tl1e xpose<l region. Thu , E,, corr sponds to the sensitivity. 
In addition to E.., paramt•tt r y, tlw contm~t ratio. is de fin d to ch, ro t riw the resist: 

(7) 
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50 

o-----....L-_::i;__..Jll 
10 100 

Exposure cncrgi· (m)/cm') 
10 20 

~:<posure •·n~~l mJ/cm1) 

/iv 

- -+ 

(b) 

Figuro 4.9 faposurc r ponse curve and cm section of the rerut im:,ge after d •elopmont. ' 
(a ) Po:titi, photorei i l . (b) •~'g(l tive photorcsist. 

wh r E1 i the energy obtained by drawing tl1e tangent at E,, to reach 100% r isl thick­
?e . , hown in Figure 4.9o. A brger y imp~es a higher solubilit)' of the re ist ,,1th an 
m remental mer a~e of :qx>sure energy and results in sharper iinag . 

The image c_ross djon in Figure 4.9a ~lustmt the relation hip betwe n the edges 
of a photomask unag and the corr sponding edg , of the resi t image after develop• 
m nt. The edges oftl1e resist image ar gen rally not at the v rticall · projec.1ed positiorL~ 
of 1he mask edges becaus of diffraclion. Th edg of the r i t image corresponds to 
the position where th total absorbed optical en 'ID' quals the threshold energy E,. 

Figure 4.9b shows the e,,'p<> ure r pon cu" and imuge c·ro s('(;tion for a uega• 
tiv re i"t, Th negative re ist remains completely soh1ble in tlt, developer solution for 
expo ur energies lower than E,, Above E,, more of the resist film remain after de,·el­
opment. At exposur n •rgies twice the thr hold enerro•. tlt, re ist fihn becomes e 11-

tially in oluble in the developer. Th sensitivity of a negativ • resisl is defu1l>d as tJ1e encrg.y 
requir 'd to retain 50% of the original re ist fl1111 tltick11css in the exposed region. The 
pa ram ter y is deflned imilnrly to yin Eq. 7, except tJiat E, and E, arc interchangoo. 
The imag cro ' ·Hon for tl1e negative r sist {Fig. 4.9b) is nlso influenced bytJie difTrac• 
tion effect. 

EXAMPL£ 2 

Fiud th • p,1rm11ctc r y for the photon: isl sli0\>0I ;,, Figure 4.9. 

SOLUTION For th po,itivc rcsi t, &, • 90 mJ/cm' and E.1 • 45 mJfcmt. <o 
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t·or U\1; II 'jr.lll\l. I £, " i 111)lc111· w1 I E1 ■ 12 mj(c·,n'. so 

ford,'<'p t"\ ' lith<>i(nlphy (i,.g .. 24 :u1J 193 11ml, we ;lnnot u< • ~'Q11v1·nlional photor I, ' IJ.:cause 
the. • n:,is "-'<JUU'I.' u hi)!:l1-d c expo.<un• in tlc,•p \ '. whi h will rouse l1m. ,I.image and lower 
throughput . C/i micttl-amplfjkt.l N'Sfst ( AR) hns lict-11 dc,·dopcd for tilt' deep ' process. CAR 

m,i~t_, of a photo-ucid generator. a resin polyuwr .. mtl a sokt/nt. ' \ I\ is V('')' Sl'nsilivc to d p 
\' m liahon. nd the ,·,-po ·t'd and unc.~c•d n.·giu11, cliITt:r greatly in their ·olubility in the d,:wl-

opt:r lution. ◄ 

4.1.5 Pattern Transfer 

Figure 4.10 illw,"trnl s the t p to tmn fer l patlem · from a mask to , ilicon wafer 
Lh t h, an in ulating iO: la ·er fonn d on it 1,1rli1cc.' The wafer is placed in a dean 
room. which typi :i.lly is illuminated " ~tl1 yellow light, sin photorcsi. ts ;1r not en i­
ti\ to , .1,·elength greater thiu1 0.5 ~un. To ensure satisfactOI) a<lhe ioa of the resist. 
t11e surf, ce must be chru1ged from hy-drophili to hydrophobic. This chau, can be made 
b · th application of mi adhesion promot r. which can prov\de a ch mically compatible 
surface for the resist. Th most common adhesion promot r for silicon l s is hexam-

t11yl-<lisUaz..ne (HMO ). fter th :ipplication of thi dhesion layer. the w,ifer is held 
on a , cumn pindle, and 2 to 3 cm1 of liquidou resi ·t is applied lo th <.-enter of the 
" , fer. Th ,1 for is then rapid! • :lt'cel rated to n constant rotational speed, which i main­
tained for about 30 econds. pin peed is generally in the nmge of I 000 to 10.000 rpm 
to coat a unifonn fi lm about 0.5 to l iun thick. as shown in Figur 4.1012. The Uiickness 
of photoresist is correlat d with its visco ity. 

Aft r tl1 pinning tep. the,,, r. r i ·· oft bak d" (typi ·nil at 90-120°C for 60-120 
seconds) to reniov t11e olvent fro111 th photo resist film and to incr asc re ·ist adhesion 
to the", fer. The"~ r is nligned with respect to th mask in an opli I lithographic sys­
tem, and tl,e re · t is exposed to V light. as hown in Figure -UOb. lf a positiv pho­
tore il.i is used, t11e exposed resi t is dissolved in U1e developer. as sho\\~l 011 t11e left side 
of Figure 4.lOc. Photore. ist d velopment is usually clone by flooding the wafer with the 
de eloper olution. Th, wafer is th u rinsed and dried. Aft r development. "'post bak­
ing at approximately L00°C to L 0°C may b required to incr ase th adh ion of the 
re i t to the. ub tmte. Th " fer is tJ1 n put in an ,u,,bitmt tl1at etches tl1e e~1)0 d insu­
lation la ' r but doe not attack the r i t. as shown in Figur 4.10d. Final!)~ t11e r sist is 
stripped (e.g .. usi11g solvents or plasma oxidation). leaving behind an in ulator imag (or 
pattern) that is the ·:i.me as the op, que irnaa on th mask (left id of Fig. 4.!0e). 

For negative photoresi t, th · procedure described are also appHcabl , except thnt 
t11 un xpos d areas are remO\·ed. The final insulator imag (right side of Figure 4.lOe) 
is the revers of the op, que imag on tllc mask. 

The insulntor image can be used, a mask for subs qu nt processing. For e.xampl , 
ion implantation (, e Chapter 7) ca.11 be don to elope th ~-pos d •miconductor region, 
but not tJ1 area co,,,rcd by tJ1 in ul:1tor. Th dopant paltem is a duplicate of the design 
p~•tt 111 011 the photoma: k for a 11egative photo re ist or is its comp! n cnta1y pattern for 

po itive photor isl. Th complete circuit L~ fl hric, ted by aligning the next mask in the 
sequence to the pmious p, tt m , nd repeal.iJ1g the litJ1ograpl1ic transfer proc •s . 

relate<l pattern transfer process is tl1e liftoff technicp1 . bown in Fi ur 4.1 J. A 
pc»itive rc~ist is used to form th re, ist pattern on th sub trat (Fig . 4.lla and .J . llb). 
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(a) 

/iv 

(c) 

(d) 

(e) 

Figure 4.10 Details of the optic:J lilh%""1'hic pall ·m traru.fcr p= .' 

The film (e.g., aluminum) is deposited over the re ist and the ubstrate (Fig. 4.IJc-). The 
film t11ickness mu t be smaller than that of the resist. Tho~e portions of the film on the 
resist ar remov d by selectiv lyclissolving the resist layer in an appropriate liquid tch,u1t 
so that the overlying mm is lift doff and removed (Fig. -1.J Id). Tb liftoff technique is 
cnpable of high resolution mid is used ext n ivel forcliscrele devioe such ,IS hi b-powur 
ME FETs. How ,·er, it L~ not ,IS "idcly appliaibl for ultralarge--s<,'.\le iut r'<1tlon. in whicl1 
dry etching is tJ,e preferr d t chnique. 
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r ◄ otohthography 
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~1.,.,k 

R,· t 

ub,cr: tf' ubstratt• 

{11) (b) 
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. u ub trntc 
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Figure 4.11 Th-, hftolT p"1<.-.:s.• for p. ll()m trnusfor. 

4.1.6 Resolution Enhancement Techniques 

Optic-.J lithO!!rn.phy h, been continuou ly clialleng d lo pro,id belt r resolution. greater 
DOF, and \\ider expo ·ure latitude in IC processing. Th se challeng · hav een met by 
redudn the,,., length of the exposure tools and d v loping new resist ·. In addition, 
m nr re lutio11 nhancemenl t chniques have be n d veloped to xt nd the capability 
of optical lithogn1ph_ to ,·en small r feature I ngths. 

An important resolution enh. n ment t hniqu' is tJ1 phnse-.sf11Jt111g mnsf.: (P M). 
Tu Ix ic concept · sh0\,11 in figure -U2. For a con, ntion:tl mask ( Fig. -U2a ), the el • 
tric field Ii. th same phns at every apertur (clear are.). Diffraction and the limited 
resolution of the optical tern pread th ,ltX:tric fi Id at t11~ ,\J3£◄ r, ·hown b)• tJ1 dot­
ted Lines. Int rferer1ce beh, n w:1~ diffrnc1ed by the adjacent apertures enhances the fi Id 
betw n them. B cause tJ1e intensity (1) is proportional to th qu. re of the electric field, 
it become diffiC\1lt to Ppamt · Ilic two im, g ,s llmt ::ir proj cted do e to one :moth r. 
The phas • hift b.yer tJ1at co, rs djacent apert'Ur r verse tl1 ign of the lectric fleld. 

hown in Figure 4. l2b. B cause the intensity at the mask is unch ng cl. tJ1e lectric 
fl Id of tl1 imag ;\l the wai r can be cancelled. Ther fore, ima e that are projected 
clo Lo one another can be · p,.'lmt d. A I • phase ch, ng can be obtained by using a 
transp, rent la ·er of tJucl,m d = A.fl(ii- I). where iii l11e r fmctive inde:rnnd Ai 1he 
wav I ngtl, that covers one aperture, 11.• h0\,11 in figur 4.12b. 

n th r r soluti n enhanccm 111 terhniq,1<' i opllcol proximily co1-rect io11 (OPC), 
,,bi h .,, ,nodified hupe' of ,,dj. nt ubre olution g!Omctiy to irnprO\'ldmagingcapa­
bilit), For xample. a squnre contact hole with d.im nsion ne. r the r olution limit will 
pnnt ne.;i.rl) JS :1 circl . Modif ing th contact-ho! pattern "1th additional geomeh')·, t 
th conl 'r, "~IJ help Lo print a more ccumte square hole. 
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c1 ..... ,-► 

Chm~ 

____fl_TT_o 

~ l twafer 

I at w1for 
(n) (b) 

► 4.2 NEXT-GEN ERATION LITHOGRAPHIC METHODS 

Why is optical UtJ1ogr:1phy so ,,~dcly used and what make it sud, a promising m 1hod?1l1 
reasons are that il has high throughput. ood resolution. low cost. and ease in opemtion. 

How ver, due to deep-submicroo I process requirements, optical lithograph}' ha.~ 
some limit tion that ha not yet been solved. Although " can use J> M or OPC to 

xt d its useful pan, th complexity of III k productio11 and rn. k inspection nnot 
bee ·ty resoh-ed. In addition, tJ1e co t of masks is ,,ery high. Therefore. we need to find 
alt math to opticttl lithogr.,phy to proce de p-submicron or nanometer I . 

\ arious types of next-g ueration lithographic methods for [ fabric,11i narc ~I 
in this section. Electron beam lithograph . e~1remc litJ1ogrnph •. x-r.1y litl1ography. 
and ion beam lithography r con iderecl an: the difli r nee · ,,mong thc.e methods. 

4.2.1 Electron Beam Lithography 

Electron bean1 (or c-beom) lilhogrnph · is primaril, used to produce photoma,;l<s. R lati, If 
f. w tools ar dedicttled to dir ct xposure of the res~ I by a focused lectron beam with­
out a mask. Figure -1.13 show a schematic ofan electron be 111 litl1ogmphy > tcm. 1~Tht· 
electron gun i a devi that can generate a beam of lectrons \\1th a uitable urrent 
cl n ity. lungst n thmnioni emission cathode or singl -Cl)*.il lonthanun, Ii xaboricl • 
(L.aB0) is used for the electron gun. Cond nser lens are use<l to focus th el 1ctt011 beam 
to a spot sii.e JO to 25 nm in diamet r. Be. in-blanking plat . which tun, the el ctron 
beam on ,uld off. and beam cl llection coils nrc computer controlled aucl opernt d at l\l Hz 
or hi h r rates to direct the focused elcc:tron beam to ,111 • loe:1tion in Utt! . 1 Jl Id u 
the sub trate. B , use the c:m field (typicall~r I cm) is much mailer than the ub lmt 
diam t r. a pr ci. ion meclmnical tng is used to position the sul trnt • to I patterned. 

The advantag s of electron b . 111 lilhography include the genemlion of submicron 
re ist geometric . Jiighly aulomated and preci I · controllc<l operation, gr<'alcr d ( th 
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V 

LUJ l::ll'Clnm llll 

Figure 4.13 I 111abc o an tlK'tron 

of focu than that ,1\.ul.lbl<' from optical lithogrnph . and dir ct patt ming on a semi-
nducton, ..u •r wilhout u in a ,n- k. Th<' dis.dvanta i that electron beam litho -

. ph, m, him• hav low throughput-approximately 10 , a~ r per hour , t le than 
0 Z-3 µm rt·,ol111ion Tl1iJ throu hput is ad quatE' for th • production of photorw • . for 
. iluution that require mall nurnb rs of custom circui~ , . nd for d sign v rification. 
IIO\\ \ l.'T. for maskle direct writing. the macl1i11e ,11u ·t have ll, high ·t possible 
thmu hput and thC'r for th lnr I'- t beam diameter po · ibl consi tent with th min­
imum de,i," dirn n 1oru.. 

TI1 re an• b.L.<i<:ally two wa} to can th focu d d ectron b am: raster SC-J.O and vec-
1 r. an II In. ro. ter can S) em. rf' ist patt mi , re written by. ve rtically orient d beam 
that 111ow~ through a r 11hr 111ode . • shown in Figure4. l4o. The beam ~n quen­
tiallv ovt'r t."\ 'I) po,. ible locution M tlie mask and is blanked (tu rned oil) where no ~-po­
me l"{'(Juired. ,\ll patterns on tl1e r , to be wriltC'n must be. ubdMded into individual 

,lddrt- P5. and ,1 ·, n ()i)ttem mu t h:i, a minimum int·remental intef\ 'lll tl1al is v n1 
th, ,ibl b~ t11e lx,,1111 addr . ~i.Le. 

hmm in Figure 4. 141,, th beam L dir ct d only to the 
ju,np· from featur to feature. mther than canning tl1e 
r 1t1an> cl1ip.,. the averu xpos d region is only 20% of 

1Ltjn a vc:ctor can tern. 
type of I Iron beam emplored fo r e-beam lithogm­
und beam). the \-ariable-sh, pcd beam, nd cell projec-

• , - h .. p,-d beam t m. the pnttcming beam has a r clan 1lar cro s 
al'i.1bl · iw nd ;ispect ratio. It offers th :u:h-·::inl:a of xposing everal , dclr 
tan 1.1: I) , Tlum:fore. th , ~or scan rn Ll1od u ;ing variahlc-. h, ped beam __ ...._ ___ ~ 
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(a) 

(c) 

f;gura 4.14 (o) Raster ,dl writing chc111('. (/>) Vector= writing :1Chemt-s. (c) ' hapc:.s of ~J.,c­
tron beam: round, variable, and cd) projt'<-'tion u 

has higher throu •hput th:u1 tJ1 com·entional Gaussian pot beam. lt is also po, ·ible to 
pattern a complex g ometric lmpe in one expo.sure with an electron beam system; this 
i. called (ell 11rojecllon , as shown in tl1 far right of Figure 4.1-k The cell projection tech­
nique12 i particulorly suitable for highly repetitive de igns, as i11 ~10 memory cells, ince 
ev ral n11.m1oiycell patterns can be expo e<l atone . Cell projection has not t achie,·ed 

th tl1roughput of optical expoS\lre tools . 

clron Re isl 
Electron resists are polyrn n:. The behavior of an ele Iron bC'am resist is similar 10 that 
of a photore ist: that is. a chemical or ph)' •ical chang is induoed in th r isl by irradi­
ation. This change allO\ the re isl to be pattem d. For :1 posith electron resist. the 
pol mier-electron intemction causes cl1emicnl bonds to be broken (chain sci ion) to fom1 
shorter molecular fragm nts. a_~. hown iu Figure 4.JSa.'' s a re ult , the molecular weight 
is reduced in tJ1 irradi ted area. whicl, can be di soked subsequentJy in a dc"eloper lu­
lion that alt, cks tJ1e low-molecular-weight materi:'11. Common po itive electron re i.sts 
includ poly-111etl1yl methacrylate (PMl\W and pol ·-butene-] sulfone (PB ). Positive 
electron r sists can achie,•e re olution of 0.1 µ111 or better. 

For :1 negative lectron resi. t. tl,e irr.idiation c:1u s rndiation-induced polymer link­
ing. 11S shown in Figure 4.15b. The cm Liu.king C'l'Cat s a oomple.~ thre ,-<lJmensional struc­
ture with a molecular w ighl higher than that of the nonirmdiated pol~mer. TI1e 
nonirradiated r i: t can be dissolved in :id veloper olulion that does not attack the high­
molecular-weigl1t mat riul. Poly-gl •cidyl metl1acl') lat --<.'0- th} I- erylate (COP) is a com­
mon n gative ,tectron resi t . COP, like most negative photor i.sts, also swells during 
d ,. lopment, so resolulion is limit d to about I µm. 

The Proximity Effect 
In optical litl,ogmphy, th re olution is l.ionilc<l b diffraction ofligl,t. In electron beam lithog­
raphy. the re~olntion i · not limit d by di!fraction (bet'<lu · the wavelength ai iJltl'<l 
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D □ --------
(a) 

r 

(b) 

Figure 4.15 c1t1:1tic or positive and negati, · resists used in electron beam lithography." 

witJ1 electrons of a few keV and high r n rgies are les than 0.1 nm) but h)' electron 
scattering. When electrons penetrnte the r · t Glm and underlying uh trat . the)' undergo 
collisions. Th collisions I • cl to energ)' lo se and patJ1 chang . Thus, tJ1e incident elec­
tron spread out as the tra,el through the mat rial until eitJ1 r :ul of ilieir encrg)' is lo t 
or th .' lea, the material becau e of backscattering. 

Figure 4.16a hO\ computed electron trajectori s of 100 el ctrons with initfal energy 
of 20 k V incident at the origin of a 0.4-µm P~I MA film on a thick ilkon substrate. 1' The 
electron beam is incident along tJ1e ::-axis, and all trajectories ba\' been proj cted onto 
tJ1e .c plane. This figure ho, qualitath·ely tJ1at tJ1e electron ar distributed in an oblong 
pear-shaped \'Olume with a di meter on the ame order of magnitude as tJ1 lectron pen-
trotion depth (-3.5 µm). Also. many electrons undergo bac~cattering collisions and travel 

b: ck·wnrd from tJ,e ilicon ubstrat into th Pi\lMA resist ftlm and leave th material. 
Figur 4. 16b hows tJ, nonnallzed di tributions of t11 fon,•.trd- cattering and 

backscatt ring electrons at the resist- uh trat int rfacc. Because of back cattering, lec­
trons eITectiv I • can irradiate several micromet r away from tJ1e center of the ex-posure 
beam. ince the dose of a resist is given by tJ1 sum of tJ1e irradiations from all ·urrounding 
are. . electron beam irradiation at one location " /4 11 afli ct th irradiation in n ighboring 
locatioru . This ph nomenon i called tJ1e proximity effecl. Th proximity effi ct places a 
limit on th minimum spacings between pattern featur s. To correct for th proximity effect. 
pattern ar divided into maller egments. The incident electron do in ach egment 
is adjusted so tJ1at tJ1e integral d do from all its n ighboring segm ot is the corred ex-po-

re d . This approach furtJ, r decreas the tJ1roughput of the electron beam S) tern 
lx.=usc of the additional computer time )'('quired to expo • tJ,c ·ubdivided re. i t patterns. 

4.2.2 Extreme Ultraviolet lithography 

Extreme ultm\iOI t ( E I) litJ1ography is a pro1 nising n xt- enc:mtion lithographic technoloro• 
to t nd the mutimum lin " idths to 30 nm ,vithout throughput lo s.'·• Fi rurc 4.17 shO\, 
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20 k V e-b,',1111 
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Figure 4.16 (o) Simulated trajectories of JOO electrons in PMMA for a 20-keV d ron beam." 
(b) Dose dislribution for forward scattering ru1d b;tcksc:tttering t the re.si 1-,,uhstrnte interface. 
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Figure 4.17 Sch mutic rcpre •ntation of ru1 extreme ultrovlolct (E ') lilhogrnphy system" 

77 
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,,·m I ru;, •r.im of ,ul Ell\' litliogmph} "} , tern. ln.1er-produced plasm I or syn-
'" mdt ti n c.m ,•I'\ • ;\S the , 111W of Ell\' ht\\ing 11, .l\'elength of 10 to 14 nm. 

Th.- E ,mli.mon i, ~fl,,ekd by n ma.sJ.: tl1 It ~ produced b ' p.1tt ming lUl absorber mnt ,. 
o.,I dt·[ "t..d on. multi!~ r cmtt>d flat :iii nor gl li ~-plnte musk b!• nk. E mdia-
1 111 l\'flt· t-d frum the uonp.111 med i us (i l'., nonab orbmg r gions) of the mask 
tlan.,ugh O 4 reduction mill~ ra .md inm~ed into, thin lil)'L'T of re isl on the wn!cr. 

; 11 • th E 'radiation l,e,rn1 is narrow, th 1m~ k must be mn °d b th, beam to 
illumu, lt· th . entire (Mll rn field that de. cribe thc, circuit 111 • k loycr. ls?. for a 4x4 
nurror •·•· tl,c one-p,m1bol id. cwo-l'llipsoid, and one-pln1w mirror) reduction camem, 
tl,. \\; U, r mu•t IX' umcu at on -fourth the 1111 k speed in a dir lion oppo ite lo tl,e 
m •k 1110, ment to reproduce the image fldd on 1111 chip sites on the wafer surface. A 
prt"Ciil 11 • t •m i. n·quired to perfom1 ti\ chip- ·it lll'.gnment , nd ~o L'Ontrol th" wali r 
.ui<l m, sl.. ,1,u~e tl\O\' •mt·o · ,uid the e..xposure Jose du.nil~ th · ~ , nnmg proce_s . 
E ' lith l!raph} h 1p.1blc of printing 50-nm features "1th P !MA re LSt l lllg 13-nm 
mdiation Howe, r, the pro<lu tion of EUV e~sur tools has a number of challen es. 

jnc.;, E ' L) stron ly absorbed in all ,nutcrials, the lithograph · process must be p r­
fi nn ~ in a,. ium. Th,, camera mu t us roflecth·c lens cl men , und the mirrors ,nu ·t 
be •1ted ,~ith multil \'er c 1tin th,11 produce distribut ~ quarter-wa"e Bragg rcOec­
to . In addition. l11 , ,~ask bl:wk mu t nl.- be multiL'ly r coated to maximire its r Oec­
twily .it A of 10 to 11 nm 

4.2.3 X-Ray Lithography 

X-m · htl1ograph~;• (XRL) is a pot ntfa.l c-andidate to ucoc d optical li~og':aphy for ~he 
fabJi tion of inte!mlted circuit at LOO nm. Th ynchrotron stonig nng 1s the choice 
of ,-my: urcc for high-"olume 111 nufacturing. rt can pro,~de a large amount of colli­
mated Oux and can ea.1 ily accommodate 10 to 20 expo ur tools. 

XRL u a hadow printin method imilar to optic-.il prolCimity printing. figure 4.1 
, h " · - h •m tic A'RL em. The x-ray w,w length is about 1 nm, and the printing is 
throu~h a Ix m kin cl pro:omity (10-40 µm ) lo the wafer. incc . -ray ab orption 

r--------- I 

' I 

E'l)<)c<Un· tool 
' - I 
I 
I 

x .r.a\ ::::::::::::::::::~ 
<outtf' I 

' I .,. ___ .., _____ ' 

\lft4. l8 

. . ~----------------------------------------------
h,·niati<; n:pl\•<entabon of .i prodm.ity -ray lithograpbr <yst m.1' 
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cl pend. n tl1 • atomic number of the mat •ri;il a,,d most ,,int •rials ha,,· lo\\'trnn,p, rcncy 
t A= I nm, th· m k substratC' 11111 t be a thin 11wmbmne {l- 2 µm thick) 1nade of lo\\'­

, tomic-nurnb r mat ri. I, uch as sili<.'On carbidc- or silicon. Tht> patt m 11, •If is ddint·d 
inn thin (-0. µ111 ), rcl. ti,•cly high-atomic-number 111at •rial,. uch. tantal11111. tun st n 
gold, or on of their nllo . which Is ~upported b the tl1in m 1111 ran . 

M, ·ks are th m st difficult . ncl critical el nl nt of an XI\L . lcm, and ti,, con­
struction of an x-ray mask i much mor • complic. tcd than that of a photomask. To ,.void 
'.'b orp~on ofth . x-rnys b ~~,· n the .ource and m k. tl,e xposurc nemllrtakM placl• 
m a h lium nVJronmcnt. l he x-m> :\f produced in ,•acuum, which is t>p. rnt,·d from 
the helium b ' a tliin ,. cuum \\/4ndow (usually ofbel)•llium). TI1 masksuhstmt will al~rb 
25% to 35% of the incident Oux and must thcr for be tooled. A11 x-my r ist I µm thick 
"~11 absorb ab ut 10% of th incident Oux. Th r are no reflection from the- ubstmt • 
to create st(lnding wa1· s, o , ntir fl ction coaling ars• unn ces ary. 

\Ve can use electron I ' lffi resists as x-ray resist because wh n au x-my is .ibsorb ,d 
by an atom. tl1e atom goes to an excit d t le ,~ith t11e emission of an el ~tron. The xeitc.>d 
atom r turns to its ground state by emitting an X·Ta)' ba,fog n diffi r nt wave! n h tkui 
th incident x-m)~ Tiii x-my is absorbed by anotl1er atom, and th proc s repents. inc 
nil thl• proces r ult in the emi ion of electrons, a resist film und •r x-ruy irradi. ti n 
L~ equivnl nt to one being irradiated by a large number of econdary electrons from all) 

of th other proce es. Once the resist film is irmcliatecl, chain cross linking or chain sci . 
sion will occur. depending on the type of resi t. 

4.2.4 Ion Beam Lithography 

Ion b ·am lithography can achie"e higher resolution than optical, x-ra •. oreleetr0n b<?am 
lithographic I chniqu b cause ions have a high r mass and therefore 11ll r I than 
lectro1ts. Tiie mo t important application is the repair of masks for optical lithograph)'. 

a task for which commercial systems are available. 
Figure 4.19 ho, the compt1ter- imulatecl trajectorie of 50 11 · ions implanted ,1t 

60 ke into P 'I MA and various t1bstmtes." Note tl1. t th spread of th ion beam at a 
cl pth of 0.4 µm is only 0.1 µm in all cal es (compare "~t11 Fig. -I .loo for electroru ). 
B, ks ttering is completely nb ent for th iliC'On \lb tmt , :incl there i. only a small 

OllOL _____ _[_ ______ L--------' 

figure 4.19 Tmj tori' ufGO-kcV JI ' ic,nstnivclingtl1rough PMM i1110Au. i.,md P~IMA ' 
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n 1 1,e ~old . ubslnll l', llow;.•, r. i ,n 1 :1111 lilhogmph • may S\1f-

t, ) . >..le ~ h,u-ge .,n; Is. ,,using broi dC'1ting of the ion ben111. 
, lithn"rttphy sy.1e111 : a scru1J1in, foc11 J.l,eam 
onPrs .·tcm i imihir to the (' I t tron beam nmchin 
et111 be n· or 1 r . Th hitter ~ tem I s:imilnr t .in 

and-rc•pt',it system. which projects 100-ke light ion 

4.2.5 Comparison of Various Lithographic Methods 

TABLE 4.1 

'M,e Ltthogmphir: m •tliodl discu. ,'<:I earlier .111 have 100 run or better re olu tion. com• 
p.ui, no -.uiou. li th .,mi.phi<- technologi 'Sis ·ho"1, in Tnbl -I .I. Ho" v r. '.'c~ t'nethod 
I · ;~ 0\\11 linutaliol\s: th diffmclion elli cl in optic:J lithography, th proxnn,tr ffect 
in t'I ~-tron beam litli >: pl\). m, ·k fabrication t-ompl ;citi • in x-m llthogrnphy, diffi­
cultl 111 m k bl,u1k proJuctio11 fo r I;: \' li thogroplt ·. and tochastic sp.1 ' ch rgt! in ion 
b1:a;n lithograph~. 

For I fobri ation man\' mask I vcls a.rt> lm-olved. However. it is uot llt!Ce l)' to 
1 , th :une lithogrupltic meJ1od for all I" Is. mix-and-match, pproach can ttl advnn­
~ of the 11,uyue fe. ture of each lithograpbi proces to improve resolution and to mu.x­
unia• throughput. f r mple. ,U E ' method c m be d fo r the mo t critical mask 
l Is, wh re. a 4: I or • :1 optical tem can b US('d for the re ·t. 

nliug to the ClliCQncluctor lndustry ociation·s bilenintionnl Tcclmolcgy 
Rondm111, fi~r ,,1111c<111d11ctors. J 111-i.nu l: cturing technologr will rea h the 50 om gen­
l'rntio11 around 2010.1' \\'ith each new technol<>g>· genemlion, lithogrophy has become 

Comparison of Various Lithographic Technologies 

CALPEL E V X-rny lon Beam 

f'.qk•Wttt T<'<il 
,urc Li, r Filament Laser plasma ync.hrotron Multit~15p 

D1t&aroon hnut .. d Yes No 'fo< Yes ' 0 

Opt, Rcfr.11:1" -. R frncbvc R frncti"e Nooplie<; Full-flcld 
r frncth·c: 

I-pa.nu ,Ill Yc•5: y y Yes tcppcr 
ThR>11~hput -JO 5 20-30 30 30 

l-mruwJfc:~hr 
.If 

-I 4X -Ix lX 4X 

Ye No Ye Yes I 0 

Olll"fi'ctlOn 

R.tJ, LI 111 pal h Ttun mi ion Tramm ion Rd lec11on Tran.m~i~sio11 1cncil 

111 LY' m11l1JL, r 1111th.• u1gw , urfac.e ingle inglc 
irnJging 

\', Ye Ko y 10 

4.3 Photolithography Simula1Jon <II 8 I 

n,, rven mor , import. nt k ?' driver for the s mi<:onductor i11dustry becuc,c of th(' r ·quir('• 
m~n'. of "nall r f. at_un· sra' a~d tighter overlar tolernti •. In acld!tion, li tl,ogrnphy tool 
C.'O•_I~ ha, heoom higher relatwe lo tl1 tot, I quipmenl cost for nn IC manufacturing 
foC;Jlity. ~ 1ri:e11t1y, the le<:h11ol~ dcv >lopmentof 11 ~L•genemtlon litl1ogrnpl,y is conducted 
b multm:ibonal re earcl, proJeCt or hr indu tri:\! p:utuers. 

► 4.3 PHOTO LITHOGRAPHY SIMULATION 

1\s is the cas • with oxidation (sec hupter 3). computer imul. tion is also an important 
~ool for tudying lhc p_hotolith°?mph · p~oc . Th UP REM P< cka ,c, unfortunately, 
IS not capabl of photolithogmphic: simulation. Howe.,.er. another popular tool, PROUT! 1. 
doe provide th ' ~pabili ty. 

. PRO LI TH is a Wi.n~~ws-b cd program that uses. posilive/negath photoresist opli­
c..-tl bthogrnph ' model ongm:.tlly developed by Chris Mack'" PROLlTll simulates th com­
pl te one- ,md two•dimensional optiC31 lithograpby proces from a rial image fonn lion 
tltrcmgh r ist exposure and d 'V lopment. the output of the program is an ac.-curate pre• 
di tiun of the final r ist profil , which i pre enl cl in a wide vari ly of images, plots, 
uraph ·. and calculation . In ptirticular. PROLIT!l is abl to simulate ll1e following: 

• Formation of an image of a mask feahirc b · an optical projec.tion system 
• E.,posure of photor ist by this image 
• Diffusion of the image 

• Development of the exposed photoresist 

PROUTB accepts litJ1og1aphy i:nfonnation in tl1e form of clat fi1 and input p3r,un-
t rs and u e this i11formation to simulate stanclard and advanced lithography proce 

To run PROLITH, the user simply clicks on the PROLIHJ icon from the \VindO\, tart 
m nu. Aft r a uc:ce ful licen e earch, tl1e Jmaging Tool parameters window appears 
(se Fi,. 4.20). As tl1e user make choices from the View menu, PROLITII di.spin) ,~in­
dows in which parameters may be entered in order to ,iew simulation results. These can 

be ob crvcd from tl1e Graph menu. These ideas are illustrated in Example 3. 

EXAMPLE3 

• J'ROLITII to ,1c1vthc rc · t profile for tl1e cylindrit:11 ,n:uk foature in Figure4.20 aflcre~ 
sure and developn1t' nt. Assum • UH.' following process oonditions: 

Photoresisl t pc = SPR 500 
Pre-bake t mper.1turc c 95°C 
Pr -bake time = GO seconds 
Numerical aperture or the ll'ns e 0.5 
Expo ure ,v.1, lengtl, = 365 mn 
Expo urc energy • 150 mjlcmt 
Po l-cxpo ·ure bake tcmpcrJlure = J 10° 
Po,,t-1.!.\'J)OSUre ba~-e time= 60 rwnds 
0 ~vclopmcnt tio1' = 60 >C(.'()llds 
D :Velopcr "' ,u;o-r 2<15/501 

SOLUTION All of th , givc'n , 1Ju can he ~ntcrecl frvrn 111.:: Pammelcrs 111cnu or by dickir•~ on 
1.h appropriate icon, 011 the loolbar. TI1c resuhin!( n'$isl profi.le is shown in Figun.' 4.21. ◄ 
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" 
Figure 4.20 The lmu~ng Tools wind°'' in PROLITII. 
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References ◄ 83 

► 4.4 SUMMARY 

Th • <.'Ontinu d growth of the . 1nt<:'Onduc.1or indu ll)' is n diretL r suit of th pabilit) 
to tr.ms/: r smaJl ,rand srnaller ir uit patt rns onto senucondu<.1.or ",u; • . Curre11lly. the 
vast mnjority of lithographic quipment i optical syst •m . Tllis chapt r considered var­
iou xposure tools, masks, pholor ists, and th clean room for optical lithogmphy. The 
primnry fac.-tor limiting resolution in optical lithography is diffmclion. I row ,,. •r. because 
of ad nocm nts in ·cuner lasers, photor ist ch mistry, and resolution enhan m -ut 
l · hniqu such P M ,llld OPC, optical lithography will remain th main tream t ch­
nology. nt le, t to th 100 nm generation. 

Electron beam lithography is th technology of choice for mask making and nanoli b­
rication, in which new d vi concepts are xplored. Other lithographic proce ing t h-
nologies are ElJV, x-rny, 11nd ion beam lithography. ]though all th have LOO nm or 
b tter resolution, each process ha.~ its own limitations: proximity elli in el ctron ~am 
lithograph • mask blank production difficulti in ElJV lithography. mask fabn lion corn­
plexity in x-ray lithography, and stochastic pace charge in ion beam lithography. 

At the pre ent lime, no obvious succe sor to optical li1hograpliy can be id ntifi d 
1111mnbiguously. However. a mi.~-and-mntcl1 • pproach can take ad,·antag of the unique 
feature of each lithogmpl1y process to improve resolution and lo maximiw throughput. 
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PROBLEMS 

ECTION 4.1: OPTICAL LITHOCRAPm· 

l. For a cla,· 100 clean room. find the uumber of dust particles per cubic meter with parti­
cle si:re~ (a) betw n 0.5 and l µm . (b) betw.-cn l and 2 µm . and (c) above µm . 

2. Find the final )i Id for a nme-mask-lcvel process in which th avcmg f: 1al defect density per 
c,:n' is 0.1 fi r fo11r 11"-ek 0.25 for four levels. and 1.0 for one I ,I. '01c ch,p ,1.rca i~ 50 mm•. 

3. , optical lithographic :tern hus an expu ure power of 0.3 mW/c111J. The required e~l)0· 
sure energy for a posilh-e µho torcsi I is 140 mj/cm3. and for a neg,,ti,·c photoresist is 9 
inJ/cm'.1 11111ing negligible time!, for loading and unloading wafer<. compare the "".UCr 
throughp11t for tlOSith • photoresist and negat!i-e photoresist. 

4. (a)For an ArF xcJ.111er l:iser 193-nm optical lithographic. :tern with I A ~ 0.65, k, = 0.60. 
,,nd k: • 0.50. what nre the theoretical resolution and depth of focus for this tool? (b) What 
can ,1 • do in pr:•cti~-e lo adjust NA, k,. a11d k2 parameters to impro,-e re.wlulion? ic) What 
param ter doe the phase- hift mask (P M) techniqu change to improve resolution? 

5. The plots in Figur •1.9 arc called .-es,1011se cu roes in microlilhography. (a) What are the 
advanta es and disndvanta of using resists with high y vnlu ? (b) Convcntio11al resists 
cannot be used for246-nm or 193•nm litl1ogrnphy. Why not? 

ECTIO ' 4.2: E:\T-CENERATION LITHOGRAPHIC METiiOD 

6. (a) Explain why a shaped beam promises higher tliroughput tl1an a Gaus ian beam in 
e-beam litl1ography. (b) I low c-an alignment be performed for c-bcam lithograph)•? Why 
is .Jig11111ent in x-r.iy lithography so difficult? (c) What are the potential advant~ges of 
x-rJ)' lithography over e-beam lithography? 

7. Why has the operating mode of optical litl1ographic tern volvcd from proximity prinl• 
ing to 1:1 projection printing and finally lo 5:1 proj clion st1;p-and-repeat? (b) ls it possi­
ble to build a sl p-and-. n x-ray lithographic S) tcm? Why or why not? 

ECTIO1 4..3: iJJOTOUTIIOCRAPHY Sl.MUIATIO, 

8. Repe:,l Example 3 with the follO'l•ing revised pr0<.'C s condiUons: 

Pre-bake tumpcratur · = 100°C 
Pre-hake time : 5 minutes 
E,q,osure energy= 50 111)/cm• 

Po t- A,x>surc bake 1empcratur1• : !20° 
Post ·•p<><ure bake time = l5 ininules 

I) lopin<Jnt lime • 6(J s<.-<.'()ncls 
Oc_-v loper= MF 319 

E,iplaln ,uiy diff. renc , n the resi~I profile. 

5 
Etching 

As dis usse? in the _pr vious chapter, lithography is t.he process of tn1nsferring p tt •ms 
to photoresist covenng the surface of a miconductorwafcr. To produce circuit features, 
tl1ese resi t patterns m11St be transfi rred into the 11nderlying layers comprising the device. 
The pattern tmnsfi r is accomplished by an etcl1ing proce that selectiv ly remo\· 
u.nmaskcd portions of a layer.1 t\ brief de cription of etching, given il, ection 1.4.2. 

1 lic present chapt r covers the following topics: 

• Mechanisms for wet chemical etching of semico11ductors. insulators. and metal 
1Un1 

• Plasma-assisted etching (also called dry etching) for high-fidelity pattern tmnsfi r 

► 5.1 WET CHEMICAL ETCHING 

Wet chemical telling is used extensively in semiconductor processma. Starting from semi­
conductor wafers slic d from an ingot (Chapter 2). chemical etchants 11re used for lap­
ping and polishing to give nn optically nat . damag -free surface. Prior to thennal oxidation 
(Chapter 3) or epita.xinl growth (Chapter ). emiconductor wafers are chemically cleaned 
to remove contamination that r ults from handling and storing. Wet ch mica! etching 
is especially suitable for blanket etches (i.e., ov~r tlie ,vhol wafer urface) of po~-silicon. 
oxide. nitride. metals, and nr. <--ompo11nds. 

The mcchani ms for wet chernical ctcbing involve !lire ~cntial steps. as illustrated 
in Figure 5.1: The reactants are transport d by diffusion to the re.,cting urface, cl, m­
ica! r actions oc.-cur at the surface. and tlie products from th surface are remO\ d by 
diffo ion. Both agitation and the temperature of the etchant solution influence the etch 
mte, whicl1 i!< tl1e amount of lllm removed by etching per unit time. ln IC proce ing. 
mo t wet chemical etches proceed by immersing tl\e wafers in a chemical ·olution or by 
spraying the wafers "~tl1 the etchant solution. For immersion etclting, the wafor is immersed 
in the etch solution, and mechanical agitation is usunll required to ensure etc-h 11n.ifor­
mity and a consistent etch mte. pn,y etching has gmdual.ly replaced immersion etching 
becau it grentl increases the etch rate nnd 11niformity by con.~1mtl ' supplyi.11 fresh 
etcl1ant to th wafer surface. 

For semiconductor production line . highly unifonn etch rates arc importilut. Etch 
rates mu t b unjfonn ;1cross ;I wafer. from wafer to wafer. from run to n111 , .md for .U\)' 

variations in fcatur izes and pattern densitie . Etch rate uniformity is g1,, n br the fol­

lo,ving equntion: 

(Ma:<imum tch rate- 1inimum etch rate) x 100 ( l ) 
Etch rate 11nifon11ity (%) = ( . ) 

l\.f:m1llum tch nit + Minimum etcl1 mtc 
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I I{ :W,l 
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.~ •1ni<: ndurlor 

Figure 5.1 B " m ~h.,ni-111 in \\l'l clu,mk·.tl <1lchiug. 

EXAMPLE 1 

c,1fa1 , tht• 1.i,·.-ra ,. ~1d1 r:ilc aml ,,1cJ1 rut· unifon11lr on 200.mn1 tli 111 t<•r ilicon wafer. 
.,,.s,unin1t th · deb mtc, ,It th • t nt.:r left. rii:ht. lop. 11Ud bol\Qm of the w.1fr•r ,lJV i "O, 12, i65. 
7-13 . .u,d 7 1111~ n1111. n: ,pc,-cth •I)' 

SOLUTION 

\I .i\'e~' etch rate = (750 • 12 • i65 • 743 + , J + 5 • ii3.6 nm/min 

Et h mte unlfom1ity ~ ( 1.2- i-13) + ( 12 + i-13) 100% ; 4.4% 

5.1.1 Silicon Etching 

◄ 

For semiooncluctor mat ·ri, s, " ·t chemical etching 11. uruly procc ds b)· oxidation, fol, 
lo" ,db} tJm dissolution of th, o,od by a ch mica) reaction. For silicon, the u1 t com­
monly wl"d N liant- ar, mix.tur . of nitric a id (I Ii O,) , nd hydrofluoric acid (f-JF) in 
" t r ora lie acid ( 11 1 0011 ). itric ,t 'd oxidize ilicon to fom1. iO, I; yer.i The 
0:(J<Lltion . ction i 

411NO1 ➔ i02 ,. 211 _0 + .t, Oi 

I l)drolluoric .,cid t~ 11 ,d to dissolve th 1O~ la · r. Tb r actiou is 

i0:+ 6UF~ 11_ iF,,+ :mp 

(2) 

(3) 

\\';1l r call Ix• U5Cd as .i dilu ul for this etchant. Jlowcver, acetic acid is preferred b ca11 
11 r<.--du()(• the di olution of tJ, • nitric. cad. 

omr H lo,,nh dt,,ol, a giv n cry t.J plnn · of single-c~t.J ilicon much f, st r than 
auot11er plan ·: lhb re~ults in ori ntation-dl•pend nl tching.' Pora silicon lattice, tJ1c (11 l} 
plan h.c mor • .1vaili bl. bond! pt,r urut awa tlL'lll 1he (1 10) nnd (100) pl, n : therefore, 
tlwt'I hntll-i t·'qX'<'h."cltolx·,low•rforth·(IJl)pl.tn·. c-on,111011l)'u dori nt lion­
dt•pc:nd •11l 1•1ch for ,Uicon con. i\lS of a mL~turo of KO i I i11, , ter and i opropyl alcohol. 

5.1 Wei Chom,cal Etching 67 

Forcxamplu, awlutio11 "~th 19 wt % KOi i in deionlwd (DI)" IC'r al aboul 80 c n-mo-,, 
Ilic (100) pla11 t , in,1d1 ILigllt-r mt• th. n tJ1 (Jl0) :,n<l (lll ) plnnp . The rat! ofth•• 
1.'I h m~c~ fo~ tlie ( 100). ( 110), 1111d (Ill) pln11t.!s i.\ 100:16:l. 

n~nt;il1011-d P ·nd 'Ill -Leh lug of <100>-ori nted illoon throu 1, a pal terned iii-
" dlo\Jd ~lllL~~ er nt pr~(' -shaped groov ,4 the d e being ti,. (111) plan ;il 

an n,ngl of 4. 7 from tl,~ (111 >surface, as 1,own al th left of Figure 5.2a. I( th win­
do" m lh · musk IS suffici •ntl ' l:u-g, or if 11,c ,tching limi, 1 sbor1, ,, . -shaped groovr· 
,~II be formed, as shown at th right of Figurn 5.2n. Th• wicltl, of th boltom surface is 
giv n b)' 

Wi. = W., - 21 c.-ot 54.7° 

or 

Wh = IV,. - ½/ (4) 

\\:!.t re W'.' i th ~~dtJ1 _of Lhe window on tl1e wafer ·urface and Ii~ th• ctcl,ed d plh. If 
<l 10>-oncnted silicon is used, senlially trnight-w:ulcd groo\'es with si of(ll I) pl.in 
~ in be formed. how~1 in Figure 5.2b. We can use tJ,, Jar e ori nuilion d •pend n 
m th l;'tch rnt • to fabncate d ·vie • lruotur witl1 submicron featurl;' len ths. 

5.1.2 Silicon Dioxide Etching 

111 • wet etclung of ilicon dioxide is common I>' nchl . vcd in a dilut solution of 11 F "ill, 
or witl10ut the addition of ninmonium fluoride ( Ji ,F), Adding Nl l, F er It- wh:it 

"'·-1 

(u) 

1111) 

(hi 

Figure 5.2 Orienlalion-dcpendcnl l'lrhln&' (al Through "indm, p.ilt~n, 011 <l >·0 ri,·nl 'II 
,iliron, (/,) 11,rough wintlow p.ill~n1> on < lltb-orionlc'U silot-on. 
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l>uffi·n-J II F "'ltitl,lrl ( 81 If), 111 c. llc1d b11jfcrtYI oxltl!' rte/, ( B hr 
f' Iv I IF 111rul. th· p1"1 ,.,lur ,md l'f'plrnl~hc~ th dl'plction flu-
111.untdllung ,t.1bk• ·td1111g [li'rformnn""°. '11,r o,er.111 ri·actio iO, 

-.....11 lh,1t iu E,,. Tloe t't h r,1h· of iOi ·tc-hin' d pend!. on etch nt 
,mt t ul.rfition. a!(ilutlun. and t ... n,p1.·r.,tu~ ·. ln 11.kUtion. d mi l. , porns. 
1u I tJ of i,upunti ~ io tilt' xidt• iollmm,-e the tch rote. 

Ju u pltu,l'horu, 111 the oxid re ·ults in n mpicl increase 
oxidtt fonn ~ by d1t•111kul, por clepo_<;ili n (CVD) 

i f, td1 rat· tl:u.m Ull'nmJI ~"11 oxide. 
· l!t b !<.I in mpo.,.ph L~t• ll E \'1por-ph c liF o.ticle etch 

It I pnt ... ntfal nhmi ron frnturt> rtching becau,e th1> proc ,' c1u1 be well 

5.1.3 Silicon Nitride and Polysilicon Etching 

.'1lmm mln lllm .ir tdmbl • .it ruonl tcmpemture in t-onc.-entmled HF or buffi red 
11 F .111J m a boilmg ti P , lution. lrcb\'e etchinj!; of ni!Tide to o\id O is don with 
-'t ll _PO, l l •c be use this solution (ltt k. ,iliro11 d1oxid · Vl.!I) ·lowlr The etch 

r.-1tc i! typ1 all 10 nm/mm for ilicon nitrid , but le~ th~ul l mn/mi.,1 fur silicon dioxide. 
UO\w, ·r, photol't".li.< t adh ·ion problems are ut-otu1terc<l when lchin~ nitrid • with boil­
in H PO, loJtion, Better pattemiug c.m be acl1ie\o'l-d by depositing. thin o, ide la • r 
01, top of th oltnd film before rt.'Sist coating. Th, re,'i.~I p.111\,m i tmn forrod to the 
o~.de lay r. ,~tueh tl1e11 acts • a m. k for 11bs qu nt rutrid · etclw1 ,. 

Etclung pol) il:icon i> imifar to ctehlng , Jngle-c·I} ' hU ilil'on, I lowever. the etch mte 
I!' ro11s1dembl) faster bec:11 e of the graill boundaries. The clch . olution is usual! , mod­
ified to e1 ·ure that it d not ult- k tl1e und rl}ing gate oxide. Dop,1nt co110011 trdlions 
, nd 1<·mpt,l":ltl1re 111a) an j tl1e etch rat• of polysilicon. 

S.1.4 Aluminum Etching 

uminum and aluminum allo, films are genemlly tcb d ill h ted solutiom of phu -
pboricacid, nitric acid, aocticacid. and DI wat •r. Th typical etchant is a solution of73% 
H PO., 4% HNO . 3.5% H .COOH, and 19.5% Dr water t 30° to 80° . Tbe w tch­
mg o( alumin11m pro<.=<15 as follO\or.1: IT 10 . oxicmc a.lu111inurn. a11d H PO, tl1en dis-

,,. tJie oxidized aluminum. Th tel, mtc d peo<b on tchant concentration. 
temperature. agitation of 1he wafors. nd impuriti . or alloy in the aluminum fUm. For 
xample, the etch mte is rcdoced wh n c.-opper is added to the :tluminun1. 

W t etching of insul. ting and m tal mm.s is usu.Ill , done with similar hemicals thnl 
d.!! lw the e materials in bulk fonn and .in"olv 1h ir oonv r'Sion into oluble alt$ or 
comple~c . ,en mJI). fllm. male rials will l,c '-'tched more rapidl} th:111 th ir bulk coun­
l •l')Xlrb, Al.so. the etch rates are higher for l\lm~ tl101 hav a poor microstructur , built-
111 (!tt • or departure from ~toichiom·t,y. or that have been im1dlated. ome us•ful 
ctclmnts for inml.1tm~, nd rn tal llln are Ii: t !d in Tt hie - .1. 

5.1.5 Gallium Arsenide Etching 

"ide, .\rt of t h l1.1, been ul\'cstig,1ted for , U111m a . rude, bowe-.-er. few of them 
crul) i."<Jtropic' Thi~ i bt.-cause thc- surfaCf' :1eti,itie. of tl1e (HJ) C3 an<l (11 I l A 
• om , ry cl.i.ffi rent .. I t ctcl1c gi,...,:. polL hP<I surl'3et> 011 the arsenic faoo. but the 

1111m ~ tt•nd: to ho"' cry , ull aphie d fe nn<l etch 's more Jowly. The 111 t 
tcl1,u1 .1r th H_ ,-H10 1- l-l_ and II P0,-11i0,-l-l20 em~. for 

5.2 Ory E1ch1ng ◄ 0 

TABLE 5.1 E1chants for Insulators and Conductor1 

/lfot .. rt I 

. I t 

Pt 

\\' 

~tchw,t Compo Ilion 

28 ml IIF l 
li0 ml II F IJulTcn,<l II F 
ll3 g 111,~· 

15 ml JIF l 
10ml II . O, P el h 
300 ml 1110 

OulTcred IIF 

ll1PO. 

4 ml IIN01 l 
3.5 ml ,II, 0011 
73 ml II O, 
19.5 ml 1110 

4g Kl 

I g 1, 
40 ml 11 10 
5 ml II PO, 
2 ml II 0 • 
4 ml CH,. 011 
15011111-1,0 

I ml IIJ 0 11 
i ml IICI 

mlll,O 

34 g Kll, PO, l 
13.4 g KOll 

33 g K, Pc(C1 )6 

11,0 to make 1 li1cr 

Et h l\ale (ntn/m1n) 

100 

12 

u-

10 

30 

1000 

500 

50 

160 

an etchan t "~th an :l :l volum ratio of H2SO.: H1O1:H.,O, the elch rote is 0. µm/min 
for the <111> C, face and 1.5 µm/min for all other foc:-es. For an elchant \\~th a 3:1.50 
volume ratio of H, PO.: H2O1:HP, th etch role i 0.4 µm/min forth ·<Lil> Ca fa •and 
0.8 µm for ull other ft ccs. 

► 5.2 ORY ETCHING 
In pattern ~uisft r opemtions. a resist p,1ttcm il defined b)1 a lithographic p~ to 1''11 
as a mask for tching of its und rl)ing Joyer (Fig. 5.3o).• Most oftl1l· lo) r materials (e.g .. 
i02, Si3 \. ru1d deposit -d metals) arc amorphous or polycl)-talline t_ltl~ fJnU. If they 

are etched IJ1 ",_. t chemical etchant the teh rote is gcucrolly l~tmp1c (t e .. tl1 •. lnter11l 
and vertic.tl tch rates arc the amc). ns illustmted in Figure 5.3b. If /1 1 is the tluckne 
of tJie layer motcrinl and/ tJ, Int nu di tancc tch~-d 1111demeatl1 the resist mask. we can 
define the degree of anisotropy (Ari by 

I Rr R ) 
A ■ J--= l-.::i:. =1-..:..:L (5 

r 1,1 R.,t R, ____ .._ ___________________________________ _ 
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(a) 

(h) 

(c) 

Figure 5.3 Comparison of w t chcmic-.il tchi11g and dry tchin for pattcm tm11 for.' 

wh re I is tim and R1 and R.. re th lateral and, rtical lch mles, r~vely. For isotropic 
tch.ing. ll1 = R.. and Ar = 0. 

The major disadvantage or wet ch mical etching in pattem tran fer is th undercutting 
of th layer underneath the mask, resulting in , loss of r olution in th etched p, Item. 
ln practice, for isotropic etching. tJ1e fllm thickness should be about one-third or le of 
the resolution required. If patt ms ar required with resolutions much maller than the 
film thickness, anisotropic etching (i.e. , I ~A, > 0) must b used. In practice, the value 
ofA,ischosentobeclosetounity.Figt,r 5.3c how tl,e limitingcas wh reA,= !, cor­
responding to/ = 0 (or R1 = 0). 

To achieve a high-fidelity tr, ,1 for of the re ist pattern requir d for ultralarg -scale 
integration processing. dry etching m •tho<ls have been d v loped. Dry etching is syn· 
onymous witJ1 p/a. ma-a.~ti led etclii11g, which denotes several t cbnique tJmt us plasma 
in the form oflow-pr sure di charge . Dry etch methods include plasma etching. r ac­
tive ion etching (RIE), sputter tching. magnetically enhanced RIE (MEIHE), reactive 
ion beam etching, and high-density plasma (JI DP) tching. 

5.2.1 Plasma Fundamentals 

A plasma L~ :1 fully or partially ioni7,ed gas compo. eel of equal n111nhers or positive and 
neg3ti"e ch, rge. and :1 different number of unioniz d molecul s. A pla. ma i. produced 

5.2 Ory E1ching 9 l 

when an electric fl _Id ~r sufficient magnitud is applied to a gas, causing th to break 
down and become ,onized. TI,e pl. ma is initiated by fn-c I c.-trons that are ~ leased I)\ 

some means, such as fleld em1SSio11 from a negatively biased electrode. The fre fe~­
tron gain kinetic cnc_rgy f~om the electric fleld. In the course of their trn, I through tl,c 
?as, tlie el~ronscolbdc w1tl1 gas molec.-ul and lose their energ): The energy transferred 
in the colUs1on cau the as molecule to be ionil'.ed (i e .. to free electrons/. nie fr ·c 
el ctrons gain kin tic energy from tl1c field, and tbe process continu . Therefor . "hen 
the appli d "oltage is larger tl1an tbe breakdown potential, a u~t.aioed plasma is formed 
throughout the reaction clrnmber. 

ih ele ·troo C.'Oncentrat.ions in the plasma for diy etching are relati'4:ly I~: h-pi­
call)' on the ord r of 1~ to 101 cm~'. At a pressur of I Torr, the concentrations of g.is 
molect,le are 10' to 10' times higher than th, I ctron concentrations. Thi~ 'rl.'sults in 

~n ,werage gas temperature in the range of so•c to 100°C. Therefore. pl. · ted 
dr) et hing · a low-I mperatur · p . 

EXAMPLE2 

Tiu: ei(><.1ron d nsities In RIE and UDP spt •1115 l\lllge from I to 10 c,n .md 10,. Ill' un ... , 
re<pectivel), urning tl1 • RI E chamber pr lift: is 200 miorr .nd II OP charnbt'r p ;ure is 
5 rniorr, calculatt.-- th · ioni,.ation efficiency 10 RIE reactors i.nd I IDP r~..c:tors kt room iempe 
turc. The ,onbwtion cfficit'nC)· i, the n.bo or the ck-ctrun deru.ity to th<.• d•·llSit) .,r molrculo. 

SOLUTION 

P\' 11RT 

where r is the pre, ur · in tm (I aim= 760,000 mTurr), \' ,. th volmnt· 1r1 utf"- nu th mun­
b.,r of rnolcs. R i th )?\l.' const.1nt (O,Ol,2 lilc!r-at11 rnol-K,, ~ml T, tl1~ absoluk t ·mp:ratun:- m 
K, r '>p(:Ctivd ·. 

For the RIE • t m. 

rJ/\ ' • PIRT & ,200 160.000)1(0 U 2 300) • U>6 Ill (moLJl,kr 

For tht: IIDP km. 

• 106 X 10"' 6 02 JO"',. II JO 

= 6.3: x 10 '(en 

lonit.1tion efficiency• LO - Ill 'It 6.3S 10 'i 

• I ;;6x 10·· -1.56x 10 

11 , • rmr • 1s,r>0,000J/l0.o ,;, x !?.66 10 • ( n,0l111<-r 
• 2.66 10 . 6.02 x 1(1• + llK I 

= 11\X lO" (L-m 

lo1Li1.11tl011 efficfoncy • (JO" - LO'· I 6 . ltl' 1 

TI, r fore. HOP tu 11111 h l11ith~r ionlz:ltion effici •u~ dt,10 Rlf 

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

4 

Pfas111a tching is a proc •S-< in "hid1 . olid film I. rt'mo,~ I_ l>~ "t·h,·mi , I rej~Oll with 
grouud-~tntc or x ilt-<l•Slat,• 1w11tr.il ~>Ccic,. PLl,111;1 I Im • ~on<'n nh,uu::~d or 111du "<I 
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rn .,1,, n! 11 1 ns ~ 11 ratl·cl in a gusrou discharg . The ~,u;i . t h mechani m, pl:isma 
Jci(:no,,m; . ,md end-Poilll ntrol aro introduced briefly m th1 lion. 

t 1 C hruwo1 
Pl.l!·ui., ( tdung pro« Is in fi, t p.s. as Wu lr.iterl iu Figur 5.4. ~in:l, ~h tchanl spect 
~ ,.11 mkd 1n the pl, 111n. Th rn 1ctnnt i: then tran po1ted by cliffos1on through a s~g­
nant 15 U) ·r lo tht> s11rf:1~ .. ext. tl1e rc11ctunl i adsorbed 011 the surfac •, A chem1<:°' 
n,,l ·lion (aiong "/4th physic.ti fT, t such as ion bomb11rd1m:rf:11t) foll?~ to1~om1 1volabtul1lk 

ls F': ,Jlv tJircornpoundsnr •d orbedfromtl1e u ace. cw ,oscc mtot1e 111po11nc . "''" , • . _ 
am! pumped out by th rncuuio -~ ·tern.' . . 
Plasm t hin" is b, don the genemtion of pl ma in a gus at low pressure. Two basic 

~'Pt'' of metJiods art-· used: ph) . i ll methods nd c~emical ~1 tliods. Th~ fonn ~ includ~s 
.puller ..idung, and th latter includ • pure ch mica! etclung. In ph~1~ etc~ng. po~1-
ti, • iOi\S b<imbard the surface at high. peed: small amo1mts of negntwe ions lonned in 

th pl m I cannot r~a J1 1!1r ,ntfer ·urface and therefore pla)' no direct role in _pl: ma t~h­
ino lu clwmic.il tching. ne11tral r ,u.1iv pecie g nerated b)'. the plasma int~ract with 
tJie nut •rial sl1rfii to fonn volatile products. Chemical and ph) ·1cal tch rneclinmsms have 
cli!forentcharac-tcristi . h mical etching exhibits a high etch rat and gC'Od lectivity (i .. , 
the ratio of etch rates for di.ffcrent materi;tl ') and produces low ion bombardm nt- induced 
damage, but )icldl isotropic proHle . Physic.-.il etching can yi Id ani otropic p1ofil . . b~t is 

• ~ted "ith low etch elect:h~ty and high bombardment-mduced daJ11agc. C<,mbmabons 
of cheuucal and phy ical tchin give anisotropic etch prome : reasonabl: ood sel~­
b,it): and mod •rate bomlx rcLnent-indu d damage. An e:wnpl I t!•e ~ E pr '. ':luch 
11 ,s a pll). ·caJ method to ist chemical etching or create reactive ions to participate 
in cl ,emi .u etching. 

rt ... m,, naw111ggas 
---------·--

I> Cenenlllon of tt<:lwot spc<:i<:• 
/2) l)lfT11<iD11 Ill surr..c.: 

-----·-----t------------·-- --·---·--·------·---
1 l'.l!!nnnt gas layN 

' 14 R :&«Ion 

(3) dsorption 

him 

Figure 5,4 13, " t<'p to a dry c1ching proce 

(5) Ot-sorpHon and diffusion 
into bulk 
gas 

5.2.3 

5.2 Dry Etching ◄ 00 

Plnsma Diagnostic~ 
Most pr ssing pi t mas •mit rncll. l on in th rang from infrared to ultmviol..t A sim­
ple, :1n l iti ;1] t chniqu i to me, ure tl, • int •nsityofth ' f' cmi sions I r;u w,ivelc11~1h 
with the aid of optical cmi .. ion peclro copy (OES). Using ob rv d spect ,I penks, il is 
usntill possibl • to d ·tenniJ tJ,e pre nee of n utr.11 fllld ionic Specie5 by correlating tJ, w 

mi · on.s ,\/4th previously det rmined spectral ri . Rclnth-e concentmlioo~ of the SJX!des 
n be obtained by corPlating cl1a11gc in int nsit.y witJ1 th· plasma param h:rs. The cmis-

ion signal d ri1• ·d from the primary etchant or by-product begin to Ti.st: or fall at th 
cud of tl1e tel , cycl . 

E d-Point Control 
Dry etchin difli rs from wet chemical etching in that wy etching h. s I etch sclC(tiv­
ity to the und rlying I y r. Therefore , the plasma reactor must be equipped "1th a muu• 
itorth(1t incli.cates when tl1c ctchingproce is Lo be tenninated (i.e. , an e11d-poi11t<lctectio11 
$.f'Wnl ). u er int rferom try of the wafer urfa i us d to continuously monitor etch 
r:\tPS and to determine the end point. During tching, the intensity of laser light reflected 
off :1 thin film surface oscillate . This o cillation occurs becaus of the ph, e interfer­
en betw e1 tJ1e light reflected from tJ1e outer and iru1er interfaces of the tching layer. 
This la er must tJ111refore be optically transpru-ent or semitransparent to ob 'T\' the oseil-
1 tion. Figure 5.5 shows a typical signal from a ilicide/polycrystallin Si gate etch. The 
period of th osci llation is related to the change in film thickne by 

(6) 

where lltl is the ch. nge in film thickness for one period of reflected light, A is tJ1e "~l\'e• 
length of the laser light, and ii is the refractive ind x of the layer being etched. For =· 
pl , M for pol ·ilicon is O nm, measured by u ing a helium-neon lru;er source for which 
1, = 632. nm. 

Reactive Plasma Etching Techniques and Equipment 

Plasma reactor technology in the IC industry h3S changed dramaticall)' ince tl1e fi'.'51. ppU­
cation of plasma proce . ing to photoresist tripping. A reactor for plasma etcbrng con­
tains a , cuum cliamber, pump S) tcm, power supply gen rotors, pres ure se~rs. gas 
Dow control units, and end-point d t ctor. Table 5.2 shows the imilaritics and difference 

Silici<ll4pol)"ilioon etch 
e->pcrimealol curve 

lllclde _ ..,.,__ __ Pofy.,Uoon-

Etch t1111c (.trbit . ,y w,iu) 

' 
-" f ·1e ilici-1··,..,,)y , Ln-~ Figure 5.5 The relativ reflectance of the etc 1ing un~cc o a compo" > =1~ • • · 

11,c nd point of the dch L< indicated b • the e<'S ation of the reOL-clan oscill hon. 
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eehtnisms and Pressure Rangn or Pl sma Reactors 

r ·khin• 
1l111!(RIE ) 
l'<lBIE 

•1fll'OI lrioc:k• IUL:: 
rt n1 11,U\CI: 

.h mi .• ,I 
' lwmicw 
.lwmicw ;111<1 ph~ I 11 

Cht> m1 al .,nd ph , ,,I 
Che1111cal ,ind phyl>i .LI 

ht'mic-.J 11<1 ph) ic-.J 

0.1- IO 
0,1- 10 
ll.01 I 
0.01-1 
0.001- 0.l 
O.OOJ-0 I 

lnd11ctt,d) <11JOJ(11<-d pl..,111a ur ().tlOl- 0.1 

O.<Xll -0.I .h,•1111cal nd phJ il:al 

in the I)' o et dun~ •1uipn1 ut thnt re comm rcially twailnbl . A ~'o111paril;o11 of pr s­
·ure opemtinJl r.tll e and ion ·nergi . for different type~ of re ctor.; is li wn in Figure 
~ 6. Each, tch tool is d iitned mpiric.ill) and u~ · a parti ·111:ir combinntion of pr ure. 
de<:trod,• configur.1tion :llld type. and ource frequenty to control th~ two p1imary etch 
m 1.uili11 -eh rnic-.11 ,md pll) ·ic-.il. lligher etch rate and tool automation tre required 
for mo t etd1 rs used in nunu~ cturing. 

Reacthc lon lching 
Rt E h s been t-Alens1, •I) u ed in th microdectroni · industl)'• In a pa.rullel-plate diode 
. ern. a radio fr qu 11 • cap;itilhelr coupled hottom electrode liolcl~ t!1 wafer. This 

all ~- the grounded electrode to lu,·e a significantly larger, rea I)(, 11 c rt is, in f.1ct, the: 
dm.mber ibclf. The larger grounded ar a combined wilh the low r operating pr ure 
(<500 mTorr) • uses th waf rs to be ubject d to a he. vy bombardment of energetic 

from th pL m, ,1 r ult of the I rge n g th· self-bi, at the\\ fer surface. 
The etch •lecti,il) of tl1is t m i r Inti,• I>· low compar d wiUi tmditional bnrrel-

etch S) t •m bec-ause of strong ph) ·ca1 sputtering. Howe, r. electivity ta11 b~ improved 

,, 100 
~ 

f ;; 

~ lO 

t()(J 1000 
Pinsun, lm1\11TI 

Cump.uuon of ion ,·n rgv ..u1d upcnrtmj! pr ure r.u,gc·, for different types uf 

"" 
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b~ dioosing ti, proper l h chom try, for xmnpl .. b)• pol)~" ·rizing the silicon rf: . 
with Ouorocntbon polym ~ lo ohtrun lectivity of iO aver ,I oo,L Alt mali 1 • 11• •~ 
con6gumtion IUE etch,, hown in rgure s 7 can ~n.vat pl ': >·; llioc ,._ 

{ . • • I" . \Intl g•n11 • llOn 1m1n J()D 
~~re;>~· on ·n •rgy L~ C011t'."°_ll,1d ll1rough a parale bi11s on th wafer rlc«rodc. th r by 
numm1zing th loss of clt'<-1ivrty and th ion bombard t · d cod I: obse 
most tmdition:\I RIE t ms. •nen - m II t ·,ma \l T\'t'.'d In 

E l ctron C doh·on R · ·oonnce Plasma Etching 
Mo l parallel-plat plasma tcl1cr:s, xcepl triocl !HE, do ,,ot provide th abiU lo 0011• 

trol pl sinn param t rs "uch as electron energy. pL"tSma den ity. and reactant d nslty inde­
p<>ndPn tly. As a re ulL ion bomb. ~111 nt-indnoed dam ge become 11 rious problem 
Tl,e etec:ro11 CIJclotrr:m resonanc,., (ECR) re. ctorcomhine microwave power ,vith a st;,tk 
magi1et1c fiel,d _to force. I ctron t ei.rcul. te nrou~d the magn •tic fleld line: at an angu­
llll' fr<:9u nL'}. 'Wh n th, fr qu ncy quals th apph d nlicrow•d, frequen :): resonance 
coupling occurs between the el ctron energy :.ind the applied electric field th t resull! 
in_ a high degree of disSOci lion and ionization (lo-' for ECR compared with I()"' for RIE). 
F1gurr 5. l~o,vs an EC~ r cl_ion chamher coofigumtion. Microwa,• power is coupled 
through , ,rucrowm· ,vrndow mto lb ECR ource region. TI1e magn tic fleld is sup­
p_li~d fro~ tl1e m.' gne~c CO~-- ECR plasma ) tems can also be 11.sed in tl1in Olm depo­
Slhon. High effic1ency 111 xcrtmg the reactants in ECR plasm.is al)O\, the depo:,ition of 
films at room temperature without tbe need for tbermal acti • lion. 

Other ffigb-D n ity Plasma Etchers 
As feature izes for LSI continue to decre. e, tJ,e limits of the conventiorml RIE S) -

~ mare being ::1pproached. fn addition to the ECR system, otJrer t)'pcs ofhigh-<lensity 
pl ma ources. uch as th indncth·ely co11pled plasma (fCP) souroc. ti, trnmforrncr­
coupled plasma (TCP} sour e, and urface ,v-.i,-e-coupled pl'lSma ( WP) soure , ha"e 
been d ,. loped. These etcher have high plnsma d usity ()011-J0I! cm---l) and low pro­
cessing pr ure (<20 mTorr). In addition. tl1ey allow tl1e wafer platen to be po,1 red ind -
pendently of the source, providing . ignificant decoupling between the ion energy (wafer 
bias) nnd the ion fltLx (plasma de,1.~ity, primarily dri1• n by source power). 111c primruy 

Wruer 

Figure 5.7 chcmalic of" lrloJ re-~cth-e ion Pt.ch reactor. The ion cn,·rg)' is 5eparutd • can­
rrolk-d hy hlas , ltn e on th!' bottom elootmde. rf, radio f~qucn~• 
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Figure 5.8 

llc>Ction 
clmmber 

Wafer 

Elt-ctrostatic cl1udc rf(l3.56 ~!Hz) ->-~ 
chematic or an ele<.'1ro11 cyclotron resonance r actor. 

I 
pro<--e sin, dvantages of HOP ources are better critical dimension (CD) control, higher 
etcl1in rat , and better electh~ty. 

In addition. HDP sources pro~d low sub trate damage (because of independent 
biasing of tl1e sub Lrate and the id electrode potential ) and high anisotropy (because 
of low pr ure. yet high active pecies den. ity). How ver. becau e of their <.-omplexity 
and hi her co t. the e S) t ms may not be used for le critical applications, sucl1 as spacer 
etching or planarization.' Figure 5.9 sho, a TCP plasma reactor. A high-density. low 
pr ur plasma is gen rated by a Oat spiral <.-oil that is s parated from the plasma by a 

( Pl.is111:. ) 

..______=--

T 
Figure 5.9 ch malic of a trnn former-coupled plasma reactor. 

5.2 Dry Etching 97 

clicl ·ctric plat on the top of the reactor. Th waf. r i~ l0<:at d awny from the coil wit 
is not affect d b ' lhc lcctrom, gneti field genl'ratcd by lite coil. There is little pla.sma 
den ity loss b cau plasma is gen rat ,d only a few mean free paths a\\, y from l11cwafPr 
urf. cc. Therefor , a high-d n ity pl. m:1 and high etch rat s are achieved. 

Clust red Pin mn Procc sing 
miconductor wafer ar, proce cd in clean rooms to minimiw exposure to ambient 

particulate contamination. 1 de-ice dim ·1isions shrink. [Xtrticulate contamination becom ,s 

a mor · rious problem. To minimize particulate contamination, clustered plasma toob 
us a wafer handler to p \\~ifcrs from one process chamb ,r to another in a v cuum 
ell\ironmcnt. Clustered pl. ma processing tools can rJso increa.5e tl1roughput. Figure 5. IO 

ho,, . the multila) rm tal interconnect (TIW/AICu/TIW) tching procc with clu,te~d 
tools in an AICu tch chamb ·r, a TIW tch chamber. and a trip passivation chamber. 
Clu ter-d tools pro,~de an ee,-onomic ad,~tntage by having high chip )ield because lite 
wnfcr is exposed to less ambient contamination and is hanclled I • s. 

5.2.4 Reactive Plasma Etching Applications 

Plasma etcl1ing has rapidly volved from simple batch re ·ist stripping to large and ingl -
wafi r proc-e in". Etching } telllS continu to be improved, from the co,wentional RIE 
tool to tl1 high-density plasm, tool for patt m transfer of d p-submicron devices. ide 
from t.h tching tool. etch chemistry al o plays a critical rol in th perfonnance of the 
etch process. Table 5.3 list some etch chemistri for diITerent etcl1 processc . Developing 
an tch process usually mean.~ optimizing etch mte. selecti,ity, proflle control. criticnl climen­
sion. damage. and so fortl1 by, djusting a large number of proces parameters. 

Silicon Trench EtcJting 
As de,~ce feature iz decrease . a <-'Orr pondin decrcas is needed in the "~er ur­
foce nrea occupi d by the isolation b tw n circuit el ment· and tl1c tor.ige capacitor 

mv etch chnmbcr 

© 

AICu etch dl.lmbcr 

© 
ct 
\'<1cuum lo.'<l•lock 

chombcr 

I 

010 
.L< ctte lo.'l<Vunl d 

d,amh<•r 

Strip pass;, .. tion chm nbcr 

© 
Figure 5.10 Cluster rc,,ctiw ion etch tool for multila)>er metal (TIW/ 1 u/Ti\\') rn tcrronn<'Ct 

etching! 
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.P r 5. Etching 

TABLE 5..3 Etch Chemi$trias ol Dillerent Etch Processes 

i u 

TiW 

Etching lwnibtry 

IIJ3r/NF/O. l• ., 
llllr✓Cl/0, 

JI Br/ 10 , 0 .I/ l,, F,, 

BCI I:, IIJ3r/ I. 
BCI 

Cl, 

~. Cl/• / iF• 
. C3F . ,F / CO, F,, Cl 1,F: 

llF, 

of. ORA It-ell. Thi mrf:.we area can be reduced by etching trenche into the ilicon 
uf?strote and flllin, tl1em witli suitabl dielectric or conductive materials. Deep trenches, 

w u Uy "~th cl pth greater than 5 µm. are used mainly for fom1ing stor-.ige capacitors. 
hallo"' trench . usunllr with ad ptl1 le · than l µm , are often used for isolation. 

hlorine-based and bromioe-based chemistries have a high silicon tch mt and high 

tch . I ti,it\' to the ilicon dio:cid mask. The combination of HBr + 1F, + SFfi + 0 , 
, mixtures~ us d to fonn n trench capacitor witl1 a depth of, pprox.imot · ly 7 µm . Thi~ 

combination is also used for hallow trench isolation etching. Aspect mtio-<f.epmde,u etch­

i11g {i. • .• \'ariatlon in etch rate with aspect ratfo) is often observed in d c-p silicon trench 

t.ching. u d by limited ion and n utral tmn port within the trench. Fig:,ue 5.11 shows 

th · d pe11d nee of a"er:tg ilicon trench et.ch rat on aspect ratio. Treoches "1th large 

,1.>pe<:t ratio are tch d more lowly than tr nche with small aspect. ratios. 

Poly ilicon .md Pol cide Cate Etclung 
Pol . ilicon orpolycide (i.e .• low-re istance metal ilicides ov r polysilicon) is u ·ually used 

a; a gate material for i\10 devic.-e . Anisotropic etching and high etch electivity to the 

o~.--------------------~ 

'.§ 0.6 

1 
3-

()2 

0 

'Jlffl ratio 

-- 0.2.;x0.2.5µm 

-- 0.4 X 0.4 µrn 

40 50 

Figure 5.11 D pcndt:nC(' of avernge silicon tnmch etch r~t(• on ~ct rdtio.' 

5.2 D,y Etching ◄ 99 

~a~e oxid ar t(1 mo t important requir rn •nts for gate et Jung. For example th s lee 
ti':;y _req1U~ed ~n lC ORA I_ is _more than 150 (i.e., the ratlo of etch r,d f~r polycid • 
~n . gate oxicl 1• J 5?: 1). Achi 'ving high sel <.1:ivity and etch anisotropy at th1: sam um. 
1s difficult for most ion- nhancccl tcll.lng process s Then.: f.ore r Jti 1 . • 

d · l · I d fli · , 1 111 s ep processmg 1s 
use ,111w11c:1 l erent tch tepsinth•prooessareoptim'zedi I · d 

Ir t' ·ty o tJ I h cl tJ I or etc 1 amsot.ropyan 
. c_lvi · .. " _1eot •~~ an , 1etrendinplasmatechnologyforani otmpicetchingand 

lugh selectMty L~ lo uul11.e a low-pre ure high-den ity plasm· · 1. ., l I 
'I cl I • b .. ~ .1 • a tJSmg a remu\'C y ow pol\'Cr 
" ost I onne- •= and brornin -based ch •mistri can L used r0r at ld · 1 ad · · 
tJ · d · "" · 11 g JIil O U(.'V , 

1e require etch am otropy and sel ctivit.y. 

Dielectric Etching 

The ?at terning of dielectrics, e pec:iallr sili<.'On dioxide and silicon nitride, is a key pro­

~s 111 th~ m ~ufact~re of n~od m ~m1conductor d •vices. Be<:ause or tlieir higher bond. 
mg energies. d1eleclnc etching requires aggressive ion-enhanced nuorine-b cd plas 
I l°"' ~ rti l fil cl db , ma 

c 1en is .. / c, pro es are a lie\·e y sidewall passi.vation, typically by iutroducing 
a carbon-containing _nuorine sp~cies to the plasma (e.g .• CF,, CHFl• C,F,). High ion­
hombarrlment energies are reqwred to remove this polymer lay r from ti, oxide, as w U 
.is o miX the r active species into tlie oxide surface to fom1 SiFx products. 
. A low-pres.~ure, high-d nsity plasm, is advantageous for aspect ratio-depend nt etch­

m~. However, the H DP generates 111 h-temperature elect rons and subsequently gener­
atPs a !ugh d gree of dissociation ofions and radicals. It generates far more active radicals 
:ind ions than RIE or M ERi E plasmas. J n particular, a high F conC('ntrntion worsens the 

; ctivity to silicon. Variou methods have been tried to enhance tl1e selecthiti in the 
h1gb-d n ity plasma. First, a parent gas ,vit.b a ltigh C/F ratio, such as C1F •. C,F,. or C,F,, 
w..is att mpted. Oilier methods to scavenge F radicals have also been developed.~ 

hlterconnect Metal Etcb.ing 
Etching of a metallization layer is a very important step in re fabrication. Aluminum. 
copper, and tungsten are the niost popular materials used for interconnection. TI1 male• 

rials usually require anisotropic etching. The reaction or aluminum ,vith nuorine results 

in nonvolatile AlF3, whicl1 has a vapor pressure of only I Torr at 1240°C. Chlorine-based 
chemisll)' (e.g., a Cl/l3Cl1 mixture) has been widely used for aluminum etching. Chlorine 
has a ve,y high chemical etch rate ,vitl, aluminum and tends to produce an undercut dur­
ing tchin . Carbon-cont ining gas (e.g., CHPJ or N2 is added to fom1 sidewall pJSSi• 
vation during aluminum etching to obtain anisotropic etcliing. 

fapo ure to tl1e ambient is anotlier problem in aluminum etching. Residual chlo­
rine on the aluminum sidewall a11d tl1e photoresist t nds to react witl1 tmo phericwater 

to form HCI, which corrodes aluminum. An In situ e.~sur of the ,vrul'r to a CF, dis­
charg to excl1ange Cl ,~th F and tlien to ru1 0X)'gCn discharge to r mo"e tl,e resist, fol­
low d by immediate immersion in deionized ,mter. c:in eliminate aluminum corrosion. 
Figure 5.12 shows 0.35-µni Ti t /Al/Ti lines and paces on a \\'llfer maintained at a'.11bi• 
ent for 72 hours. o corro ion is present v n aft r prolo11ged exposure to the ambient. 

Copper has drawn much attention as a new mellJlization mat •rial in ULSl circuit 
because of its low resisti,~ty (-1. 7 n-cm) rmd superior r is1ance to electromigmtion com­
pared 1vitl1 Al or Al alloy. llowever, becau eof the lowvolatilil)'Of copper hnlid , ph m. 

>tching at room temperature is diffictilt. Proce s temperature . high r tl11UJ 200°C arc 
required to etch copper films. Therefore. the d11mosce111· proce I use<! to fo~n Cu mtcr• 
con,iection ,vithout cby etching. Oamascen . prot-e ing imol, tl1c creation of mterconnet.t 
fin by fir::t etching :i trench or canal ill a planar diek'<.tric layer and then lllling that t.rench 
1vil11 metnl, such, ;1lumi11um or copper. rn du:il d:una. n processing (Fig. 5.13). a c­

ond level i involved wh re a seric of ho! s (i.e .. ~'Ontact or vias) are etched and fill!'d 
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in , dditit>n to the trenc:h ft r ffiling, th metal nd ell lectric are pkuiarw:tl b ch m­
iotl 111« /tnnlrol polt.,lu,11! 1 MP. s · Chapter ). T11 • d, . uta of d.un.i, 11 proccs • 
in , L' th.it ,1 dim111Jt.: tl111 nt't.'d f. r 11\ t:11 ,tch. Tiu au imporUmt <.'011c m • , thl' industry 
"'°' fro111 ,llu111mu111 to copper mteroonn :c ions. 

9 E 

5.3 Etc~ S1rnul11Jon ·1 OJ 

AICu 

n.-i r · II' ,·td1b.iclt Alt<·r 11' ,·1cl1 

Figure S.14 Fnnnalion of 1uni,1<•n plug in a <."nlac-t hole l,y cleprn !ting bl,mkt·t low•p= urc 
clwmi ,ii ,-~por <foposi tlon W Md th ·n U>illl! n·at..1lon ion ~td,iog ctcM~ I. 

Low-pre ore VD (LP 'VD) tungst n (\\1 h bet>11 "~d ly u~ for Rllin, conta •t 
ho! • and first-level met. lli.z..1tion b ~au. or itsexcell1111t d ~ition <.-onfonnabilit . Both 
nuorin<.•- and rhlorin ,.b;,se<l ch mistn ~ l h \\' ru1d form "oL,tik- rtch products. n h11por­
tant tun ,,t n tcb proce L the bl11.nk t \\' dchback to Conn a W plug The bl:1<1kct 
LP D \\' is cL ·po it d on top of a 11 b.,rri ·r layer. as Ii.own in F1gur • 5. l4. 1wo-

p procc ~ is usually u eel. First, 90% (>f the W is tched al a high etch r. 1e. :,nd then 
1hr ·tch rate is r<.'<luC<'d to remove U,e rcm:tining \\' ,~th an Lchanl th: t h. u high 
\ -to-Ti • )('{;ti-~ty. 

► 5.3 ETCH SIMULATION 
PREM may be u c,d to imulat the •tching pl'()C(.• . H0\1 ·v r. t h im11l~tion u ing 

UPRE I i rutlim ntary at be t. imulali II ul ma)' be achi ,,'CJ using l11e ETCH co111-
u1. nd. which allow the u r to t1tch nil or p,1rt of mty given I. yer al tl1 IO() of th · <.1.11· 
rt'nt tn1cturc. rr th m, t rial at tJ1c top of Lhe structure is n t l11e mat rial sp,'Ci fi d. 
then no tchin take, ploce. If the amount to be etched is not specified. then tJ,e eutil'l' 
la) •r is removed. 

EXAMPLE 3 

·uppo,,c we wanl tosimul te tlw ctchingof0.3 µmoft.hc oxide gru"n rJ\(•r 1h,·d,y-" ·I-di) ~-• 
in E'Cllmple 3 of 11. pler 3. 

SOLUTION 111 · PREM inp11t li~tin,: u foUO\, , 

TITLE 
C T 
INITIAUZE 
CCMIENT 
DIFFUSION 
CCI,! ENT 

DIFFUSION 
c~ 
DIFFUSION 
COMMENT 
DIFf'USlON 
C /IT 
DlFFUSlO'I 

Etching E•;u,ple 
lnithliz• silic011 substrate 
<180> Silicon Phosphor C<>nctntr.otion• ld6 
R p furnace up to uoe C over 10 minutes 1n 
Ti e•lll Tc, per~turc-900 l trogen T. r•te ze 
O~idlze the wafers for S ninutes at ll80 C in dry 02 

Ti .s Tecpernure.uoe 0~2 
Ot1d1ze the wafers for 120 •1nutes ~, 1108 C In wet 02 

Tl •120 T perature•llOG Wct02 
Oxidize the wafers for S ■inutes at 18911 C In dry 02 

Tl • S Te perature-neo Dry02 
Ra p furnace down to 990 C over 111 ■lnutes In k2 
TIM -10 Tuperatur~•llOG Nitrogen T. r~te--20 
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I - ► Ch pter S.. Etching 

Figure 5.15 Plot o phu,-phom$ oonC<"nlr.:ilion a function of d pth into tlw sili II ubstrnle, 
usinit PRE\ 1. 

ETCH 
PRINT 
PLOT 
STOP 

Oxide Thickness • 0 . 3 
Layers Ch ical Conc•ntration Phosphor 
Active et Cllin• le14 
End etchfog ex ple 

ftcr o,idation is complete, " print nod plot th ph phoms conccnh',llion .os a function or depth 
into the ilicor, ubstrnte. The results arc shown in Figure 5.15, which indicaws a Ona! oxide thi~k­
ri of 0.609 µm nod cl p1cL> the phcxphorus incorpor.11ion in the oxide layer. ◄ 

► 5.4 SUMMARY 
l11e two m.~or proc,e lo tmn f, r pattern in IC fabrication are photolitltogmphy and 
telling. \\' l chemical etching i u~ d c.xten iv ly in emiconductor processing. It is p: r­

ticularly suitabl for bl. nket •tching. This chapter di cus <l wet chemical tching pro­
. for silicon and gallium, r.1enide. insulators, and m ttu int rconnections. Wet cl1emic-.il 

tchingwas used forp, ttem trnn f, r. llowev r, undercuttin ofth layer undemeoth the 
m. k r ulted in lo of r lution in th tch d patt m. 

DI) ctchin~ methods are u cl to achi " high-fidelity pattern transfer. Dry etcl1ing 
is synonym us w1tl1 pla: ina-assi. ted etclting. This ch, pter con icier cl pins ma fundamentals 
.md , ri u di) tchin sy. terns. which lmv grown from rel- tively si ,npl . parall I-plate 

n.l'i ruratio11 to comp! . h:unbcrs with mullipl frequency gen r:.1tors, nd a vari ty of 
proce -control ensors. 

111 hall ng for futur · ·t hing technolog)' ar high etch clectivity, b ttcr dim n­
. nfd control. low ,\S}X'ct mtio-<lependent tching. and low plasma-induced damn e. 

Low-pr urt•, lti h-dcnsity plasma reactors ::ir nee s :ll')' to m et thes r quire,n nts. 

Problems J03 

. pro . sslng C\'Oh't' from 200-rnrn lo 300-mm and II larg •r diamct r -.;,~•r... oon­
bnu •~ 11_11pr , ·m •nts ur• r f\Uir('d for ·tch uniformity aero the wafer. Jl/1·w ~a, 
hnn11 ln · mu,t be cle, elop,:d to pro,idc thr improwd s •le<.'lhit:y n<.'<X's.~.uy for .,d,anu:d 

int gmtion schem 
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► PROBLEMS 
Asteii ks dcuute difl1culr 11roblcms. 

ECflON 5.1: WET CIIEMlCAL ETClll ·c 
l. If the mask .md tb • ubstr.:itc cannot be etched by p.1rticular e1ch,mt_ k,•1ch 1he e<ll(c 

prom • or an · otropically etched ri,ature in " Olm or tloickn h, for fa) lchinl( J'L'1 to 
t-osnpletion. (b) l00% ovcretch, and (c) 200% o, re1ch. 

2. A <100>-onentcd ilioon cryslal is •tchecl in a KOii lulion throu ha 1.5 µm x t.5 µn, 
window ddlned in silicon clio,idc. The 1ch r.:it nom,al to (100) planes i 0.6 µmlmin. 
The etch r-Jle r:11ios arc 100:16:l for the (100):(110}:(l ll ) plan . h"'' the etched prolllc 
aft r 20 soc-onds, 40 seconds. aud GO cconcls. 

3. R •peal tht1 pr~vious problem ,vith a <I 10>-oricntcd sili',!>n tHchcd with ,1 thin i , ma.,k 
In KOi t solution. how the etched p:ttt ,m profile on <110> i. 

4. A <100>-oricntcd silicon \\",1for 150 mrn in diameter ,s 625 µm thick. TI1t \\;\for h tOOO 
µm x 100() µm J son ii. The· I chip · are to be l'p:tn\tcd byorfonbllion-dcpcndi,nt ct h­
ing. Describe two mctl,ods for doinl( I his and calculot" th,· fmction or th• urfacc arc., 
that i lost in these procx: 

SECTION 5.2: OllY ETCIII C 
' 5. Tiu: ave.mg\' dislanct' tnwek·d b · particles between colltsions i all\'<! th,· nw,-.u, frw I tli 

(A), A= 5 x 10--'/P (cm). wh •re P pre~ urt· in Torr. In l)1>1cal pl ma., oflntcrc<_t. thr 
chamber pre urc mnp;c from l PJ to 15() Pa. What urc 1hc c-om· pondini: demol) of I!•"' 
molecules (cm ') aud till' mean frcl· p, th? 

6. Fluorine (F} .t101n clch i nt a mt giwn hy 

Etch 1111<1 (nm/rnin) • 2. x 10·11 ,11 T' ',•,-p(-E /RT) 

----~--
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.. 
11 r thr ,,out 11tratit>11 of F ,ttoms (t'ln '), T tlw 1,•1npt'mt11n: (10, and E ,111c.l R 

:ti l .. 1w 2 4 ~ca1'moll nd l(U.' l,m,1.1111 ( 1.9 i :ll-K), re !ll.'<:hvdy, Ir 11 1 is 
Ill , ,l,1 .. tloc ,:tch rat<' of I ut room lcltlp('ntture. 

, l , t.d ~ b,. F ton" ,11d ,Jso l · ... ,prt•""d by 

Etch r: It (nmlmml 0.614 X 10 " n, X T1 •~(-£/ RT) 

, n- 1 ,.. 3 10 t m 11 .u,c.l E h 3 76 kt.,il/mol nlculat, th etch rate ,,f 101 .incl 
t·t~h 1..-ctt\lt\ of 1 , o, r i , t rt><111l 1c111pt•rnture. 

\ multipl ,.,1,·p l<h P"""'· ~ "''luin,d for ctchin • a pol -.ili.-rn gntt• with thiu gal.:- ood •. 
11™ do ,.,u 1k ii:n u11 td, pruc.--.., t!Mt h.;., no microm king. h an anisotropic utch 
ptt1filc, .ind 1, .. t ti,· lO tlnn ~ It· uxiJ ? 

9. Find th.- etd, •t, ... -t,.il) r~1ulred to ... tcb J 400-nrn pol> llic::on lay.-r \\1thout rcmo,1ng 
mor.- th.tn I ,un or ,1 unJ ·rl}"'\? , I<' o.'<id , assuming that the pol) ilkon i tched witl, a 
proc,,» h;o,i,1~ a IO'l •td1•r.llt· unifonnity. 

tO. \ 1-µm Al ntm ~ JL·pu.<ikd 0\ 'r a llJt fLCld ,,,ide region aud 1>-1ttem,.J \\lth photorc ist. 
The rn 1-..I i 111,·n ..id,..d "ith a mutun; of 6 I/Cl1 )(QSCS at II tempcmturc f i0°C in 3 

II h n ekh r Th• lecthil\ of Al owr pltoton·~isl is maiu111ined al 3. "-'suming a 30% 
°' retch. what ~ tht' minimum pbotor · t th1dmc requirt>d to en,uw at th top 
o,d,,J ,urfaa L< n Hacked? 

I l. In ,n E R pw11M. a ahc mJgnet,c fl •Id B for:ce, dt'<-'trm\> to circul tt• -irou11c.l t)w 111ag• 

11~ti Geld hnc ~t ..n IUlgulnr frequency. ai •. that · given by 

ai, ~ qBlm. 

"h ..,. q;. ti~ dc,.-tronic chat!(" and"*• ti,• electron 111a, . If tl1c miCfO\,a,-e frequency is 
2 ~5 Cllz. what is the •o:<jlllred magnetic lldtl? 

t. . \I 11.11 <UC th • 111ajor disllnctio~ bctw n 1rad!tion:tl rcacti\-c io1t etching and high-d n ii 
pl m• c t hing E ,R, ICP etc.}~ 

13. 0..-wribe how to dornin,,tc th , corrosion i su in Al li.n aft •r t:lching with chlorine­
ba.wd pl;., Ill. 

6 
Diffusion 

Impurity doping is the_i11trod11ction of controlled amounts ofimpuritydopants into mi­
cond11ctors: The pmcl1cal _use of impuril)'. do~ing mainly has be ·n to change th . dt'Ctri· 
cal properti. s of '!'e cn'.1conducto~. D'.1Tu.s1on :t"d ion implaotation Are tlie !wo key 
'.11erlo~ of 1mp~nl)' dop'.ng. Botli d1~u ion and 1011 implantation are used for fabriait-
1ng rliscret d ,~cc and 1111 grat d cucuits becaus tl1 ·c procel gan mil I 

cl ti 1.2 ~ l'Ol'Jlp •• 
mcnl ~ 1 o 1er. For exampl . diffusion is used to fomi a deep J·un-=on ( h • ,IJ • Cl. 0 } I . . . ...u e.g .. a .,\1n 
w<: m , I : w l~reas 10n rnipl:mtation. whicl1 is rlis<:11 ed in Chapler 7, i. used to 
form .i hallow Junction (e.g., a ource/dmin junction of a 10 FET). 

Until th early 1970s, impurity doping" done mainlybydHTusionat el , ted lem­
peratures, a$ shown in Figure 6.1. Jn this m thod th dop: nt ~toms are placed on or near 
tl1~ surfo of Uie wafer_byd position '.rom the gas phase of the dopant or by using doped 
o:od ourccs. The doping conc.-cntration clccreas monolonically from th surface. and 
the pro6.lc of the dopant di tribution is determined mainly by tl,e temperature and di.f. 
fusion tun . 

ll igh,wlodl)' 
do · 
Ion 

(a) 

(b) 

lnC p-
r 

lnC 

Figure 6.1 C::omparuon or (a) dJfiu,ion and (b) ion-lmphm1:1tion t,'Cl,n quc• rnr tlot• ·le,1i, • 
in1nxluction or Jopant 11110 the micontluctor ,ull tr.it<>, 
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th • di0i1,iu11 pro,. ·. , . Ion impl,111tntion IS co, ·l"<'<l in 'lmpt r i . 
, ,.-r, Lhl' foUow\11g topl : 

• n, Ill 1 11 <"Ill of impnrih· , t DI\ Ill thl· Cl) ta! L1tb<.'t' under hi h-t Ill[ •mh1r1· 
11d lul!h , 11tmtio11-1!,mtli 111 condili 11 . 

• lmpun~ pronlt>, for us ult <lJ(ru i\ih· .mcl con •ntmtion-dcp •ndcnt difTu hit 

• 11 • ut1p.1L1. ofbt.•ml d1ffu ioll .md impunt~ rt-<h, tribution on d<-,i.CI' clmmctcri.\tiC. 

• Th• 1mul.1tion of t~ITu ·011 min~ · PRE. I 

6.1 BASIC DIFFUSION PROCESS 
Ot u,,on of 11 npurili ~ t}p1,~1lk clont- h ' pl11cing s mi ndu or w~1fo.-s in :1 c:.1r •ft'.l.ly 

tr l!t.-<I lunh•lt'II\Tl<' r.llUIV <1uart2.-tuoo funt:1 and ~in ; rnL~turc lh. t 001\hWIS 
c " ... ,. . , o d I"oo•c 
t}1 ck ired dop,111l d1 ~•J!:h 11. h tl'mpcmture u, uall)' nmg: bt•twem nn ~ 
for ilit'<>ll ,rnd 600°C aud 1000° . for g.tllium ur.;enld . Th , t1u111ber of dop.i.nt atoms th, t 
«lil'ft • into tlw mico111l11ctor i rel,1t ·d to tbe partial pr,.;. sur of lh<' clop. nt impurity 

111 tit< utl.,tun 
!"or diff1 11 ,n ilic n. boron is th mo t l_)<lpular <lop, nt for introducing ,1 ]Hype 

unpunl) . whore .irn:ru au<l pho,phon1s ti.re u ~1 l·~L'n h ~IY_a< n-1)1 · dop;m~ .• Tl~~ _e 
th~ •lcnwnt.,; ,m high!) luhl • m ,iii >n; th y h,we ~oluhihn _abo,e 5 x Hr ~m m 
th, dirTu.sion Mnpcrnture r.u1~1:. Tl . e dopan. c::111 he introduced in •,er.ii ,1 , md~d­
mi: ,oltd urC(!s ( .g .. 8 for boron 1 lor :1rseni , :md P O, ror phosphorus), liq­
uid _ u ,, 1 BBr Cl and PO .I ) • • wt.I u~ ,ourc s (B. ll,. s ll . and PIIJ. 
Howt>vc:r. liquid 11rt.~ ar ,no,,t t-ommonly used. A . ~bemntic dia~. m_ o th furn ce 
wd g: , flow ..u-r.uig,cmi•nl for a li'}uid . ourctJ is ,h \\Ill 111 F1gur 6:2. ThL~ :'.rrnngement 
L' <imi.lar to tJiat 1.C xi for tJ1emml o-ucl, lion . . \n •:uimpl•· of th hem• 11 reactlon for phos­
phonL~ dilfo ion 1L~ine ,1 Uqnid ~ourc: • is 

4PO I + 30 . -+ 2PP, + 6 11 (l) 

Th. p. • foruh ,1 ii s-oo-. ilicon wafer Md is Lhen tc:du~-ed to phosphonas hy silit-011, 

2P20 3 + 5 i-+ 4P.,. 5 iO! (2) 

TI1 ph phon.is · r le· d ancl diffuse~ into the ilicon and C~ i!- nmt~-d. . 
For dilTU!>iOD in g.tlli111n MS nade, the high v,1por _r_re. ,urP. or ar.;c_ruc r qmr S spe· 

al m thods to pr ,vent th• I of arsenic bydecompo 1ttonor '"apor:i~on. l11_ '."et(1· 
od. (n lud dilTui ion in a.led ampul , ";th n m·erp~ •~-ure of ar:.en,c ;ind dilTu I n m 
an OJ>l'll•t11be fu rno • ,vitl1 n doix-cl o:cid cappmg I ·er (e.g .. tj)icou nitride). Most of tlae 
,nub on p- pe diffu i n Juve been confined to tl1e use or zinc in th fomis of Zn- Ca-As 

v,111 

1•,pi I ropc'n •tubc cUCf, hm 5 ~•·m 

6.1.1 

6.1 Basic Diffusion Process ◄ 107 

iJlo and ZnA.~. for the . •afod •• u,1[111! • approocl1 or ·z11 1·0 ' ti l cl • i ,or 1C open-tu x· Jpproa 1 
Th ll•lype dopanb in galliu111 rirs('nfd In •lude •I nlum :uid t •llurium. · 

Diffusion Equation 

DiITusion in a . . miconductor n be mualb.e<l . the alomi.c mo, ment of Ilic diffu<anl 
(dor, nt atoms) Ill the Cl) tiJ ': lticc ~y \",\Canci or interslllials. figur 6.3 hov. . the two 
b~ 1 atom1c d!~u !onm~el ma_~hd.'·1Th opc·ncird reprcscnttli hostatom oocu­
P>ing tJ1e <'qu1l1bn11111 la1t1ce po 1tion , l11e solid dots r •present impurity atom~. At el • 
, . I ·d I mpernturcs, the lattice tom vib , le around the quilibrium lauke sites. Tlict 
~. a fl nil pl'<lbabili~• ilia~ a ho t atom will acquir · uffi1.ie11t nergy to lea, • tltc [. ttice 

'.tc and ~me an mt rstitinl a1011_1, th reby creating a a~lllC)'. \\1wn a ucigl1boring impu-
n ty atom nugmtes to tlie, cancy s,te. ru. illustrated in Figure 6.3a, th mechanism i called 
vocancy diff11~io11 . Ir, n int 1'$1itial , tom moves from one place to nnot.her "itl1ou1 occu­
P)~ng a lattice ilc (Fig. 6.3b), the mechanism is lnter.11/tla/ dilfu !on An atom sm lier 
than the ho t atom orten 1110\'C interstitinlly. 

111 b. ie illff11lion pl'OCeSS ofimpurilyatom is imilarlo th.tor cli~ecaniers (el :c­
tro_n :u1d_ hol )_. \~e defuie a flux F as the n1Jmbcr of dopant atoms passing Uirough a 
urul area III a urut time and C as th dopant con ntralion per unit volume. \\'e tlwn ha,·e 

(3) 

where tJ1 proportionality constant D is the difJtLrlo-11 eoefficienl or cliffi,~-ivity. Nole that 
thP b ·ic driving fo rce of the diffu ion proces i th concentration gradient ~/i'Jr. The 
nux i~ proportional to the concentration gradient. and th dop.u1t atom "~ll move (dif. 
fu ) aw-.iy from a high-concentration regio11 toward a low r-<.-oncentralion region. 

If we ubstih1te Eq. 3 into the one-dimensional continuity equation under lh con­
dition that no mat rial ar formed or co1isumed in th • ho t mioonductor. w obtain 

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

\\11en the concentnition ofth dopant atoms is low, tl,e diITusion coefficient can be con­
ider d to be ind pendent of doping ooncentr:ition, .ind Eq. -l b<,come 

ac = 0 a1c csl 
a, ax' 

Equation 5 is often r f, rred to ns Ficks difJtislflll eq1ialio11 or Fick' lnw. 

00 00 
00 00 
0 ►00 
00 00 

0000 
00.Q0 
0000 
0000 

(h) 
(11) 

Figure 6.3 Atornk dlfTU.lion mceh, nl.111 for n two-din1cnsi0111,l lattK'\'.' 1 (a ) \ ',,c•;iua· 111 ha· 

ni,111 (b ) lntcr-.tili I nwchrutl m. ----~---~--------
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6 11 ~un.-...i cliffu. ion c ffiui nl$ for low n ntmtio_ns o!,, nous 
1 ·con .md gallium arsenid ·.''Th I crurithan ~ftl1e diff'.m n_coe_f. 
l th reciproc.J of the ab. lull' t 111pcmh1r · ga,:e a _stma ht h~c an 

impli 111• t 0, l'r thl' wmpemtun: mn e, th d1ffus1011 t'Oeffict 11ts 

e~ 

(6) 

wla r,: D i tlt • difl'usi II t'()Cffici nt in cm'/ e.:dmpol:\lcd to infialite temptm\tur • and 

£. u U1l' ctiv~1tio11 enel'g) ill rV. . . 
Forw inter..1ilJ;.tl diffusion model. E, i.• nibted to th nergi reqwn.>d to mO\ dopant 

, toms fruni on intt' titial site to anotlier. Th v.1l11 . of£,, r_ fo'.md I be bc~v en 0.5 
.llld 2 e\ ' in hotla ~t'On :mdg,Jlium ;\ _ nid, . For th ' '-1c:u1~· di1Tus1011 m~ I.E. ,s lated 
10 both tJ,. eo rgi • of motion .,nd the •n ~e~ of_fom~ntion of , cancae . Thus, E, for 
'"• <:)' diffusion is hi.rg ,r than chut for lot r<tatinl diffusion. usually beh, n 3 and 5 eV. 

~ 

1 
~ 10"' 

-
~ 
;. 
g 

§ 10·1" 
l 

"" a 

f( ) 

1-200 1000 

rE,.= 

l,N 

2<'V 

3cV 

4 ~\' 
S,·V 

1200 

T (°Cl 

1000 

1()1.)(WT (K 1) 

(b) 

Rgurt 6.4 DilTusJ n cod'flci nt (also culled <lifTu~i,ity) as a r,metiou of th · reciprocal of tcm· 
•r..dur for (al tl1 n and (b l .illinm ·nide. • 

For f, st difrusnnts. s11 h ns u in Si ,u1d a,\.,, shown in th upper porti II of Figure 
6.4a 011d b. tl1 m , ured ac.-th, tioo cal rgl • are I th. n 2 c·V, and Int •r..titi:J tomi 
mo,· 111ent i tl1 • dominnnt d1m,s1 11 111edmnls111. For slow dilT.t ,111 • 11ch , , in Si 
• ntl Ga,~. ·hown ill t.h lower portion of Fi1,•1ir •s 6.4a and/,, £ h larg •r tlm11 3 N. and 
v:1 , flC) ' diJTu ·ion is th domin nt 111 :ch:111L~1h. 

6.1.2 Diffusion Profiles 

T_he diffusi~n profile .of th dop11nl atoms i depend nt on the initial and bound,11)· n­
ditions. ThL~ ubsect1011 ('Ou idcrs hvo important caMh, ni1111 ly, constant surface con­

centmtion dilTusion and constant total dopant diffi1 ion. In 1]1 • first c , impuri ty uto111s 
nr tmn~port d from a vapor source onto th ' 111i1.."0nductor urfa and di!Tus d iutu 
the s miconductor, aJi rs. Th "apor source maintain$ , constant I vel of ~urfoC(• t-on­
centmtion during tl1 ntir diffu, ion period. In tl11< concl <.'aSf.', n ri.., :d nmQu,1t of doptt1it 
i d posited onto the rmic.'Onductor urfac • and is ubseqnently dilfost.-d illto th w-..ili rs. 

Con~tant urfrace Concentration 
The initial condition at I = 0 is 

C{,;. 0) (71 

which tat' tliat tJ1e dopant concentration in th hosl n1iconductor is irutiallp; ro. Th 
boundary conditions ar 

C(O, I)= C, (') 

and 

C{oo, I)= 0 ( ) 

wh re C, i. tJ1e . urface conreutrntion (nt .l = 0). which is independent of time. The 
ond bound: ry condition late tl,at nt larg distance from th!.' smface ther • re no Impu­
rity atoms. 

· The solution of Fick· diff\1 ion equation that atisfie tJ,e initial and bound,ary 0011• 

ditio11 · · !iven b, 

C(x,1)=C,erfJ ~) 
'"\2vD1 

(9) 

wher erfc is the complem ntary error function and Vat i. tl1e diffusion I n h. Tl1e 
d llnition of rfc and som propertie of tbe fan tioo are ummarized in Table .1. Tl, 
diffusion profil for the con I nt urft con ntration nclition is hown in Figure 6.5a. 
whi h plot , on both linear (upper) and logarithmic (I w r) cale . th normalized n­
centr tion as a function of d ' pth for thr ,>nlucs of th diJTauion I ngth corre,pondiug 
to thrt-e ronseculi e dilTu ion tim and a ll.xed D for a gi,· n t!iff,L~ion tetllperature. Nol 
tlrnt as tim progre , th dopant p n trat s d I r into th •mioonduc.-t.or. 

The 1ott1.I number of dopant tom · pc r unit . r :1 of th miconductor i.~ gi,·en by 

Q(t)= JC(x,t)tb (JO) 

ubstituling Eq. 9 into Eq. IO i lcL 

(11 ) 
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IP r & O1t!us,on 

TABlf U &ror Function Algebra 

' ., I l•+J .. ,t., 
'ir 

crfq1) 1-c:d(.) 

uf(0)=0 

.-rf( ) I 

' rf(t) l!~ f f<>rx«I ,•ir 

r crfc(. 

Tltis l'XJ>rc,sion can be interpr t d as follows. The quantity Q(t) represents th area under 
ont- of the diffw ion profil oft he I.in a.rplot in F'igur 6.5a. These profi! can be approx­
imated b) triangl ,,ith height C, and b· 2VDi. This leads to Q(t) = c;voi, which 
i. los to lh e.xacl r ult obtained from Eq. 11. 

A related quantity is the gmcli nt of the diffusion prollle iJC/iJx. Tht, gradi nt can be 
obt:li1wd by <Wf. renliating Eq. 9: 

~ =_£_e·•'l•o. 
axl,, rrD1 

(12) 

EXAMPLE 1 

Fur., boron Jiffi, ·on in silicon t lOO<r , th · surfac con<.-entmrion i~ ,n~intaincd at 10'" cni"1 

nd the: diffusion time is I hour. Find Q(I) and tl1e gradient at x : 0 and at a I lion where the 
oorJnl conccntnll:ion reacbe LO" cm . 

SOLUTION 11,c diffidon coefficient of boron at l000°C, as obtained from Figure 6.4, is about 
2 10·' cm't,. th • diffusion length is 

..Joi= ./2x 10·" x3600 = .4~x 10• cm 

Q(r) = l.l3C .,Joi= l.13xt0'• xS.4 x l0 .. =9.5x l0" atoms/cm· 

~ =- C, = - JO" = -67XIO"cm-' 
~ o ./iifii J; X .48xl0_. . 

C,.soon.Uwu 
(erfc) 

6.1 Basic Diffusion Process ◄ J Jl 

IX 10\n-----------, 
S •otms:tant 

2 3 

Oilfos1on depth x (µm ) 
(a) 

! 
1Caw1~111l 

0.1 µn, 
0.5 

.rl5r • t.Oµ.m 

0.1 µm 

101 

I 0.__.__._ __ 2.._ _ __. _ __,4 

OilTu<fon <k>pth .- (µ10 ) 

(bl 

Figure 6.5 Diffusion profiles. (a) Norrnalizcd complementary error function, •rsus di tililce for 
SUOO!S ivc diffusion time . (bl Normnlizcd Cat ian function ~rsu.s di tanoe. 

\\11en C = 10" cm->. tl,e corresponding di tan~-e x1 is giv n b)' Eq. 9. or 

x1 = 2.foi enc·•(:~:;)= 2.foi(2.75) = 4.66 x 10"' cm • O . .J66µm 

dCI =- C, e·•'1"" =-3.5xl0"" cm .. 
dx j-0:.to,6 ... J'iii5i ◄ 

Const. nt Total Dopant . 
For this C.\lie. a n.~ed (or constant) nmount of dop:int is depasitecl onto tbe sc,moonduc­
tor urfoce in a thin ), yer. :ind the dopant ubsequently diffu into tl,e micoodl•ctor. 
Th initial condition i 1J1e sam :IS in Eq. 7. The boundnry conditions are 

jC(x, t) =S 
0 

(13a ) 
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C(oo,t) = 0 

"hL•n· · i.s th • to tl amou11t of dop.01t p<>r 1mit arl'a. 
TI1t· ,ulutton fth • di.ffu,ion ·<111 tion tlu1t . • ,tisfies th .ii.xi, coudit io11 

C(.,.r)= ~e~,J-~) 
tr/Ji '11.. 4D1 ) 

(131.,) 

(14) 

T1li .., pr~ 1 n J th, au,slaJ\ d" ·trihulion. imx• the dopant will m v into th mi­
condu :tor ru tim< incre , . in ordt'r to J...i; p th tot.ii d pant con ·tant, th urface 
t II ntn1tiot1 mu,I detrt>illl'. Tlus i inut' •d thl' t,IS ·. i11cc the urfare concentration is 
~,en b~ E11, 14 \\~th X - 0: 

(x. t) = ~ 
tr/)/ 

()5) 

F1i,ln" 6.51, sllO\, ti, · dopant pronle for a G:11i.ssiru1 di,bibuti n 111 ,vhi h tl1 nom1ali7.ecl 
t'OII nt , tiun (Cl: ) is plottt'd as,\ function of the distance for tl1t !t! l11cr •in diffusion 
lt•ngth, . '01> tl1e re<luctfon of ti,• ~urfoc.- concentrntion as tl, dilTu$iOu ti111 · inc~•ase .. 
Tiie ~ienl of the dilfu.<ion profile o obtn.incd by diffi rentiating Eq 14 and is 

_ _:!_q_u) 
2D1 

( 16) 

Th • gradient (or I ~ ) is 7RTO , t x = 0 muJ ut :r = "°· and th mn.'tiP1um gradient occurs . = r ~ 
atx = \t2Dt 

In intcgn1kcl circuit proce ing. a two- ·t •p dil'fusion process is <.'Ommonly u ed. in 
which a pn.Ylt•~ilio11 diffused layer L~ first formed under th, con · t, nt s 1rface concen­
trnti n condition. This l p i,; followed by a driw-irr diffusion (also called redistribution 
diffusion) und r a constant total dopant condition. For most prac:t.ical c. , the dilTu­
~i n I •ng.th DI for the pred po ·ition di.Ifu ion L~ much ·mailer than the dilfw ion length 
for the dri\· -in diffi,. ion. Therefor • the predepo itiOD profil can he considered a delta 
funl-tiOII at tLe surf.'ICC, ,md the ext nt of the pen tr.it.ion of the pr dt'po. ition profil can 
be , rded to be n~ligibl • 111all compared ,~;th that of the llnal profil · that re u!ts from 
the dri,;e-in h:p. 

EXAMPLE2 

N!mc '"c prt-d po,itcd b , arsin , and the r •<t1lting total ,1mou11t of dop-.utl per unit arc. "· 
101' atom. 1cm'. I low long would it take 10 drh th· arsenic in to ,1 junction deptl1 of l µ111? 

umc a bad,pound doping of C = l x 10" alom</cm1• and ,1 dn, -in temperature of 1200•c. 
For diffu.,i ,1. D, = 2-1 cm'/s, and F., = 4.0 ._.v_ 

SOWTION 

O=D ,J~): 2••..,..J -4,08 )=2.602x JO ' crn"/, 
''\ kT ""''l\8.614x 10·' xl473 

x': 10 : 4Drln(c Jo,)= I.O-l xl0·'1r1n(1.106;,IO') 
I • log I - L0.09t • /j35() a 0 

"' ,olut!on to this equation can l,e dl'tcnnincd by tl1 cros. pomt of quation y • I • log I and 
IO f)l)f - • Thcr fore I 1100 :c n<b. or appn"im.,tdy :?0 mmutc . ◄ 

6.1.3 

--- --~-

6.1 Basic Diffusion Process ◄ 113 

Evaluation of Diffused Layers 

Th~ resull~ of a clilTu_sion proet' can IN ,,~Juated h)· thr niea.,ur menti.~ tl,C' Junction 
d ptl1, th sheet re t~t:m . nnd the d"pant profile of lhc dirTu ed la} r. The junction 
depth ~an bf' d l~n(• t d by cul ting II groove into tl1 • cmicond11ctor and etching th, sur­
face with a olullon (e.g., J 00 cm HF and R few drop of [I 0 1 for silicon) that stains 
lh p-typc r gion dark 0 r thr111 tl, n•type region. :is illustrated in Figure 6.6a. If R,,' tl1 
mdius of th tool u eel to form ti, groove, th n the junc.'tion depth x, I gi\'lln by 

x1 = ✓R~-b2 -~R~ -ai (17) 

wh •re a and bare indicated in tlie ngure. In addition. if n0 i m11cl1 l:1rger than a and b. 
th n 

a1 -b2 
X =-- (1} ,- 2R0 

Th junction depth xr as illustrated in Figure 6.6b, is the position where th dopant 
concentration quals tl1e substrnle concentmlion C,., or 

09) 

Thus. iftl1e junction depth and C8 are known, th urfo.oo concentration C, and th impu­
rity distribution can be calculated, pro~ided the diffusion profu follows one or the other 
imple equation derived in ection 6. L.2. 

The resistance of a dilT11sed h1yer can be measured by the fou,~point probe tcclmlque 
shown in Figtire 6. 7. Th prob are qually spaced. A mall current 7 from a con Lant­
current source · p: ed tl1rough th outer two probes, and a ,'Oltage Vis measured between 
tl1 inner two probe . For a thin scmic,-onductor ample with thick-n W that i much 
smaller than the sample dia.n1ctcr d. tlic resi tioity (p) is gi\-en by 

II 
p=- ·\V · F !l-cm 

I 
(20) 

where CF i l-.-no"q1 as tl1e correction factor. The correction factor d pends on the ratio 
of dis, wher s is the probe spacing. Wl1en dl > 20. the correction foctor approaches 4.54 . 

(u) 

figure 6.6 Junction-depth measurc111cnl. fa) Croo1~11' ,111d to.inlng. (b) Position in " hid, 
dop1111t anti ,ub trail' ,-onc,:nlmtion re •qunl. 
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lU ► O, us,on 

------d-----.., 
figure 6.7 M~.min:1u,•11l f re. isb\ity using , four-point probc.3 

Thl' }/11:d 1Tsl. tan (R,l I r 1. ted lo tl1c junction depth (x1), th carri r mobWty (µ, 
which · a fuuctiouoft.he totru impuril)' l'<>Oc-entmtion ), and the inlpuritydislributionC(x) 
b}· th,· following xpre ·iou:" 

R, = qf>c(x) dx 
(21) 

F'or :1 ,-en diffusion profile. tl1e av m r · livity (p : R.x,l i uniquely related to the 
urfare con ntnition (C ,} :u1d tl1e ubstr..1te doping con ntnition for an a.s ·um d dif. 

fusion prom . De. igu cur. rel ting C, and p have been calculated for imple diffusion 
profil . uch th erfc or Gaussian distribution. To u th , curves correctly, we must 
be ure th t th diffusion profll s agr with th assum d prolil s. For low c.-oncentra­
tion and deep diffusion . tl1 diffusion pronl general I , can be represented by the afore­
mention d simple fonctions. How ver. as discu ·ed in th next ection, for high 
concentmtion and hallow diffusions. the dlffusion profiles cannot be repres ntecl by these 
simple functions. 

TI1e diffusion profil CM be mea.rured using a capacitnnce-voltage technique. The major­
ity carri r profile (n), which is eq,Jlll to the impurity proflle if impurities are fully ioniud, 
can be detemuned by measurin the reverse-bias capacitance of a p-,1 junction or a chottk'}' 
l>Mrier diod a function of the applied vol~ ge. This is dt•e to th rela.tionshipv 

11 = q!, [ d(l/C~!)/d ] <22) 

wh r q i,s th ch, ,.., of an el tron. e, · the permittivity of tbe . miconductor, c· is 
padtancc per urtit area of th sample, and is th applied voltage. 

more elaborate method is the s condary ion mas spectr copic ( JM ) t ch.nique, 
wl1ich me. ,1r the total impurity proill . ln th SIM techniqu • an ion beam sputters 
mat rial off the urface of a emiconductor, and the ion <.-ompon nt is d tectcd and m:w 
llll,'ll)'Zed. This tcchniqu h high sensitivity to many el m nts. such as boron and arsenic. 
nn<l · n ideal tool for providin the precision needed for profil , m urements in high­
concentration or hallow•JUJlCtion dlfTusions.'0 

6.2 EXTRINSIC DIFFUSION 

Th dllTusi n ·profile cl ribcd in tion 6.1 are for <.-onstant diffu ivities. These pro­
m._, occur wl,~n tit• doping con nlration L\ low r tJ,an th intril ic c:arri r con ntni· 

6.2.1 

---- -~--

6.2 Extrinsic Oiffus,on 115 

lion (111) :1 l U, ' diffusion t mpemtm . For exam 1. , 1 7' 0 _ 

for si li 11 1111d 5 x 10" c:, 1-, r _,1. _ P • '1 • 1()()0 C, n, equ:tl, :, X 10" •in • 
- 1 ,or m 111111 •trsen·1de 111 , <lifT .· · I 

i 00e11 ref< rrcd to , the 1111 rin,lc diffu 1 11 D · . USl\'lty itt nw Coli ·ntralio11, 
I ss than 11,('T') ,ire in the i11 trin~i clif!i :' y .. op111 ~ p~ofiles I hat have oo11et:ntmtiu11, 
6 I I . u ,on region. as iad, ·1ted in tlie I ft si l f F' 

. . n t us re• ·on, LliC' r suiting dopant profiles of cqui'nfal . I • < o_ •~re 
of n- , nd /H)'pc impuriti . can bed t . db I or simu tancous d1ffi 1011~ 

e errmm Y superposition· ti · t · l) d'(T • c:an he tr-ill d inden,, 11c) ntl)'· l-low ·v"r I LI . _ . • 1•1 1s. 1 1 u~ons ..- - , ~ . w, n 1e unpuntyoon ntmtion in I di I tl 
tl1e ub trat, nnd th <lop, nt, is greater than 11 ('11 the em· d - bee< u ng >o , 
ic. and th clilfo. h~t is con id red to be xtrins' .. ' 1 ;, 1~ 11 _uct~r . ~me ertrl11-

dirr .• _ b · ic . n ul 'extnns1c d1ffus1on r •mo 1 U 
1111 ·mty - com $ <:-on ntrati n d ' P ndent " In th e:rt . . d'fli . . .,. , . ,c 

fusion profll . are mor l.'Omplicat d and th : . t . nn ic , usd ion region, th dif-
1 • re are 111 eraction~ an cooiocratiw· effoct.s 

among t 1 • s quentia.l or simult.-u1eous diffusion . · • 

Concentration-Dependent Diffusivity 

As m~nlion d previously, when a host atom acquir sufficient energ)' from th, lattice 
,~bra11on to leave its lnttic,-e site. a vacancy i created D pe di ti ch . 
• t d ·t1 I . n ng on ,e argC!t assoc,­
a e WI 1 a vacancy, we can Jtl\"e an utml , , c:mcy v0, an acceptor V-J<.·ancy \ • d bl 
charged' oceptor,' canc:y y J-, a donor \'llta11c:yv· and so fortli \Vice~ that t1' • ou . 
d · f · ' · "r-· 1 varoi1c,• 

rnty o a gi,·cn charge slate (i.e .. the numb r of vacancies per unit ,'Olume c .) h: 
temperature dependence similar to that of tl1e carrier densil)~ tliat is. • ' :t5 a 

Cv = C, x 1......!:!. ~E -E) 
kT (23) 

,1vl,er1e C, is the intrinsic vacanc.y<l nsity, £ •. is tl1e Fenni level, , nd E, is the inhinsicFenni 
ve . 
. f ~he cl pant diffusion is dominated by tl1c vaCMcy mechanism. the diffusion coef­

fi ,cnt I e ;pected to he proportional to th acancy den ity. At low doping conccnlmtions 

E 
cS 
cl 

100.---------...-----------. 

0.1 

' I 
I 

fntrin(k : E.,JrinsiL~ 
dilTu:rion -4- : __. diffurioo 

' ' I 
l 0 

,.,,., (n 
10 

Figure 6.8 Donor impuril · diffuihity, r.,,,s dcclron c<)l)C"<•nlmtion ,J10\•1ng regioru of iutno 1t· 
and ~lrinsic <liffuslun." 
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n I tli, F, mu 1.:-, d coit1 id •s with the intri11 ic f'enni I ' I (£1 • t:,~· Tiu, , ic..1111,} 

JnNI' c t"'Ju,J 1<1 C aud is indepcn<ll'llt of doping t-onc,mtn_lio11. The diITt'. 1011 l-OC_ffi. 
0 nt "hid, pNporti nal to . ,1lso is i11d(•1w11dr 11t of dop111g t 11~l'lllmt1on. At l11 h 

II( ·utJ\tb 1 (n 11 ,), lh , F nni level \\ill onov,· to, . rd the nd11 t1on baud '~1.ge (for 
don r•h'Jl< ,. t.u1d •,) . • u1d tlw tc1'111 (t-,p(e, - ~,)lk_1'1 lwro111 . ~ lnrg~r '.h~11 unity. Tliis 
t m -. c, to men·. "· which i11 tum cnu<t'' tl1c d11Tu 10111,"0t'ffic, nt to III r ,L<e,, hown 
111 th.- riqht ,ide of flgur<' 6. , . 

\\'ht-u tlw dilTu,ion 00t>ffidc11t ,. l'ic-s with dop, nt t'OOC(intmltoll , Eq. 4 should be 
11.><'U t.L di.lTu IOU t'\jllalw11 insk·,l<l on~q. -. io I hicl, 0 j ind pendent of C. \\ con. 
id r till' c:L,~ "i1t•rt• tlit• dilfu~ion ,fficil'lll c.m be wrilt 11 as 

{2<1) 

,.t1 •rt• c is d1t' surfot, t'011c •11tratio11 . D, is the diffusion coeffi ient al tJw surfo • nnd 
i' is ,1 parum tl'r to d scribe the cont-enl.mtion d pen~en . F~r su h :i case. w• can write 
Eq .i ,I! 1111 ordrn,uY 1hlft..rential equnt:ion . nd olve 1t numenc:llly. 

fil!Ur, 6.9 shm; the olnti n u for constont urface t-011ce11tration cliffus, n with dif. 
r. rent \. lu ,1 of r For r = 0," • hnv · the c: of co1 tant diITu ivity, and tJ1e profile is 
tJ11.- s.unt•. th t . hmrn in Figure 6.5o. For r> 0. the di.lTusivit)' d re:L,e. · the con­

ntmtio11 d., r(• e • um.I inc asiogly ;t p and boxlik concentration profil · result for 
incr• .L~in, i' Th<•J'\'for . highly ubrupt jw1ctfons arc formed wlwn diffo ions are made 
into ~ b .. 1Ckj(l'011nd of an oppo He impurity type. The ,ihniptnes of th ' doping profil 

ult, in a junction d •pth ,irtually independent of th · ba kground con ·nt!'lltion. 1ote 
th,1t tl1 • jun tion depth ( Fig. 6 .9) is given by 

--
0.2 

--- ...... _ .... ____ _ 

o I 
II 

11(16 

00-I ,cl 
D-<" ... 

0112 

IJOI 
(I n~ 0 12 t 6 2.0 24 2.t\ 3.2 3.6 40 

rN D,t 

Fi ura 6.9 Xnnr i,...J difffl\iQn profiles for c· trin,ic dJfTu~lon ,vhcrc the diffu ioo coefficient 
h.vum, C >IK ·nlr.ttl(m d pc:nd,·nt ." 

6.22 

6.2 EX1rinsic Dlllusion ◄ 117 

XJ • L.6-v'o; for D - C (y z 1) 

rl" 1.IVDJ for D -C1 <r= 2) 

x1 = O. 7\/ii; for D- C' (y .. 3) 

(2,5) 

In the e of Y" -2, the: difl'usi\~ty inert;: es with de rcasiog l'Oni-cntr. tlon, which It>, d, 
to a cone.we prom • a.~ opposed to the COil\' )I prom s for oth r ·~-

Diffusion Profiles 

DifTusion in Silicon 

The:: measured diffusio11 co fficients of boron and nrsenic in iUcon hn\ a co11CPntt:1lion 
d pe11denc • wit h Y= l. Their concentmtiou profiles nr nbrupl, as d picted in curv c 
of Figure 6.9. For gold and platinum diffusion in silicon, yis close to -2. and ti, ir con, 

ntration prof'H shave the concav shape shown in curv• d of figure 6.9. 
The diffusion of phosphorus in silicon is as ociatcd with the doubly charged ncoep­

tor vacancy v2• • and the diffusion coefficient at higl1 concentration varie • C'. We would 
•xpel't tl1at the dilTusion profile of pho phorus res mbles that hown in curve b of 
Figur • 6.9. How ver, b cau of a dissociation c!Toc-t, tl1 clilfosion pron! e:d1ibit:s anomn­
lous behavior. 

Figure 6.10 ho, phosphoru diITusion profil for various surface c-onccntrntioiu 
aft r diffusion into Woon for J hour at 1000°C. 13 When th , surf. cc concentmtion is low. 
corresponding to the inhin i diffusion r gion, the diffusion pror..le is given by an erfc 
(curve a}. As the t-oncentrntion increase , the profile begins to d ,~ale from the simple 
expression (curve b and c). At very high concentration (curve cl), the prolH near the 
urface is i.mleecl similar lo that shown in curve b of Figure 6.9. How ,·er. at concentm­

tion rt,., a kink occurs and is follow d by a rapid diITu ion in the tail region. Th concen­
tnllion 11, corresponds to a F m1i level 0.11 e\l below tl1e conduction band. At this cne'KY 
I vel. the coupled impurity- .cant,• p:iir (P·v 1·J di oci,11es Lo P' , v·. and a11 ele1.tron. 
Thus. the dissociation generates a large number of singly cl1arg d acceptor "acancies v·. 
which in tum enhances th difTu ioll in the tail region of the prollle. Th clJITu ivity in 
th • tail region is over 10· 19 cm%. which is about two orders of magnitude larger than th 
i11trinsic clilTusi,~.ty al 1000°C. Because of its high di.ffu ivity. phosphoru is commonly 
used to form de p junctions, such as th 11-tub i.n CMOS. 

Zinc Diffusion in Gallium Arsenide 
We expect diffu ion in gallium arsenide to be more complicated than that i~ ilicon beca~ 
the diITusion of imp111iti may involv • atomic movements on both tJie gallm111 :1nJ arse~c 
ublattices. \lac. nci pin)' a dominant role in diffusion process in gallium arseo.1de 

beeaus hoth p- a.nd rHyp impurities mu t ultimately reside in lattice , ite . How r. 
tl1 chnrg state of the vacancies hnve not bcc-n estnbli hed. . . . 

Zinc is the most ex-tensively studied diITu ant in gallium nrscmd '· It diffu ~on ~f­
Oci nt is found to vary. C2• Th rcfore. the cliffiL<ion profil are st p. al shown 111 Figure 
6.11.'' and r s mhle curve b of Figure 6.9. j ote that even for th c-:ise of th · lowe t ur­
faL'E' con ntmtion, th di ffo ion i i11 the extrinsic diffusion region. because 11 , for G 
at L000°C is I than 101' cn1 .... ru ~ en in Figure 6.11. the surfac concentration lrns a 
profound ffi ct on th junction d plh. Th dilfu ivityvari linear! •witl1 tlw partial Pf s­
su r of the zi11c vapor. and the surface i-011ccotratio11 is p~portional ~o ~he ·quare root 
of tli partial pressur . Th refor , from Eq. 25. the juucbon depth is linearly propor• 
tional to the urfore cone ntrat:ion. 
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Figure 6. 10 Pho,phon1S diffusion proGle ll for various surface concentration ·.tfter diffu ion 
iJlto silicon for I hour at l000°C. 

6.3 LATERAL DIFFUSION 
Th.e one-dimensional diffusion equation discussed pr viously can describe th diffusion pro-

ti factorily. cept at the edge of th mask window. Here the impurities will diffuse 
downward and ·dewa} (i.e., lat rally). In tlus case, we mu t con ider a two-dimensional 
diffusion equation nd use a oum rical technique to obtain tl1e diffusion profil under dif. 
ferent initi.tl and boundary conditions. 

Figure 6. 12 shows tlie contours of con tant doping concentration for a con tant sur­
face con ntration diffn ion condition, assuming th, t tl1e diffusivity is independ nt of con-

ntr.ition.11 At tl1e far right of tl1 firure, the variation of the dopant concentration from 
0.5 C, to lo-' C, (where C, is the surfice concentration) corresponds to th erfc distri­
bution given by Eq. 9. Th contours are in effi ct a map of th location of the junction 
c ted by diffusing into \'arious background concentrations. For exampl , ;it CIC, = 10·• 
(1.e .. th h ckground doping is JO' tim lower th, n th urfu concentration), we see 
from tlus constant concentration cul'\ that th vertical pen trntion is about 2. µm . 
wh re tl1 lat ml penetr.it:ion JS about 2.3 µm (i.e., the penetration along the diffu ion 

L_ __ ~ n_w_ k-miconductor interf.'l ). Therefor , the lat rat penetmt:ion is about _%_ o_f_t_hc _____ _ 

u 
" N 

6.3 Lateral D~fus1on ◄ 119 

101•,__ ____ ..t..._ ____ J.._ ___ __;L_ ___ _j 

0 50 100 150 200 
Depth (µm ) 

Figure 6.11 Diffusion profiles" of zinc in CaAs after annealing al tooo•c for 2.i hours. The 
diff.,, ·nt surface conccntmtions are obtained by maintaining the Zn ource at tcmpemture in 
the range 600°C to soo•c. 

penetration in the vertical direction for concentrations tluec or mor orders of magni­
tude below the urface concenlrolion. Similar results are obtained for a con tllllt total 
dopant dilfu.sion condition. The ratio oflateral to \'ertical penetration is about 75%. For 
concentrntion-depend nt diffu h~lies. the ratio is found to be reduced slightly. to about 
65% to70%. 
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Figure 6.12 Diffusion ,-ontours at the e<lgc of an o~ide "fodow. where r1 • the radius f 
curvaturc.1' 
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uw f the l11te . I difl'u ion •!Teet. th junction n~i t. of a central pl n (or 
t I r n ",th appro.tiniaid • cylindrk~i.l dge~ with a mdiu< of U1'~1tt1n- rl' l lS l10wn 
in Fi1:Un' . I- lt\: ddition. if tl1t' cli!Tn~on mm k ntain shnrp comers, th • shape of th 
Jllll<"hon 1,e& tb ~vml'T wi.U be roughly ;pheri~I bt.~1 ·e of lnt~ml dJffu. io_n. iocc 
th d oc fi Id int 11.sitic. itrl· higher for cylindncal and sph nc-al JUOCtiOt\ region , the 

..!.web bn·,1kdll\,it volti1g s of u h region cl\Jl be sub! tm1tinll)' lowt'r than tJmt of a 
plan Junction htl'1ng the ~1111e background doping. 

6.4 DIFFUSION SIMULATION 
11,e ~Af'i comph tious th .. ,t aris!.' i11 tl1e romputation of dilJwion profile< l llcll as con-

11tr.11i n-d pend nt di!Tusivity) t nd to preclude the u of analytical hru d c..Jculations 
r. r all but th impl t e~'lmple . Fortum1Lely. th PREM oftware p, ck-n • introduced 
in Ch..tpler 3 also include t'Olllplete model for di.ffu ion. PREM can . imulate one- or 
two-dim n ional dilTusiou profile . Thi! i accomplished u in tJ1e DIFFUSION rommand. 
The output of th progn.un is typical! · th hemical. ca.ni r, and V:ICMC) r. nlrations 
~ fonct.ions of d plh iuto th emiconductor sub trate. 

All diffu.si n p simulntor.;, including UPREM. are bast-d upon tl,rec b~ic cq~•a• 
lion>, 11 Th first ('quati n is for the Oux (J ), which in on cli.m ns.ion is gi\·en by 

1, =-D1 dC, +Z,µ,C,E 
dx 

(26) 

wl1ere Z, is the char'!!e stat . µ, is tl1e mobility of tl1e impurity. and E is the electri.c field. 
Th ubscript i indi t the PREM gTid l=tion. Th econd relatioosbip is the con­
tinuit) equation. which is gi"eu by 

dC, + dl, =G 
dt dx I 

(27) 

where C, i the generation/recombination rate of the impurity. The final k y relationship 
is Poi · n·. eqm tion, which in one dimension i given by 

(28) 

wh re £, is the permittivity, 11 and p are the electron and hol concentrations. and N~ 
and?¥. are the concentrations of ionized donor and ace ptors, respectiv ly. SU PREM 
oke Eqs. 26 to 28 simultan ously over a one-dimensional grid specified by tJJe user. 
ni difTu h~I)' valu used by UP REM are based on 111 vac-ancy mod I of Fair. 11 The 
valu of E, and D,, for B, b. and ar included in a look-up table. Empirical models 
are used to account for field-aided, oxidation-eri.lianccd. and oxidation-retarded diffusion. 

EXAMPLE3 

uppo.,e_" · wanl lo imulate th· predepo 'tion of boron Into an u-type <100> silicon w·afcr al &50•C 
for 15 mlJ\'.ite,. Ifth ·,iUconsubstrn.te i <loped with ph ;phonis ala level of JO'" cm..,, 11.se SU PREM 
tu di:temunc the ooron dopin)!; pro61e nd the j•.mct.ion d •pth. 

SOLU110N The PllE~I input lutin,r is a• foU°'' : 

TITLE 
COMMENT 
INITIALIZE 
COMJ,IENT 
DIFFUSION 
PRINT 
PLOT 
STOP 

6.5 Summary 

Predeposition Example 
Initialize sil;con substrate 
<100> Silicon Phosphor Concentration■lel6 
Diffuse boron 
Time•lS Temperature-850 Boron Solidsol 
Layers Chemical Concentration Phosphorus Boron Net 
Active Net Cmin■lelS 
End predeposi •tion example 

121 

Note UMI _urface concentration of tli boron is s l to the wlicl solubilit limit by the So 1 i dso 1 
parun1ch: ~ 10 th~ DIFFUSION command. After pr ,d position Is c-ornplct , \\'C print a,1<.I plot the 
boron co~cc~t~llon as ~ function of depth into the silicon ubstr,itc. Th results an, hown in Figurt· 
6.13, wh,ch ,nc~i':ltes a JUncho,1 d 'plh or 0.0555 µm. ◄ 

► 6.5 SUMMARY 

Di!Tu ion is a key method of impuri ty dopi11g. This chapter fir t considered the basic dif­
fu ion equation for constant diffusivity. The complementary error function ( rfc) nd the 
Gan• ian function were obtain d for the constant urface con ntration case and C<ln­
stant totti.l dopar1t cases. respectively. The results of a difl'll5ion proce can be evaluated 
by measur ment of the junctioll depth, th sheet resistance. and 11,e dopant profile. 

0 

predep.in 
Data from tpa00183 

0.2 O.t o., 0.8 l.:Z 1 t 1., 1.8 
DiRtance ,1 long l nn 

Figure 6.13 Plot of boron concentration as a function or depth into tl1e . ilioon ,ub. t.rule, using 
SUPREM . 



Page 67 of 158

12:? Chapter 6 Diftus,on 

\\1u•n tltt• dopmg concentration is higher than the intrinsic_ cnrrier concentra!ion '\ at 
tht> diffa<ion tempemturc. the difTushity becomes conccntmtion dependent. This clepen. 
drnc.> Im< n profound efTect on the rcsnlting eloping pr_ofllc. For exn'.nple._ a~enic and 
boron d,fTu,·hitl' 111 silicon ''n" linearly with the impunty concentmhon. 1 hear eloping 
profilt>5 .in· mu~h more obrupt than tl1e erfc proflle. Phospl'.orus_di~usivity in s!li<.'O~ varies 
,~ the squ,1re of concentmtion. This dependence and ''. di~OCJati_on e_~ect gwe nse to a 
phosphorus difT~hity tlmt is 100 times h1rger than its_ ,ntnus,c: '."fT~sMty. . . 

Liteml diffusion at the edge of a mask and impunty rechstnbuhOn dunng o~,clation 
are 1,,0 processes in which diffusion can have an important impact on cle,ice ~ri:on11ancc. 
The former ciu1 ubstantially reduce the breakdown voltage. nnd the latter "~11 ,nfluence 
the threshold voltage ns well ns the contact re· istance. 
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PROBLEMS 
Astcrnki denote diffin,lt 11roblcrm 

ECTION 6.1: BASIC OCFFUSIO:-.' PROCE 
l. Calc11l,1te the Junction depth and the total amount of dopant intro<lucecl after boron pre­

d~position pcrfonned at 950°C for 30 minutes In a neutral ambient. Assume the sub­
>lrate is n-type silicon "ith .V0 • l.ij x 101• cm • and the boron surface concentration is 
C, • l.S x I()"> cm 

2. If tl11, ,ample in Prohlem I Is subjected to a n~utral dri,-c-in at 1050°C for 60 minutes. 
calrulute the dilTu\ion profile and the junction depth. 

Problems ◄ 123 

3. Assume Ilic nwa:.urcd 1>h0>'J)homs profllc can be rcpresen"-d by a C:a11<sian 'unc•·on ti dilli . D ·" • • I' .,, ,., I ., usi'1ty • 2.3 X 10 cm'/s The measured surface concentr•tion t< l x 10'' 
,1toms/im'. and the ,nc.uurc-<I junction depth Is I µmat a ,ub.tmtc ,-onrentration of 
I X 10 . Calculate the di!Tusion time and the total dopant in the dilf,1500 layer. 

•4_ ~o avoid waf~r w·cup duet~ a sudden reduction in tc:mperature. the temperature in i difTu­
s,on fum><.-e is decrca.sed hncarly from 1000°C to 500°C in 20 minutes. What is the effec­
tive diffu,ion time at the in,tlal diffuslcm temperature for n phosphon,s diffusion in silic-on? 

' 5. For a low-conc:cnt.rntion phosphol\Js drive-in diffusion In silicon at 1ooo•c. find the 
percentage change of surface concentration for I% variation in diffusion time and 
temperature. 

6. If arsenic is diffused into a thick slice of silicon doped with 10" boron atoms/cm' at" 
temperature of uoo•c for 3 hours, what is the final dhtribution or arsenic if the surf:1(.-e 
eoncentration is held rc,cd at 4 x 10" atorns/cm '? What arc the diffusion len~h wid junc­
tion depth? 

SECTJ'O1 6.2: EXTRI NSIC OCFFUSlON 

7. If arsenic is diffused into a thick slice of silkon doped with 10" boron atorn,,/cm1 at 3 
temperature of900°C for 3 hours. what is the final distribution of arsenic if the surface 
conccntmtion is held fhed at 4. x IO" atoms/cm'? What is the junction depth? Assume 
the follO\,ing: 

D0 ~ 45.8 cm'fs E, = -1.05 eV xJ = 1.6\lo; 

8. E'Jllain the meaning of Intrinsic diffusion and cxtrlruic diffusion. 

SEC,'TION 6.4: OlFFUSION SIMULATION 

9. Use SUPREM to perfonn a drive-in ~tep for 6 hours at l 175°C following the predeposi­
tion described in Example 3. Plot the boron profile and gh-e the new junction depth. 

• 10. Afler the boron dri,-c-in step in Problem 9, suppose phosphorus is subsequently predc­
positcd and driven In. The phosphorus predeposition occurs at 8.50°C for 30 minutes, and 
the driw:-in occurs at J000°C for 30 minutes. Use SlJPREM to plot the phosphon,. and 
boron impurity profllcs. and detennine the junction depth(s). 



Page 68 of 158

7 
ton Implantation 

d h t 6 diJT11 i II ttnd ion unphintation are th tw k m thod of 
cb.<CU e 1n · P er · ' · I be o "" rom ed . . . . ' . the earl 19-os. m. ny doping opcrauous ,a, .,. r11 t 

,m.punty dopm _- 11 I . f ' e - 1 Intl• P th d pant ion ar implanted 
I.. . • 1plru1t ti ,, • I "11111 ,gur ' . l =•'· 
~, 10n m . ' d . b ' ans of an io11 hewn. The <loping c'OnC ntrotion I, a I"-"" 
into the uncood utJctor y_n d tor.' ,,d 111., 1,roflle of th, dopant distrJbuLion is d tcr-
dis b ti ·n i e 1t scnuron u , · • 

.tn 11 0 .11 1' ·1 . 1 . :md tlie imphntecl•iOll ncrgy. Thi chapter discu-· s the 
nuned rnam • >y ull! 1 n m 
follo,dng topic : 

• The p _ Jnd ,,dv. nta~ of ion implantation 
• Ion distribution in the c; tnl lattice and how to rernov • latti damag caused 

bv iou imp!: ntation 
' I ~-' , such as maskino high-energy implantation, and • lmpl ntation-re at= pr .,, 

higli<0rrent imp! ntution . 
• Th . ·mulation of ion in1plnntation u ing U PRE 1 

lnC p-
(a) 

ln 

(h) 

flgure 7.1 omp.iri)on of(al diffusion and (bl ion-Implantation technk1u for the lccti\'t' 
1ni.nxlui;t11111 of d,:,pan into the . ·1nlconductor <uh tc 

,1 enge of Implanted Ions ◄ 1Z5 

► 7.1 RANGE OF IMPLANTED IONS 

Ion lmplnntalion i$ th int ro<lucl on of cnerg,tic, ch rg d parti I into 11b trat ucl1 

, ~. iii ion. lmplantnlio11 n rgl ar bctw ·n 1 kcV and l lcV. re ulUng in ion distri ­
bution with avemg • <lepll ranging from 10 nm to 10 µ111 . Ion do vary from )011 

io1is/cm1 for threshold voltage ndju luwnt 10 101 ions/cm- for ll1, fonoation of huned 
i11sulatin lu rs. ot th l th dose is ~pr • d as the number or Ion implm1ted into 
1 crn: of Lh semiconduclor ·urf: ar a. TII!.' mnin advantages of i n impln.nt:: oon are 
its more pr els' control nd reproducibility of impurity doping and its lower procc -
ing temp rature compar d with tho · of the diffusion proc-c s. 

Figure 7.2 ch ·malically shows a medium-energy ion implantor.1 TI, ion source h 
a beat d filament lo br ak up source gas s ucb · BF• or I into hargcd ion~ (B· or 
/\s·). An extraction voltag , around 4.0 kV. caus the charged ions to move out of tl1e 
ion• ource chamber into • mass anal,.rer. Th magnetic field of thc analyzer chosen 
uch thnt only ions with the desired nmss-to-charg ratio can trnvel through ll without 

being filter d. The I cted ion th n enter ti, accelemtion tube, wher they, r <.'OCl­
emle<l to the implantation ncrgy as th )' move from high voltag to ground. Apertures 
en u thal th ion beam is w II collimated. Th · pressure in th implantor is k pt belO\ 
Io-' I'a to minimize ion catteriog by g mo! <.,1les. Tl,· ion bc,1111 · then scann ,dover 
tlu: wafer surface using ele tro tatic d O ction pl t nd is implanted into th mi• 
con<lu ,tor substrate. 

The energetic ions lose en rgy through collisions with eleclrons and nucl i in the 
substrute l\nd finally come to rest at some d pth \\~tl1in Llie lattice. The :werag d ptJ, = be contrail d by adjusting the ncc.-cl ration energy. Th dopant dose can be controlled 
b)' monitoring the ion curr nt during implantation. The principle ide ITect i.s di rup­
lion or dam ge of the semiconductor lattice due to ion collisions. Th refore, a sub ::quent 
anoealin treatment is needed to remove tl1i.s damag . 

7.1.1 Ion Distribution 

Tl1 total di~tance tlmt an ion tr.i I in coming to re t is called it range (R} and is illus• 
tmted in Figure 7.3a.~ Th projectiou of this dist nre along the nm ofincicl nee is cnlled 
tJ1 , projecfe,/ range CR). Because th number of_colli ions !M'.run!t ~~ce ru,~ th en '.'ID' 
lo t per collision are random variable . there will be a spahnl distnbutJon of 101 having 
th nm mass und the same initial energy. The tatistical Ouchmtions in ti, proj ed 
range ar • cnlled tJ1e projected st raggle (<1). There i also a tatistical Ouctuution along 
an axis perpendicular to the :u.is of incid nee. which is called the latl'ral &tra{!J!)e (u). 

T~mll,.,;I 
ground 

\";cuum 
1rm 

ch malic of u mcdlum·Cl•rreni ion implantor. 

~lttt•r 
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(n) 

finn ...,nlrutioo l 

'" 

06n1Jl I 

0 

O>) 

Figure 1.3 (a l hemalic of th ion l"'J.llge Rand projected ran e (bl 1\,,:,-dunensional distri• 

bution or the implanted loru • 

Figure 7.3/J ho,, the ion distribution. Along the axis of incid nee, the implanted 
impurity profil can be npproximated b • a Gaussian distribution function: 

(1) 

wh r is th ion dose per unit area. This quation i imilar to Eq. 14 in Chapter 6 for 
coiutunt t tal dop. nt diffusion, e.tcept that the quantity .Wt is replaced hr 20: and tlie 
di tribution is bifted along the x-a.xis by~ TI1us, for diffusion, the maximum concen· 
trntion is · t • 0. ,,➔ier for ion implantation th ma:omum concentration i at the pro­
jected range. Th ion l-Oncentratioo · reduced b ' -!0% from i peak valu at (x -R,) : 
±or- hr ont> d d at ±2or. h , two d c:ad at ±3oP. and by fi.,,e decade , t ±4.SaP .. 

on, th axis perpendicular to th a.ti. of incidence, th di .tribution is also a Gau. an 
function of Ll1 form -y·t2<h ). Because of this distribution, thcr · will be som · lat· 
t'ral imp!, n tioo. Jiowever. th lateral penetration from tl1 mask dge (on the order 
of o 1 · con!tid rabl • mall r th. n that from the th nnal diffusion pro<:eS discus..~ m 

lCb n 6.3. 

7.1 Range of Implanted Ions 127 

7.1 .2 Ion Stopping 

Tlwr ar lw sto1>ping mt>ch ni 111 by which ,111 en rg tic ion. on cmlt•ring •1 , ·rnicnn­

~uc.1~r substrate (also call I th ui_rgct),' m b,· brouv;ht to rest. Tiw nrst ~ by trnn~f..r­
nng its ·11 'l!Y to the tnr Pl 1111 I •1. Tlus . us •s d nectfon of the incid1ml ion nd Jso 
disloclg •s_ m,1ny t.'lrg~t nu I ·i from th ir original lntlic . it •s. If£ is thc cnergy of th , im, 
. t RO)' pomt x along 1t~ patJ1. we can d flnl', nud •ar stopping powcr. S.(E) • (c/f/dx) , 
lo ch ract riz.e thi proc.-css. Thr SC<.'tlnd ~lopp!ug mechanism i b ti, int •mcti n of th .. 
incid nt ion with th · cloud of electroru surroundingtl1 • targ t' atom, . 111e ion lOS<.>s en ~ · 
in collisions with I 'lrous Ll1rough oulombic int •mction. 11ie clectrous can he c. cit I 
to higl1 r energ}' I~, Ls ( xcitation), or thcyca11 be ject d fro11llhe ;1lo111 (ioni7.atiou). \\'r 
can delln ;u1 electronic topping power, 0(£) 11 (dE!dx}., 10 chi1r.1cteri~ this proc • . 

The 11v rn c mt of en rg}' los with distmK-e is gi~ n by. supc11>0sition or the> hvo 
stopping m chanism : 

{2) 

If tl1t! tot,11 dist. nc.-e traveled by the ion befor coming to rest is R. tl1t!n 

~ tr dE 
R=fd.\'=j • 

o o s.(£)+S,(£) (3) 

where £0 is the initial ion cncrgr. Th quantit)• f( b been d fined previous!)· as tlni r,111 . 
We can vi ualize the nuclear stopping process by considering Lit elastic collision 

betw1:en an incoming hard sphere (en rgy £0 and mass M1) and a targ t hard sphere (ini­
tial energy zero and m, M1). as illustrated in Figure 7.4. Wh n the sph res collide, 
rnomentum is tr311sferr d. long the center of th . pheres. Th dene<.•tion angl (9) and 
the, locities, v1 ,uid v0• can be obt:uned from th· requiremen forconsem1tion of momen­
hlm and nergy. Th maximum cu I'$.)' lo is in a head-011 colli,ion. For thi case. the 

llCrg)' loss b , th incident particle \/1, or the energy trnn fe rr d to M1• • 

.!_M,vl =[ 4M,M1 ]E 
2 . z (M, + M,)2 o 

(4} 

Figure 7.4 ollision or hard:,:sp'.!::hc::.:rt.::;'::• _____ ~~--------~---
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I I I planll 11011 

11,-,• ,\11 IS ll 11.JI~ Ill<' order 11( lllll~litucll' IS M 1• a l.ug' Ulll Ulll of •n rg.) 

"' tnin r.-rn.J 111 topping ptuC<;,, . 
kiti wl the 1111 l •.,r slopping power in rl • witl, 

1 l'l!it' o Eq. -1 ) l re:iclw · a 11Hlxi · r-

1m-d1.11t• .. m-~ .\ t hi1th l'nt'l'l!ll' .. • (El I mailer bec.111:w ~ 1 
· · · t<' Ill$ to , ltiev • • . 

a . sphoru • nd bo . 
lid re th ,operscript ir 
t ;u I\ • a Ill ,er 1111 ll'ar t •r. 
UlC 

uod to pmpnrtional to the velocity of th . inci-

nt ion or 
(5) 

,, h •re •Ilk, nt k, ~ a rd.1th dy ,, ·ak fun lion of atomic mru :UJCI :ito01ic number. 
111t•, · is approumateh Hf (e\')1 1/cm for ~ilicon and 3 X 10: (eV)u/cm for !]. 

fjum • . The I tronac t pping n il> plotted i ottcd 
l111 ). ,,t in tla.- figure ,tr tlte l whicl For 
bomn. whi h h: .i r lativel low iou n e h the 
l ro wr ne~ i 011I~- 10 kt'\ '. Thi., n r th rgy 
mn~ · ,,r L k \ ' to l te\', the main ·ne 1 to n . 
On th,· oth r hand. for JJ'S ni . \\ith its 1 • tlt ~ • i 
,DO k \' nu, , nu I ar topping domiuut oq~r f sphoms, 

('>()!Ir--------------------, 
- j• 

-- ~11ch1r 
--·- El!'dTOIII<' 

1000 

1110 &lo 1000 

En~ h\•J 

gure 7.5 :-.;ud,·.ir •toppinl! P"'' r. (E) ,.,,J I :ctronic topptnl( pow •r, (El, ~ r ,u. I', .1J1d 
Ban I TI-11 pom t> 1111 •rst-tbon of the cur" c:orr pond 10 th«' cm·l)O' ,11 ,1 hi h nud ar and 
-~ ,1m111 ll<>ppb•~ .,re t 1u.J ' 

7, I Range oflmplant d Ions 12 
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EXAMPLE 1 

\,-ur1t• 10(1.l.-\ ' honm lmpl,1111s on., 200-nH n >i~< n w.:if.·r.it "do,· of !011 lun-.lcro1 C,Jculnti, 
tht• I .ak < >11( •nlrnt,011 and tit(· n'<(llirl-.l ion LH),1111 c11mm1 for J 111iou1 · of l111ph111 tion. 

SOLUTION Frun1 Fi!(llJC i .6a. ,, • obt,,ln 0.31 an<l O.Ui µ111 fi r the proj..cu•d l'ltn 'l' and pro; :<:It'll 
~tru~IL• n·-;pt."l..1n t•h-. 

From "-<1 I, 

Thr fl""l. l•>n~ntrallon ul, • I\,· w,d 11(r l r 2.85 x JO" ion orn1• 

Th., totJ.I nurnl,.., of 1mplantt-d ion~. Q, IS gw"n b_ 

Q = 5 IO"x 1r x( 2
2°) =l.57x l0 11 ions / cm 

11w n·quirt-d ion current. I . b ):i,,cu b 

I qQ l.6 X IO 1•x 1.57 x l0" 9 10.., 04.., 
=----------4.1 X A =. ,rn,\ 

( 60 

7.1.3 Ion Channeling 

◄ 

The proj ·ted mnge nd Ira '"I of th C, u. i, n di tribution discu d pr viously give 
o good de cription of th implanted ion in ~morphous or fine-grain polycl)-stalline sub­
tra10 . Both si lit-on and gallium ar cnid b •have as if the , w re ammpbous mioon-

ductors, prO\~ded the ion beam is misorientecl from tl1c low-iode,: cry tallogrnphic dire<:.tion 
(e.g., < 111 > ). 1n this sih.wtion. the doping prolll described by Eq. I i, followed closely 
n(.'. r the peak and xtended to on or two d cade below th peak value. This is illus­
tmted in Figure 7.7.: I.low ver. ,·en for a nlisoricntation of7° from the <1 11> a.-ds, lhcr 
sUIJ is a tail that varie 11,:pon ntially ,~tl1 di. lane as c.,1,(-x/.l). where ;. is typically on 
the order ofO.J µm. 

The ,:ponential tail is rc-1, ted to the inn cl1a1meli11g efli ct. hm1J1 ling occurs wben 
incident ion align with , major cry tallogrr,phic direction ,,nd arc guided between rm, 
of atoms in a Cl) tal. Figure 7. illu lr.tlcs a diamond latlice viewed along a < J 10> clir c­
tion ." Ions implanted in th < 110, direction will follow trnjcctories tJ1at will not brin tJ1c111 
~los enough to a targ t atom to lo e significant amounts of en rgy in nucl ar colli ions. 
fh us. for cl1ann I I 10n., the only cnerro' loss mechanism is electronic stopping. and th 
rang of channel d ions can be significant I · b rgcr than it would be in an amorphous tar­
g I. Ion ck11111eli11g is particularly critical for low nergy implants imd heavy ions. 

han 11eling can be •ltinimi7.ed b ' v ral techniques: a blocking a111orpl1ou urface 
l.i) 'T. mLSori ntal1011 ofth wa er. and creating a clanmg d layer iu th wafer surface. Tt,e 
usual blocking :rn1orphou I y r i.l Imply :i tliin lay r of grown Wcon dioxide (Fig. 7.9a}. 
111c L1y1·r • ndo111ize tl1e dir 'Clion of the ion be:irn so that the ion nt r th wat r at 

7.2 Implant Damage and Annealing 13 L 

lfl!I ,-------------~ 

1016 p· ionv'c, ,,' 
160kcv 

' 
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C .. 11 sla.n ~ 
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JO'~ .__ __ __. ___ .....1. ___ _,_ __ __, 

0 0.2 OA 06 o. 
Depth (µm) 

Figure 7.7 l111p11rity prollle obtn.ined in a purpose! • miS(lrienl d tnrg~t. loo beam is incident 7° 
from th~ dlh a.~L2 

different angl •s and not directly down the crystal channels. 1- lisorientalion of the wnfo 
5° to 10° off the major plane also has th effect of pre"enting tl1 ions from ent rina th di: 11-
n ls (Fig. 7.9/J). With this Ill thod, mo t implantation machines tilt lh wnfor b · 7° and 
th ·n apply a 22° twi t from the fl , t to pre\'•nt channeling. Pre-d1maging th \\~\~ r urface 
witl1 a he:ivy silil.-on or g minnium implant crcal a 111.ndoinizing la) ·r in th , w:i~•r ur­
face (Fig. 7.9c). This mctl1od. however. incr<' th use of tl1e \'pe11Siv • ion impl:intor. 

► 7.2 IMPLANT DAMAGE AND ANNEALING 
7.2.1 Implant Damage 

When encrgcti ions ent r a · mic..-onductor ubstrate. tJ1 y lose their cm•rg)· inn serie· 
of nuclear , nd electronic t'Ollision and fiMII t'OIOC to re I. Th electronic nergy lo~ 
can I accounted for in tenns of el ctronic excitntions to high1>r ncrg}' levels or in I 0 nn 
of th generation of I 'Iron- ho] pairs. llowe-.-cr. electronic com ions do not <Ii p~1 · mi­
conductor atoms from th ir I. llice po. ition . O,tly nuclearcolli ionsc:in tr.msfer suffici 111 

·11 rgy to the lattico so that host atoms are displ:ire<l. rc, 11l ting in implant clarnage (also 
call ·cl la Ilic disonlrr).' The e dL~placcd :1toms mo · po e · large fr.ictions of the incicl 'LIi 
energy, and they in tum caus cas .1d s of s <.-ond111y di placemc:nt of neMb}' atom to 
form n trc of <lis rel r long th ion p. tl1. Wh nth &placed atoms per uiut ,olumt' 
approar h the atomic- d n;it , of tl1e semiconductor. the material be<.-01il s ;unorphom . 
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Chapter 1. Ion lmplanta on 

Ions 
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Figure 7.9 ~linimizin chauneling. (a) lmplnnt,1lion through an aniorphou< oxide layer. 
(b) M isorit:ntatioo of the beam direction to all crystal a.<8$. (c) Pre-damage 011 the crystal surface. 

The tree of disorder for light ion · is quite different from that for heavy ions. 111ch of 
tl1e 1ergy I for light ions (e.g., '16 · in silic.-on) · due to electronic collision (se Fig. 7.5), 
which do not cause !attic damage. The ions los their n rgie , the)' pen t:rate deeper 
into tl, sub.mat . Evenl11ally, th ion ner , is reduced below the crossover energy ( lO 
kc for boro11) where nucl ar topping becom dominant. TI1crefore, mo t of the lal• 
ti~ disorder ~urs near the final ion position. This i. illustrated in Figur 7.10a. 

We cane ti mate th damn e b considt:ring a 100-keV boron ion. Its project d range 
u 0.31 µm (Fi , 6a),, nd its initial nuclear o rgy los is only 3 VIA (Fig. 7.5). ince the 
sp.1cin betwt.>ell lattice plan in ilicon is about 2.,5 . thi m ans Ll1at th boron_ ion 
will I s 'i.5 eV at h latti plan , becau o( nuclear stopping. T11 energy r q111red 

Ugl,1 
IOn 
(ll) 

t•rnlcondll('{or surfoc . 

(n) 

Dl<onlcr 

7.2 Implant Damage and Aoneahng 

-~':_~;_t-..1 ·~ __ -_J.,____ 

RP-­

(h) 

Figure 7.10 l11iplant.1tion disorder caused by (a) light ions and (b) I, a,y ions. 

133 

to disp_lace a ilicon atom from its lattice position is about LS c . Therefore. the incid •nt 
boron ~on cl_ae not rel , . ~nouah energ)' from nuclear topping to displ ce a silicon atom 
when 1t first enters ~1e ~icon . ubstrate. When the ion energy is reduced to about 50 
keV (at a d ptl1 of 1:::,00 A), the energy loss due to nudear stopping increases to 15 e\l 
for eacl_, la~tic plane (i.e .. _ 6 VI ), sufficient to create a lattice disorder. As urning tJiat 
l _a ~mis cli~plact:,d per lattice plane for th remaining ion range.,, h, ve 60() lattice atoms 
~~pi ce_d_ (1 .. , l:::>00 lv2.5 1 ). If each displaced atom moves roughly 2.5 from it orig-
1J1al pos1t1on, the damage volume i given b)' V0 = n(25 f( lSOOA) = 3 x 10-1 cm3• The 
damage den ity is 600/\10 = 2 x l0J!O cm·'. which i only 0.4% of th alom . Thus. ,, ry 
high do of light ions are need d to er ate ,tn amorphous layer. 

For _heavy ions. t11 energy lo· is primarily due to nuclear collisions: thel1'1oru," •qiect 
sub,iantial damag . Consider a 100-keV arse,tic ion with a projected mngc of 0.06 µm . or 
60 nm. The average nuclear energy loss o,·er the entire enerro, range is about 1320 fom 
(Fig. 7.5). Tltis m ans I hat the arse,tic ion loses about 330 e\/ for each latti plan on th<' 
average. Most of th energy i.s given to one primary silicon atom. Each primary atom will 
sub quently cause 22 dispbced tnrget atoms (i.e., 330 e /15 eV). T11e total number of di<­
placed atoms is5 O. Assumin a rangeof2.5 om forth displ, ccd._1torn . thedanra ' "ol­
umc i$ VO = 1Z(2.5 nm)~ (60 nm) == 10-" cm3• The damaged •nsil)' is then 52&0/'\ '0 = 5 x 
HY1 cm...i. or about 10% of tl1e total number of ntom in VD" As a result of tl1e bea,y-i n 
implnntntion, the material becomes e ~entially amorphous. Figure 'i.lOb illustrat the it­
untion in which the d.una<re forms a disordered duster over 1h entire projected mn e. 

To estimate the dos required to conv rt a cry talliu mol rfal to nn amorphou fonn. 
w c:m u e lh crit rion that the n rgy d nsity is of the aiue order of magnitud , ~ 
tbnt ne d cl for melting the material (i.e., I 021 ke /cm3). For 100-keV ar ni · ion . the: 
dose r quired to mnke amorphous silicon i th o 

(1021 kc /cm')R 
= P= 6Xl01Jion/cm2 () 

Co 
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1 Ion Im lantation 

ror I( l •\ horon i n . du• <h:,s..• n,quin.'<i i x 10" ,on ma .u1s Rr fo r boron l 
tr, ttu, . luJ;t>r tJmn r, r 11il-. l,towc-,er. in practict•, hi her d (> Io•~ ions/c-m1h re 
n-<Jml'\-<l for boron implunt.ilion in t t,LI'){ t at r00m temperntu re bt-c-a•J~ or th nonuui. 
lotm di t.ribution or tht c.l.1111.igt> ,,1 ng th ion path. 

722 Annealing 
B,. .11= <1f LIil' d,110,, rt'd region and 1h11 diso rd r cl11St ' r thut resu lt from ion implant • 
ticm. 1111 nductor p.,rJtllflers uch , 111obWty and lif. tinu: :Lt· vcrcl ' de •mded. lo 
adclitiou. m st of tl1e iou~. < imp!:: nted :lr t10t local din ubstitutional •ite ·. To acti , t 
ti ,. impLmti.>d ion. ,wd 10 • ton, mobility ru n.I other nmt rial param tc , we mu.st anneal 
tl1t •mi adut'tor t nn .tpproprint cor11bi1K1tion of time and t •mpemture. 

om,•nllonal a1me,ll.i11 us,• an Opt'll•tubc. bat h furn, ) t m similar to tJmt used 
i r ti, m,.il o'Cicubon 11us p(OC;' require a louu linl · and higb t mpcmtt1re to remo1·e 
t) 1• nnpl.1111 dam ~t'- 1 low ,, r. com·entional ann .Jing mny u c ub l, ntinl dopant dif. 
fIDi 11 .,nd nnol ml't' t requi.rom nt$ fo r shallow jw1ctior.1S Wld narrow doping profil . 
Rapid r/l, 1111111 a11neol i11{!. (RT ) is au , nne:iling proce · that employs a Yttriety of •nergy 
sou~ \\11 h .1 \\1dr r.llJI! of tim' • from LOO econds down to nano coml.1-:ill hort 
comp.u-e<l "ith COil\ ntional annealing. RTA tan acti te dopant fully with minimal 
redistribution 

Corwentfonal nenling of Boron. and Phosphoru. 
nne,ilin characteri ti d pend on the dopant type ;\rid th dos im·o!wd. Figure 7.1 I 

bo" th,· .11111 ·Jling behm~ors of boron and phosphorus implantation · lto ilicon ub­
~tm c ' Tu ubrtr-,11 · b held . I room tempcrnture (T.J durin implantJti n. At < given 
ion do e. tbe ,mnealin tcuiperatur i); d flned :is th t\'mperatur at which 90% of the 

lll!.•1~--------------------, 

900 

fiW 

YKf CJ~'-'' ......_~....._~I0-';1--...._...,....._l.._01:-c1~......_....._....._I..._Oc:c"~ ............... ..._..I.J()I' 

•Hons/u, · ) 

figur11 7.11 \rut .Jini: h•mp,!ralUr \ · 1is do,." for 90~ acllv:lllon of bc)mn and pho phon.s 1 

1,2 Implant Damage and Anneahng I 3:, 

implant ·d ions Jr11 ctiv:.,ted by r, 30-minute •inn ·ali I 
F bo · I . • ~ ng n "<.'Onv ntfon. l ..i1111e.ilmg fu r-

•~n . or roo m1p antution, higheranneali11gt urp<:mturc,ar • n cdedforhiWI rdos. 
For phOlo-phonis at lower d . . th , 1u1 aling I hallior · simiL r to ti , 1 ri I 
when th. do· . i •r •atcr tl1rui 10•~c111·• tl1. · " •·• or xmm. 1101, .-r, 

· · nn ,wng temperature drop to ho f,()()< 
Thi phenomenon is r 1 t •d to th olid-ph. flax , rocc ~e 11 . ut · 
phom dos s greater than G x 10•• cm.., th ifoon ~ prf ·1· ( \ __ apter ). t phos­
TI · g1 I - ' ' 11 ace ay r ix.-con s amorpl10ll.'I 

,~ sm -<:i:ys~, s _m1conductor und rneath th amorphous 1 ) •r serves as a se11din; 
~ for~ tallil.ati~n of ~1 amorpl1011S la r.111 epitaxial growth rate alon th . < 1oo! 

direction L~ 10 nm/min t 550° nJ .50 nm/min at 60()•c 1 •tit act ' , g 
9 v Tb r • • \·, an w-at.io1l energy at 
__ 4 • r ,or , a I 00- to 500-n,n amorphous la)· r can be recn~ •1· :ed · r • 

t D · tJ I'd I -p twl7. 111. 1,wmm-
u . _ unng 1 . o • . ·p 1as epitaxial process, th impurity clop nt atoms ar in<.-o 
rated rnto th lath at •· along with th host atoms Th11• full acti ..: 1- . b ~ 

I · I I · · '• uon can ,,.. o t:uncu at r • ative )' ow te mperatures. 

Rapid ThcnnaJ Annealing 
Th machin for RTA with transient lamp hm,ting is hown in Figur 7.12. 111 temperatun­
me· ured from tJ1~ heat~ ,~-afi•r is usually &om 600°C to L IOO"C.' A waf◄ r is h cd quickly 
um.I r at mosphenc conditions or , t low pr · ur und r isotJiermal conditions. Typical 
lamps 111 ~ RT. s_ t~m -~ tung t~o ma~ ents or arc lamps. 111 processing chamber is 
m. of e1tl1er q~,1rtz. sW~ n carb,de, t:unl s l . or aluminulll and has quart.z win• 
d01 thr ugh wlucl1 th optical radiation pas to illuminat th wruer. The ww r hold r 
i~ oft n mad of q_uartz and_ ,'Ontacts tl1c wat r in a minimum number of places. A mea­
ur munt • tem is pin ed Ill a control loop t.o set wafer temperature. The RTA \'Stem 

inte~a with a gas-halldli.ng S) tern , nd a computer th t controls tem ope.:ation 
Typ1c--• .ill .. wn.fer I mpc'.'1tur in an RTA tem is measured "~th a nonoontact optical 
P)Tomet r that cl t nmnes temperature from radiated infrared energy. 

_Tabl_ 7.1 co'.71par conveLttional fuma and RTA technology. To achi short pro­
mg times usmg RTA. trade-om must be made in temperatur and process unifor­

mity. temperature measurement nnd control. ,uid wafer stress and throu!'hput. In adwtion. 
there are co11cems about tl1 introduction of elcctrica.lly. cti \\ er defect during tl1e 

C.uinlt-t 

IR p}'T'Omcter 

Figure 7.12 Hnpid th •rmnl annealing em that i. optically h atcJ 
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TABLE 1.1 Ttehnolo9r Comp rison 
H .. pitl Thcnnal nn .. alm, 

IM,·h in •I '·".tr1•r 
111>1•\\Jll ·oJd-" ,dl 

'--''"' rti;:h 

111~1 I.er., 

Puma W.,fn 

lli\\h LI"' 
)\.,, Mimm;J 

l:nifom I\ b1hl) llii:h WI 

,~t,put l h•h IA " 

1 rtt1a) tmns:ienl~. R· pid !waling \\1th tempt!mture • dients 
,n th " er. - fl•r d:u1111g .. in tJ1 fonn of slip di.slO<'alion,- rndu d b~• thcr-
m.,1 ,tn'."'-' 1d. 111 •111io11,tl fumacc proces iug caus , ,1gi1illcant prob-

1 .1hon from th Lot w· · ik'<i nmhieut control in an open 
J 1n:1S, th t rl.' tricts d lwating lim s to t •n. of min-
i on c.-ontauilii.'llion, p ntrol. and co t of manufactur-

r cl in J p.irndigm hifi to the RTA procc 

► 7.3 IMPLA TATION-AELATED PROCESSES 
Tru.> • .x-t:ion a<id n, a few 1mplanlJtio11-related prore. . u h l uiult.iplr implantation, 
111, kine:. blt-..ui~e implantation, high-co rgy implantation, and hie,b-currenl implantation. 

7.3.1 Multiple Implantation and Masking 

In 111.111) applicatioru. dopin profile oth r tJ1a11 th imple Cau ian di.:, tribution a.re 
required. n · ut·h i th · pr imp! nt, lion of ilicon 1\oith an in •rt ion to mak the 
' licon <urn region amorphous. Tb.is teclmiqu , allo" do. control of ,, doping pro-

filt· nnd pc:muts ne rly 100% <lop.int ctiv-ation, t low t.-mperatur . as di.sells ed previ­
rn,IJ. In uc:11 a • e. ad p morphous r ·on 111ay be r quir <l. To obtain this type or 

repon. \H' must make a ril' of 11nplants at v,U)in ion •nergie and doses. 
Multiple implant lion can also be u ,cl 10 form. n t dopln pro6le, IL~ hown in Figure 

i'.13 llerc. four boron impLwts into iili,-on ar used to pro,ide a compo itu doping pro-
61e. Th m reel mer concentmbon and th.: t prPC!ictcd using range theory, re shown 
m th fi1t11rc. Other dopin pro6J, . un.Miil, bl from t.liifusion 1-ecluriqui., • can be obtained 
~ in~, riouscombuwb 11.\Cofimpuritydoscandimplant ti ncne · Multipleimplan 
ba,c- been u:.ed to pn·.serw stoichiom try during th ilnplnutation and ann aling or C, 
111i.~ .ippro.1ch. wh rt-bJ equal amounts of gallium and II n-typc dopant (or nn;e11ic and 
p-t l'JX-' clop.mt ) are implanted prior to mn ··alin . h re,.ulted III hlgher cani •r co, lion. 

To fonn /HI pmctio iu •leded are of th •mioondu :tor ,;ub trnte. , n appropri· 
111 k hould be used for th impbntabon. Be ~ impl.mtation ~ a low-I mpen1ture 

p . · l.1rg ,-an£•ty of i.h masking m11t ri I. .m oo USl."<L The minimum thiclm 
of tlw ma:.lan~ m111eriul req111red to top., ~, •n pcrcentae; o m · d nl 1011 t::u.1 bee ti-
11\at ~ from th n,n~ param ters fur ions. The i l of igure 7 1-1 ho" profil of 
.in i111pl,lllt in o1 m. lau11, rn, ten.ii Th do ,. impl-mtecl in tJ1 r gion be "Ond a <l ptJ1 d 
( hm,n h.,d,·d > i ~,c-n b. integration of Eq. I , 

111" 

P<Nli<·t<.J a>n1po,1t,• 

. 
' m•~ -( , , , 
I \ 

' I ,' I ( 
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Fig~ 7.13 Compil'itc <lopini: profil · using multiple hnplanl$. 
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C eprer 7 Ion Implantation 

From llihlr .l . w can derive the exp re. ion 

j e·' dy= ; erfc(.r) 

Therefore. the fmc-ti n of the do. e tJ1at has •·trnnsmitt•d'" beyond ad pth d i 

th· tr.u1 1imsi n c,-oeffiCJe11t (Tl: 

, I • (d-~,) T • - = -ert :;,;;-
2 --.20-p 

(9) 

given by 

(11) 

Onre T~ given, 11· · c;in obtain 1.h mt1sk thickn s cl from Eq. 11 for an_ given RP and CJ . 

The valu of d to stop 99.99% of Ute i.ncid nt ions (T = 10"') ar shown in Figu~ 
7.14 for iO:, i3">:,. and photore bt ,IS masking materials.~·10 lask thicknc es given in 

tJ1is figun,• .\J't' for boron, ph ,pboru . and arsenic implanted into ilioon. Th se mask thick­
n also can be used · gwdclin for impurity masking in gaWum arsenide. Th dopants 
,tr h0>1.11 in the p.ucntJ1eses. ince botl1 RP m1d CJ 1•,uy approximat I linear! ' "1th energy. 
the minimum thickn , · of the m king materiJ' also increas linearly witl1 energy. In 

rtain appli tions, inste d of totaUy topping the beam. masks can b used , attenu­
ators that n pro,id an amorphou surface layer to tl1e incident ion beam to minimize 

th channeliu effect. 

EXAMPLE 2 

\\'hen boron ions are itnpl.mted at 200 k \ , what thickness of ·o, will be required to mask99.996% 
of tht> irnpl.m1.,.J ions ( = 0.53 µm. CJr = 0.093 µm l? 

SOLUTION The compl menta,y error function in Eq. l1 can be approxiniatc<l if the argument is 

W'!;<' ($t'C Tab! · 6.J t: 

"n.:r · the parameter u is gi,cn by (d -
obtiun u = 2. . Thw; 

2cr For T = Hr', we soll'e th above equation to 

d = R, +3.960", "'0.53+3.96x0.093 = 0.89 µm ◄ 

7.32 Tilt-Angle Ion Implantation 

In . calingdevice, to ubmicrot1 dimensions, it is important also to cale dopant prom.es 

' rtically. W n • d to produce junction depths I than 100 nm , i.ncluding diffu ion dur­
in dopant activalion and ub equent processing t p . Mod m d vice tructures. ucl1 

as th lightly doped drain (LDD) 10 FET, require precise control of dopant distribu• 
lion \' rticall nd lat raJI,,. 

It is th i~n \ locily peq,endicular to th ~urfa that d termines the proj cted range 
of au implanted ion distribution. If the war. r is tilted at a large angle to th ion beam, 
then the effective ion n rro· is greatly r duccd. Figure 7.15 illu trnt tJ1i.s for 60-keV 

ar; ni ion. ,.IS a function of the tilt angle, showing tltat it i. possible to achieve extremelr 
~b.illow distributions u.ring a high tilt angle ( 0 ). Ln tilt-angl io11 implantation, we should 

7.3 lmplanta11on-Rolated Processes J 3!) 

r,o,,.y , -► 

'""'"""' 

Shadow 

""' 

60 iO 60 

Dcplh (nm) 

Figure 7.15 60-ke arsenic implanted into silicon. as a function ofbcarn tilt angle. Jn •I hm,~ 
the sln.dow area for tilt-nngl, ion irnpbntntion. 

consi<l r tl1e hadow effi ct (in ct in Fig. 7.15) for the patterned wafer. A lower tilt angle 
leads to a m. IJ shadow area. For example. if tJ1 height of the pattern d mru k is 0.5 µin. 

\\~th vertical sidewall. a 7° incident ion beam will induce a 61-nm hadow. Thi shadow 
effect m,y introduce an unexpected serie r sistance in the de,1ce. 

7.3.3 High-Energy and High-Current Implantation 

I-Ugh-energy i111plru1tors, capable of energi s as high as 1.5 to 5 Me\•: ttre 111•.ulable and 
hav , been u ed for a number of nov I application . The nrnjority of these d ·pend on th 
ability to dope tl1c ·emiconductor to many micromet rs in d ptl1 , without the need for 
long dilfusion times at high t 1t1pemturc . High-energy i111plnntors c:w also I u. eel to 
produce low-resi ti\1ty buri d layers. For example. a buried layer 1.5 to 3 µm below the 
urfacc for a CM'O d vice can be achieved hy high-energ,r implantation. 

lligh-curr nt implantors (10-20 mA), operoting in the 25- to 30-keV rnnge. a.re rou­

tinely used for the pred position t pin diffusion technology because the amount of tot,~ 
dopant can be controlled preci ly. Aftcrpredeposition. the dop:utt impuriti 1n bedrh •n 
in by :i lugh-temperatur dilf\lsion tep at the same tim that implant clnma eat tJ,e sm• 
face r gion · annealed out. nother application i the tJ,re ·hold volt. c ndju tmc11t 111 

11'10 de..,ic s. A precis lycontroll d amount of dopant (e.g .• boron) is implanted tJ1rough 
tJ1 gate oxide to the channel region11 (Fig. 7.16a). Because the projC'cted ran es of boron 
in ilicon and si.l.icou oxid ar comparabl . if we choose :.1 suit:tble incideot energy. tl1e 
ions \~U pen trnte just th thin gat o~id . not the thicker fl Id oxid '• Tbe tl_1reJ1old ,~li­

ng \vill vary approxi111ntely linear! • witl1 th impltinted dose. ficr boron unplontation. 

pol~ilicon can be deposit cl and patt med to form the gate elec;trode of the MO P_ET 
The thin oxid surroumlin the gnte l'le<:trod i:. remo\'ed. ,md the sourc.-e and clnun n:j!IOIIS 

are fonncd. as sho,\~I in Figur 7.1Gb. by anotl1cr high-dos arseni_c i111plant,11Jon . 
1-Jigh-curr nt implnntots ,~th nergi sin the 1-0- to 2~-k .' '. rongt· are no,~ m,l.il-

able. 111ajor u e for thes machines is to fonn high-quahty ~•Licon film$, wlud1 .ire 
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1-10 Chap1er 7. Ion Implantation 

Poly>IUcon 
got<-

(A) 

figure 7.16 Thre,hold "oh-,1!<' ndjuslmcnt u,i11g boron ion implanmtion.
11 

insulntecl from the ubstrnte by implruating oxygen. creating an intervening layer of sil­
icon dio,::ide. This separolio11 by lmplo11/alio11 of oxygen (SIM OX) is a key silicon-on­
in ufator ( 01) technology. 

The l:\IOX process uses a high-energy o· beam. typically in die 150- to 200-kev 
range. so that the oxygen ions have projected r.lllges of 100 to 200 nm. Additionally, a 
he.m dose. I to 2 x 101' ions/cni1. is used to produce an insulating layer of SiO1 that is 
100 io 500 nm thick. The use of SIMOX material leads to a significant reduction of 
source/drain capacitances in 111OS devices. ,\loreover, it reduces coupling between devices 
and thus allows tighter packing ,vithout tl1e problem of latch up. As a result. it is ,videly 
proposed as the material of choice for advanced. high-speed C/11OS circuits. 

7.4 ION IMPLANTATION SIMULATION 

UPREM may be used to simulate ion implantation proflles. Simulated profiles can be 
implanted and activated using the IMPLANT command. and subsequent!) driven in using 
tl1c DIFFUSION command. SU PREM contains the implant parameters for most common 
clopants. but also allows the user to input range and straggle data for u11usual implanted 
materials. SUPRE:\1 can also simulate implants through multiple layers. 

EXAMPLE3 

Suppose we w:int to ; imulate the implantation of a 2 x LO" cm·• dose of boron at 30 keV into an 
11,type <100> <ilioon wafer. The implant is then followed by a drive-in at 950°C for 60 minutes. If 
lhe silicon substrate is doped "ith phosphoms at a level of JO" cm .... u~e SUPREM to determine 
the boron doping profile and the junction depth. 

SOLUTION 11,e SUPRE~t input listing is as follows: 

TITLE 

COKIIDIT 
INITIALIZE 
C<MIEHT 
ll(plAHT 

COOEHT 
OIFFUSI OH 
PRlHT 
PLOT 
STOP 

Icplantation Example 

Initialize silicon substrate 
<le&>Silicon Phosphor Concentr a t ion•lelS 
Implant boron 

Boron Energy-30 Oose■2el3 
Di f fuse boron 
Tice■66 Te.c:pe rature■958 

Layers Chei,ical Concent rat ion Phosphorus Boron Net 
Active Net C..i n■le14 
End i■plantation eKample 

7.5 Summary ◄ 14 1 

All,•r th<15imul:.tion ts rornplctc·. w,: print nnd I ti bo 
into lhe >ilicon substrat(.'. The r<csulL, ire sl p ~t t ron conccntr-Jllon .u a funetion of depth 
of0.4454 µ,n, ' ,0\,11 rn 11(\lrc 7.17, which andieJt~s a juoc1lon tk·pth 

◄ 

► 7.5 SUMMARY 

lon impL'lntation is :1 key method for impurity do in . Tlae k . • . . 
tahon are the projected r,mgc (R ) and its s••npdardg d . -:, pamm( cters for ,on ,mplan-
. d I . p ku, c,1ation (1 ) also rolled th 
JCCtc stragg e. The implantation profile can be approximate<l b re·'. . di . c p_ro-

. tl ·1 aid t d R r • }' a au.ssaan stnbutiou 
'Ill l i s pe. oca e at P ,rom the surface of the semiconductor sub"rntc Tl d 
tages of lhc ·o · I · ,. • , 1e a van-
• 1 n imp antation process arc more prec;,4 1 I f I 

od 'bl d - <.'On ro O t 1c amount of donant a more rcpr uc1 e oping proflle. and lower prooes · 1 ,... . • 
the diffusion process. smg empernture compared with 

The ch.apter considered R and o forvariouselemcn•• · ·Ji d gaJJ· -
• p r ~, m sa con an • aum arserude 

and discussed the channeling efTect and ways to minimi•,b ,L,_ errect H . ._ 
t · - uu.s 111 • owever. ampian­
ation may cause severe damage to lhe crystal lattice. To remove the implant do d 

to restore mobility and other device parameters, the semiconductor m~st be •=~:ai3:i 
~tan appr~priate combination of time and tempernture. Currently, rapid themial anneal­
ing (RTA) ~ preferred to conventional furnace annealing because RTA can remove im !ant 
damage ~VJthout tl~ermal broadening of lhe doping pror.Je. p 
. lon implantation_ has ,vide applications for advanced semiconductor de,iccs. These 
include (a) multiple tmplnntation to fonn no,·el distributions, (b) selection of masking 

Figure 7.17 Plot of boron coocentration a, a function of depth into the si~con substrate. U>1nit 
SUPllEM. 
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I ◄:! ► Cllapttr 1 Ion lmplln111,on 

in:.tt"ri.u< .u,J tJudmt·~ to stop 11 girnn p<·rcentnge of incidc,'.t ions fro1~1 l'('nd1lng ~ht' ~ub. 
<Ulilt<', (cl tilt-an~t._. unplantation to fonn ultrw h:tllow junction_<, (d) lugh-t:nt'rg)' '.mplan­
tJllOrJ to foml buried la) t'~ . lUld (e) high-<:um·nt hnplanhltion fnr predeposihon and 
thr .... hold voltuge ,ulju<hnent and to fom1 an ansulatil\g layt>r for 01 nppltcations. 
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► PROBLEMS 
Asun.,ks denat, d,fficull prublerru. 

ECTIOX 7.1: RA,','CE OF 1.MPL~ED ION 

I. A'-'ltllne that ~ 100-mm diameter CaAs wafe r is uniformly implant~d "itb 100-kcV zinc 
ions for 5 minutes " ith a oonstnnt ion beam current of 10 µA. What art• the ion dose per 
unit area and the peak ion concentration? 

2. A silicon~ junction i., formed by impl:mting boron ,ons at 80 keV throusd, a windO\v in 
..n o:ode. If the boron dose is 2 x 1011 cm4 and the n-type substrate C()IICC.-ntratlon is 10" 
c-m • 6nd the location of I.he metallurgical junction. 

3. A th~hold ,-olh11(e at!Justment ,mplantJtion is mooe through a 25-nm gate o,.jde. The 
substrate is a <100>-oriented p-type silicon with,. re<L<ti,ity of 10 n -cn1. If the incremen­
tal threshold ,-olta~~ due to a 40-kcV boron implantation is I V: what lS the total 
impl.10ted dose per unit area~ Estimate the loc«tion of the peak boron ooncentration. 

•4_ For tlu, S\1b$tmte in Problem 3, what pe~ntage uf the total do<•' l• ,n the slUcon? 

ECTION 7.2: l~fPL-lNT OA.\tAGE AND A.'INEALINC 

5. If a 50-kcV boron ion is implanted mto I.he silicon suh5lmte. c-.ilculnte the damage density. 
Assume silicon .,tom dell.lily is 5.0-2 x 10'2 atoms/cm'. the siUcon displacement energy is 
15 c\'. I.he range i, 2 5 nm. and the sp.ocing between s,uoon lattk-e phmes i5 0.25 nm. 

6. Expl31n "ii) h,gh-temper,turc RTA is preferable to 10\,~tt,mperature RTA for d~foct-free 
shallO\•·-junction fonnabon 

Problems U3 

7. E,11,n,,tt- tht> lmplu11t Jo,.., n:'<1uJrc'C! to red110t• a /J•channr l thn,11,old ,,,h,.~• t,.. I \' If th 
gat1• ~"d,• Is 4 11111 thick. A,,ume that the hnpi.u,t ,.,hog,· Is adjll\tcd .., l11.1t tl1t• ,k ,./ 
tlw di<trihution Ol,'Clllrs at th<> o,Jdt'-<ili~-011 Interface 11,, .. h If f ti I l P< I ·t· . F I . ~· a o •t mp Jnt l:Qt'> mtr, 
t '''.., 1m n. 'urt 1<·r as,ume thnt 90~ of llw lrnplant1,I ions m llw <iboon .r~ <·lt-<1ric.,lt. 
, ... 1,v.,11-d br llw >11nl.'al111g proccs~. 11wse tlS<urnptlons • 'I~ , 45"- f ti · I . .1 ., I ., , · "'v•' ·a: 0 '" 11np "'1ku Ion; ttJ 
l<' 111t•u ,or ll~~"shold Jdjn•ling. Ah-0 a.,sum<' that ,~l of !lie 1:h.1uxc ;11 the ,,Heon 1, cfTt-c­
h\'('ly at tht> s,hoon--0\lde 1n1<-rfaoe. 

SECTION 7.3: fl\ll'LA ;'l'AHON-RELATEO PROCESSES 

We \\Y>Uld hke to fom, 0.1-µm 1k-cp. he • .v!ly doped Junctions for ti,., S-01or·t·c JJK1 drain 
r<.'gions_of a submicron MOSFET. Compare the oplioM that are m-.ulable to introduce 
,,nd «ct1vntc dopant for this upplicallon. Which option would >,," n.-<.-ommcnd ;md "l,y? 

9. When an arsenic implant at 100 lw\l i~ u.wd aud th<- photore<oi>t thicl.~e" I; ~00 nm find 
the dTccth-eu~ss of tl1c resis'. mt1Sk i~ prt>venting lhc tran,rni.s,ion of Ions <R, Off µ 111. 

Q1 "' 0.2 µm). lf lhc resist th,<:lmess lS changed to I µm, t'alc:11lntc the• m.i.skinl( cfficicnL-v. 

I 0. \\"Ith reforenre to E.umple 2, "1,at thickne.5s of S10, is required to 111,isk 911999\1: oft~ 
implanted ions? 

EC'ITO ' 7.4: 10 ' IMPlANTATION SCMULATION 

ll. A < 100> phosphorus.Jopcd siUL'On suusirate "ith a dopine: conccntro.uon of 10" c,n ls 
implanted wilh boron. The implant energy is 30 ke\l "ith a dose of 101' cm·•. Use 
SU PREM to plot the boron profile. " 1,at are (a) the depth of the peak of the impl..nted 
proflle, 0>) the boron concentration at the peak depth. and (c) the junctioo dL'Pth? 

•12. Use SUPREM to design an implantation step that gives the s.1me doping prof'tle as the 
diffu<ion E,ample 3 in Chapter 6. 
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8 
Fil m Deposition 

1i 'b · 1 . disc t<· devi nnd integmt d circuit . w us many cliJTerent kincls or thin 
om n ( l · ' 'd Ii lect· 'cl• · film \\'e C'-lll clas,iry tltin mm into (h groups: t 1erm«J OXI e , ( ' n .. y~rs, ep1-

. 1 1 I • •"' ·ie ilicon. and n, till film . The growth of tl1~nn. I oxid s was t.au.u a, . po ycl).uuw . l 1 . r d .. 
discu5"~ in lmpt r 3. Th.is chnpter deals with , nous ot ier t 111,qu s ,or positing 

thin E6L~\j.J ~,-th L• d Iv rehited to the CJ)"St,J growth con pts discussed in Chapter 2. 
P" a: ,,. - . • · d I · I ta! · 

It im 1, th gro,,th of ingl -cry tul em1con uctor a ers on . mg e-c'? s ,_ru-
conductor }ubstrat . The word •pitoxy is d rived from the Cr k word qpr (meanmg 
• •i d 1~ (meaning ·armngem nt''). The pit:1xial lay r and tlie ·ubstrate materi-

n ,!II F I tvrw ·1· be .J mav be the . ·une. gi"ing rise to homoe,Jltoxy. or xamp e, ~n n-.,. r- SI _,con can 
grown' pit.axial! on an rr·. silicon sub~-rote. On the other haud. if the ep1lltxial layer and 
the ub trat re chi-1nicnll) ,Uld often Cl) tallographicall diJTerent, we hnve heterocpl-
taxy. such · die pita'<ial growth of 1½C~,.. on _c . . . . . 

Di Ject:ric layers uch as silicon dioxide and ilicon n'.tnde are ured for _msulahon 
beh, n conducting layers, for diffu. ion and ion implantanon masks. :or ca~ping doped 
films to pre\' nt the loss of dopants. und for passiV:ltion. Po~rc'? talbne 1h~o, usually 
referred to polysillccn, is tised as a gate electrode mntenal ~1 MO d~VIces: a con­
ducti\ material for multilevel met:11.lization, 1111d a contact matenal ford vices \\~th hal­
lm1·Junctions. Metal films such as aluminwn ~1d silicide are used to form lo:v-resistance 
interconnections ohmic contacts. nnd rectifymg metal-serme-'Onductor bamcrs. 

This chapter covers tl1e following topics: 

• Basic techniqu of epita: • that is, gro11~ng a single-cl) tal la} r on a single­
crystal ub trate 

• tructur nd d fects of latti -matched and train d-layer pitaxial growth 

• Deposition technique to form low-di lectric-constant and high-cli.elcctric­
con tant ftl.ms, as well as po~ ilicon fihn 

• Deposition technique to form aluminum , nd copper int rconnections. as well 
as the related global planariznlion pr 

• haract ristics of these thin films and their compatibility with integrated circuil 
proce ·ng 

► 8.1 EPITAXIAL GROWTH TECHNIQUES 

In an pit.'l.~al process. th substrat wafer acts as the seed crystal. Epitaxial proce . 
are cLITcrentiated from them It-growth processc d scribed in Chapter 2 in tl1at the ep•· 
t xj;il la ·r can be grown ta ternperah1re ub tantially below th melting point, l.)picall)' 

8.1.1 

8.1 Epitax,el GrOWlh Technique, 145 

0% to 50% lo" •r. 111C' eonnnan 1t-ehnli11" for ·pitrlX.iw «rr~11 / I I I 
(c" I ) ) / / b ,.,,.'-In l :u- •c ll"Jfl ('11 ltlJ'HJf( '1" ..... It/on ~ ) :lnl mo re,, nr cam q>ltn y (MRE). 

Chemical Vapor Deposition 

. ,VD ~s nlso ~,,own a IXl/)(Jr:plw.,,. IJ/~ilnx'J (VPE). Dis a ilTOC<:~ wli n·by an epit. • 
1:t.l lay r 1s fon11 ,(]by~ dJC"rntcal rcncuon between g;i.seous co,npound,. \'D can h,· p('r-
formrd 111 , llnosph nc pressure (AP D) or at low pre, ure (LPC\'D). 

'.igur' ·. I ·h011 ,' three com,n_ou sus<: •ptor.. ror pitnxial gr01,1h. Note tha1 t11 geo­
,n ln . l111[>1: of tl1r: • U}C;eptor pro,,di, the nain O forth r.-actor: horimnt;t.l, pm,(,tke, aud 
barrel. !'1' tL~ mode from grnpl~ile blocks. u ptors in epitaxial r •a ta arr ,uinl<>j(oU\ 

to crucibl ~ m lh c_rystnl gr01,~ng furn. ces. ot onlr do th :y m ~h:111ical.ly upport Iii . 
, ufor, but m_mduct1on-lteat c! reactors, th~ also rve a th, sou re of t11 •nnal <:ncr~ 
for tl1e rea lion. Th mechanism or CVO mvolvc a number of teps: (a) the l'(';Jt1,mls 
(g. c ancl dopruHs) :m· tr.import d to lhi: sub I rat r gion: (b) they a~ trans~ ••T ·d to 
UH' sub trotc surface, where they ar ~dsorbed; (c) a chrmic-JI r action 01.·curs. e;itah7.ed 
ut Ilic urfac , followed by gr0111h of the epitaxial layer: (d} the , ;ou products ar : de . 
orlx:d into the maiu gas stream: and (e) tl, reaction products ar tr.111 ported out of th 
reaction chamb r. 

for Silicon 

Fout silicon sources have been used for VPE growth. They are ilicon tetn chloride ( iCl,l. 
dichloro iL1.n ( ill : )z), triclt.loro ila11e ( ii ICI.J. and ibn ( iii,). ili<.'On tctr.1cMorid 
has Leen ~tuclied t11 most and has th • wid . t industrial use. TI1, typical reat'tion temperature 
i l:200"C. Other silicon sour ar used because of lower reaction tcmp<'n1t11re . TI1., 

• RF lieaUn • 

(bl M 
Figure 8.1 Thro , l'01n111on "' •pwrs for ch ,meal por d •position (11 ) honw11t.J 11,J I I ik,, 
and (c) b:1rrel ~• ptors. 
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llllposmon 

111, ·ut11111 n f .1 h~droi.: •11 nlom fo r ach chlorine atonl fro in ,iii II t ·t ri, hloride pc;·rnilu 
I 1t ., • I\ lucti 11 iu th reJction k·,npemturt'. Theo, ·• ,U rc.1 ion of sili n t •ll",1. 

d 1.kmtl · di.it n'"" in the i,uwth of sili n I. rs is 

(1) 

.\11. Jtlition.11 mpetini r>.1ct i . al II witll tm1t given in Eq. l : 

solid) H 2 i l (gusl (2) 

1lurt1, . ili<~mten, h.l ndeco11 11tratiooist hi h. tchin , mth r th.mgrowtl, 
of cli n. "ill uk pl.ire Figure .2 . ho" tl1 ITecl of the- conc-entn1tion of ilicon t tra-
hl ml 111 th ir, • on t.11 • r ;1ction. where tl1 inole fr,\ction i defined , the ratio of the 

number of mo! ul , of a gi, ' 0 • I ' ie to th t> totn.l num b{>r of mole ul .1 N le that ini­
ti.tfl, tht: gnm1h rat incre. liuc;trl • \\i tl1 • n incr >:.1.<ing ncentmtion of Si~con t tm. 
hl~nd •. s the 11centn1t1on of silicon tetn,chloridt> is incre d. a rrnl.Xi mum gro"tl' 

rat•~ rr.1 ·hi'() Bt:~ond t.liat . tlie growth ra~ tarts to d re. ·e. and e-, ntuall • tching 
of tl1e ihcon will occ11r. ih II is usu all · brrown in tl1e low- t1ce11tr..1tion region. ;ts indi-
• t.:J III f igure .2 

111, react ion of Eq l · re, •i,i le: th11t is. it can t:tkc pin in ithcr direction. If th 
1•,1m ·r ~.c nte ring th reactor contains hydrochloric acid. remo 'll or etchin will take 
pl, '· u,JJ~·. tlti~ < tchin operation is used ror in itu cleaning of the silicon "~Uerprior 
to q1iu al grow1J.. 

The pant · iutrodu d at th ·m1 time th siU ll tetracb.lorid • during pi-
t:u:ial growtl1 (Fi . . la ). G. eou dibomn (B2li ) is used as tl1e p·I) d pant. where 
ph phinl' PH ) and arsine (.;\. H 1) are used • 11-type dopants. G·L, n1~, t1ue arc ordi­
rLtnh lL"''<I "ith hydrogen :-is the dilu nt to allow reasooabl <.'Onlrol of !low rate for the 

"red dopin~ com: ntration. The clop.ult ch mist!)• fo r arsin is illustrated in Figure .3, 
whicl1 h , nrsme being ndsoroc·d on th urfa e. d composing. and being in<.'Orpornted 

6,------ ------------~ 

03 04 
\I le ftllC!lon y 

Figure 8.2 . !Teel of .·1 .I, t'l>n •111r.1tic,n on ,ili1'0n "Pit.,xial growtl, .' 
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d1,·matic repres<,nlation of arsenic d11pin and 11,., growi~ proc 

into the growing lnyer. Figu~ .3 al~ sho" t.l1e growth mechani ms al th urfac , which 
at b d on the urface adsorption of host aton {siUcon) , well a.< the dopant .itorns 
(e.g .. arseruc) and tl1e mov m nl of thes • atoms toward thE< led sites.· To gh th 
ads~rbe<l '.,101_11 ~ufficient mobility for finding th ir proper position "~thin th c t;J 
latll~. ep,t:mul gro,,t h r quire$ relatively hi h temperatures. I) 

C\ fo r G:lllium Ar enide 
For gr,llium arsenide, the basics tup is similar tu that bown in Fi ur . la. Because 
gallhuo :m; nid derompo into . Wun1 and arsenic upon "aporation, i direct traru. 
port in ti, · , por phase is not pos ible. On approacl\ i th, u of A , for tJ1e ars nie 
component and gallium chlorid (CaCI.J for th, gallium component. Th overa.ll ~ c­
tio11 lending to pit xial growth of gallium ars nid is 

• + 4G,1c11 + Gill ➔ ..ic. + l.2HCI (3) 

Th ·• is generated by thermal decompo ition of arsine ( I IJ: 

41\ H3 ➔ s, + 611, 

and the g. Ilium cl1lorid is enemt d by th reaction 

6liCI -t 2Ca ➔ 2Ga 1., + 3H~ 

(3a ) 

(3b) 

Th rcaclllnts are introduced into a rcactorwitJi a carri rt(; · {e.g .. 11_). The g;illi11in .menid • 
wafers ar typically h Id "~thin lh • 650° to - •c 1c111pemture range. Tuer> must be 

11 ffici nt ,\rsenic uvcrpre ure to prevent tliemml decomposition of the substmte and 
th~• growing layer. 

Mct:Jorganic D 
Mcta.lorganic D (M VD) is al. n VPE proce, s based 011 pyro1)1ic reactioru . nlik,, 
cortv utional CVD, M CVD di!tin uished b tJ,e hcmical 11:1turt.' of the prl'Cnrsor. 
It is import, nt for th el m nts that do not fon11 table hydrid · or balid<' . but th, l 
do form tab! Ill talorg:utic co111pou11~ with rcasonnble vnpcir pre'-,ure. MO \ 'D h. 
be n extensively appli din the h •wroepil,L,i.J growth ofJII-\'. nd 11-\'1 mpountb 




