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Nove1 Applications of Secondary Ion Mass 
Spectrometry in Optoelectronic 

Mat erials S t udies* 

Severa1 opt,oclcctroiiic niat.erial st.uclit:s wliicli exploit. tlie liigli sensit-ivity and liigli depth reso- 
lut8ioii of thc SIAJS (sccontlaiy ion mass syectroinc~tiy) techniqrie, a11 eml~loying a quadrupole 
SIAIS ins~riinient locat,ctl at the aiitlior's iiistit.iition) a.1.e revieuml. Solid pliase Pd/Ge and 
Ptl/Si hasetl coi~tacts o11 GaAs aiitl IiiP are examinccl by "baclrside SIMS." In this t,echnique, 
the scniconcluctoi. f;i~l)strat,c is et.clicd nway nrhiie preserving a 300 iim epitaxial marker hyer  
structure o11 wliicli tlic coiit,act resides. Dept,li resolutioii is gieatly eiihancecl by sputter pro- 
filing t,lirough 11~: thin sc~micoricliict,oi la.y(:r iilto t,he metallic region. Tn t,he Pd/Ge/Ga.As 
olimic cont,;ict, t.li(: Ge c-lopa.ilt. profile is o1)served to tlrop by 4 oiclers of magnitude within - 10 nm of tlic niet~al/CaAs intcrface. Solid phase 111-V r e g r o ~ t h  is detected in both 
t,lie GaXs and 1111' P d/Ge cont.ncts. I3a.cltside SIMS is also einployed ir1 an examina.t.ion 
of lon, encrgy cliniiiielii~g of Si ii1t.o GaAs. SIMS stiiclics of dopalit induced int,erdiffusion 
in GaAs/AlGaAs and IiiP/InGa=is siiperla.ttices exploit, t,he sensitivity of SIMS to  minute 
chaiiges in stoicliiomct,ra;. Mcasiircnient,s of diffusion lengt,li as a f~iiict,ion of dopaiit con- 
centration ancl teiiiperat,ure provide strong support for tl-ie predict,ion that cat,ion diffusion 
is mediatecl 113. t.lic tripIy cliargecl Gri. vacaiicy in GaAs. i4 study of iilt.erdiffiision induced 
st,rain iii tlic IiiI'/InGa:js systein reveal Lhe importa.nce of 1~art~ia.l disloca.t,ion pa.irs for strain 
rclaxation. T ~ C  sensitivit.y of SIMS to siii;ill cliaiiges in sanlple stoichiometry is exploited 
i11 stuclies of Ga. reevaporation a.nd growth fcecll~a.clí control duiing molecular beam epitaxy 
(MBE) growt,h of ;llGa:is. St,utlies of segregation aiid orderirig in polymer blends are briefly 

Sccontlarg ion mass spccf,roiiietry (SIJIS) is a Iiigh 

depth resoliit.ion (-10 iin.1) Iiigh sensitivity (oft,cn less 

tlian 1 prirt per i~iillion) tecliniclri<: frcquent,ly em- 

ployetl i11 t,he cliaractcrizat,ioii of optoelcctroiiic ma; 

Icrials. Thc recent acqiiisitioii of t,wo sopliistica.t.ed 

qiiarlriipole SIMS inst,riimeiifs i11 t>lic> statc of Sà.o Paulo, 

13r;iail inotivates tliis review of nove1 SIMS a.pplica- 

tions o11 t.lie occasioii of t,li(, íit,li 13razilial-i Sthool on 

Scniicondiictor Pliysics. A t.ypical SIMS clept,li pro- 

file will indicate variations i11 tlit: conceritrat~ion of a 

dilutc dopant or contamiiia.i~t wit,liin a uniform opt,o- 

electronic ma.t.erial. T11r applic,a.t,ioils described below 

are "iiovel" in thc sense 1.l1i1 t t,liey fociis on t,lie major 

const,it~teiit,s of t.lic ma.t.eria1 or they invol\e the use of 

special t.ccliniclues to enhaiicc clept,h i.esolut,ioil. Exani- 

*Liivit,cd talk. 

ples are drawil froi1-1 SIMS st,udies a t  the author's in- 

st,itiition) t,o the excliisioii of numerous irnportant and 

i-iovel studics in t,he lit,erat.ure. The  stridies described 

helvw were, iii each case, part of a broad experimental 

effort involving a number of principal inve~tigat~ors, as 

intlicat,ed iii the referentes. The main conclusions of 

these studies are s~ i~ i ina r i zcd .  

Iii the "clynarnic" SIMS technique, an ion beam is 

typically rastered over the sample surface, forrning a. 

scluare, flat,-bottomed crater. Ions emerging frorn the 

central region of this crater are detected and indivi- 

dualy tabulated according to their energy and m a s .  

Count rat,es are recorded as a functioil of sputtering 

time, which may be convert,ed to sputtering depth by 

subsequent measurement of the crater depth with a sty- 

lus profilometer. Oxygen or cesium bombardment are 

generally employed to dramatically enhance the yields 

of positive or negative ioris, respectively. Shese en- 
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hancement,~ me, t o  some extent,, due t,o a.lt,era.t.ion of 

the surface work function. Ion gields: wliich cleterinii~e 

sensitivit,y, vary by severa1 orclers of i~iagnit,u(le and are 

seilsit,ive to  tlie chemical environment. froin wliich t,he 

ions emerge. As a result,! qua.ntit,ation of SIMS pro- 

files requir~ts tlie use of st,andards and vell controlled 

experiment,~. The  most efficient SIMS st,iidies involve 

coinparison of many similar samples run under identi- 

cal conditions. Numerous reviews of t l ~ e  SIhlS tecli- 

nique are available['.". The reader is also referred to 

the  proceec!ings of the hiannual SIRIS confereiice for 

disciissions of diverse SIMS applica.tsio~~s[3]. 

This paper will describe four areas of st,udy. 111 

the first, a ':backside SIMS" t,echnique is employed 

to  obtain high resolut,ion dept,h proiiles of t,lie metal- 

seiniconduc;or interfa.ce in 111-1: ohmic conta.ct,s. The 

technique i5 a.lso appliecl t,o a st,udy of low energg ion 

channeling iii GaAs. The second area a.ddresses diffu- 

sion and interdiffusion in seinicoilduct,or superlltt,t,ices. 

These studi :s elucidat,ed t h  inecha.nisin of interdiffu- 

sion a.ncl also led t o  a refinecl theory of strnined la,ycr 

relaxatiori. !;toichioinet,ry ineasureinents iii 111-V semi- 

' sputter time ' ' sp&ter time ' 

Figure 1: Backsicle SIMS dept,h profiles of a 130 nm Ge/ 
60 nin Pd/ Ga-4s ohmic contact, as-deposited (left) and an- 
nealed at 325'C foi  30 miniites (riglit,). The vertical dashed 
lines rnarlí the position of t,he original CaAs surface. The 
Ge ancl Pd signals are much enlianced when reacted with 
each otlier or with GaAs. The Ga oscillatioii within the 
GaAs iiidicat,es one of tlie MBE marker layers. The Ge con- 
centrat,ion drops by 4 orders of magnitude witliin ~ 1 0  nm 
of tlie interface iii t,lie annealed sample. 

thrust of ou1 SIMS laboratory. and then meclia.nica.lly thinned, using successively finer 

11. Backside SIMS studies 

The next geiieration of iiit,epra.t,ed 111-V clevices 

will require olmiic conta.ct~s which a.re shallo~v, non- 

spiking, uniforni: bondable, tl-iermally st,able, a.nd 

highly conductive. The palladium ha.sed iion-alloyed 

contacts shcw special yron~isep]. Their a.br.upt 

inet,al-semiconduct,or interfaces also facilita,te study by 

liigh resolutitm t,echniques such as SIhlS. Resoliition 

prol~leins a.re encount,ered, however! when sputt,ering 

t,hroiigli tlie deposited metal layers. These hyers 1na.y 

be non-uniform! may roughen mhen ~putt~erecl ,  ancl a.1- 

low l;nocl\--in of metal constitluent,s iiit,o the seniicon- 

ductor. In t21ie backside SIMS teclmique, the sample 

is thinned and t,lieil sput,terecl froin tShe ba.ck (semicon- 

ductor) side so as to avoid t,hese problems[""]. 

grades of grinding paper, to a tliickness of -50pni. I t  

is t,lie~i inimersed in ali etcliing solution which removes 

the seiniconductor substmte (GaAs or InP)  but does 

not etch t,he t,liin (- 50 nm) etch stop layer (AlGaAs or 

1nGa.As). A second etcliant selectively removes the  etch 

st,op layer. Tlie entire process may be performed in less 

t,lian half a,n liour per sample. Detailed procedures are 

presented e ~ s e w h e r e [ ~ - ~ ] .  The thinned -300 n m  struc- 

ture typically contains four 10 nin thick ternary or qua- 

ternary la,yers spaced a,t 50 nm intervals. By aligning 

the inarlier layer profiles of various samples, the deptli 

scales of each are well calil~rat~ed, ancl the relakive mo- 

tion of tlie isietal-seii~ico~lductor interface with respect 

to  t,he inarker layers, due to semiconductor consunip- 

tion and reaction, may be measured with a precision 

approaching 1 nin. 

Tlie semiconductor samples are specially prepared Fig. 1 illustrates ttvo backside SIMS profiles of a 

by niolec~~lar  beam epitaxy (AIIBE) or organo-metallic Ge/Pd contact structure on Gails ,  as deposited and 



fòllon~irig a 30 rniriri(c: 32Z0(' ;iiineíil["~~]. i'lie vert,ical 

daslictl liiics inc1ica.t.c tlic posit.ion of' t,lic original seini- 

contliict.oi suiface as det,crn-iind frorii alignmeiit, of tlic 

inarlíer Iayers i i l  h e s c  s;imlil<~s. 'l 'li(~ íis-clcpositecl sam- 

plc colisist.s of 130 iiin of (;e oii 60 i i i i i  Ptl. TS%ere 

t lie Gc aiicl Ptl react, t,lie SlSlS iiit.eiisiLit~s are i~iucli cii- 

Iiancecl, a so called SJhíS "iiia.t.rix eff(:ct". 1;ollowiiig tlic 

aniieal! wliich yields a higlil'; coii(luc~,ive ohnlic coiitact, 

thc Ge concent,ra.t.ioii is ol~scrvetl 1.0 tlrop 1)y 4 ordcrs of 

tnagnit.ridt: witliin - 10 i1111 of t,lic iiitcrface. 1'ui.e C k  
Iias fornititl epit.axia.lly Ii(:f\woii I lic seiiiicoiicliict,or and 

tlic PdGc layci. Apprositiiwtc:ly 1 niii of Ga..+\s Iias dis- 

solved iiito t,lie P d G c  r(,gioii. yiciltling Ilic olxervccl G n  

profile. Fio111 coinhinecl SIXIS iii ir l  '1'Ehl sluclico. llic 

scqiience of evcnts appcars t.o I)(, as follows: A t.liiii -6 

11111 Pc14Ga..4s alloy layer is foi.nic0 o11 tleposition. \Srlicn 

t,lic I'dGe reaction frolit. rcaclirs khis alloy 1aj.e~. i t  rc- 

clainis t,l1(: I)d, leadiiig to cpit,axial rc>giowt.li of -2 nm 

of GriAs. Tliis 'L nin icgioii is lienvily tlopetl ~rit,li C+c 

(> 10"' cin-"). slifficieiit t,o iii<lucc' oI11~1ic I~ehavior. 

hprovecl t,lieriiiril antl inorpliologica.l propert.ies 

wcrc o I~~ ; t i~ ie t l  wit,li a. C;i/I'tl coiitact \rliwc a. t,liiii 

Ge clopant. spilíc was i i icorporatd in i.1ie int,crfacial 

region["]. Çubseqiieiit. SIMS st#udies of t,lie Gc/F'cl aiid 

Si/Pd coritact.~ on InP I ia .~e  sho~vn t.liat iegrowth of InP 

;ilso occiirs: Iiowcver~ th(: eslciit. of int,era.cbioii Ix:t,~~~een 

Pd aiitl IiiP is more diificult to c~n t , ro l [~ ] .  

13acl;sitle SJMS mas also ciiiployetl by St,offcl ct. al.tbl 

t.o examine low energy Si iinp1a.iit.s in G d s .  Tlicise pro- 

files of tlic Si3" isotopc (1.0 íi.~.oicl coiit,a.ininai1t iiit<eif(:r- 

erice) showcd surprisiiigly long chaiiiieling t.ails vit.liin 

tlie Ga!\s substrat,e. Sueli tails ii-iiglit. be iiit.ci.pret.ed a.s 

:i Iinock-iii effect in  froiitsitlc SJM,S profiles. The resiilts 

of tliis st.uclg inciica.t,ed t,liat ion clia.iinc:liiig may clcgi.aclc 

clcct,rical and  opt.ical propcrí.ics of clwiccs cxposcd to 

low cnergp ion I~o~nl~a.r(li~ictiit.  

i\ lieavily doped Al:\s/C;a.ls siipcxlat,ticc iinnealed 

a.t. tcriiperat,iires abovc 60U°C' will c\-cnt,ually iiiterdif- 

fuse 1.0 foriri a uniform .4l(;a,\s layei. 'l'he depaiideiice 

of t,lic rat.c of iiitertliffusioti oii tloping antl t,cmpera.ture 

is effectively studiecl by SthlS. SIMS can, of course, 

nioiiitor t,he clopant concenlsra.tioii withiii t,l-ic st.ruct,ure, 

I~ut. it. is tlie high sensilivity t.o t i l  a.nd Ga t.11a.t proves 

especially beneficia1 in lliese st,utlies. Tlie superla.tst,ice 

striicture yields a,ii oscillatory AI deptli profile, as oh- 

servecl in Fig. 2[". Tlie pea.k-to-valley ratio of t,hese 

oscillat-ions i:, a nieasure of the extent of interdiffu- 

sioii. Wit1.i a. signal to ~ioise ratio of - lu3 for AI or 

( ; a !  SIMS c a i  nieasiirc: peak-t,o-valley ratios accurately 

o w r  ri. witlc raiigc of valries, aníl correlate these mea- 

surcmerits to  tlte AI diffusion coefficient. Tlie figure 

sliows a.ii M13E st,ruct,ure wit,li plateaus of Si doping, 

so tha t  tlie dopa.iit levei a t  tlie cent,er of each plateau 

rt:iiia.i~is const,a.nt tluring t,lie aniieal. 3 liour anneals 

a.t. 700°C: and 900°C' a.re illiistrated. Interdiffusion is 

clca.rly acceleratetl a.t Lhe l-iigl-iest doping levels. Sub- 

secjiient st,udies slio~ved t.hat a t  very high doping levels 

(- 10" em-" tlie A1 diffusion coefficient is reduced. 

'I'lris effect is correlated witli a. recluction in electron 

coiice~itrat~ion (dopa.iit conipensation). The AI diffu- 

sioii coefficient vns foiind, over a wide dopant range, to 

h(: proport.iona1 tto tlie 3rd pocver of electron concentra- 

t.ion: as is t , h ~  conceiitrat,ion af the t,riply charged G a  

va . ca i~c~[ '~ ] .  Tlie results provide st.rong evidence for a 

vacaiicy iiletlia.t.ed diffusion niechanisrn. 

SIMS st,udies of Zn iiiduced interdiffusion in 

InP/InGaAs superlatt.ices revealed stribing hehavior. 

Tlie 111 ancl Ga. cat,ions reaclily diffuse while As and 

P remain stat,ionary. Tlie result is a liighly strained 

superla.t,tice, free of grown-i11 defect,s[11~121. At high Zn 

concent,rations, Zn coinpletlely displaces In in the InP  

layers t,o for111 Zii3PL. 'Tlie results favor a cation kick- 

oiit nieclianisni for Zn iiiduced interdiffusion. Trans- 

iiiission elect,rori niicroscopy (TEI\/I) of the interdiffused 

superlattices revealecl nunierous microtwin defects, ori- 

ent,etl along t.hc [ l l l ]  direction and spanning the highly 

stmined layers. Hwaiig, et al.[l1.l2] demonstrated that  

these defects (partia1 dislocation pairs) are ofteii the 

tloniinant, mode of st,rained layer relaxation, as opposed 

lo  t,he coavent,iona.l rnisfit dislocations treated in the 

thcory of Matt.liews and Bla.keslee. 

IV. Stoicl~ioinet~y ineasiirement 

Tlie AI/Ga signa.1 ratio measured in our quadrupole 

instruiiient was sliowii to be proportioilal t o  the true 

Al/Ga ra.tio over the entire (GaAs to  AIAS) concen- 

tmtion ra,i~ge['~]. While this result may seem trivial, 

it is generally not tlie case in the more common nmg- 

netic sector SIMS instruments, where a saturatio11 of 

Ihe AI/Ga intensity ratio occurs a t  high AI levels. The 
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Figiirc 2 :  SIhIS deptli profi l~s  of i\l.\s/(:;i.~ls siiperlattirç.~ as-gio~vn (a) and aiincaled for 3 li at 700°C: (b) and 900°C: (c). 
Six Si tlopait. platcau regioiih arc c\-ideiit,, xvit.11 (loping iaiigiiig froiii 2 x 10i7 t o  5 x 10'" cin-"(A113 iiit.erference oscillations 
;ire visible iii t,lie Si piofiles. Tlic. osrillat.ioiis tl'caj- as t.lir: dept,li resolutioii is affect,cd by spiittering deptli.) A1-Ga 

iriterdiffiisici~ is niarkctlly accelcrated at t.li<- Iiiglrcst tloping levels. 

Depth (nmj 

Figure 3: A 50 iiin parabolic well grown by MBE under au- 
tornated ellipsoineter control. Tlie SIMS data  (lower) is well 
correlat.ed witli tlie iii-situ ellipsorneter data  (upper dotted 
line). Tlie SIMS dat,a is well fit by a parabolic profile con- 
volvetl witli a 10 nm (FIVI-IM) Gaiissiaii fuiict,ion. This 10 
nm valiie foi t,lie dept,li resoliition was determined from ar1 
abrupt RlGaAs/GaAs iriterface clceper in the sainyle. Fits 
of 50 iiiri sawt.ootli (dashetl) and syiiare wel! (dasli-dot) pro- 
files are also sliown. 
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Polyiiier rnaterials are incrc:nsitigly cmployed in op- 

toelect.ronics as opt,ical transiriissioii nleclia.: ir1 active 

clectxical devices, and of coursc in coat.ing ancl struc- 

t.iiral applicat,ions. A tecliniclue (.o examine siirfacc 

~egregat~ioii, cliff~isioii. íincl orclering in polynier I~lend 

fili-ns lias recently been devc lo l~e t l [ l~ .  A sa.crificia1 

polystyreile coat,iiig (-30 n1i1 t,liiclc) is float,cd o i ~ t ~ o  t,hc 

sa.mplc of interest. Tliis coat.iiig alloms st,eatly strat,e 

sputterin, coiiditions to be acliicvecl prior to i.eacliing 

tlie original sa.mple surfa.ce, i t  protect ,~ tlie surface from 

contaniinants! a.nc1 it a.llo\\rs tleposition of Aii tjo a.void 

ioii l ~ o ~ ~ i b a r c l n ~ e n t  inclucecl cliaiging effccts cluring t,he 

SIMS analysis. Xrgon I~onil~a.rdn~eii i  is eriiployed, to 

allow dctection of oxygeii and t,o avoid seiisit,ivit,y vari- 

a.t.ions associatecl wit,li react,ive ioii sput,t,ering a.1 tlissim- 

ilar int,erfaces. Deut,ernted po1ynici.s are incorporatecl 

ii1t.o t,lie blencls t.o a l lo~r  for s c i ~ i t ~ i v e  detect,ion of tlie 

iiiotioi~ of tlie blend coinponeiit,s. LTegative rlcuterium 

ions a.rc detected. priiiiarilg h avoid a.ii intcrferencc 

with H:. Oxygen, ca.rl,on, anel clilorine a.re also more 

ciricieiitly detectecl as iicgativt, ioiis. Nitiogen is iincle- 

tcctal~le as a. ti~onoatoniic ioii hiit. is reaclily o l~s twed  

by nionitoriiig tlic CN- cliinei ion. S h e  clept,Ii resoln- 

tion is -10 nm for 2 Ice\' i r g o n  I~oii i l~ardment a.t 30' 

ofl-norrnal incitlence. 

Fig. 4 illustrates prelimina.ry cl:it,a for t,lie tfimc de- 

penederice of t,riblock cliffusioii iiil,o polyst,yre~ici["']. 'Tlie 

samplc consisted of a 53 11111 t,ribloclc copo1yinx:r fi111-1 

(polyvinyl pyricline (P\'P) antl clcut,erat,etl polystyrene 

with polynierization iiiclex 124-552-124) o11 a 43 nm 

polyst,yrene layer on a. Si subst,rat,c. Tlie ÇN- iiitensi- 

ties, normalizecl t.o P\'P \~oliimc: fract.ion, are ilIust,rated 

following lSO°C aiineaIs for 0: 20: 38, aiicl 120 Iiours in 

vacuuii?. The  nitrogen coiitaining tril~lock encls init.ia.lly 

segregate rapiclly to the siirfa.ce anel t,lie subsfra.t,r: iii- 

tcrface. T'lie t,riblocIi clia.iiis st,i.ctcli out. in a diiection 

normal to  t,hese surfaccs, aiicl tlic P\;P clia.iii encls in- 

teract to for111 (.lie ortlcied layer st,riic.tiir<: s l i o n ~ ~  for 

l,he 120 Iiour a.imea1. S h e  t.riblock cliaiiis a.t. t , l~c  sur- 

face loop arounc~, wit.11 bot,li ends loc;it.ecl ad a dept,li of 

-20 rim a.nd tlie deutcra.t,ecl cenkr. segnient esposed 

at tlie surface. The SIMS cleiiteriiim clept,h ~)rofiles 

a.re consistei~t wit.11 this clcsciiption of orclering. A re- 

view of SIMS deptli profiling sluclies of surrace segre- 

t=Ü jhour 
t=20 )how 
:=Se nour 
i=T20 (hour i 

Figure 4: Time clependence of the difhsion of a 5 3  nrn tri- 
I>lo<-k layer into a 43 iiin polystyrene layer on a silicosi siib- 
strate, following anneals at 180°C of 0,  20: 58: and 120 

lionrs. Tlie CN- SIMS deptli profiles are sliown, scaled to 
volume fraction. The triblock chains stretch, and the chain 
ends iiiteract, to form tlie ordered four layer striictiire (at 
120 li). 'rhe cliain ends are at,t,ract,ed to t,he substrate inter- 
face aiid repelled froni t,he surface. 

gation in polystyrene blencls, diffusion in cross-linlíed 

polystyrene, a.nd grafting of end labeled polystyrene 

chaiils to ali S i 0 2  surfa.ce was recently puhlished [I5]. 

VI. Coi ic lus ions  

SIMS dept,li profiling studies of ohniic contact for- 

n~at~ioi i ,  low energy ion chaiineling, int>erdiffusion, a.nd 

MBE growtli effects in 111-V structures have been de- 

scribed. The  applicatio~i of SIMS depth profiling to 

polynier blend st,ruct,ures was also briefly discussed. 

'Tliese SIMS st,udies a.re soinewhat atypical, in tha t  they 

do iiot. enipliasize detection of dilute species wit,hin a 

iiiliforni semiconductor matrix. I t  is readily apparent 

t,lia.t. SIMS is an cffective to01 for fundamental studies of 

layer iiitcra.ctions, where liigli deptah resolution a.nd sen- 

sit.ivit,y to sinal1 concent.rattion varia.t,ions of the major 

coiistit,iient,s cai1 11e cxploited. 
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