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heteroepltaxlal ZnSe thln films are grown by 

conventional metal-organic vapour phase epitaxy (MOVPE) and 

a novel pulsed technique recently developed at McGill 

unIversIty. An ln-depth analysis of photolumlnescence 

spectra recorded ~t three different temperatures 15 

presented. The epilayer quality and purlty are related to 

the pilrtIcular grc,wth technique employed cHld the speclfic 

precursors used. Photoluminescence spectra of the best 

mnterlal grown 1~ compared with the existing data on the 

ZnSe/GaAs system. The materlai quality ln the present case 

1$ comparable ta that reported in the literature for MOVPE 

an~ malecular beam epltaxy (MBE) grown material. The near 

band edge photolumlnescence, recorded at 77 o~, reveals 

fedtures WhlCh have not been reported in the literature on 

the ZnS~/GaAs system. 
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RESUME 

Des couches minces hétéroépitaxiques de séléniure de zinc ont 

été obtenues par deux techniques de croissance. La. première est 

1. 'épi taxie en phase vapeur par composés organo-métalliques (MOVPE). 

La. seconde est une nouvelle technique développée à i1cGill. Il 

s'agi t d'une procédure dérivée de la première, les gaz étant 

injectés dans le réacteur de façon pulsée. Une analyse en profondeur 

des spectres de photoluminescence enregistl:és à trois différentes 

températures est présentée. La. quali t,é et la pureté des couches 

épi taxiques sont correlées à la technique de croissance et aux 

composés utilisés. Les résultats de photoluminescence du meilleur 

matériau obtenu sont comparés avec ceux de la littérature, et 

indiquent une qualité comparable avec les échantillons obtenus par 

MOVPE et 11BE par d'autres groupes. La. photoluminescence correspondant 

à des transitions voisines de la bande interdite montre des 

caractéristiques nouvelles à 77 oK. 
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1 NTF~ODUCT 1 ON 

( 
The recer-,t proQyess in the physic6 of II I-V compelu~d 

1 

semlconductelr..:. i5 ~irectly yelated to ma.jclr advancements in 

gr clwth and devi ce tee hnol ogi es. The growth of high pUY i ty . 

material by MBE and MOVPE and the ability to fabricate thin 

multi-layer ~tructures uSlng these techniques has led to a 

rapid develc.pment in thu produ.:tlc.n of electronic and 

optc..-eleetronlC devlces bascd cln III-V semicc.ndur.:tc.r5.. High 

speed fIeld effect transIstors (~ET's) and quantum weIl 

l~s~rs have been bUllt using direct gap III-V 

electrç.nlC devices based on a slngle technc.l.:.gy provides 

the onvlng f.:.r.:e for the replacement I:.f the current Si and 

Ge based technology by the III-V technology. A thorough 

understandlng of the underlying physics ls required for the 

future Improvement and advancement of the III-V growth and 

device technologIes. 

A resLlrgence ln the interest in 1 I-VI cc,mpound 

semll:.:mdLII:t.:" .. s 1 S a di rect consequence of the cun-ent 

emphasls on III-V semlconductor device technology. The 

II-VI and III-V systems are cc.mpatible in many .:ases and 

can be grc·wn uS1ng the same technique. ZnSe 15 CI wide 

lattlc~ matchlng to GaAs. It is therefore a sUltable 

( candIdate for the fabrIcatIon of blue Ilght-emltting diodes 

(LED'sl, laser diodes (LD's), and electroluminescent 
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displays Cll. Other potential applicatlons include its use 

as an insulator in metal-insulator-semiconductor (MIS) 

stru~tures and GaAs waveguides C2]. High quality ZnSe must 

be obt~ined if these applicAtions are to be realized. In 

addition, both p and n-type material is r~quired in order 

to fabricate LED'5 and LD's. The doping of ZnSe is 

complicated by self-compensation effects and incorporation 

of unde6irable compensating impurities. MOVPE and MBE 

appear to be the most promlsing techniques for the growth 

of high quality ZnSe epilayers. These techniquas are 

regarded as highly non-equilibrium growth processes and are 

expected to suppress self-compensation effects [3l. 

The present study is concerned with the growth of ZnSe 

heteroepitaxial thin films by MOVPE and the 

characteri:ation of the epilayers by photolumlnescence. 

Thin films were grown using conventl0nal MOVPE and a novel 

pulsed technique developed here. Material was grown uSlng 

different precursors. Films were deposlted at several 

temperatures in order to determine the effect of thlS 

important growth param~ter on epilayer quality. 

The photoluminescence technlque was utlli:ed to 

characterize the ZnSe epilayers. Photolumlnescence spect~cl 

were recorded at temperatures of 301) o.~, 77 o .. ~, and 2-16 

o~. The spectra provide important lnformation about 

material purlty and quallty, the types of lmpurlties and 

comple~es present ln the material, and the strain presert 

in the epilayer. The types of luminescent transitlons WhlCh 
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occur and the relative importance of the variou. 

transltlons at different temperatures is deduced from an 

analys15 of the photoluminescence spectra. The analysis 

includes a detailed comparison with data in the existing 

11terature on the ZnSe/GaAs system. 

Chapter 1 i5 concerned with the MOVPE technique. It 

lncludes a summary of the basic concepts lnvolved in the 

growth process, a descrIption of the setup used ln MOVPE, 

and a general overview of the process. A discussion of the 

various growth parameters involved, the dependence of 

material quality on these parameters, and the optimization 

of the parameters for the growth of ZnSe is also included. 

In chapter 2, ~n outline of the various luminescent 

transitIons is glven. A summ~ry of the transItions observed 

ln ZnSe is presented. The temperature dependence ~f the 

photolLtmine.'scence is also dlscussed. 

An overVlew of the photolumInescence experimental 

setup, lncludlng a description of the equipment, Is 

presented ln chapter 3. 

The experlmental results and analysis are presented in 

.:hapter 4. 

Chapter 5 is a summary of the conclusions which can be 

drawn trom this study. 
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CHAPTER l 

M~AL-ORGANIC VAFOUR PHASE EPITAXY (MOVPE) 
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1. ) METAL-ORGAN TC VAPOUP PHASE EPTTAXY lMOVPE) 

In re~ent years, there hdS been a Yapld development in 

th~ productlon of electronic and opto-electY~nlC devlces 

bc.,sed ':'n Unn ~>ln9Ir-? '.:yy!:;tc11 seml,,:,':.ndu.:t.:,,.- fllms. The 

grolNth 0f $uch layers 0n single crystal substrates, with 

the atoms in the Idyer dupllcatlng the arYangDment of the 

ë~t;om~: 1 ri thl:~ subtl"ëite, ls ~ nO:'INn as Dplta:t.y. 

E~lltay.lc.'\l ç,l('e,wth tE-~chni.qu!:?s o:.'l"e pr-efer-r-able to bulk 

gl"owth prcff:eSSE'S f.:,Y several Yeaso:ms. lhe lCMer gyc.wt:. 

temperdtu('es used ln epltd~y yesult ln crystdls wlth a 

hJghc>)" dC')gl"er:' c,f purlty .::md pel"fect]c'ri, essentlally be.:ause 

,:of the d!:?I,:,'-f?d~;lr1Ç,1 y,.:.l!:? .:.f enty.,:.py dt lower tempf?rr1tLlye~;. 

81. (.wc-?r gr OINt h r atE?s allow L11 t r a-t ~1l n mul t 1-1 ayer st r LIe t ur es 

t,':. be Ç,lr"':.wn. Fln.ally, .alloys hé.'\vlng a LInt f.,:.r-m composltlon 

1r1 l;he glowth chre,:tl.:tn can be f.:.t med, s.:.mething n.:,t 

E~'II d'l,y J ~~ UlVldc:>d Jntc. t;hr€~G' çH",nel".:1l cëitL'ç,~oril:?s: 

ItqLltd pllrJSf? C?pttc.'\'.y (LYE), VclP':OLIY phc:.'H;E? f?Pltd'l.y IVPE), and 

~;c.I1r1 phël!::>e €i.'~)ltë'\'1.y (Sr:'E'). Vape.ur phasE' epltë-\'1.y In.-Iudes as 

~;Ub""':r"Üf?t;.ll)t"tf?S metal-or"ç,lo:.'\ntl.: Vë.'\pc.UY phc.'\se eplta'l.y <.l''mVPEI 

ê-H,d rnl:']t",,"Ltlë~l tH~c:.\((1 ()Pltë.~·,.y (MDE), ë.~m':.ng ('.ther':.. 

AlI eplt~~tal gr-owth te~hnlques dye based on the same 

lundampritëll Pl"] nt: J p] eG. 1\ l:;~1t:tl"I:.ugfl undel"~;të:\ndlng .:..f tllese 

pl trlt.:tpIE?S cH1d i;hf?tt" t"f?latl 'If) tmpt':t('tc:.~n":E? i~:; nl::'':!:?~;Sr,H"y fot" 

cOIîl::lnu€i.'d lmrH"C'\·Ci.'ITH?nt!.., ancJ cJLvel"!:.lllCi.ltl'-.,n ln rnc:-\terJals 
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summary of the baslc concepts involved in ~plta_i~l growth 

The MOVPE growth technIque lS emergln~ ~s one of the 

currEmtly Ir) use. lhis iE~ p'"lmë.~rlly due to the VE." r:;i\tll.Lty 

based .:.n tfun fllrr, strll.:tlt'-€~S h.::.\ve b(~'en suco:e!:-.. t'fll11y 

t c~c hru que wll) p] ay ~.H1 H)': r E?i\Sl ng 1 y lfnpc'l' t an t r (.] () Hl 

deVlce fabrt'':rJ.tl.:on ln the futur-E:? ThG? se.:o:ond pr.lrt of thlS 

chapter provldes a deso:rq)t](.n of thE;> setup us~"d ln MOVf"'E 

and a general .:.veI"VleW .:.f thf~ pI"O':€:?SS. 

The varlOUS parameters lnvo)ved Jn MOVf"'E must Le 

.':tptiml~:ed ln t':'l"der tt:. I:tbtc.un l11gh qUr.lltty ifun ftlms 

lS essentlal. Furthermore, control of materlal prop~rtlP~ 

approprlate lmpurltles 15 necessary. The crysta]l.Lne 

quallty 

-
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( atudied ln the Cdse Qf GaAs. Pesults af these studles cire 

prob~nto0 ln the fln~l part of thlS ~hapter. Problems 

~?f1':(',unter(,?d Hl th<::- gr.:owth of .:.thE?r l'II-'V ,:c.mp.:,unds c.,("e aIs.:) 

mentloned. FlnalJy, optiml:atlon ~f the parameters for the 

encc,untered ln the gro:,wth c,f GaAs ë.~re mentio:med, along wlth 

P':'SSI b 1 e ~>,.:,l ut l'.:'n=. • 

1.1lFundamentaJ Prlnciples 

AlI crystrll gre:owth prclI:esses, includinç,l epitô.'\y.y, are 

phc"~s(~ tr.::msltJc.ons. The therm':'dynamlcs c,f phase transltic,ns 

15 therefore qUlte usoful ln cln dndlysls of epita~y. 

Flwthermc're, Slne:e p~)ltëny 15 c\ dynamlc and not an 

eqU\llbrlUm process, an understdndlng of the ~inetics 

lnvo]vc)d, n~,tc.tbly, mass transpo:,rt (',f the requlred elements 

t,:, the? Ç.lrc,wth ~;urfc."\cl:? c.u,d ~;l.Ir fc.'lcl:? pt'c.ces~~<:?s, is alE;":' 

np"c".>SillY fo:,r <ln acj(~qllatl::> dE'?S".,:rJptJc,n (,f the eplta',.lë.-\l 

A study ,:,f the thermodynamlcs (,f the epitë:\'1.1ë.~1 gr,:'wth 

~;;y~;il:?m pt I)vld<:?~; d m~?th':od k,t' r.:c.'\lculatlng the ,:ompositlc.n cef 

mlll t J ': ':,mp,-,rlE~r 1 t ~:;':.,J J d~;. l t ë.~l s':.' c.lei" el' ml ne!::, the ':. ,:,nc.ll t l ':.,n!..i 

t',,?ql.l\rl:?d trl e;'t'df?t' f,,:or g,".:,wth t,) c,,':,:u(" c.uld the m(".:\:'o'oJ.mLIOl 

Ç,Hr:.~lth rë-\tp pl:'!:'I(::'JblE~. 

T"r:'l'mc,riynë:\mJI,~::" wh€?n é-\ppJ 18(J i:,:., ë-\ t:;ystEi>m ln 

oqu\l\brlUm dt d Ç.llYe?n temperdtUYe dnd pressura, defln0s 

the r:.C',rnp('~:;) tl (,ns (,f the ViU"l.:'US pflaEE"'5 ln th!? ~.ystem. 
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- --- ---------------------------------------------

..... Considerat10ns bdsed on the fa~t that the tQt~l GIbbs frRe 

energy of the system 15 R mlnlmum at equ111brlum rebult in 

for each component 1 

pc.,tential cof the i t:.., cc.,mpc,nent ln phë.~se 0(. rC.'r an IdE.'.:..\l 

gas mi "t.ture 

<'1.::> 

where P is the gdS C0nstant, T is the tomperatura, Pi 

1S the partial pressure Qf the l~'" ~omponent, and the 

superSc.rlpt c.o refors tÇI ë.~ stand~rd state, llsually chc,c;:;cm .:\!:.". 

the pure c,':.mp,:,nent 1. ln the ":ase ,:,f S,,:olld l':lr liqUld 

and ~i are, respe,:tlvely, thE? actlvlty and the fl(,n-lCk'allty 

ana] y~ J ng J J qllld·-sc,lld muJ tlc.omp,:,neît ~:.yst(-)m~, (Ir ~~as L.(.I) J LI 

-
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regulc:.'''- ~;I.:.lutl'.:.n m.:.del. The s(:.lid ~;.:.lutierns may aIse. be 

tn?ë\ted llslng the dl fference ln l attlce parameter I.DLP) 

ml:.d~~l. In b • .:.th mc.ciels, Dt 1S ev.pr~H.sed ln terms c.f t~,e 

1 n ter':K t 1 on par ameter 5l: 

1.1. 4) 

regular Solutl0n model, while ln the DLP m~del they are 

coryespondtng to a gtven temperature and 11qUld 0r vapour 

cûmp0sit1on provlded thermal equ111brlum ~xists, as is 

erften the Cdse nedY the growth Interface. 

Th~ epJt~~1al growth process 15, as mentloned earlier, 

preC1S())y thlS fc.yce. In E-?Pltë.I"y, a non--eqLllllbrium 

l.l-y~~tëd o:onstl tuent t:»ements ë~re H) E~'1;ceS5 c.f the.se w~llch 

~n (.~"th tc:.'mp€'?r.:\tur(). The r0sultlng thermo:.clynami.: dl-lvlng 

10 



force 15 responsible for the ~ry5tal growth that o~curs. 

The më.\'I,imum amc.unt (.f S.:.11d thC\t .:an be-? prCldw::.ed 1S 

determtned flrstly by the degrc:~c:~ of supc:~rs .. ,tLlrdtl.:on, ~;tn.::e 

gr.:.owth ce.ntHlues until equillbrlum is estC\blu:.lled, and 

$~ec.ndly, by the t~.tal vc.lume .:of ~;upc~r:;,-üul"ate-)c! 9 .. H; p .. \~,~;in9 

through the system L.r the tc..tal vL.lumE' of supc:-rs; ... I'l,LIl'èÜ('d 

liqUld solution present. The md~lmum growth r~te d~hl~vable 

15 d.i.rectly related t(. the quantlty c.f ~',o:olld pr.:.cJ\t._ecj i\lld 

i5 thus limited by these two bdSl~ fd~tors. The d~tudl 

growth rate 15 l.:.wer than tt1at prech.:ted by thcY"mc.dynïlmlCG 

bec';''l.u~;e .:.f furthe-?t' t·dte-?··l\mltln~l a~;s":O':l .. \tt:?d wlth the 

kJ neti.:s cd' the 9YC.wth pl'CII:ess. 

A study of epltd~y t5 In~omplete wlthout dn andlysls 

of the ~onetl':s lnvc.lved Hl the ~lYC.wth pY.:II:ess. 1 u.etlcs 

can greatly affect growth rates, ~ompos1tlon, morphology, 

and mRteriC\1 propertJes (lmpUYlty 1ncorporC\tl0n l • 

The ~ tne-~tl':S .:.( epitc."\/,y dre-? qUlte-? • .:.:.mple't .• The c,,H"'.lwlh 

prl:'C€~5S cons] sts ("of severa) IlflFt] c stE.:.'ps. Th€:.:' rei.\ctanl.r-. 

must dl f fu~;e f,·.:om the buH t • .:. thr::? ~;ur (.-.)':(1, whE'Y('? they 

ad sc.rb e.nte. 1 t ë\t va.: ant SI tes. The 1 l.'i\C. tèmt ~~ :,ubsequr->nt l y 

des.)(b, rE~c.~ct W'ltl1 eoth€u sur fc..,.:e-~ spc:-'·:le~~, .).- slmply 

dE~t:c.mp':'sE'. The new m,:.) c;>cu) E'G (c.r iltc.ms 1 dl rfu~-,p LI] (".n!.,l tll(' 

sur fc.~~~? to:o a 1' .. )101 enE?(9Y Slte-~, SU':.l as c:.'\ mondt.:omlC ~:1;E.'p, ùnd 

then dJ f fuse", (l f tllE' Ç,11'( ...... th t€:>mperélture l s fil Clh pr·" .• uÇ,lfl) 

along the ste-?P tc. c."\ l • .:.we( or1E?f9Y ~;ltE~, no:o'(mallj cl klnl. 

Inceorpc.rë.1tlo:.n Jnto the L°\!;tlcC' en~~lIt.'~:;, the yr"LI(tJ':Jn (,ft/'n 

l"E'SI.lltlng Hl the-? rE?1e-?8se .:.f pr(:.du.:t m.:olE?':Ltles ',JIH.:h 1;!1r-Jr. 
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desorb and diffuse lnto the bulk. The overall growth rate 

15 Ilmlted by the slowest of these steps. 

MaS5 transport, the flrst of the series of steps 

llsted dbove, is a compllcdted process when treated in 

dotall. It Involves both fluid flow and dlffusion. A 

detalled study of fluld flow lS made dlfficult because of 

.:c.nvectl.:.n effe.:+:s ~rlsing frc.m temperatLlre and solutic.n 

mass transport that are physically ruasonable yet simple 

hdve been developed. Su~h models are generally adequate for 

a descrlptl (.n .:.f mass trilnSpCrt-t. lhey ë.~re dls.:ussed briefly 

ln soctl • .:.n 1.:2. 

mdSS transport. The redctants used ln MOVPE de~ompQse Or 

yract to form a varlet y of chemlcal specles. Numerous 

reactlon pdthwdyS leddlng to IncorporatIon of the 

cc.nst, tuent ë-Itc.ms Intc. the crystal are thus pc,sslble. It lS 

tumperature, carrler gasles) present, etceteral. Surface 

Infr~-red l~ser spectroscopy 15 used tù Identlfy the 

\'c.\rl.)II~; • .:h(-~ml.: • .:\l spe':l(-?S present dnd to determlne the 

1 surfd~e dnd elsawhefe ln the system [4J. Pdmdn spe~tro5~opy 

't 
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...... 

Chemlcal reactlon pathways leadlng te. growth cHoC pr.;tp':'SE-?d 

on the basls of the Identlficatl~n of the chemlcal ~r~cles 

present. SLlrfcH:e chem1..:al t"ec.\l:tlc.ns CcUl slÇ.,lnl fl'"c.\ntly dltm­

materlal propertles (eg. GaAs p to n type, ~G dlscu~sed ln 

se.:tlon 1.31. SLlf:h t-ea.:tl._)n~; ':dn dl <:; • .:. dffE-~~:t m • .:tl---ph.~,l':O!:.lY, l.f 

two-dlmenSlonal stepwlse growth lS Inhlblted by the 

red • .:tlc.n. The ddsc.rptl • .:.n • .:.f at • .:.ms • .:.t" m,:olc~O:Lllc?~; th • .:\t clo.::, n,-:,t 

contaln the cryst~l constltuents can lnterfere wlth the 

më:\y be lnhlblted by the presence ,:,f such 'po15c,n' t:;peCIE.'~;;, 

t"eSultlnÇ.,l in deter1.c.rc.\tl.c,n ,:of crystdl quallty. 

Surface klnetlc prc.II:esses arE-) Influenced by thp. naturr.? 

of the surface on WhlCh growth occurs. Vdrlous crystdl 

faces present atomically different surfAces. The surface 

kinetics, that lS, adsorptIon, dIffUSIon, dnd surf.ce 

cnemi':ë:\l reactl,::ons, WIll ln general depend on the 

orientation of the substrdte. Consequently, materldlG 

pr.:'pertles, crystal qUi~llty, ë~ncj mCtrphc.](,~~y /TI':ly deflC'nd ('ri 

the ,:rystc.\l ,.:'t"lentatlon ,:of the substrdte SUr fc.KE-~. nl0 

presence of steps on the surf~ce facllltates 

two-dlmenslonal stepwlse growth. If no stcps e~lst, growth 

O(':Ul~S Vla twc, dlmenslc,nëü nuclec1t10n. DIfferent ,.:rystëd 

OYlentatlons present surfd~es W1.th v~rylng degrees of 

'l",:,ughness' ë~nd thLls lnfluence thE? gr':twLh m€?o:h'IrIlSITI. 

Epi l~lyers clre ,.:,ften gy • .:,wn ';'r1 sLlbstYai;E?~; wh,:o~;e c:ur f<--,,:€:><.;; <."\1'(: 

purp';:'seJ y ml S':'·(l ented fr':"ffi ê.\ O::-l"y~~të.1l far..e by ë~ ft:'w dt~{~l·t-'US, 

ln c,rdc.",r t~, enhance t/le two-dlmenslo:on~.:tl ~:tepwl~;e gr,.)wth 

13 
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process. Other sour~es of steps include screw dlslocatlons 

and therm~l roughenlng. Two-d1mensional gr~wth generally 

rc:'su1ts ln Imprr::.ved morpholc.gy and crystalljnlty. 

Surface ~lnetics are strongly dependent on the growth 

temperature. Surrface dlffusion is faCllltated at hlgher 

growth temperatures. Lew grewth temperatures result in slow 

surface dlffuslon, and dIffusion of the adsorbed species to 

th~~ lî..west energy sltes (kH1L'.;i) pl'iol' to Hl • .:orpc.ratlon may 

no longer be poss]bl~, energetically speaking. The growth 

mE?dlan1 ~;m 1 fi c.'pt to bE.'~ three dl mE:n~)i c.nal when the growth 

t(~mp€~rë-ltllrE~ l!::; tc..o:. lc.w f.:.l' adequate surface diffusic.n. 

D~~t (~r-l')r- at l.:.n .) f 010:'1' phol • .:.gy and .: l' y5t c.,111 n1 t y Qnsups. 

Dl fferr~nt 511rfac:(~ reacti.::ons më.~'y demlnate at different 

Ç,l(.)wth t~?mpE?l'aturE?~ •• M""terlal pt-r.opm-tlefi ':cH1 bE.'? c:\ltered by 

o:hantle~-. lr1 ~:;ur fë~.:e ,:hem1.:al reactlons when Impurlty 

Hl çH-\nE~rdl llmlted by sur iDce Ilr.etlc pI'OCeS5E'S at 100,.,1 

gr.:owth t(~mpf~t-ë:\turE:~;. 1...:.0,.,1 9r • .:,wth rc.,te5 ,,-we ne':E.'?~;5c.,ry Hl 

('I"dE)I" to:. c.btaln SlnÇ.lle crystë.\l 1ë.\yel"S when sLlrfë.~r:E' 

ch ffusl0n 15 51 • .:.0,.,1. (NOTE: GenE?ral reFerence Fc.l' se • .:tion 1.1 

l~:; (7]). 

1.~)The MOVPE Techn1que 

MOVPE \S d deposltl0n technIque whQl'e metc:\l-organlc 

cc.mpo:,unds (met éd al 1 yI 5) and hydt- l des (':'1- ëll ~ yI s) serve ê.~s 

thE-~ ~;.:ot.n-':f?S .:,f thE~ metc.,l cH1d n • .:.n-metc.,l ':r.:.mp.:.nents, 

14 
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respectively, of the compound seml~onductor to b~ f~rmed. 

The destred redctlon of these sources 15 pyrolysls of tha 

compounds near the hc,t substrc"\te fCoII,::O\.,I(~d by lncorpC)ri~tlon 

reactions are, however, unavoldably present. The 

mstal-organio::s c,:,mm,:,nly used are hlgh vap,.)ur preSc:iLI,'e 

liquids ~r s~lids at reom temperature, wh1le the hydrldes 

are gases or llqUlds. A schematlc of the MOVPE system lS 

shown in figure 1.1. The stëunll:?ss steel bllbblt>rs 

constant temperatures, typlcaJly ln the r~nge 10 t~ -20 oC, 

with the help of thermocoolers. The metal-orgdnl~s dre 

transp,:,rted t,::o the growth cha, .• ber by flo:-,w1ng a ~arrleY gas 

through the bubblers. Ultrd hlgh purlty hydrognn UdS uGed 

the al kyl pre,:urs,::.rs are d€-?terml ned by th€-? s.:,ur,:e 

temperatures and the flow rates of the carrler gas. The 

malntained w1th the help ~f electron1c mass fJow 

from welded stalnless steel gas Ilnes. CQnnectlons to tho 

bubblers employ met.l to metal seals. ConnectIons to the 

c.ther gas s.::our':es as weIl i.~~'; thosC? to the val ve~~ use l'"ubbt.'y 

setup of the flow rates of the rea~t~nt gases prlor te 

- (.:ommenclng tlrc,wth. The effluents, ':':,nsl~;tlrlr:J .;.f Llnused 

reactant gases and varlOUS by-pr~ducts, are pyroly=ed ~s 

1.5 



figure 1.1 1 Schematic of the MOVPE setup (pulsed technique~ 

Gas flow rates are set and regulated using electronic MSS 

flow controllers (Mie). A bypass lines allows initlalizatlon 

of flow rates prior to comme:lcement of growth. Unused 

reactants and byproducts are pyrolized before beins pumped 

out by the rotary pump. Organo-metallic sources are 

maintained at the desired temperature with the help of 

thermal baths. A pressure c;heck valve (pc) preven"l.s flow of 

a reactant if the pressure in the bubbler is too low. 

Injection cells are a t'eature of the pul~ed technique. ibe 

SiC coated susceptor ls radiantly heated. Temperature 

monitoring and stabilization are done through an electronic 

temperature control system employing a thermocouple as a 

sensor. 

16 
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they pclSS tl1rclLtgh the E?xhaust llr1e. Leow pressure clperati,:.n 

i~~ ao:hjE?ved thl",:,ugh the lise 1:1; a mecharucal rl:..tary pump in 

the system used heye. The SiC coated graphite suscepter is 

radiantly heated ln thjs tase, wlth temperature monitoring 

cmd ~;tabi Il :!c.,tl o.:.n d,':lne th(c.uç,~h c.'m el el:trc.rli c contrc.l system 

empJoylng a thermoc~uple as a sensoy. 

Two reactor types were used in this study. A 

IK.rl:!Cmtal flc.w reacto:or, shcown ln figure 1.:::::, was used fc.y 

conventlondl growth. A vertical flew reactor constructed of 

quart~, shown in figure 1.3, was used in a variation of the 

standc:.wd teo:hrllque. In t~llS se.:,:ond technique, small v.:.lume~i 

of the varlOUS reattant gases were lnjected one at a time. 

A modl flcatlon ln the ferm of a set of Injection cells lsee 

fj glll"e 1. 1.> was ne.:essary. Each c.:msecut 1 va pul se was 

followed by a tlme perlod where the reactant not adsorbed 

I::on the growth SLtr face WëŒ ' flltsf1ed' out of the c.hamber by a 

fl,:,w clf hyd(I:'gen t~c.,s. UndE~r apprclpriate cl:.nditlc.ns t~rclwth 

by atc'lTllo: ] ':~yE~r epltë~~,y (ALE) was pc'sslble. 

The MOVPE prQ~ess conslsts of severdl St8pS: llinput 

of reactants, 2)ffil'I,ing clf re·actants, 3)di;fusl':.n tc. the 

substrclte lm~ss transport), ~nd 4Jgrowth at surface and 

rE~mc'vé.'1J cof by·-pr.:.dL\l:.ts. These steps are disl:ussed ln detall 

l .:2.1) Input CI; F~eactants 

The source gases contalning the metdl c~mpcnents of 
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the compc.und sem1 conductor aye i ntrodueed i nte. the growth 

chdmber through an inlet separate from that through which 

the non-metal reactant gases passe The separate 

lntrClductlc.n .:.f the metal-alkyl and the non-metal hydride 

is nQce~sary when these preeursors undergo premature gas 

phase rea • .:tlons. An e:Y.tended inlet tube WhlCh allows 

introductlon of the metal alkyl close te the hot substrate 

essent1aJ ln order to obtain uniform Cthickness,material 

pr.;:.p(;~rtlesl epita:Y.lal film'!:i. Alternatively, pre.:ursc.rti 

Wh1.:h de. n.:-.t re~.:t prematurely ':ëln bQ usC'd ln the grc.wth c.f 

generally ma~e this a difficult proposition. 

1.~.2)Ml~ing of Reactants 

LJr111.:.rm grow'Ch .:.ver the substrë'-\te sLlrlace rE.'qLtlreS 

thd t the"? • .:ompc,sl t i. .~.n .:. f the gas ml 'I;tu(" e i mmed 1 c:.,tel y above 

the ~5Ltr fë-\((~ be (onstè'\nt. The reè'\ctant gases must therefore 

be .....,eU m1.'I.ed pr1.c.r t.:. n~achlng the sLlbstrc:.'\te. A turbulent 

gas f10w reg10n lS generaJly present upstream of the 

~;Lls.:ept • .:.r. r::fflc~~nt ml'l;lnÇ.~ t..:'CCLlt"S in thlS reglc.n. A proper 

n:.>ac tc.r denl gn (;)rH.:,ur 85 that èl st abl e 1 ami nëlr Ç.~e:.s fl.:ow 

( 
neaY" the r cac tel)' Ç.~C:-\~ 1 n] (~t s. Hc.m.:ogeneous gas phë'lse 
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reactlons may occur following mlxing of the reactant gases. 

One such r eact ion, adduct format i c.)n, oc.:ur sIn t he gr c.'wt h 

of compound semlconductors contalnlng IndIum [7,8J. The 

adduct, R:aIII-VF~':a ln the case of III-V cc.,mpount1s, 

undergc..es ellmlnation reactions whereby RP' mc.l(~culr:'!... are 

released, the end prc.duct belng F~III-VF~'. nus hlÇ.lhly 

reactive camplex forms palymers (RIII-VR')n that depaslt on 

the reactc.r wc:.\lls upstream fr~:.m the substrate. Polymer 

fC'Y'mation results in a low growth efficlency, and thus 

reduced grc.wth rates. Non-metal al ~'yls, whu:h are m.;:tre~ 

stable than the c,:.rresp·:.nding hydrldes, mëly r(~c3ct Wl th the 

reacti.::-.ns. These adducts can then c:;erve c:~s the traru;;p.:.rt 

agents, provided that dissoclatlc.n ..::.1 the c.,ddUt.:t clnd 

pyY'OlyS1S of the non-met al al~yl and, of course, the metal 

aU:yl, clI:(::urs at the ele~vatc~d temperature fc.und nec.u" the 

pyroly:n upstredm of the 5ubstrate and subsequentl) rec:.\ct 

with other chemlcal specles present te produce v~rleUb 

1 t-_J 
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of a given compound and the extent of these reactiens is 

greatly dependent upon the choice of precursors. Growth 

cdfll:lenl:y can be high If the prclper precursclrs are 

sel (~ct ed. 

1.2.3)Diffusion te the Substrate CMass Transport) 

MaS5 tran5p~rt Involves two proce5ses, gas flow and 

diffus1on. The thermal gradients present in the reactor 

produce convection, thus the gas and thermal systems are 

cl:'lup]ed, lntrc/ducing further complic.atlons to the already 

cQmple~ mass transport problem. 

Gas fl(I\o.I U5 tre.:~t(i'd assumIng no temperature gradients 

fClr 5lmpliclty. Thc.,? gc.'\~5 flclw pattern lS determined f,:,r flow 

thr0ugh a tube. A stable laminar flow having a parabolic 

vel ':II:ity proflle 15 f~stabllshed after a certaln dlstan':e 

dc,wn tl1e tube, ci5suming Ufllform gas veloc1ty a,:ross the 

tube at the entrdn~e. The introduction ~f a plate 

( SUSCE~pt (,t) ln t hD pl' Dseno:e CI f ë\ unI form vel Cil: i t Y prç,f il e 

results ln the formation of a laminar boundary layer of 

wldth 

d co<. (Dx/U)""2 (1. 5) 

wh~re D ltô the cl'tffLlslc'n cc,ef'fl,:ient, y. lS the 

pl:lsltlc,n é'\lc,ng the plé.~t(;:·, and U 15 ë\n aVEi'l"-aÇ.H~ vel':lcity [7J. 

Thf~ vf~lc".:lty 1~; ~(-?l-O c.'\t the sLlrfa,:e and Ç.~raduc.'\lly InCreè.'\se~; 
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with increasing distance from the plate. 

Mass transport occurs via diffusion as weIl dS forced 

and thermal ~onvect10n. If convectlon effects arc absent, 

mass transport lS essentlally by dl ffLls1.;.n throLl9h the 

boundary layer formed at the surface. A slmple model 

assumes a stagnant boundary layer [7]. The flu~ 0f the 

metal al~yls and non-m€tal hydr1des (or alkylsl d1ffus1ng 

fr(:.m t he ~lI:Imc.g~me':'Lls bul k reglon thr .;,ugh the b':'I.trldrll' y t .... 'yc>r 

to the lnterface is giv~n by 

( 1 .6) 

where p is the partial pressure of the element ln the 

bulk, p~ i5 the equllibrlum partlal pressure at the 

interface, and D is the d1ffuslon coefflC1ent of the 

element Cproportl0nal to T21. Assumlng the growth 

tempEi.'rë:\tLlrE' lS sufflClently hlÇ,~h, ~:;c, thë.\t ~.)Llrfacc l'eact1CIf",·; 

are r~pld, thf? growth rdte u; dE-?termln€'?d by ch f fUS1':.r1. In 

gf:meral, IJI-V (II-VII cc.mpc.unds ë.~l'E' ç,~l'(, .... m WJth il hlÇ,~h 

ratio of V to III partldl pressures ln the Input gdS 

stream. Under thEi.'Se twc. ccmdltl.:.nE;, the gl'üwth rate 15 

Itmited by the flu~ of the group III etemont. DlffuSlon 

limited t~rc..wth lS Chë=\rë.Kterl;:ed by ë.1 gl'(,wth tc:tTlperëlture ë.H.d 

substrc.'\te ,.:.rlentatlc,n lndependent gro ..... th rdtf:·. (A more 

s':'phj si; 1 cë=\ted m.:,dc~l é~SSLlmes a \,o,Ic,l] rTll I,ed bu] k 9iH; ph':H~e 

W'lth dl ffuSl')f1 trè.1nsp.)t-t t.'') the? ~;ur fc.v.:e th('.)uç.lh a bc.unclary 

layer formed 1n the presence Qf a p~rab~llc vclùtlty 

2) 
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profile [7J. The growth rate was determlned assumlng a 

tempernture gradJent ln the boundary layer WhlCh increased 

linearly IorJlth helght. Comparison of results from this 

analysJs wlth e~perlmental data obtalned ln the growth of 

Sl by VPE showed g00d dgreement l • The presence of turbulent 

gQS fl~w ln the vlClnlty of the growth surface glves rlse 

to local varlatlons ln the growth amblent dbove the 

substrate, resultlng ln non-unlform material properties, 

growth rate, and dlloy composItIon, and lS thus to be 

aVOl cjed. 

1.~.4)Growth at the Surface (Surface ~lnetlcs) and 

lhe presence ~f several chemlcal species leads t~ a 

vdriety of posslbl~ surface reactlons. As mentloned in 

SL'ctlCon 1.1, ~jurfar:(~ chemlcëü l'ea.:tle,ns can gl'eatly alter 

non-e~lstent, prlmdrlly be~ause of the difflculties 

lr'lvc,]v€?d ln pl"e,t.nng the surfë.\l:e n,:,n-lntrllslvely, and ""Iso 

dIffuse out thr011gh the boundary Idyer If they are to be 

( 
I"€-?tnc,ved fre'(TJ th[~ s:;y~:;t€-?m. Tllrbu]E.'nce and thermë.~] eç,nvectlc,n 

ffidy result ln gdS re~lr~lll~tion, preventlng the rapld 
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remova,l c. f the by-pr OdLlct s. Thest,? ef fee t scan al so 1 end t 0 

dlffieultles in the form .. ,tlc.n c.f abt'Llpt lnterfcH:es. ~NOTE: 

General references fe.r sectlcm 1.2 are [7,8J). 

The ef fec.ts c.f grcJwth varli..~bl es SLlch as grc.wth 

temperature, reacter pressure, substrdte crystdl10grd~hlc 

orientatIon, gas phase c.:.mp,:'sltic.n, i-\nd prfKurs.:.rt. u!:",ed (.n 

deposltion rates and mdterlal propertles have been studled 

in detaj 1 f.::o1" (;aAs. F~esults CJf these ~:;tltdl{~s and th.:.~:;[-;' "m 

other III-V compounds dre now discussed. 

The c.hc'lc:e c.f precursCors c.an aff€?c.t bç.th gr.:.wth 

ef fIc 1 f?rlCy and Inc.'\ter 1 al pl" opert 1 es. As p'-:.lrlt ed oLlt edr 11 m' , 

growth efflclency IS gre~tly reduced when the precursorn 

react premdturely to ferm unstable addu~ts (leddlng te 

peolymer formatlc.n), tlny crysti'lllltt:;?t; (dust partlç]c'~;), Cor 

other unwantl:?d ccomple:-.c"?s, • .:.r when thf~ prE-?cursors de • .:.:.mp.:o~;t~ 

lpyr':Jly:e' premë\turely },"(~5111tlng ln el(~ment.:.d d(~pO:JsltlCJrl on 

the rec.~.:t • .:.r wc.üls. The prc.blem c.f po.:.lymer f.:.rmc.~tlen 

en.:.:.untered ln the 9rowth c.f JnF' uSlng TM]n and PH:;, was 

C1rcumvented wlth the replacement c·f the hydn.de by the 

mc.re stc:~ble aU'yl P(C 2 H!:ô)3 ( cJr F'lCH:ioI'>!1iI ) [9], ThE? addu(t 

rCël.:tl.:.n and I"eadlly dIS~;clI:ië\tm; at thE' çn"c.wth t€?mperatuYe 

ncormally used. nH~ F' al~yl dCOf?~; rl.:ot e ... H~lly clc:.:.:ompo:.se, 

h.:.wevE'I", thus PH:a must c:d 50::. bE' ë-\dded te. thE' systE?m. 
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Tri-methyl group III alkyls are generally favoured over the 

less stclble ethyl alkyls, Slnce the lcltter will prereact te· 

a greater extent, thus redueing growth efficlency. The low 

growth rates observed in the growth cf GaAs when TEG are 

e'l.plalned by polymer fc.:.rmat1cn result1ng from the creation 

of unstabh? add.J,:t5 from this less stable metal alkyl C10lo 

The hydrlde AsH 3 15 generally used in the growth of GaAs. 

Th(~ pyrc.lysls of A51-b 15 .:ataly:=ed by a GaA!:; ~Llrïace C8l. 

TIns pro.:e~:;~:; fùulltates grc.wth at le'\o,Ier temperatures where 

a l(.:.w~?r dE?gree c.f 1mpurlty 1ncc,rporatic.n is e~.peeted C8l. 

Increë.~se(j grc.wth efflclen.:y also results. Gr.:.wth surface 

cH;~;Uit~?d cdtalytlc pyr.;.lys\s 15 prc~cursor dependent. 

Precursoys affect materlal pr~perties via impurity 

1nc.,)rp • .:.rcltlc.n. The purlty c.f the precursc.rs belng L\s~d in 

the ç,lr owth of a .:~mpound i S 0 f Vl tal i mp.::tr tance in thi 5 

rf?Spect, Slnee .:c.ntanllnants present ln the precursc.rs can 

bf0 lncc.qll:.rë\ted lnt.:, the S(.lld. C"mm.:'n cc.ntamlnë:\nts pl"esent 

tn TMG 1nclude Zn, Sn, and Ge al~yls and methyl sllanes 

CG]. 0:2 .:md/c.y H.;;:O may be fC'Lmd ln Asl-b and H,ot, w~llle 

al he,). 1 des Cdn C't-l ç.u n.lte 1 n Al al kyl s.:.urees C81. 1:;c.,Al As 

gr(IWn lIS1ntl the ëlbove c.ompc.unds contëuns 0, an unwanted 

Impur1ty that aets as a d€~~~p n • .:,n-rddi atlve d • .:eeptc.r. 

Pur] flcatlon c.f the reao:tants as ':':Jnc_srns eo~.ygen generally 

1nvolves the use of TMA clS d getterer. Precursors, belng 

chenncal c.:.mpounds, are lnherently a source of jmpLlrltles, 

Spf~':\ fl':c.,lly, ':c.wbc.n. CcH-b • .:.n tS present as an Impurity u, 

G~As greown uSlng TMG. C~perjmental eVldence Iln~s carbon 
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incorporatIon te a surface reactlon Involvlng methyl 

methane Vla a transfer of a H .tom fram the AsH.c_~ 

speCles to the methyl radlcals (ln the gas phase as w~ll .5 

on the SUl face) removes the source of carbon C8]. A low 

concentratIon of arsine { and therefare AsH~c_~ ) results 

in incredsed cdrbon Incorporation. The materlal undergoes a 

P to n type transltlon as the V/III r~tlo IS Increosed, as 

expected, 1f the above rea~tlon mechanlsm determlncs the 

degree te WhlCh C lS incorporated. The use of TEG ln the 

growth of GaAs results ln materi.l that 15 free of C [8l. 

It js proposed that the form~tlon of stable reactlon 

produ~ts C2h~ and C2 Hs readlly accurs, thereby lower1ng the 

l:cmcentratH.ln of ethyl l'"adic:als that mè'ly (,:,ntribute tel c: 

InCOrpOl'"atlon C8l. The availabllity of new precursors af 

hlgh purJty lS essential If pUl'"er materlals are to be 

grown • 

• lnetlc processes è'lre strongly tempel"i\ture dcpE.>rldent, 

MOVF'E. The grcJwth rate (If GaAs as a functlon Clf 

temperatLlre, ln the stcmdard ca~;e w.1erf? TMG c.'\nd AsH:;t C.we 

used as reactants and the VItII ratIo l~; Idrge, 15 

characterl=ed by three temperature reglmes. The growth l'"Qte 

incredses wlth \nCreaslng growth temperdture at 

temperëltures below abclut 550 oc. nus tempe·rature 

-- dc::occ,mpc,sltlon (pyrolysls) clf As.13' The rate llmlting step 
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15 thLlS a surfa • .:e k1netic reacti.:.n I:S, lOlo At temperatLlres 

above 750 ~C, the growth rate decreases with increaslng 

temperRture. The poss1ble mpchanisms responslble for this 

behaVl,-,r InclLlde des.:.rptic.n c.f As and/c.r Ga specles, 

h0m~geneous nucleatlon ln the gas phase ldepletion of 

reactants l , or the Increased equilibrium vapour pressure of 

Ga at hlgher temperatures 1:8,10J (thermodynamic limltation 

aiso possIble I:l0J). The growth rate lS weakly temperature 

dependent ln the range 550 to 750 ~C. Diffusion Ilmited 

growth occurs ln thlS temperature regime. The growth rate 

u:; lndependent of the V/III rii\tlo, prc..vided It is mueh 

gredter thdn Llnlty. Tt lS alsa independent of the substrate 

orIentatIon, Slnc.e surface Ilnetlcs are rapld at thesœ 

temperatures. The growth rate IS directly proportlonal to 

the f10w rate of TMG. The above observations are consistent 

W1.th th.:r~:;f:· e~.pe.:ted f.:.r dlffuslc.n Ilm1ted gr.::rwth. GaAs is 

gcner~] ly grown ln the di ffuslon limlted growth reglme. The 

l.l~;e (,f l,:rw t€-~mperatLlrE::>s wlthtn thlS reglme results Hl a 

decreAsed IncorporatJon ~f Impurltles when the sources of 

these are ~ontdmlndnts present ln the precursors. 

The nature of the growth surface JS dlfferent for the 

varll;'LIS ':rystdllo~lrc.'fÜllC c.r1.entatl.:.ns c,f the substrai;e. The 

n8ture and number of surface sltes present are unique te 

the 5pe~1 fl~ orIentatIon chosen. Surface Ilnetie processes 

such AS ~d50rptJOn of the varlOUS chemlcal speCles present 

c.Hld SLlt"fl:h:€-~ r-ea,.:tl.ms r;.f these ~pe':les are senslttVe t.:. the 

tyP('? ~,f sur fa,:e SI tE,?S fc"Llnd .:.n the sLll" fë-\.:e, hen.:e sLlbstrate 
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orientation can affect growth rates, morphology, and 

m~terial propertles. The growth rate for GaAs 1$ dependent 

on the substrate orientation when the rate Ilmitlng step 15 

a surface kinetic prgcess C8l. Two-dimensional stepwi5e 

growt:l may be inhib1ted tJy thl.'~ bc.ndlng l.,f hydrocarbon 

radicals to certaIn surface Sites, thus explalnl~g the 

rough surface morphology observed ln the gr0wth of GaAs 

[8l. Impurity incorporation can depend on substrate 

orientatic.n, sin.:e the adsorpti • .:.n c.f a part1cLllar chemiccll 

species may oceur wlth greater probablllty at specIfie 

surfa.:e sites. The extent of C ulc • .:.rp,:'rati,m ln GaAs grown 

using TMG IS substrate orlentatlon dependent. The ~111'As 

surface hels a strong afflnlty for radlcals contcllnlng C, 

that 15, GaCCH3 ).<_3 and (CH3 'MC_3' The Increase ln the 

relative number of these 5peCles ~omrared to As bearlng 

species IS expected to result in an Increased C 

E~perlmentaJ evjdenee 15 ln agreement Wlth thls conclUSIon 

C8l. 

Gas phase composItIon (V/III ratio) can have an Dffect 

on material pr0pertles. The h1gh vapour pressure of As, as 

compared to that of Ga, necessltates the use of V/III 

ratIos that are greater than unit y . The proper 

sttc'lchi.:,metry ,:,f tfHo? epl] é-Iy€o?rs l s then malntal nod. In the 

Cdse of GaAs grown uSlng TMG and AsH3 , an Increase ln the 

V/Ill n.'\tlo resLllts in a dE!,.:rE:c:.'H:;~?d ( C':'fi'.:I.':ntrr.'\tll.:on ((-31. The 

number c,f methyl Y'ëlcbcals pre~~ent J.~> Y'E.'duc€?d by thE~ 
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increased hydrogen transfer from the greater number of AsHg 

5pef':les tc. the rachcal~:. t(.) fCtl'm methane. The methyl 

rë{di.:als are the source e.f Cr hen.:e less c: i5 aVë:\11able for 

in~orporatlon. The increase ln flow of a reactant, keeping 

the flow of the other react~nt constant, will result in 

lncreased lmpurlty concentration if contaminants are 

pr-esent in this reactant, since a gJ"eater quantity e.f these 

c~ntaminants are then introduced ta the system. 

A change in rea~tor pressure whlle ~eeping flow rates 

constant .lters the gas velocitles. A lowering of the 

pressure Increases the velocities of the reactants, thus 

redLlclng thelr transIt tlme~;. This ean be beneficic.,l when 

uSlng precurs(,rs Whlo:t1 have low pyre..lysis .::emperatures c.r 

undergo premature re.ctions, sinee interaction of the 

ehemlcal species lB then reduced. Low pressure growth of 

GaAs uSIng TMG requires an increased V/III ratio if the 

,:,:,no:entrë~tiî.m of CiE. te. be kept lc.w. nus may be due te, 

the reduced Intera~tl~n of the C and As bearlng species 

[BJ. Increc'"-\slng the reac.tc,r pressure by fl.:.wing an inert 

gc.'5 results in chlutlon cd the gê.\S mi:r:ture. nus m.y aIse, 

pl event premature gas phase reactlons from oecurrlng. 

In,.:r<:?sf?d grc,wth efflclency 15 expe.:ted when the e:v:tent ,:,f 

prereactlon 15 redueed. 

1.3.1)MOVPE of ZnSe 

The çrystc11 quail ty, mc,rphc,Ic'gy, and materië:\l 
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properties of ZnSe epita~ial layers grown by MOVPE are 

dependent on the choice of growth varlables. Optimi~ation 

of the growth parameters i5 ne~essary for the growth of 

high quality ZnSe thln films. 

The specifle reactlon path~ays which lead to growth 

are precursor dependent, hence precursors must be chosen 

which allow the purest, hlghest quallty materi.l to be 

grown. Several precursors, includlng (Ca Hs '2Zn [3], 

(CH3 );2Zn, HaSe I:lll, (C':zHs)aSe, (CH3 .':zSe [12], tlnd the 

heterocyclic compound C~H~Se [13J have been used ln thn 

growth of ZnSe. The precursors ln standard use, DMZ and 

HaSe, have a low degree 0f stabllity [14J. DMZ decomposes 

at temperatures ab ove 150 oC [15J, altheugh the pyrolyols 

temperatures of the reactants will dlffer ln the growth 

environment. Premature decomposltlon of the reactants is 

thus expected to occur at the typical growth temperature of 

300 oc. Premature pyrolysis 15 of mIner importance. The 

phase reactlons. The reactlon5 proceed st room tempernture 

[3,14,t6J. It 15 propo5ed that adduct formatlQn 0ccurs and 

the cidrJuct rapldly underg,:.es ellmlnati.:.n rp.actlCms tc. f(".rln 

ZnSe as the end product [15J. Crystaliltes (dust p~rtlcle5) 

present ln the gas phase Lmstream fr.:..m the susc f.'ptC)r r(~~;u] t 

from the homogeneous nucleatlon of the Zn5e molecules. 

Heten:-.gene':Jus dep(_'sltl':Jn on the rea.:tor waJls i:J!:iî.J ç,,:.r..l.IYS 

[16J. The suppresslon of the unwanted premdture redctlons 
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requlres the separate Intraductlon of the reactant gases. 

DMZ 1S introdu~ed Into the reactor through a 5ilica inlet 

tube t~rminatlng approxlmately 2 cm from the substrate 

C17]. T"lS arrangement does, however, make it difficult to 

produce unlform layers. It 15 preferrable ta use DMZ as 

opposed to DEZ, ~lnce the former 15 chemically more stable 

[l4J. The problem of premature reactlons can be eliminated 

through the use of alternate precursor5. Prereactlon i5 

n~g]lglble whon the precursors used are DMZ and C.H.Se 

[\3], alth0ugh h1gher growth temperatures lapproXlmately 

500 oC) must be used ln this case. A stable double adduct 

formed from DMZ and DESe lor DMSel which dissaclates at the 

gr.:owth temperc.,ture ce.ul d perhaps bl c.c k the premature 

rRa~tlon of DMZ and H2 Se, however, It appears that such 

adducts cannot be formed [18l. The extent of premature 

red~t10n can be greatly reduced through the use of Zn and 

Su ~11y15 ~s the precursors [l~J. Hlgh growth temperatures 

(400-600 OC) are necessary when uS1ng the more stable Se 

al~y], hc ...... ever, ph(.to-MOVPE al 1':''''''5 layers t.:. be gro ..... n at 

lo ..... er temperatures, wlth a ~orrespondlng Improvement in 

~0ssibly enhanced by lrradlat10n w1th short wavelength 

llght (~OO-400 nm). The premature react10n of DMZ and H2 Se 

15 avc'ldf:?d whf:m C;P".)I.r.'lng epilayer5 by a vc.,riation cd the 

standard MOVPE technlque lALE--as prev10usly de5crlbed). 
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information i5 available concerning the re~cti~n mechanlsms 

- involved ln the MOVPE growth of ZnSe using the var10US 

precursors mentioned above, however, see [~OJI. Th& 

pre~ursors used ln th1S study were DEZ or DMZ ~nd 100 % 

H2 Se. DEDSe was used in place of H~Se ln one case. 

Reactor pressure is an important p~rameter ln the 

'1rowth c.f ZnSe when the standard precursc.rs, namely, DMZ 

(or DEZ) and H2 Se, are used. The premature gae phase 

reactians asso"iated with these precursors are supprossed 

when a low pressure technlque 1S employed [21J. Low 

pressures result in hlgher flow velocltles and h~nce 

decreased transit tlmes, thus the probabll1ty of 

1 nteract i on c. f the r eactant s pl" 1 c.r tc. r ~~ë~dll ng the grl,.")wt h 

surface 15 reduced. Low pressures are ~~hleved through the 

use of low reactant flaw rates and a hlgh capaclty pumplng 

system. A change ln pressure does not alter the flow 

pattern ln the reactor. 

Law reactant flow r~tes were used ln thlS study, 

sy~,tem prevented the attal nment .:.f rea.:tcJr pressures lc)wer 

than 1-5 torr c.ct.:.mpared to .15 t.:.rr ln [21JI. In ë:'~ de-~ta!l(?(j 

study c.f low pressure (.3-1 t.:..rr) MOVF'f. Ç1Yûwth (.f ZnSe ëlnd 

ZnS uSlng the precurs0rs DMZ, HaSe, and H2 S, ~n 1ncredse ln 

CClnstant, pumpl ng capac 1 t Y ë.1l ter ed by ad Just l n9 (:>~.haLH;t 

..... 
WhlCh lncreases the probablllty ~f adduct formatl0n, would 
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lead to an increased growth rate if the adduct formation 

mechanism domlnates the growth rate. In another experiment, 

the grow~h rate was found t0 increase when the pressura was 

increased by flowlng a greater amount of buffer gas (He) 

(reactant flow rdtes constant,exhaust valve wide open). The 

probablilty of adduct formation decre~ses with lncreasing 

pressure ln thlS case dnd the growth rate should decrease 

accordingly If the adduct formatIon mechanism dominates the 

growth rate. A mechanlsm consistent with the Experimental 

observatIons 15 a pressure dependent sticking coefficIent 

.:.f DMZ t?r Its complexes. An Increa~ie ln pressure suppresses 

the d(O'sc.rptJc.n of these specles, thus the sticLlng 

.:o:.effl':lent lncrea:;es and the grc.wth rate 15 hlgher. The 

specles are prevented from desorblng by collisions wlth 

.:.thc:-:?r molecules ln the ga5 ambient. Surface ~anetics are 

imp0rtant J f th15 InterpretatIon of the data is correct. A 

dlfferent dpproach to the problem of premature reactions 

Ulve.] ves the use c.f a hl gh pressure technlqLle. Â large 

quantlty 0f d buffer gd5 such dS H2 or drgon 15 flt?wed lnto 

the reactor. The dIlutIon of the reactant gas mIxture is 

thus lrlCrE>ë\5E'd, c"·md 0: orrespc.ndlngl y, a de.:rease j n the 

e\tent Qf premdture reactlon occurs [3,~~,~3J. Argon and 

pentane were l.lsed ë'\S dllutants Hl thlS study, hc.wever, only 

smdll ql.ldntltles of these gAses were In)ected (pressure 

appro~lmately 10-~O torr). 

The slngle most Important parameter ln the growth of 

ZnBe lS the growth temperature. Material properties and 



crystal quality are strongly dependent on the growth 

temperature, as revealed by comparlson of the 

photolumlnescence spectra and X-ray ~ocklng curves of 

samples grown at dlfferent temperatures (~2,24J. Transport 

measurements also indicate changes in carrier 

concentration, mobility, and reslstlvity as the growth 

temperature is vàried (25,26J. 

The temperature dependence ~f the growth rate has be~n 

studied for beth lew pressure lO.I-1 torr) (~O,~~J and high 

pressure (80 torr) (2~J growth of ZnSe uSlng the stdndard 

precursors DMZ (or DEZ) and H2 Se and VIIII r~tlos great~r 

than ~ne. In the hlgh pressure case, the gr0wth rate WclS 

found to be independent of temperatllre ln the range ~50-500 

oc, and decreased at hlgher temperdtures. The gr0wth rdte 

aIse increased llnearly wlth the DEZ flow rate. These two 

observations led to the concluslon thdt growth ln the 

temper~ture range 250-500 oC corresponds te the dlffllslon 

limlted grewth reglme. Premature reactlons are ellmlndtod 

ln thelr setup, 50 that the grclwth rate lS determlned by 

the diffusIon 0f DEZ. In the case I)f 10w pressure growth. 

the growth rate e~hlbIts a maXImum at a growth temper~ture 

of about ~OO 0(. The de~redsed grewth rate dt lower 

temperatures is lndicatlve clf Jlmltatlons Imposed by 

surface rea~tlons. The reduced grl)wth rate dt hlghor 

temperatures 15 attrIbuted to a decreaSE ln tlle stlc~1ng 

coefflClent of DMZ or Its comple~es. An0ther possible 

explanatIon, namely, an Increase ln the e~tent of 
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homogeneous nucleatlon ln the gas phase, which effectlvely 

d~pletes the amount of nutrlents avallable for growth, is 

ruled out, Slnce lt lS lnconslstent wlth the observation 

that the growth rate Increases wlth increaslng pressure. 

The possiblllty of homogeneous nucleation is greater at 

hjgher pressures, hence decreased growth rates are expected 

if thlS is the case [20J. 

Surfc1.:-e Llnetl':s are sl.:-,w at the low growth 

temperc.'\tures used ln the MOVPE growth clf ZnSe <typically 1.50-

350 oC), he.r'\c.e. low growth rates are necessary to ensure goc,d 

~rystdlllzatlon. 

The] c,w grc,wth temperaturE' d1i~ra,:terj stic of the MOVPE 

technique land MBEI lS a deslred feature. A lower degree of 

c,:,ntamlnatlcln ëlnd a \"educed cono:.entratlcln of stc'lchc,lÎmetric 

defects are expected as the growth temperature is 

decreased, hence these technIques should produce pure 

materlal wlth mInimal compensdtlon by ~omple~es such as the 

A-C[;'ntE",r (::lr1C vacëH1cy-donCir c,:,mple'l . .l. ZnSe epllayers were 

grown dt temperdtures rdnglng from 200-400 oC ln the 

present study. 

The gë.\S phase cCimposltlon (VI/II ratIo) is another 

varIable Whl~h Cdn affect the mat~rial propertles of ZnSe 

thln fJ]ms. An lnvestlgatlon of the transport propertles 

and photolumInescence of ZnSe eplldyers grown at VI/II 

r~tJOG varyJng from 5 to 75 (pressure 1 torr, 1=300 oC, 

th'ld ness=:l ml ,':r,:oM, reûctants c.'\rc"? DMZ and H;2Se" has be!:m 

~arr\ed out [~7]. An In~rease ln the ratio resulted in 



...... decreased ~arrier concentrations and increased 

resistivities and m~bllities lroom temperature'. The ratIo 

of near band edge lumInescence tc. lumInescence a~Sc..c.lëlted 

with deep centers (at 77 O~) also Increased wlth Increas1ng 

VIIII ratio. The growth of stoichiometr11: materlë~1 requlres 

the use of ~llgh VI/II ratIos bel.:ause Se has a h1gh vap':lur 

pressure. Materlal grown uSlng l~w v~lues of thls ratIo may 

contain a larger number of Se vacanCles. The Qbserved 

changes ~re posslbly reJated to changes ln the number ùf Sa 

vacancles and assoclated comple~es. Se vacanCles create 

deep donor levels ln ZoSe r '::8J. In bl:lth ] (IW prE",,~;slH'e 

[14,:OJ and h\gh pressure [2'::J growth, the growth rata 15 

found te depend solely on the flow r~te ùf the mlnorlty 

reactant COMZ or DEZ, for the standard case where VI/II/ 1> 

over a large range of the VIIII ratio. Flow rates must be 

kept low, Sln~e the surface redctlons are slow at the low 

growth temperatures genera]] y llsed ~nd ] CIW growth t"ëlte?S are 

therefore requlred to ensure proper ~rystal11~.t10n of the? 

m~terial. 

The growth of hlgh quallty ZnSe eplta~lal layers 

requlres the use of a lattlce matched substrdte. 

Fllrthermùre, the substrate shùuld have-: il therm .. d (i'XparU:'lùn 

coeffl':lent .:lose ln ValUE? to that of ZnSE? In th1S 

respect, the Ideal substrate crystal lS ZnSe, howevcr, hlgh 

quallty stc'lchl.:ometrlc ZnSe s1ngle cry~~tal substratQs are 

quallty but dre non-stolch1ometrlc, as rsvsalDd by 
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luminescence-SA emission due to Zn vacancy related complex 

lS present-these vacancies diffuse 1nto epilayey) CIJ. GaAs 

has been used e~tenslvely as a substrate because the 

latt1~e m15match between these two materials 1S only O.~7X. 

There 15, however, a dlfference of 33% in the thermal 

expanst~n coefflcients of the two materlals. The epilayers 

ln the Zn Se/GaAs system are unavoldably subject to strain 

effects ar1s1ng from these mlsmatches. These effects are 

reflected ln the ch fferences in PL spectra c.f buU' versus 

heteroep1taxial ZnSe , as dl5cussed later in th1S report. 

Latt1ce mlsmatch WIll a]50 re5ult ln degradatlon of crystal 

quallty through the introduction of low angle gra1n 

bc,undaru.;>s. Lc"lttlce misme.tch can be ellmlnated throuÇ.~h the 

use of lattlce matched substrate mater1als such as 

In .. Ga(1- .. ,As [:::9J, c.r alternatlvely, by growlng a lattice 

matched ternary epllayer ZnS .. 8e(1- .. ) r17J on GaAs, however, 

resldu~l strain due t~ the m1smdtch ln the thermal 

C'~.pëlrH:iJC,n CCoE?fflç1Emts c,f the epl1ayer and the substrate is 

nc.t ell ml né.'\ted. 

The crystallographlc orlcntatl0n of the substrate has 

a pronounced effect on the crystdl quallty, morphology, 

and materl~l propertles ~f the ZnSe epllayer. Layers grown 

.)n (1001 and (111.18 GaAs 5ubc;trate5 are ep1ta:-t.lc:d, he,wever, 

p(.ly.:rystallJne J~yers are formed when grc'~Jlng (,n (]l1.)A 

(ja,.\5 [tG1. l'k,rph,:.lc.gy e.f the epllayers aIse, depends c.n the 

sllbstréltE';> (,rlfmtatJe.n. A hlJle.cl- structure, the hll1.=,0:15 

lylng parclilei to the (0,-1,-1 1 plane, 15 found on ldyers 
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grown on (100) GaAs. This structure is absent on layers 

grown on (111'8 GaAs C17J. The growth mechanlsm 15 thought 

te be responsible for the observed morphology [17J. 

Optlmi~ation of growth parameters, lncludlng the USG of 

different precursors, is necessary If specular surfaces are 

to be obtained r14,~3]. PhotolumInescence spectYd lndlcate 

that the optoelectrc-.nlc qLlallty c.f ZnSe (~~)llé-lyers gyc,wn cm 

(100) GaAs is superior to that of layers grown on (11118 

GaAs [17,30J. The observed Varlé-ltlonD ln the PL opectré-l are 

posslbly due to differences in defect densltles genœrclted 

by the growth mechanlsm operé-ltive ln eé-lch of the two cé-Ises, 

which wOLlld result ln mè.,ter\ë.\l~. Whl • .:h hc:we dl f feront typn'.:; 

and cc.ncentratl.:,ns c,f impLlrltlE'~; (and cc.mplE'.''t.es l • 

CI00) GaAs substrates, both semi-lnsuldllng ~nd 

n-type, were used in the present study. ZnSe layers werc 

grown dlrectly on the substrate ln moot Cclses. ZnSe layers 

were also depùslted on GaAs epllayers depOSllod ln- SItu ùn 

th~~ GaAs substrate prle'r tc, the ZnSe growth. Tho growth l'';.f 

epita'l,Jal layers wlth reprc.dLI'_lble prc'pertJ(~~; l"equlres th"d, 

the substrate surfclce be free of any contclmlnants [14]. A 

clean SLlrface was preparf~d in the fc,llc'I.Jlng mé-lnn(~r: 

F:esldues were flrst remc,ved by ~~,.:rubblng the surfcl,:e wlth a 

detergent selutlon. The substré-lte Wé-IS then Ylnsed ln 

de-Ic,ni:ed water and pla • .:~?d ln ele,:tr,.:,nlc grade 1-1...,50 .. f,":oy 

appro~lmately one mInute. Surface damAge WclS then ~cmoved 

through é-I chemlca] etch of duratlon 2 mlnutes ln é-In 

H:;;:SO .. : 1-1:;;:0 2 : H:;;:O 5: 1: 1 s':' 1 ut l,:.n ë\t ~tO oC. nu~; WilS foll.)wed 
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{ by a rlnse in de-lonized water and then a rinse in 

propanol. The substrate was blown dry using Nz ga3. The 

substrate was placed on the susceptor and the system pumped 

down. The surface w~s then thermally etched to remove 

oXldes by heatlng the susceptor to 650 oC and flowlng H2 

(or Hel) through the reactor for a duration of 5 minutes. 

The substrate was coolRd down to the growth temperature 

Immedlately dfter the thermal etch, and the growth run was 

then begun. 

A llst of the samples grown in the present study is 

given ln tdble 1.1. InformatIon concernlng the cholce of 

precursùrs, as weIl ~s the growth temperature and reactant 

flow rdtes (VI/Il ratIo) used ln each case is also 

provlded. AlI the samples, wlth the exceptlon of samples 40 

and 41, were grown by conventlonal MOVPE on (100) GaAs 

slIbstrates. Sample's 40 c:\nd 'Il were grcJwn by the pulsed 

technIque (ALE), follc,w1ng the in-satu depcIs1tll::tn of a t:3aAs 

bllff€:,r lcïy€~r IthJc.kness 0.5 mIcrons) on the (100) GaAs 

substrate. 

8amples 8, 9, and 10 were grown at temperatures of 

~OO, ~50, and 300 oC, respect1vely, with ail remainlng 

par~meters kept fl~ed. ThIS enabled a study of the effe~t 

of the growth temperature on the optoelectr~nlc quality of 

the materJal to be carrled out. 

The use of dlfferent sets of precursors ln the growth 

I:,f sè\mples 3':', :::.':1, "md 50 allc,wed Infl:,rmatlc,n abl::out 

prf?,:urs,.:.t---t-elc.'l.t€-?d €-~ffects cln material qLIè."\llty tCI be 
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obtained. 

Changes associated with the use of the pulsed prowth 

technique as oppose~ to the conventional MOVPE technIque 

were investigated by comparlng the photoluminescence 

spectra of samples 29 and 40. 

Samples 40 and 41, which were grown under identical 

conditions, were used to study the thlckness dependen~e of 

material quality. 
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Table 1.1 Growth Parameters 

Sample Precursors VI/II Ratio 

sccm's/minute 

Ar H;..Se DEZI-H~ 

8 50 20 6 (10 oC) 48 

9 50 20 6 (10 OC) 48 

10 50 20 6 (10 C) 48 

-- H:1.Se DEZ2-Hl, 

32 20 10 tlO II~ 110 

-- H:1.Se DMZ - H2. 

29 8.5 10 (-20 o~ 4 , 
40 n.a. n.a. n.a 

41 n.a. n.a. n.a. . 
-- DEDSe DMZ - Hl 

50 unknown unknown 

t:J 

Growth Temperature Growth Rate 

Oc microns/hour 

200 6 

250 6 

300 6 

300 6 

300 3 

300 n.a. 

300 n.a • 

400 unknown 

Epilayer Thickness 

microns 

1 

1 

1 

2 

1.5 

0.8 

0.4 

unknown 

, . 

(Y"'\ 
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2.)PHOTOLUMINESCENCE 

Luminescence refers to aIl de-excitation processes 

whereby a crystal initially in an excited state underg~es a 

radiative transition to a lower energy state. The excited 

state involve~ either the presence of electron-hole pairs 

or the occupation (by electrons (or holes» of InternaI 

excited states of defects. A variety of 1Ight emittlng 

transitions are possible in semlconductoys. Intrinsic 

radiative recombination processes j~volve electron-hole 

pairs and include band to band recombination, the radIative 

decay of e~citons (and excitonic complexes - excIten 

mOlecules), and intraband transitions. The pre~~nce of 

defects such as impurlties, vacanCles and comple~es formed 

from these two introduces the possibility of extrlnslc 

radiative transitIons. In the case of transItions lnvolvlng 

electron-hole paIrs, the defects act as recomblnatlon 

centers. A free h~le may recombine wIth an electron bOUfld 

to a defect. A free electron may recombine wIth a hole 

bound to a defect. An electron-hole pair bound to a defect 

can recombIne (radiatIve decay of a bound exclton). 

Finally, a hole bound to one defect may recomblne wlth an 

electron bound to another defect. In certain case§, defects 

(eg. transitlon metaisl may lnteract wlth crystal fIelds. 

The energy levels of the center may be spllt by thls 

interactIon. InternaI electronlc tranSItIons betw~~n two 

such levels can be accompanled by llght emlSSlon. The 
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radiatlve transltions can occur with the simultaneous 

emissjon or absorption of phonons. Line broadening and 

structure ln emission bands can provide 1ndications of the 

relatlve lmportance of phonon assisted transitions. 

Recomblnatl0n can alternatlvely occur through 

non-radiative ch~nnels. The energy released in the 

transitlon may be transferred to another electron (Auger 

process). It may be given up to the lattic~ phonons 

(multl-phonon emisslon process). ~ co~cinuum of energy 

states across the bandgap w0111~ also lead to non-radiative 

recombinatlon- Surfaces and precipitates in the crystal m~y 

generat~ thlS continuum of states [31]. The lifetime of the 

exclced state lS shortened ln th~ presence of non-radiative 

d~-excltatlon channels. The quantum efficiency of 

luminescent processes 1S reduced as weIl (the quantum 

efflclency lS 1 in the complete absence of non-radiative 

mechanl sms" • 

In photolumlnescence, the netessary exclted state, in 

the form of electron-hole palrs, is usually created by 

e~cit~tlon of elettrons from the valence band to the 

conduction band via ~bsorptlon of photons having energies 

gre~ter than the minimum band gap energy. The absorption 

process involves the Interaction of the electron and the 

electromagnetic radIation. ThIS interaction is treated as a 

perturbdtlon to the electronic Hamlltonian. The interaction 

l~:. e't.pressed as [3:::J 
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H' = A*p + A2 (2.1) 

where A is the vector potential operator and p is the 

electron momentum operator. The second t~rm ln this 

expression is neglected here. An analysis of the 

perturbation problem leads to the following expressions for 

the conservation of wavevector and energy: 

<2.2) 

kphOtlon is, in general, mu,_h smaller in value théln ~,~ 

and k" hence the above expresslons are replaced, to good 

appr~ximation, by the expresslons 

, (2.3) 

Electronic transltions involvlng only p~oton 

absorption (or emlssionJ are ~nown as dlrect tYan~ltions, 

Slnce the elel:tron wavevectc,r rE:'mc"uns UndlanÇled ln gCllng 

from the lnltlal state te the flnal stato. Transltlons ln 

WhlCh photon absorptlon (or emlsslonJ lS accompanled by the 

slmultaneclus absl:ll'"pticln (clr emlSSlCln) clf c.' phonon of 

wavevector q are known as Indirect transitions. Indirect 

transltlons are second order processes dnd therefore have a 

lower probablilty of ~ccurrlng than direct translt10ns. 

The magn 1 tude 0 f the absr.:or p t 1 çln C oef f 11-: lent f r:,y 

photons havlng energles greater than the band gap energy 
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depends on the nature of the band gap (direct or indirect). 

The absorption coefficient is much larger in the case of 

direct gap semlconductors. The absorptic.n strength also 

depends on whether the trans1tion (valence to conduction 

band) 1S allowed or note Electric dipole transitions, if 

allowed, result in stronger absorption. ZnSe, as a 

l1ncblende type crystal, has a d1rect gap. The band 

structure in the vic1nity of 

c.onduction 
band 

the energy gap 15 shown below. 

E ::: 1.Sl~ eV l.tt 4 oK [?>3] 
G 

f11e=- o.rbm 

t'tl h = O. b t"f\ 

[33J 
[~lf] 

The valence band wavefunctions are p-like and the 

conduct1on band wavefunct1c.n5 ~re s-llke ln ZnSe, hence the 

electrl~ d1pole translt1~n lS ~llowed. Creat10n of 

electron-hale pa1rs V1a absorption of above band gap light 

lS thLt~. very c~ffl.:ient ln this mater1al. Excitation is 

followed by rap1d thermal1:at1on of the electrons and 

holes. The el~?ctrc.ns Owles) qLlid"ly lose ex.:ess klnetic 

energy throLtgh coll1s1ons wlth other electrons ChoIes) and 

the emlGSlOn of aCOLtst1c and opt1cal phonons. A 

quasl-equ1llbr1um dlstr1but1on ~f electrons and hales among 

the e~lstent energy levels IS set up Linder contlnLlOLtS 

e~cltatlon. Exc1tat1on 15 balanced by lum1nescent and 
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non-radiative recomblnation processes. 

Van Roosebroeck and Shockley (see discussion in [31) 

derived a theoretlcal expression relatlng the radiative 

recombinatlon rate to the absorptIon coefficIent by 

applylng the prlnciple of detal1ed balance and assumlng 

unit quantum efficlency. Absorption and emission spectra 

are thus intimately related. Structure associated with a 

particular transitIon (eg. free excitons) may be more 

pronounced ln absorption spectra. TransitIon energles 

determined from an analysis of absorption spectra can 

facilitate the ldentl flcatil:ln clf structures clbsel'"ved ln 

photoluminescence spectra. 

In the next few pages, the varlOUS radiatIve 

transitions al'"e e~plalned ln detail. The temperature 

dependence of the photoluminescence spectl'"a of ZnSe i5 also 

di scussed. 

~ree e~cltons are mobile electron-hole paIrs. The 

impol'"tant exclton tl'"ansltion ln dlrect gdp matel'"lals su~h 

as ZnSe js a dIrect transltion Invo]Vlng the creation 01'" 

destruction of e~cltcns wlth Wdvevectol'" .~o. The e~clton 

energy levels form a hydrogenlc spectrum (E = EQ - const/n~ 

are assumed. The tranSltion probAblllty a5S0cl~ted wlth thr 

exclted states of the excltan decreases as l/n 2 relatlve ta 
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the ground state exclton transition pr~~ability [35J. 

Ev.clton transitions involving direct transitions with the 

simultaneous absorptlon or emission of q=O LO phonons are 

also posslble. The transition probability is lower in this 

case. 

The free exciton transltion in ZnSe has been observed 

ln several studles. Absorptlon spectra obtalned from 

transmlssion and r~flectance measurements on bulk ZnSe 

crystals contaln structure WhlCh is assaclated wlth the 

fQrMatlon of K=O e~cltons, that lS, the creatIon of bound 

electron-hale paIrs via dIrect ( kA=~~' k=k~-~A=O ) allowed 

Qlectronlc tranSitions, at the gamma pOlnt (band gap--k=O) 

[34]. Peflectance [36] and magnetoreflectance [37] spectra 

of bul~ ZnSe crystals also reveal structure attrlbutable to 

free e~cltons. An analysls of free e~clton related 

structure appearing ln photoluminescence excitatlon spectra 

of ZnSe f33] Ylelded a value of 19.0 ± 0.5 meV for the free 

e~clten blndlng energy (transverse exclton - E~xT). 

Lumlnescence ped~s due te free e~clton recomblnatlon have 

be~n observed ln photolumInescence spectra of both bulk 

ZnBe crystals (38,39,40,41,4~] and epltaxlal ZnSe layers 

grown by LPE [33J (ZnBe substrates 1 , MBE [43,44,45,46J 

(GaAs substrates l , and MOVPE [11,47,48J lGdAs substratesJ. 

Lllmlnescence peals arlslng from the recomblnatlon of free 

e~l:ttons wtth the slmultaneous emlSSlen of eptical phonons 

havo been observed ln SQme cases (LO repllca - f33,40,473; 

LO,~LO,TO,TO-LO repllcas - [42J >. Emlsslon due to the 
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radiative recombination of free excitons in the excited 

state (n=21 has also been observed [42,45J. Results of a 

study of luminescence reabsorptlnn in ZnSe [40J Indlcate 

that pc.larltc,n effects are Important in ZnSe. Pc,larlt,:)!'1S 

are quasi-partlcles which lnclude the effect of 

exciton-photon coupllng. Two dIstinct branches (upper and 

lewer polariton branches) havlng different 

energy-wavevector dispersion relationships are formed when 

the exclton-photon interactIon 15 ta~en into account. Two 

emlssion peaks, correspondlng te UPB (hlgher energy of the 

two) and LPB emlsslon, have bnen observed ln the 

photoluminescence spectra of GaAs [49]. Double-peaked 

structures present ln the excltanic energy reglon ln 

photolumInescence spe~tra of ZnSe have been slmllarly 

ascribed te polarlton emlSS10n [41,42,43,44J. 

Free exclten recomblnation IS the domInant lumInescent 

transItIon at low temperatures only ln IntrlnSlc or 

extremel y pL\re seml c c.nduc tc,r s. l cor' 1 ;:ed 1 mpur 1 t 1 es pl' esent 

in less pure mater laIs create local fIelds WhlCh act to 

'tear' apart the e~cltons. The free exclton trdnsltlon IS 

Important only If the temperature IS sufflClently ]ow such 

that ~T~ excltan blndlng energy. EXCItons dre bro~en up 

when the thermal energy e~ceeds the free e~clton blndlng 

energy thus dt hlgher temperatu~es, the elnctron-hole p~lrs 

remaln as 'free' carrIers ln the conductIon and valence 

bands. LLlmlnescence re~;ultln9 frem the receomblnrltl.:on .~.f the 

InteractJng unbound electron-hole paIrs, that 15, the band 
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to band transitIon, is then dominant. Since free excitons 

are mobile and therefore have kinetic energy, the radiative 

decay of free e~cltons results ln a lumInescence band. In 

ZnSe, the free e~clton emissl0n peak has a llnewldth (FWHM) 

of about 1-2 meV at 4 oK [33,42J. 

Relat1veJy pure semiconductors containing low 

concentratIons of lmpurlties are chdracterized by a low 

temper~ture photoluminescence spectrum ln which the 

d~mlnant lumInescent tranSItIons are those Involving the 

r~d1atlve dec~y of excltons locali~ed at donor or acceptor 

Impurltles. Emlsslon llnes arlsing trom the decay of bound 

e'I,c1tons al~e cJownslllfted ln energy relatIve tc. the free 

e~clton emlssion pea~ by amounts equal to the bindlng (or 

lùcall~atlon) energ1es of the exclton to the partlcular 

Impurltles ln questlon. The Ilnewldths (rWHMJ of bound 

e~c1ton lumInescence peaks are substantlally reduced from 

thdt observed for the free exclton emlSSlon pea~, Slnce 

locall~atlon lmplles that the e~c1ton has essentlally no 

Ilnf?tl': enp.rgy. Th(;~ Ilm'ltlng Ilnewldth (rWHM> ass,:,clated 

wlth a bound e~clton transltlon ln ZnSe IS appro~lmately 

O.~ meV [33J. Impurlty broadenlng effects present at higher 

Impurlty concentratlons effectlvely increase thlS 

Ilnewldth. Random fluctuatlons ln residual straln present 

Hl the cl'ystC'll ,,\1 sc. c1Ct to Increase the Ilnewldth. In the 

hoteroeplta~lal growth of ZnSe on GaAs substrdtes, strain 

affects arlslng from lattlce mlsmatch and dlfference ln 

thermal e'l,pansl.:,n • .:oeffl':lents act te. greatly ln.:rease the 



bound exciten emission linewidth. 

The transitlon energles of the various donor bound 

exciton (OBE) components (ground and excited states of the 

complexes) were determined through a detailed analys\s of 

photoluminescence spectra of bulk ZnSe crystals grown from 

the vapour phase [39J. Comparlson of photolumlnescnce 

spectra of both undoped and lightly doped crystals made 

possible the identlflcatlon of the spectral features 

assoclated wlth the indivldual donors. The spe~tral llnes 

(transi t 1 on ener gl es.) 1 dent i f 1 ed for each dc,nc,r 1 ne 1 uded 

the ground and excited state neutral donoy bound e~clton 

two-electron satellItes (TES) assoclated wlth each of 

these, and the emlSSlon llne due to the radlatlve decay of 

excitons bound to an ionlzed donor (O·,X). Two-electron 

transitions refer to bound exclton transitions whtch leave 

the neutral donoy ln an e~clted stat~. These tr~nsltlons 

~dn occur wlth the bound e~cltGn ~0mplü~ lnltlally ln lts 

ground state or ln any one of Its exclted states. The 

emlsslen pea~ correspondlng te d twe-electron transItion ln 

which the neutral donor lS left ln the ~p state lS 

downshlfted ln energy relatIve to the transItIon where the 

neutral dc,n.:.r remBl ns ln the gr':Jund state follollJlng the 

bound e~clton tranSItIon by preclsely the ls-2p dono~ 

e~cltatlon energy. The Is state lS subJect to chemlcal 

Shlfts due te centrdl-cell effects, thus, the Is-2p energy 

di f fer en,: e, and ther e fClr e the pOSl t l,:,n c,f the t wo--el e': t rf'ir, 
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( satellite relatIve to the 'main' peak, is dependent on the 

chemical nature of the danor. The ls-2p energy differences 

can be determlned for the lndlvldual donors provided the 

relevant luminescence peaks have been identified. An 

estimate of the dc~or bindlng energies can then be obtained 

ut>lng the fc.rmula (39J 

(2.4) 

where Eo is the effectlve-mass binding energy ( the 2p 

effectlve-mass energy lS 1/4 of Eo). The 'theoretical' 

blndlng energy, Eo, lS glven by (3'3J 

(2.5) 

where E .... lS the hydrogemc blnding energy, m is the 

determlned values of the electron effective mass and static 

dl el(~(trl(' cc.nstant, respectively. In. Cë'\n be determlned 

from a measurement of the Zeeman spllttlng of the 2p 

two-electron sateliltes ln the presence of a magnetic 

fIeld. Donor blndlng energles were calculated as outllned 

above. The dlelectrlc constant was determlned in an 

\ndependent study. 

A more recent study of DBE transitions jn ZnSe samples 
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CPLEJ techniques [33J. A tunable dye laser i5 requlred in 

these experiments. In the first technique, 

photoluminescence spectra are obtain~d for different 

~xcitation frequencies. Resonant excItation of certaIn 

transitions i5 possIble with the proper cholce of Incident 

photon energy. Separation of the enhanced transitIons trom 

a background of overlapplng lumInescence peaks is 

facilitated. Another advantage of thls technIque lS that 

contributIons to spectral llnewldths arlslng from 

inhomogeneous broadenlng processes, lncluding broadenlng 

due to Inter-Impurity lnteractlons and broddenlng rel~ted 

te straln effects, can be reduced conslderably ln 

relatlvely pure crystals, hence line narrowlng of the 

enhanced transitions occurs. The linewldth 15 11ffilted 

ultimately by the laser llnewldth. The technique i5 of 

Ilmlted value ln the study of doped mater1al due to the 

interslte hc,pplng .:.f ev.citc.ns fc.llowlng res • .:onant eY,':lt~)tlo')n 

lnto a specl fIC DBE state (n(10 17 1S neceSSCtl'y tc. observe 

resc.nantly e'f":1.ted TES ln MOVPE ZnSe/GaAs [50]1. An 

analysls of resonantly exclted TES Ylelded values for the 

ls-2s,2p donor excItatIon energles WhlCh were ln e~cellent 

agreement with the values determlned earller by Mer= et al 

[39]. TES aSSOcldted wlth OSE tranSItIons where the donor 

remalns ln the 3s or 3p exclted state fol)owlng the 

tranSItIon were also observed. The ~p dnd 3p donor energy 

levels are not SLlb)ect te sh1ft5 due te. cE:>ntri.d--cell 

effects, hence the ev.perlmentally determlned 2p-3p blndlng 
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energy difference can be used to obtain the 'theoretical' 

effective-mass donor blnding energy Eo. A more accurate 

value of Eo=26.06 ± 0.15 meV was abtained by this method. 

The revlsed value of Eo was used to determlne the donoy 

bindlng energles (dS previously outI1ned). 

In the PLE techn1que, the intensity of an emission 

line 1S monlt.:.red as the In':1dent photon energy 15 varied. 

The plot of the detected Ilne lntensity versus the 

e~cltatlon energy contalns ma~lma and mlnlma corresponding 

t~ exclt~tian ch~nnels and absorptIon processes associated 

wlth the mc.nlto:ored trëH1S1til:.n (eg. 12 • TES transitl.:.n fc.r 

In d • .:.n • .:.r m.:onlt.:ored - F'LE spectrLlm contalned peaks at 

I.D , J:otb,J 2d and minima at tr~nsverse free exclton n=I,2,3 

statesl. The blnding energy of the free e~clton was 

determlned by the analysis of PLE spectra, as prevlously 

mentloned. The DBE transltlon energles, the donor 

f~'\',':ltatl(:on anergles, and the calculated d.:.n.:.r blnding 

energH~s (.btalned by Dean et al [33J are llsted ln tables 

:-:. t, ~ . .:::, and .2.3. 

The ldentlflcatlon of donors present in 

heter':'E-?plt .. )·t.lal ZnGe-~/GaAs epl1ayers via cc.mparison cd OBE 

transltl~n energles wlth th~se obtained from the study of 

Llr1Gtrë.uned, pure crystals 1S nc.t pc,ss1ble. The total energy 

r~nge $panned by the prlncjple DBE transitions for the 

~n • .:.wn d.:onc.rs \S 0.75 mc-?V, whereas the .)BE Ilnewldth 15 1 

meV (Ir greë\t(~r ln heteroeplta:t.lal layers. EmphaS1S 15 thus 

pldced on TES as a medns of ldentlfylng donors. The energy 



spread of the TES luminescence resulting from DBE 

transitions ln which the donor is left ln the 2p e~cited 

state is ~bout 3.2 meV. The resolution of the TES 15 poor 

in standard photoluminescence spectra obta1ned uS1ng aboye 

• 
band gap exclting light, howeyer, the TES assoc1ated with 

different danors can be resolved with the use of the SPL 

technique. ThIs technique 15 therefore an Important tool in 

the study of heteroeplta~ial ZnSe thln fllms. 

Little informat1on concerning excItons bound te 

neutral acceptors (labelled 1 1 er (AO,X)) 15 ayalldble, due 

to the d1fflculties encountered in attempts to incorporate 

impurities Wh1Ch ferm shallow acceptor energy levels. 

Incorporation of the5e lmpurities lS inyariably ~ccampanied 

e~.;tremely dl tficul t to obtaln p-type ZnSe. Information 

concern1ng shallow accepter states lS generally obta1ned 

threugh the analysls of denar-~cceptor p~lr CDAP' 

lum1nescence bdnds present ln 10w temperature 

photolumInescence spectr~ of n-type ZnSe contalnlng 5halluw 

a~ceptor 1mpur1t1es. In a 5tudy of lumlnes~ence assoclated 

with shallow ac~epters ln vapour grown ZnSe ~rystals [5]], 

lt was proposed that an emlSS10n Ilne observed ln the bound 

e~citon lumInescence reglon resulted from the r~dlatlve 

SUppCIl'"tlng thlS ass1gnment felr the eml~~SlCln Ilne Jnc.luded a 

correldtion between the strength of thlS 11ne dnd thdt Qf 

DAP emlSSlon assoclated wlth Ll acceptor5, the explün~t'0n 



of the triplet structure of the line by a model which 

describes the e";clted states of neutral acceptor bc.und 

e~clton comple~es, and an exciton locali?ation energy 

co:.n~astent wi th that expected fc.r the binding energy of 

thlS acceptor CHaynes' rule E.K /EA =O.l [5~J). Another 

emlssion line appearing at a slightly higher energy was 

tentatlvely ldentlfled as the emlssion due to radiative 

dfo::,cay of excItons bound to neutral Na acceptors. Identical 

asslgnments for the two lines have been made ln other 

research papers [33,53,54J. An emlssion line due to the 

r c.'\Ch at Ive dec ay of eY.(': i tons bc.und to neutr al N acc eptors 

has been Identlfled ln photoluminescence studles of N doped 

ZnSe grc.wn by LPE C55J (ZnSe substrates) and MOVPE [52,55] 

~(;:JaAs substrates). The cc.rrelation in the Intensity of this 

emlSSlen Ilne land a DAP band) wlth the introduction of N 

lnto the system sup~orts this identification. Two-hole 

sdteliltes c.f the bc.und excltc.n lLlmlneS(.:ence peaks, 

lnvolvlng ~S ~nd 38 acceptor exclted states, have been 

observed ln the case of N and Ll acceptûrs using the SPL 

techmque [55]. The dlfference in the 18-2S eX':ltation 

energles fûr the two acceptors Indicates that the binding 

ener~~y of the N accepter IS ~.1 ± 0.7 meV less than that of 

Ll. N~) c..:.n • .:lLtslve eVlden.:e regardlng bound e:"l.Cltc.n 

lumlnescence è.,SSC":lë~ted with shallc.w P c..r As ac.ceptc.r 

states e~l$ts, although DAP emisslon involvlng P and 

AS-l-c~l~ted shc"'\llo:.w ë-\.:.:eptc,,"s hé'\s been c.bserved [56J 

lZnSe/GaAs MBE growth l , An emlss~on Ilne characteri~ed by a 



transition energy which is lower than that for the decay of 

excitons bound to the shallow a~ceptors discussed ab ove may 

be due to the the recombinat1on ~f exc1tons bound te a 

neutral acceptor [39,57J. The emi~sion line is aS50ciated 

with Cu, posssibly along wlth Li and Na [58l, or the 

acceptor CUZ" (57J. The acceptor bound exciten trans1tlon 

energies and acceptor binding energ1es are llsted in tables 

2.4 and 2.5. 

DBE or ABE translt10ns 1nvolv1ng the slmultaneous 

emission of one or more q=O LO phonons are also possible, 

albeit with progressiv~ly lower trans1t1on probabllitles. 

Since the coupling to phonons IS stronger for deeper 

levels, in this case, the acceptors, the LD phonon repllcas 

are more prominant ln the case of ABE translt1ons. 

The observation of DBE and ABE trans1t1ons requires 

that the temperature be suffic1ently low to allow the 

capture of excitons by the donors or acceptor~ ll~ kT~ 

exciton locali:atlon energy). 

A luminescence b~nd havlng a =ero phonon peak energy 

of approximately 2.60 eV at 4 o~ i5 somet1mes observed ln 

ZnSe grown by MOVPE. The band lS ~nown as the Y band. The 

characterlstics of this band, namely, the wed~ coupllng te 

phonons and a large IlnewIdth (FWHM = 4 meV or more), are 

explained with the help of a model propo5ed by Dean [59]. 

The model assumes that the emisslon 1S due to the locall:ed 

small dIslocation loop. 
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A lumInescence band whose peak energy is downshifted 

from the free exciton energy by an amount equal to the 

19-2s,~p shallow donor excltatlon energy has been 

attrlbuted to the radiatlve recombinatlon of free excitons 

WhlCh scatter inelastlcally at neutral donors (47l. 

~.2)Donor-Acceptor Pair (DAP) Transitions 

Low temperature photolumlnescence 5pectra of 

semlconductors contalnlng both donor and acceptor 

ImpurltlEs (or complexes which form donor and acceptor 

level5) Include lumInescence bands assoclated with 

electronlC trdn~ltlons between the exclted and ground 

states of donor-acceptor pair systems. The DAP transltlons 

become lncreaslngly Important and eventually dominate over 

the excltonlc transItIons as the lmpurity concentration in 

the mater lai IS Increased. 

An analysls Qf the DAP system was carrled out wlth the 

assumptl • .:.n .:of sImple cc.ulomb lnteractlc.ns (redLll:ed ln 

strength by the dlelectrlc constant) between the varlOU~ 

partl~les ln the system (le. electron, hole, danor and 

acceptor Ion cores). It was also assumed that the electron 

and hale mdsses are glven by thelr effectIve masses [60J. A 

H(::>lt]~)""-Londo:or ... ë\PP)"C'ë.Kh, ln WhlCh the twc.-partlcle 

wavefunctlon de5~r\blng the electron and hale 15 

apprO\lmatej by a product of donor and acceptor 

wave fun.: t 1 c.ns, wc1~ usC?d 1 n .:al .:ul at i ng the energy cd the 
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system. A transition from an excited state of the system 

(el e.:tr.:.n 1 n c.ne c.f the donc.r states, hol e in one 0 f the 

acc eptc.r states) tc. the gY ound st ate (, el ect r on tunnel s t c. 

acceptc.r sIte and recc.mb1nes with the hc.le, leavlng a 

poslt1vely charged donor lon core and a negat1vely charged 

acceptc.l" lc.n cc.re,l, results ln the emisslon cof a phc.ton of 

eneY'gy 

(2. (:,) 

where Ea is the band gap energy, ED ! 1S the b1ndlng 

energy .:of an ele.:tron in the i th e',,;clted state cd th(:> 

donor, E: .... J lS the b1ndlng energy cd a hole in the J~h 

exc1ted state of the ac.ceptor, e 1S the electr.:.nlc .:.harge, 

RD .... is the separatIon betwee.1 the dc.noY' and acceptar, E 1 S 

the dlelectrlc constant, and J 15 a cùulomb 1ntegral 

represent1ng the coheSlve en€?rgy (';If th~~ ev.clted st.lte .:of 

the palr sy~;tem. The palrlng ln effect moejl fle~~ the tJlndu)~J 

acceptor leve]s are shlfted towards the respectlve band 

edges. The Ino:lLlsl.m c.f the se(.:c.nd ordet' Vo.1n-dp(" I,oJaals 

Intera.:tlc.n ln the abc.ve i-Ina]ysls lntre.dllu:~~; anothe:>r (Jrler9Y 

term ln the above ev.pl""eSSlOn (-e-K"acl )LlstablE-: c.)nstc.u1t/E*pG 

C61JI. Thls term l~; not appre':lable and 15 gE-?nerally 

noglected. The use of the statlc d1e]ectrlc constant l~ 

valid pr,::ovlded that the perl':'cl .:.f the orbltil,l el(:cty.ml'': 

mc.ti.:.n 1S gyeatey than the perleJd c..f the p(.li~1'" }att,ce 
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modes C60l. In general, the coulomb integral J 15 assumed 

t~ be negligable in arder ta simplify the analysls of DAP 

spec tra. 

The emlSS1an lntensity of a DAP transItion for a given 

pair separatIon PUA lS determined both by the number of 

random dIstrIbutIon of lmpurltles is assumed ln order to 

slmpllfy the problem of determlning NCRpA ). N(RDA ) depends 

on the crystal geometry and, in the case of compound 

semlconductors, on the lattlce sItes which the donors and 

acceptors occupy. In a type 1 configuratIon, the donors and 

the acceptors occupy equivalent substitutlonal sites, that 

or those af the anIon crystal constituent (eg. don or Al zn 

and acceptar Llzn'. In a type II confIguratIon, the donors 

and ~cceptors accupy opposIte latt-~e sites (eg. donor Al zn 
1 

and acceptor Na.l. NeRDA) has been calculated for type 1 

and typE:' II Cc.onflguratlCms in cLlblC blnary crystals [62J. 

dc.nc.r, ln astate appro>',lmately descrlbed by the 

quantum-rT\Eô'charncal tunnellng t.:. a flnal state where It is 

pl ç.p(.rLlon~l t.:. thE:' ~;qltë-lre c.f the dlp(.le matrl'l, element (llt-If> 

Ilf1~ 1rlÇ.l thE? lrllt'ldl and f'lnc:d ~;tc.ües [60J. u.C~) 1S the 

Pi-'l 1 od 1': par t CI f the B: ,_,1: 1 WeRve funl: t 1 (Ir-. (bcRnd t heclr y). F ('~) 
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i5 the envelope function teffectlve-mass theory of 5hallow 

- impurities). The matri~ element can be wrltten as the 

product of two terms, one of WhlCh 1S the overlap 1ntegrdl 

of the envel~pe functlons [60J. If RD~ 15 much greater than 

the Bohr radii of the donor and acceptor state~, the 

overlap lS sign1ficant only in the reglon of the 

exponent1ally decreaslng talls of the envelope fun~tlons. 

The tranGition probability lS then glven by 

(2.7) 

where A and C are constants [63J. The transItion 

probability increases wlth decreaslng palr separatIon. The 

number af posslble pal l'S, on the other hand, decreases as 

RD~ decreases. The RD~ dependence of these two factors 

ensures that the DAP emlSSlon band e~hlblts a maxImum ln 

Intens1ty dS a functlon of em1SSlon energy. 

In standard photolumInescence, CAP trans1tlons 

generally Involve the rel:omblnatlcln of dClno\' elel:trons clnd 

acceptor holes wh1ch are ln the1r respectlve g\'ound states 

(this lS true at low temperatures, where thermall:dtlon ta 

the graund state 1S rapld), thus only the g\'ound state 

blnd1ng energlC~s are Llsed ln the exp\'essu::.n fi)\' the CAP 

trans1tlon eneergy g1ven above. Slnce PDA tal es on dlscretp 

values, a serles of dls~rete Ilnes IS generated. The enorgy 

spaclng between adjacent Ilnes lncreases as the palr 

sepdratlon de~reases. Dlscrete paIr Ilnes hclve been 
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observed ln photoluminescence studies of ZnSe crystals 

[38,51J. PaIr llnes eorrespondlng to smaller RD~ values are 

more ~aslly resolved, Slnee th~ energy separatIon between 

the Ilnes 15 greater, however, the em15S10n assoclated with 

close paIrs lS relatlvely weak because of the reduced 

number of paIrs ( N(PD~) decreases with decreasLng RD~ ). 

Hlgh e~eltatl0n densltles are therefore requlred for the 

observatIon of dlscrete pair llnes. The exclted paIr state 

mdy be SplIt, as a result of strain associated wlth the 

paIr or spIn-spIn InteractIons between the electron and 

hale, lnto closely spaced levels C61J which are thermally 

populated at hlgher temperatures. Spectra must be obtained 

at lc.w temperatures (1.6 '::or ln study by Merz et al. C51l) 

If fIne structure ln the paIr Ilnes resulting from 

tranSItIons tram these levels IS to be elimlnated. The 

s~mples must be reJatlvely pure, so that the donors and 

acceptors torm dls~retp levels rather than lmpurlty bands. 

Flnally, the samples must be straln free, since 

fluctuatIons ln the band gap lntroduce bro~denlng effects. 

The study (If DAF' emlSSI.:,n bands, as weIl as thelr 

Identlflcdtlon as such, lS facliltated by twa other 

characterlstlc propertl~s. The radIatIve Ilfetlme of DAP 

trdnsltlans IS lnversely proportlondl to the trdnsltlon 

probc1blllty, heno:e the Ilfetlme clf paIrs Increases wlth 

ln.:t-ea~ilng pair sepc.,rc:~tlon Po ..... C'':lnsequently, tlme res.:.lved 

DAI' spPo:tl'"ë-I are o:h':{l'"ac.t(:'l'"l::ecl by a Shlft of the Dto\F' peaL 

tntpnslty towards lower energles as the ttme elapsed 
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followlng an excitation 'flash' increases [54]. The pair 

distance dependence of the Ilfetlme also accounts for the 

observed shift of the DAP oeak towards higher energy and 

broadenlng of the band as the excitation denslty is 

increased [38J. Saturation of distant DAP transltlons, 

which have Cl longer Ilfetlme than close pdlrs, is 

responsib~e for thlS behavior. 

DAP recombinatlon can occur with the slmultaneous 

emisslon of phonons. The coupling of electrons to LO 

phonons is part'..cularly strclng ln compound sem1cclndUt:tl:lrs, 

hence c'1 ser1es c.lf progrcsslveJy Jess Intense LO phonc.n 

repllcas of the miun DAP emlSS1c.n b .. Uld lS prE?st:?nt ln 

phot~lumlneSCenc.e spectre. DAP emlSSlon assoc.lated w1th 

deep donor and/or deep accepter levels lS 

characterlst1cally observed as ~ broad, featureless 

emlSSlon band. Th1S lS d consequence of the strong 

el ec. t r c.ln-ph.:.nc..n coup 1 J ng ass(. .. : 1 at ed 1011 th dc?ep ] evel s. 

The? DAP eml 55l. c.n bdnds obs€?y ..... ed 1 n phot .:.1 uml rH~s,-: Fm.: e 

spectra of ZnSe have been the subJect 01 numeyùUS studles. 

The 1nvest1gatlons have centered dyound the 1dontlf1cat10n 

of the donc.ys and aCI:ept'Jrs 1nvolved ln eac.h case and the 

determ1nat1on 0f thelY b1nd1ng energ1es. 

Several shallc..w a.:ceptc,r leve]s have been 1dent1f1ed 

ln photolumlnescen.-:e studles of DAP emlSS10n ln ZnSe. A 

dE~taj lE:>d lnve~;tlç~atlc,n .:..f DAr' lumlnescence? 1 n vap.:.ur ç~ro....,n 

ZnSe • .:rystc.ü~; d.:O~lE:>d 1011 th the ~>~1r~11.:.w donors /,17.", CJ~"n, i).r,d 

Inzn, and the al:r.:eptc.r L1 prc,vlded c,:.n • .:1U:ilVf?' pn;.()f th,d. 
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Li zn IS Indeed a shallow acceptar [51J. Discrete palr lines 

were resolved ln photolumInescence spectra of these doped 

crystals. AnalYSls of the pair lines lnvolves the 

asslgnment of dlfferent paIr separatIons RDA to the lines 

observed. The tas~ 15 made possIble by noting that since 

the transItIon probablllty varIes slowly with RDA' the 

relatIve lntensltles of adjacent llnes depend only on the 

number of paIrs NIRuA ). The assumption of a type l 

confIguratIon was necessary ln order to obtaln a 

respectable fIt to the data. ThIS indicated that the 

accepto( occupled Zn sItes. Energy Shlfts ln the pair llnes 

occurr(;!d upon d':'~'lng wlth an Isotope of LI, thus provlng 

that LI dcceptûrs were lnvolved. ExtrapolatIon of the fits 

te, the DAP emlSSlon eneY"gy versus paIr separation data te, 

PoA--lnflnlty for the Al, Ga, and In doped samples yielded 

values for EA+Eo. Slnee Eo was known, EA for LI Zn could be 

determlnpd. DAP em15S1on bands due te ele~tronlc 

tl'an~;]t](lns betwet'-~n shë\l]ow dc,n,::rrs subStltutlr1g for Zn ëlnd 

tfle ~;hc":\ll,:ow a,.:,:eptr:,r LI Zn dre ~ nc.wn dS the D bands t;:et"c, 

phor1l.,n PQilk energy - ::':.6-:1::: eV [38]). DIscrete paIr llnes 

hdve bf?fm ~:rb~;erved c,nly For t~ll~; band. Tl.me res,.:.lved 

srectr~ of DAP emlSSlon ln ZnSe crystals grown by VPE and 

LPE wen? Qbtaln~?d ln c.u1,:rth~?r study [54]. The acceptc.r 

il~:;S(IC 1 ë1t (;!d W1 cha CAP bë~nd, 1 abe] 1 ed the P b.::.md, was 

Identlf"lC~d. TlmC? resolved spectra pr,:,v1ded .:.~ mec.UlS .:.F b,:.th 

l~>,:rlcü]nÇl the D and P DAP ]UfTllnes,:en':e bands ,:,b~:;erved and 

sepdrdtlng the DAP bands from the assoclsted 'free te 
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bound' emisslon bands present at hlgher temperatures. The 

DAP bands become progresslvely narrower as the tlme elapsed 

following excitatlon lncr~ases. The DAP pea~s Shlft te. 

lower energy with increaslng tlme elapsed. No such Shlft 

occurs ln the case of the free electron ta bound hole 

transItIon. The presen~e of two 'free t0 bound' b~nds 

eliminated the posslblilty that the Q and P DAP bands were 

due to the same acceptor (and dlfferent donors). A 

correlatlon ln the Intensltles of the 1 1 Na bound e~clton 

emission Ilne and a DAP emlSSlon band l~belled the P b~nd 

indicated that Na CNaz n ) was the shallow acceptor 

assoclated ",nth t~llS band. The blndln9 energy of the N'-I 

acceptor was obtalned by comp~rlson of the peak p05lt10ns 

of the P l~ero phonon peak energy - ~.680 eV [54J) and Q 

bands. The SPL and PLE technlques have been used to measure 

e~cited Impurlty levels tacceptors and donors) and thus 

conflrm the ldentlty of the acceptors lnvolved ln the P and 

Q DAP emjssJon bands (53J. A measurement of the e~clted 

ac~ept0r and donor states for ~nother DAP b~nd, the P band 

(~ero phonon peak energy - 2.708 eV [38J), lndlcatcd that 

the ac~eptor was L~zn and also that the donor lnvolved h~d 

a binding energy çlc.se to that of the standéll'"d donr..rs. lhe 

concept of preferentlal palrlng WdS suggested te explaln 

the hlÇ~hE'r pea~' ener gy "f th 1 S band r el é~t 1. vc t 1.' t hi~t .-, f thl' 

Q band. A LI ass':O'':lated don •. :.r, pl':,~;slbly Lltnt:, ceuld 

account for the observed ~hardcterlstl~s 0f the P band 

(54:1. DAP emlS~;lO:ln bémds c{5s':'O:latt~d wlth the sha]lr.1W 
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acceptor Ng • have been observed ln N doped ZnSe (55J (zero 

phonon peak energy - 2.698 eV r55J). SPL measurements were 

used to obta1n the lS-~S e~c1tat1en energy. Cempar1son of 

th1S energy w1th that for LI Zn yielded the blnding energy 

for the N accepter. A DAP lum1nescence band asseciated with 

a shallow accepter level lS present ln P doped ZnSe 

crystals (:ero phonon pea~ energy - ~.728 eV [64JI grown by 

LPE [54,65) and MBE (56]. The blndlng energy of the 

acceptor level 15 est1mated te be approx1mately 85 meV 

(64]. Resonant e~c1tat1on of the DAP lumInescence ln the P 

doped LPE ZnSe cenflrms the presence of a new shallow 

acceptor [57]. Low temperature Raman spectra obtalned for a 

ZnSe eplldyer grown on GaAs by HOVrE contaln peaks 

assoclated wlth the 15-2S hole excitatIon ln a shallow 

acceptor [66J. Compar1sen w1th theoretlcal exc1tat10n 

energy values 1ndlC:ates that the acceptor 1S P. It lS 

unl,rh:own whE~theY the shallc.w a.:cepter level 15 a5sc'C1ated 

Wl th Substltutlc.naJ F' .nt a tetragcmal sIte ( Pee - Ta 

symmE?tr"y ) 1:01' a P-relcatE?d cl:lmple'l .• nle 1ntenslty clf a DAP 

b~nd l=ere phonon pea~ ener~y - 2.705 eV [64J) correlated 

w1th the As dopIng level ln As doped ZnSe grown by LPE 

[64J, lndlc~tlng the presence of a shallow acceptor level 

dSSOclated wlth As. It IS unknawn whether the level 15 due 

tO:I "5 ••• (Ir an As - rel atecJ comple:> .• 

StudJes of DAP emlSSlon bands 8ssoclated with deep 

dl:l.:ept.:or levE?ls haVE? lE?d tCI the Identl flCc.,tll:.n 1:lf the 

ImpurltlE'S 1:11' cl:lmpl€~·,.L'~; that fClym the~;e deep levels. 
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Estlmates of their binding energles have also been 

obtained. An emisslon band peaklng at an energy of 1.91 eV 

at 2 ~K has been observed ln P doped ZnSe crystals grown 

trom the melt C67]. Optlcally detected magnetlc resûnance 

(ODMR) studles of the band Indlcated that It was due to a 

DAP transitlc.n lnvc.lving shallow donors and a deep accepto" 

level. The deep level, WhlCh has a blndlng energy of 

Cl. 6-0. 7 eV, corresponds to the center P ..... The symmetl'y of 

the center, C3V , Indlc""tes a Jahn-Teller dlst..:.rt1 • .:,n ~:,f the 

surrounding lattlce. Electron spin resonance measurements 

(68] show that a slmllarly dlstorted center As"., wh1~h 

also forms a deep acceptor level, 15 present ln As doped 

samples, however, the ldentlflcatlon of a luminescence band 

assoclated wlth thls level has not been posslble [69J. A 

broad luminescence band appearlng ln photolumlnescence 

spectra of Cu doped ZnSe 1S "" CAP tranSition Involvlng 

shallow donors and the deep acceptc,r CUz n [57J. The pea~' 

Intenslty c.f the band c .. .:o.:Llrs at an ener9Y of dbout 1.'J5 e') 

at a temperature of 5 of. The blndlng energy of thlS 

acceptor IS estlmated to be about 0.65 eV. The ODMR 

technique WeS u~ed to determlne the orlgln of 0 green 

emlSSlon band ~/hlCh sometlmes appeclrs Ul p~lotolLlmlnescen,.:e 

spectra c.f ZnSe (70], ThE? results c,f the study shc,wed that 

the band, whlch pe.~s at an energy of dbout ~.34 eV dt 2 

c •• :~, was the rcsult of DAF' rExO:JmblnatlC',n Invo]vlnç1 ~~hë.dlO:Jw 

dc.nc..rs and ë'\ Cu .:omple~. center WhlCh a.:.ts as a deep 

"",.:ceptc.r. The results 5ugg~?st(;?d that the c,:,mple'l. l S 
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CU2n-CUln~' A broad luminescence band ~bserved in 

photolumInescence spectra of ZnSe has been the subject of 

several studies. The band peaks at an energy of about 2.0 

eV at :::: o.~. Tlme-resCJI ved photolumInescence spectra 

indicate that the band results from a DAP transition 

lnvolvlng shallow donors and an acceptor havlng a binding 

energy of 0.35 eV [71]. ODMR studies show that the accepter 

15 the A-center, a complex which consists of a =lnc vacdncy 

and an ad)~cent donor Impurlty [72]. The E~IS5ion band 15 

~nown as the self-actlvated emisslon. ODMR studles of 

another band, whlch peaks at an energy of 1.7 eVat 2 OK, 

show that It 1S due to Cl DAP transltlon between shallow 

dc.nc..rs and a ;:ln.: vacancy, VZM-, WhlCh acts as a deep 

a~ceptor (72]. Deep levels are strongly ceupled te the 

lattlce, hence transItions Involving deep acceptor levels 

lead to characterlstically broad, featur(i>less luminesl:ence 

b~nds. The S b~nd, whlch peals at an energy of 

,",pYYo't.lmat~?ly :':.5:': eV at 4 o~" IS sl:.metlm~?S c.useyved ln 

materl~l grown by MOVPE [59]. LO phonon repllcas of this 

bdnd are resolvdble ln sorne cases. The geneyal shape of the 

bnnd suggests that It lS due to a DAP trans1tlon lnvolving 

cHl WlldentlflE?d ao.: .. :eptc.r having Cl bind1ng energy E ... =275 meV 

[5'3 J • 

:':.3IFree to Bound TransItions 

Rddldtlve yeCOmblnatl0n processes whereby a free 
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electron in the conduction band recombines wlth a hole 

bound to an dcceptor (transitlon denoted by the symbol 

(e,AO» or a free hole ln the valence b~nd recombines with 

an electron bound to a donor ttransltlon denoted by the 

symbol (DO,h)) are referred to as 'free te beund' 

transitions. The transltion rate associated wlth these 

processes has been calculated for dIrect energy gdp 

materials contalnlng shallow, non-overlapplng lmpurlty 

states [73J. The transitlon probability lS k-dependent and 

is found to rapldly decrease as ~ (and theref0re the 

kinetic energy of the free particleJ In~redses. The 

decrease occurs at energles of the order of Ev~=lmc/mv)ED 

and Eck=(mv/mclE~ for the donor to valence band and 

conductlon band ta acceptor transitlons, respectlvely. In 

ZnSe, the transitlon probabllity 15 slgnlflcant for a 

greater energy range ln the case of trans1tions lnvolving 

levels mC"lre ]I:,,:all=:ed ln real space éH1d therefor€;> mClrr-? 

t,w=ECII-E~ (2.8) and 

(2.'3) 

[31], The thermal ~ ineti c energy of the free partlr:.le has 

been neglected. The free to bound lumlnescence pea~s, 

unllke the DAP emlSSlon bands, do nQt shlft ln energy as 
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the excltat1c.n derlsity is vaYied. tyee to bound transitions 

may also occur with the simultaneous emission of q=O LO 

phon<:.ns. 

LumInescence bands associated with the free to bound 

transitions have been obseyved in ZnSe cyystals. 

Transltlons 1nvolvlng the recombination of free electrons 

and holes bound to shallow acceptoys aye important in the 

temper~ture range where slgnificant donor lonization occurs 

and acceptors remain neutral. New bands assoclated wlth 

transltlons te d1fferent acceptors appear on the high 

energy s1de of thE' ·:.:.,":-l'?spc.nding DAP lumlnes.:ence peaks. 

EVldence of these transItIons eXlsts ln the case of the Q 

band [38J, the P bdnd C54], and the band involving N 

acceptors [52J. The contrIbution of the free to bound 

transitlon to the lumlnescence Is not dlscernable in the 

c~se of translt10ns lnvolvlng deep acceptors due te the 

.:hara • .:terlstlc br':jddne~;s .:of these bands and the small 

energy shlft ~ssoclated wlth the ~hange from DAP te free 

electr.:rn te. b':'Ltnd hr.:.le ILtmlnescence. The results c.f a study 

of the temper,'\tllre dependen.:e c.f 1 uml nescence bands 

dpppearlng ln the photolumlnescenr.:e spectra of solutlon 

grown ZnSe crystals Indicate that the transItIon Involving 

the recomb\natlon of free holes wlth electrons bound to 

shallow donors ma~es a substantlal contrJbutlon to the 

lum\lH?~;':("Hlr:(J at ~Hghc"?r temperatures [ .. Hl. A .:c.rrelatlon in 

the IntenSJ ty .:., ë~ near bcind edÇ.l€-? lumlnesl:en.:e peaL, 
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present in room temperature photoluminescence spectra, wlth 

the concentration of Cl, a shallow donor, lncorporated into 

ZnSe crystals grown by MBE, together with observatlons of 

the energy position of the peak, has led ~o the conclusion 

that the emlssion is due te the recombination of free holes 

and electrons bound to the shallow donor CI_. [46J. A 

similar correlation in the lntensity of the room 

temperature near band edge photoluminescence wlth the Cl 

doping level has been observed for epltaxial ZnSe layers 

grown by MOVPE (48J. ThlS lends further credence to the 

above lnterpretatlon of the origln of the nedY band edge 

emission present at room temperature. 

2.4)Temperature Dependence of the Photoluminescence 

Spectra of ZnSe Crystals 

The contrlbutions of the varlOUS transitIons outllned 

above to the photoluminescence spectrum of ZnSe crystals 

depend on the sample temper~ture. Studies of the 

eleetrolumlnescenee spectra of 

metal-lnsulator-semiconductor (MIS) ZnSe diodes over the 

temperature range 20-290 or [74J and photolumlnesc8nce 

spectra of bul~: ZnSe crystals over the temperature range 

specifie transltlons May be observed. Ouenchlng of certsln 

emiss10n bands and the dPpedranCe of new bdnds W~$ obsorved 

as the samp]e temperature was lncreAsed. The conclu~lons of 
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these two studles are presented below. 

The electrolumlnescence spectra (74J contaln a DAP 

emlSSlon band asseclated wlth transitions Involvlng shallow 

dc.nCJrs and ace eptor s. The band i~. observed up to a 

tempeY'atuY'e clf about 55 .:>~~. The cCIY'Y'espondlng free electrcln 

te beund hole, or le-AoJ, lumlnescence band is present at 

20 c'f~ and gradually IncreaSes 1~1 intensity relatIve te .. the 

DAP band. The free to bound ~miss1CJn le-ACt) 1S completely 

quend1ed at tempel"aturE?S ab(.:,ve 110 o~. A SlmIlar behavlor 

for these two bands was reported ln the photolumlnescence 

study [41]. The emlSSlon resultlng from the radiatlve decay 

of e~clton5 bound te neutrdl donors was found te cQntrIbute 

to:1 the electrc,lumlnescence up to ii temperature of about 70 

o~' r.74J. The same emlSSlon was resolved up t,;:. a temperature 

01 about '30 Ct~, Hl the photoluminescence spectY'a [413 before 

It merged wlth a lower energy band labelled A'. The free 

(~'t,':lt,:on emtssi,:on was resolved 'ln electroluminesl:enl:e 

spe.:tra up to:, i'I temperature Clf 85 C'f befclre 1t merÇ.~ed wlth 

<~ 1",,,,,el'" E?nPt'gy bc.'\nd, labelled E .. , \N~H,:h appeaYs at a 

t(:>mperi~ture of 80 c'I, [74J. The lower pCllar1t':ln emlSSlon was 

reso)ved ln photolumlnescence spectra up to a temperature 

of '30 Of, [4tJ. nus emlSSlc,n merged \NIth the A' bc.'\nd abclve 

t~11S t~mpeYature. The upper polarlton em1SSlon was reselved 

wlth the A' band [~t]. The A' dnd E. bands persist up te 

l 
1 

Ctr 19ln cof th] S bAnd ë,\re pre~;ent~cL The re~;pclnse clf the room 
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temperature E. band to changes in excitation denslty led to 

the conclusion that the band is associated wlth the 

recomblnation of free excItons after interactIon wlth free 

electrons [74]. The observed posItion of the A' emlssion 

band relative te the e~perimentally determlned free e~~lt~n 

energy is consistent with the lnterpretatlon that the 

emissien results frem the radIatIve recombinatlon of free 

h~les and electrons bound to shallow donors [41]. 

CorrelatIons ln the lntenslty of the near band edge 

emission present in room temperature spectra wlth the donor 

concentratIon support the latter Interpretat10n [46]. It 1D 

possIble that bath transItIons contrlbute to the observed 

emission. 

75 



{ 

TABLES 

TABLE 2.1 • ••••••••••• 77 

TABLE 2.2 · ........... 77 

TABLE 2.3 · ........... 77 

TJI.BLE 2.4 · ........... 78 

TABLE 2.5 • ••••••••••• 78 

( 

76 



-
DONOR Iao TRANSITION ENEF~rN LOCALIZATION ENEF:GY ________________ 1~~1 ____________________ im~~l _____ _ 

Al 2.7978 4.9 [33J 

Cl 2.7977 5.0 [33] 

Ga 2.7975 1:" .") 
~ ... [33] 

In 2.7':172 5.5 [33] 

f' 2.7971 5.E. [33] 

DONOR 13 TRANSITION ENERGY LOCALIZATION ENERGY ________________ i~~l _____________________ im~~l _____ _ 

Cl 2. 796b E.. 1 [33] 
2.7'364 5.3 [33] 
2.7960 5.7 [33] 

In 2.7945 8 '", ., [33] 
2.7941 8.E. [33] 

nONOR EXCITATION ENERGIES IONIZATION ENEPGY 
1s-25 ls-2p ED 

___________ lm§~L ___ ~mê~~ ______________ im§~~ ____ _ 

Al 18.8 1'3. 1 25.5 [33] 

Cl 19.4 19.7 2[,.;': [33] 

l:la 20.2 20.7 ;~7. 2 (33] 

In 20. ':1 21. 7 :28 • .2 (33] 

F ~-,1-.. ? 
... iL- • ..;J 28.8 [33J 
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TABLE 2.4 : (A~ XJ TRANSITION AND LOCALIZATION ENERGIES 
_______________ L ______________________________________ _ 

\. 

ACCEPTOR Is TRANSITION ENERGY LOCALIZATION ENERGY __________________ !~~! ___________________ !m~~! ______ _ 

Na 2.7931 9.6 [33] 

2.7922 10.5 [33] 

N 2.7918 1(1. '3 C55J 

unknown 2.7830 1'3.7 [33] 

ACCEPTOP EXCITATION ENERGIES IONIZATION ENERGY 
IS-~S lS-2P E~ ______________ !m§~L ___ !mê~l _____________ iœê~L ____ _ 

Na '37.6 83.1 128 [53J 

Li 82.5 72.9 114 (53J 

N 111 (55] 

P 85 (54J 

As 110 (54 J 
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3. JPHOTOLUMINESCENCE-EXPERIMENTAL SETUP 

A brlef des~rlptlon of the e~perlmental setup used for 

schemat1c of the setup 15 shown ln fIgure 3.1. 

The photolumInescence eXC1tat1~n source lS a Spectra 

Phys1cs 171 ~rypton Ion laser. The contlnuous wave output ln 

the ultravIolet conS:5t5 of several Ilnes ln the wavelength 

range 337.4-356.4 n~nometers. The Intenslty of the 100 mW 

.:. u t pu f; 1 5 a t t E nI,,1 a t e dt: 11" OLL 9 hui t r a 'Il 0 let n eut rai den S:i. t Y 

flltel's. The laser bt::am 15 dlrC?:ted t}H':'Llgt", a quart: 

focusslng lens by a beam 5teer1ng Instrument and a mlrrol' 

held ln an 'd)ustab12 optlcal mount. The alum1num coated 

mlrrors are hlghly reflectlng ln the ultravIolet 

(apprO~lmately 90%- reflectence 1 • The orIentatIon of the 

ffilrrcrs 1S con~rolled by mlcrometer ad)Ustments. The laser 

beam IS focussed cnto the sample surface. The 

ohotolumlnescence 15 collected by an astlgmatlc lens wlth a 

low F number and focu5sed on the 50ectr0meter entrance sllt 

Wlth an F/3 optlcal l~ns matched to the F number of the 

uSlng a Jobln-Yvon HG ~~ double monochromator equloped w1th 

effl':len:'1 .:', the spe,:trc1meter 13 a,:hl€?Ved ln the range 

:~7:0-1:500 cm-l. The four electronlcally controlled sllts 

ln t:H~ 5i:)(?.:tl"":'mE~er are lndependently aCl)lIstable. The 

"( 

The e~lt sllt lS coupled to a cooled GaAs Hamamatsu R666S 

80 



figul"e 3.1: Photoluminescence setup. The laser beam 15 

dlrected thl"ough a qual"t~ lens (QL) by • beam steQrlng 

lnstl"Ument I.BS) and a m1rror Ms. Neutra] den~;lty fllter~5 

(ND.) clttenuate the beam Inte>nslty. The ph..:.t.;.lulfrlrH~s.:en.:e 

passes through a collect1ng lens (CL) and 1S dlrected 

through an FIS lens 0nto the spectrometer Sllt SI by a 

dielectl"lC coated mlrrOI" (DM). Hle llght 1S dlffracted by 

the holographlc gratings lHG). The photomultlpller lPMl 

sIgnal passes thr.:.ugh a preampl t fter- (p) dncl a 

d1scl"1m1nator lD). The ele.:tronl': pulses ar(-,? sent to <'\ dat." 

conversion unlt Interfaced to a PC compatlble computer. 
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figure 3.1 photoluminescence setup 

82 



-
photomul~~pller tube. Th~ electrlcal pulses gen~rated by th~ 

detectoy pass through a preampllfler-dlSCYlffi1nator unIt. The 

Cll s,:rufnnai.:,Y si?lect ... ,:,r.ly ttK·se pu) ses ~.'hl.:h m-e (.,f 

sLlffl,:-.ent ampllcLlde. The t-ate: ë:lt "'~il,:h pulses ël(e gE?r10l"<.,te::d 

lS dIre-ctl.,· pr.:.p.:.ril.:.nal te, the' Intenslty ç.f the llght 

InCldent Qn the detQ~~or. The pulses are sent to a data 

.: .:.mpLlt er y (?,:,.:,r ds the Garroo 1 E t effip!:H'" at Ln ':". t he d~:.: c~·: i,_'r Sl 9ndl 1 

lr.tenslty, and the ~-.t"·e.:tr.:.me1.er P,:'Sltl.:.n ,:,n a t1c'wd C1151. Thl2 

':,:'ffioLltey .::.1 s':' .:.:·ntt'".:ols the spe.:~r.:,meter poslt~,:,n. The usc~y 

lnouts the deSlr~d values 0f the sample tlm~, ~cannlng 

a':llleved by fl'': II:'ülng -;hE samr;,:e :.:.ne ....,ltf~ 110Llld hell ... uTI ar, 
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4.)RESULTS AND ANALYSIS 

Photoluminescence spectra of thin epita~lal ZnSe fllms 

deposited on GaAs sub~trates provide valuable lnformatlon 

about the optoelectronlc quallty of the materlal grown, the 

types of Impurltles and complexes present, the 

concentrations of these Impuritles and comple~es, and the 

strain present ln the epllayer as a result of the Inherent 

mismatches in the lattlce constants and the thermal 

expanslon coefflClents of the substrate and epllayer 

materials. 

Photoluminescence spectra have been obtalned at 

temperatures c.f 300 o .. ~, 77 o.~, and 2-16 oK fc.r several ZnSe 

epilayers grown by MOVPE or ALE. Th~ spectra are used to 

characterlze the thln films. 

The growth temperature, Tœ , lS an Important parameter 

ln MOVPE. A comparlson of the 300 0. photolumInescence 

spectra of a serles of ZnSe thln fIlms grown at dlfferent 

To's, wlth aIl remalnlng parameters ~ept constant, rcveals 

an important dependence of optoelectronlc quallty on thlS 

growth parameter. 

The photolumlnescence spectra of thln fllms grown 

using dlfferent precursors, speclflcally, DEl ~s opposed ta 

DMZ, and H2 Se as opposed to DEDSe, dlffer slgnlflcdntly. 

These dlfferences Indlcate that precursor purlty IS an 

Important factor ln the growth of hlgh purlty ZnSe 

eplta:dal layers. Contamlnants present ln a precursor fTlë\y 
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be 1ncorporated into the material. The presence of specifie 

lIT1purlties or Impurlty-related comple>-:es induc:es radical 

changes ln photolum1nescence spectra, 

Varlations ln the photoluminescence spectra of InSe 

f1lms of dlfferent thicknesses reveal str~in-related 

changes ln the band gap which are consistent with the 

conclusIons drawn ln previous stud1es. Comparison of 

photolum~nescence spectra of two samples grown by ALE 

reveals a thlc~ness dependence of crystal quality and 

pUFl ty. 

Dlfferences in the photoluminescence spectya cof InSe 

thln f1lms grown on GaAs substrates (by MOVPE) and GaAs 

ep1layers lby ALE) lndlcate an 1mproved epilayer quality 

~nd purlty ln the latter case. 

The 77 c.~: near band edge (NBE) photolumi neseence of a 

pure, relat1vely straln-free InSe epilayer lS shown to 

result fr • .:.m cc.ntrlbLltla.:.ns caf several lumInescent 

transitions. 

ThE~ pre~;entatl('an and analysls caf the photoluminescence 

data lS dlvlded lntc. fc.ur se.:ti,:.ns. The 300 01< spectra farm 

the sub)ect of sectIon 4.1. The 77 OK data 1S pyesented, 

alc.ng wlth a dISCLlsslc.n, ln sectlc.n 4.:::. An analysis clf the 

lc.w temperature (.2-16 c.~·) data is presented ln section 4.3. 

Several hlgh resolutlon spectra of the near band edge 

{ analy:ed ln sect10n 4.4. Table 4.1 serves to summarl=e 
.. 

1 mpor t é\nt pflCtt oluml nes.:: enee r esul t sand f ae i Il t at es a 
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comparison of the features of the various spectra. 

4.1)300 oK Photoluminescence Spectra 

An important criterlon ln determining the 

optoelectronic quality of ZnSe crystals is the value of the 

ratio R between the near band edge (NBE) and deep 

level-related luminescence inten5ities of the room 

temperature photolumlnescence. The NBE emisslon is Iess 

favoured on the basis of the thermal 5tabillty of the 

electronic states assoc1ated with these two em15sion bands 

[59]. The ratlo R 15 a mea5ure of the degree of 

compen5atic1n of donors by deep centers. Hlgh F~ vaIlles are 

indicative of superior Cdoped or undoped) materlal. The 

intensity of the NBE emisslon, which, at room temper~ture, 

i5 due to the rddiative recombinatlon of free h0les wlth 

electrons bound to donors [41,46,48J depends on the 

concentratlon of donar lmpurltles and the degree of 

cC1mpensatlc1n. The pea~ energy ':If th[", re .. :.m tL'mperë~tllre NDE 

emisslcln 1S apprc •. ,umately '::.6'3 eV for aIl rc .. :om temperature 

spectra recorded ln thlS study. The bro~dness of the band 

is attrlbutable to the hole ~lnetlc energy, phonon 

bY'oadenlng, and the Stark effect due tc. l(.nl:,·ed lmpurltll?S 

[41J. The deep center-related lumInescence bdnds result 

fYom the recombinatlc.n of free electr':lns and he,] f:.'5 bClund tri 

deep a~ceptors, speclflcally, A-centers. An lncrease ln 

bath the NEE ",nd deep emisslon, for a fi:t.f~CJ Yë.~llle (If P, 
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, } - implies an increase in the concentrations ~f donor. and 

deep acceptors. The ratio R and the intensity of the NBE 

and deep emission bands thus provide information concerning 

the extent of compensation and the purity of the ZnSe 

crystals under investigation. 

The growth temperature is an important parameter in 

MOVPE. In order to investigate the effect 0f T~ on the 

optoelectronic quality of ZnSe epilayers, 300 OK 

photoluminescence spectra were recorded for three epilayers 

grown at different temperatures under otherwise equivalent 

growth conditions. Table 1.1 indicates the growth 

parameters used in the growth of samples 8 (Tq =2000C), 9 

The spectra of samples 8, 9, and 10 are shown in 

figures 4.1, 4.2, and 4.3, respectively. The incIdent power 

density used in ail three cases was approxlmately 2.5 

W/cm2 • Additional informatIon, includlng incident power, 

sampling information, and spectrometer sllt wldth lS llsted 

in the figure captlons. DIrect comparlson of emlSS10n 

intensities for the three spectra IS pOSSl bJ e. Trie ré~tl 0 P 

between the peak intensitles of the NBE and deep emlSS10n 

bands increases as the growth temperature lS increaspd. lhe 

R values are 0.5, 6.2, and 11.~ for materlal grown at 

temperatures of ~OO, 250, and 300 oC, respectlveJy. The 

pe~~ intenslty of the deep lumInescence progresslvely 

decreases RS TG Increases. Relatlvely hlgh growth rates, 

,:ol'pled with slow surface diffusicln at JOIN Tr..'!i~, are 
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e~pected ta result in higher densities of dislocations and 

hence higher concentrations of vacancies and 

vacancy-related complexes (such as A-centers) in material 

grown at low temperatures. A decrease in the concentration 

of A-centers may account for the reduction in the peak 

intensity of deep luminescence as TG is increased from 200 

te 250 oc. The simultaneous enhancement in the NBE emission 

lS explained by an 1ncrease in the number of neutral donors 

due to a reduction in the number of compensating A-centers. 

The reduction ln both the NBE and deep emission peak 

intensltles for 5ample 10 relative to sample 9 (see figures 

4.2 and 4.3) suggests that sample 10 contains fewer donors 

and A-centers than sample 9 and i5 therefore of higher 

purity. The R value lS also higher for sample 10 and 

indicates a lower degree of compensation by deep A-centers. 

Room temperature photoluminescence spectra have been 

obta1ned for a number ~f ZnSe epilayers grown at a 

temperature of 300 oC. The precursors used in the growth of 

these th1n f11ms included a DEZ source different from the 

one used in the growth of samples 8, 9, and 10, or 

alternat1vely, a DMZ source. The non-metal source, H2 Se, 

was identical te the one used previously in the growth of 

samples 8, 9, and 10. The incident power density uoed to 

re.:c.rd these spe • .:tra Wè.~S '::.5 W/cm 2 , unless stated 

otherw1se. Comparloon of the intenslties of emisslon bands 

for the spe~tra presented below lS valide Comparlson of 

l'.lmu1E·scen.:e intemntles Wl th thc.se clf figures 4.l., 4.2, 
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and 4.3 is not possible, however, since the incident power 
~1 

used and spectrometer slit widths differed from those used 
, 

in recording these three spectra. 

The 300 oK photoluminescence spectrum of sample 32, 

which was grown using a DEZ source (see table 1.1), 15 

shown in figure 4.4. The R value 15 9.0, hence the degree 

of compensation i5 slightly higher relative to that of 

sample 10. The NBE and deep emlssion (pe~k enœrgy ~.12 eV) 

bands ~re qUlte lntense. The NBE emission was observed when 

an excitation power density as low as ~50 mW/cm2 waa used, 

however, the ratio R decreaced to a value of 4.8 at thlS 

power density (Hlgh power densities result ln an ~nh~nced 

NBE emission Intensity, hence a m~re rlgorous test of 

optoelectronic quality, as determined by the ratio R, 

requires the use of low power densitles [75J). Sample 32 

was the only sample having a lumInescence intenslty 

sufficiently high te permlt the recording of a 300 or 

photoluminescence spectrum using an Incldent power density 

of only ~50 mW/cm2 • The high luminescence lntensity 

suggests that sample 32 has a hlgh concentratIon of donor 

impurities and A-centers. L~w temperdture spectra provide 

further evidence that the concentration of donors is hlqh 

in this sample llarge I 2 11newldth - see table 4.1/. Hlgh 

concentratlonu ~f donor ImpurltiDs could lead to a hlgher 

part, ctf donor impur i t l es), and slIbsDquent J y, art 1 nr. r eased 

- deep emlssion band Intensity. 

--------------______________ J 
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The 300 OK photoluminescence spectrum of an epilayer 

grown using the precursor DMZ (see table 1.1), sample 29, 

lS shown in figure 4.5. The ratio R lS about 6.0, hence the 

degree of compensation lS higher for this sample than for 

samples 32 and 10. The NBE and deep emission (peak energy 

2.18 eV) bands are much less intense thAn those of sample 

32. This suggests that sample 29 contains far fewer donors 

and A-centers than sample 32, however, spectra recorded at 

77 0.: reveal that, unlike sample 32, sample :::':1 cc.ntains an 

addltlonal, shallower compensating center which is 

optically inactive at room temperature. The nature of this 

dcceptor center 1S dlscussed later. The degree of 

compensat1on 15 con5equently greater than that implied by 

the room temperature photoluminescence, and thus the donor 

concentrat10n 15 hlgher than that expected on the basis of 

the inten51ty of the NBE emlssion at 300 OK. Further 

~v1den~e that this lS lndeed the case i5 provided by the 

la::-.w tempE~'rature 14 c'.,) phc,tc.luminescence. 

The 300 0.:' phcltolum1nes.:ence c.f a ZnSe ep1layer grown 

by a novel technique in which the DMZ and H2 Se sources are 

lntroduced at separate times, so that the growth is 

essentldlly by ALE, js shown in figure 4.6 lsample 40). 

Prlor to the growth of the ZnSe thin film, a thln GaAs 

epllayer was deposited ln-situ by conventlonal MOVPE, using 

the pre~ursors TMG and AsH3 • The value of R i5 5.3. The 

dE"c1r b'e of c. Ctmpensat 1 c.n by deep ë.~ccept clr SIS:. thus gn:'!ater 

for th\s sample than for sample5 3~ and 10. The deep 
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- emission is very wea~~ in comparison to tt.at observed for 

sample as is the NBE emission. ThlS suggests that 

sample 40 has a low concentration of donors and A-centers. 

An increase in the power ex~itatinn density (and the 

incident power) led to an enhancement in the NBE emission 

peak intensity, as expected [75J, however the intensity of 

the deep emi ssi on remained essent 1 ail y unchanged (see 

figure 4.6a). The virtual absence of deep emlGsion, WhlCh 

indic.ates a ) ow ccmcentration of A-,:enters, may bo due to 

an impr~vement in crystal quality resulting from the use of 

low growth rates. Two-dlmenSlon~l stepwise growth ia 

favoured when growing on a GaAs epllayer and may also 

acc~unt for the improved crystal quallty. Law temperature 

spectra provide conclusIve eviden~e that the donor 

concentration is Indeed much lower for sample 40 than for 

sample 32. A photoluminescence spectrum of Gample 40, 

recc,rded at 77 CI.~, reveals the presence cd ë\n additlCmal 

shallower compensating center identlca] to the ~ne found in 

sample 2'~. The c.rlÇ.un clf tins center lS du;cus~;ed latE~r. 

~igure 4.7 shows the 300 OK photoluminescence spectrum 

of sample 41. This sample was grown ln the samo fdshlon as 

sample 40. The 5ample thlc~ness i5 0.4 microns (see table 

1.1). The rdtlo P lS 1.~, thus the degree of c0mpensatlon 

i!:; h j 9 her t hë'\n for samp 1 f!lS 2'3, 10, and 40. Comparlson 

of the pea~ intenslties of the NBE and deep omiSSIon (pea~ 

ener gy ::. 14 eV) bands wlth those observed f cJr së.lmp 1 E? 

suggests thdt sample 41 has 5ubstantlally lower 
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concentrations of donoys and deep A-centers, however, such 

a comparison may not be appropriate, since the samples are 

of different thicknesses. X-ray dlffraction measurements 

indicate that heteroepitaxial ZnSe thin films (thickness 

less than 0.15 microns) are eoherently stralned as a result 

of the two-dimensional compresslve stress present due to 

the O.27~ lattiee mlsmateh (at room temperature) between 

ZnSe and GaAs [45,76,771. Relaxation of this strain via the 

fe,rmatieorl cd lattice imperfections, specifically, mis1it 

dlslocatlons, occurs 10r thic~nesses greater than 0.15 

mlcrons. The lattlce straln is fully relaxed when the film 

thic~.ness reaches appr,:oxlmately 1 mlere,n. Epllayers t~lleker 

than 1 m1cron are under a two-dlmenslonal tensile 

(dilatative) stress due to th~ larger thermal e~pansion 

eoef1i~ient of ZnSe compared to that of GaAs. The magnitude 

of this stress depends on the growth temperature used. The 

thermal straln 1S smaller ln magnitude eompared te the 

strdln dSS0~latod wlth the lattlce mismatch [2J. The 

dlS] C'Ce,tl c)ns ë.~,:t ë{S slnLs fo:"r varl'::'US defe,:ts SLICh as 

lmpuritles and vaeaneles, among ethers. Samples thlnner 

than 1 mlcr.:,n thus hë{ve M higher c1enslty ,:,f dlslc .. :atie,ns 

than samples thlcker than 1 mIcron. The difference in 

d1s]ecatlon c1ensltles implles differences ln the 

C0ncentrdt10ns 0f lmpurltles, vacancies and related 

centers, and other defects. PhotolumInescence spectra are 

SEmsltlVE? to ,:hangE?~; ln thE? ee,n,.:entratl.:,ns and types ,:.f 

dcfects present, and wlll therefore dlffer in the two 
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cases. The concentration of non-radiative recombination 

centere i5 expected to be higher in mater lai having a hlgh 

density of dislocations. The photoluminescence lntenslty 

depends on the number of non-radiative recomblnatlon 

centers present. Low temperature spectra presented later on 

show that the danor concentration in sample 41 may be 

comparable to t:'1élt ln sample 32, hence the lc.'\rge redw:tll':tn 

in raom t~mperature lumlnescence lntenslty for sample 41 

relative to sample 32 may be due to a Increased 

concentration of non-radiative recombination centers ln the 

fc.rmer. 

It must be pointed out that the discussIon and 

conclusion~ reached in this se~tion, although consistent 

with the results of low temperature data, Invùlve the 

assumption that non-radiatIve recombinatlon 15, ln general, 

negllgable in the case of thlC~ (grester than 0.8 micron) 

samples. This assumption is lmpllcltly made in mdny 

photolumInescence etudIes of ZnSe. The e~tcnt to WhlCh 

nc.n-radlc.,tlve re'';':lmblndtlon affects the ph,:otc,IL\minc~<:;,,;nn,:e 

efficiency in the samples studied here lS un~nown, hence 

the stdtements mdde ln thlS sectlon do not necessdrlly 

accurately descrlbe the sctual situatIon. Non-radlatlve 

recomblnation effects may ln some Cor aIl' Cdses dccount 

fc.r the ,:)bserved dlffercnces Hl the photl:JlumlnE:'Sc.enCE' 

spectra of the varlOUS sampI es. A Ilterature sear~h te 

uncùver e~perimenta] studies done on non-radlstlve 

rec,,;.mbl nat ll:.n 1 n ZnSe was unsucc e~;s) fuI. In dny '. d~;e, the 
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techniques used to study non-radlative recombination 

requlre experlmental equipment WhlCh was not accessible. 

4.2)77 c'f'( F'hc.toJuminesc.ence Spectra 

A lowering of t~e sample temperature leads to an 

enhancement of transitions involvlng relatively shallow 

levels and e~clton-related emlSS10n. New emlssion bands may 

appear, while the lntensitles of others may be 

substantlally Increased. Spectral featuresE present ln low 

temperdture photoluminescence spectra provide information 

about Impurltles ~nd comple~es which are optlcally lnactive 

at r'.)c.m temperature. 77 o.~ ph(':,t,:,lumines':ence spectra were 

recorded for samples 10, 32, 29, 40, 41, and 50. The 

fedtures of these spectra are dlscussed below. High 

resûlutiûn scans of the NBE emisslon were also obtained. 

These spectrd are presented dnd analy=ed later ln thlS 

chapter. 

Compélrlsc-.n of the 77 01' ph':.otc,luminescence spectra of 

the above mentloned samples reveals Important differences 

ln the types ûf cQmpensatlng centers present and the degree 

of c,,:,mpensdtion ln eaeh case. The presence c,f a particular 

center correlates wlth the type of precursor used thus the 

appedrdn~e of a new emlSSlon band IS directly linked to the 

pres:;€mc.e clf i.\ c.C',ntë:\mlnè:~nt in the precursc.lr. Cc,mparlson of 

c.\b~i,:,lut/:? tntenSltl/:?S l~; valtd Hl s.:,me cases (lncident pl:lwer 

and power denslties must be the same). A NBE emlssion peak 
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centered at an energy of about 2.79 eV was observed in aIl 

spectra. Several transItions contribute to this 

luminpscence, as discussed later. 

The 75 c~ photoluminescence of sample 10 15 shown ln 

figure 4.8. The excitation power denslty used was Identlcal 

to that used in obtaining the 300 OK spectrum. The ratlo P 

at 75 OK is 60.5. The large increase over the room 

temperature R value of 11.2 is essentlally due to a sharp 

increase in the NBE emisslon intensity, as e_pected [75J. 

The low intensity of the deep emission (lt saturates at 

high power densltles) indlcates a 101.1 concentration of 

A-centers ln this sample. 

Figure 4.9 sh.:.ows the 72 c.~~ photCJluminescencp. ,_,f samp](.;> 

32. The 5pectrum wa5 recorded uSlng an e~cltatlon power 

density of approximately 250 mW/cm2 • The broad emisslon 

band pea~ing at an energy ~f about 2.13 eV 15 due to the 

re.:c.mbinë'\tlon .:.f free elec.tror1s wlth ~1I:.lles bound to 

A-cent~?rs. The ratio F~ i5 6.3. The u<;;e of an ~?'I,cltatll.:,n 

pc.wer density Slm) laI' te. the one Llsed ln rer.c.)'"d)nç~ the:, rc .. :,m 

temperature spectrum of sample 32 Ylelded a spectrum wlth 

an R value of about 130. 

The 73 o~ photoluminescence spectrum of sample 29 15 

sh.:.wn ln figure 4.10. The e',.citatlcm power denslty used was 

250 mW/cm2 • An Intense, brodd lumlnescen~e band p~a~ Ing at 

an energy clf ë\pprC".~.lmately :;':.31 f.::V is the dc'.mlnant ennSS1Ctn 

band at this temperature. The pea~ energy of the bdnd 

compares favourably with th~t ~f a green emlSSl0n band 



(-
prevlously studied uSlng the ODMR technique (see chapter ~ 

- sectJon ~.2), hence the emlssion is attributed to the 

rad1atlve recomb1nation of free ele~trons with holes found 

at neutral c.u'-cCJmplex (Cuz",,-CU'n .. ) acceptors. The peak 

energy for a slmilar transition involving A-centers, 

observed as a luminescenc2 band peaking at an energy of 

2.18 eV at room temperature (see figure 4.51, decreases as 

the temperature 1s lowered [71J therefo~e this transition 

is excluded as a poss1ble source of thlS emission band. The 

shoulder present on the low energy side of the Cu-green 

em1SSlon band lS due to the emission assoc1ated with the 

A-center. The Cu-comple~ center acts as an additional 

compensat1ng center. Its presence accounts ~or the weak NBE 

emlSS1CJn observed at room temperature, as prevlously 

men t l c.ned • 

The ~bsence of the Cu-green emission in the 77 OK 

spectrd of samples grown uS1nç DEZ sources (samples 10 and 

8~) and the f~ct that the same H~Se source was used ln the 

growth .:.f samples to, 3~, ::'3, 40, and ,~1, 1mply that CU 1S 

present as ~ cont~mlnant ln the DMZ source. The reactlon to 

fN-m DMZ 1nvc.lvE-~s the use .:.f a Zn/Cu cc.uple, therefc.re the 

DMZ s.:.urce lS llkely to contain Cu as a contaminant [78J. 

Flgure 4.11 1S the 7'3 c:>." phc.tolurillnescence c.f sample 

40 eoht ëU ned lISl ng ë.H1 e:.-.c j tat i c.n pc.wer densi t y c.f 250 

mW/cm 2 • The brodd em\SSlOn band peaking at an energy of 

abc.ut .::.:'5 eV, completely ë.bsent at ro.:.m temperature (see 

flgLtre 4.6a l , is al sc. attr1buted t.:. the trans1t1c.n 
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involving the Cu-complex acceptor center. DMZ was used in 

the growth of this thin film. The R value at 77 o.~ is 

substantially higher for UllS sample thdn for sc.,mple ~'3, 

hence the degree 01 compensation is lower for sample 40. 

Furthermore, the peak intensities of both the NBE and 

Cu-grepn emission bands are substantially lawer for sample 

40. The weak 1ntemnties are indicatlve clf lClw impur1ty 

concentrations. Low temperature spectra presented later 

support this conclusion. As pointed out earller, slow 

growth rates and growth on epilay~rs of GaAs are e~pected 

to result in improved crystal quality and purer material. 

The change in R value reflects a change ln the 

i nCl::or porat 1 cln rate CI f var i l':ILtS \ mpltr 1 t1 es. The r eal: t ll::on 

mechanlsms leading te crystal growth may differ when 

growing by ALE as opposed to standard MOVPE. A change in 

reactlon mechanism could affect incorporation rates of the 

dlfferent types of lmpurlties and may explaln the chdnge ln 

R (incorporatIon rates of danors and Cu vary depending on 

the growth technIque used). 

The 83 c~ photolumInescence spectrum of sample 41 is 

shown ln figure 4.12. The InCIdent power denslty used was 

250 mW/cm2 • In adchtlon tQ the l'lBE emE;Slf.:on, a brClcld 

lumInescence band peaklng at an energy of 2.09 eV lS 

obSRrved. The deep emlssion peal 15 downshlfted relatIve to 

lts positIon at room temperature (see fIgure 4.7). As 

mentlQned previously, thlS behaVlor 15 chclrclcterlstlc 0f 

the emlssicJn ë~SSI:.oclë\ted wlth A-O:'enter~, heno:.€? t.he E'rrllSS)·:·;-. 
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IS attributed t.:o radiative transitions involving A-centers. 

Emission on the hlgh energy side of the deep emission band 

IS due tr::r the free te. b.:ruIIJ transition involving the 

Cu-complex acceptor level mentioned above. Sample 41 1s 

expected to have a higher density of dislocations than 

samplp 40 since the straln relaxation process is incomplete 

when the sample thlckness is less than approximately 1 

mIcron. The tendency te form a particular cc.mplex may 

depend on the dislocatIon denslty and is a plausible 

e~p]anation for the observed dlfferences in the relative 

intensltles of the deep and Cu-complex emission bands when 

comparlng the spectra of samples 40 and 41. The overall 

reductlon ln lumInescence Intensities of sample 41 relative 

t~ those of samples 32 and 29 is presumably due ta an 

Increase ln the number of non-radiative centers ln this 

flr~t sample, WhlCh has a higher denslty of dislocations 

(the strdln IS nct yet fully relleved). 

rlgLtre' 4.13 shc.ws the 7'3 c •• ~ phc.tc.luminescence of 

sample 50, grown by the cr::rnventional MOVPE technique using 

DEZ and DEDSe a~ rea.:tants. An excitatIon power density c\f 

1.~5 W/cm 2 was used ln recording the spectrum. In addition 

tc. the Ni3E emlss1c.n, fc.ur c.ther luminescen,:e bands are 

observed. The domInant e~lSSlon band peaklng at an energy 

of :':'.':4 El\.' 15 pre~;Llmë.~bly th€iI Cu-green band, judging trom 

tts posItIon. A tall an the low energy side of thlS band is 

due tCl lumlneso:ence ë.Œ~;':'Clated wlth A-centers. A 

lumlnes~en~e bdnd centered at an energy of 2.4~ eV has been 
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observed in material grown by MOVPE using DMZ and DMSe r19J 

and t~e standard precursors [2~,59J, and in material grown 

by MBE [79J. This band, known as the S b~nd, is believed te 

be due to a fr~e to bound transition CDAP transition at low 

temperatures) 1n~olving an unidentifled acceptor [59J. The 

lumInescence band peaking 4~ an energy of about 2.59 eV is 

identified as the Y b~~~. The V band, theught to arise from 

the recombination of excitons at an e~tended defect, 

perhaps a di~location loop [5~J, is frequently observed ln 

material grown by MOVPE r19,22,~9,50J. The origln of the 

eml5sion lying between the NBE emission and the Y band i5 

discussed later ln this chapter. 

4.3lLow Temperature (2-16 C1C) Photoluminescence 

Spectra 

Photoluminescence spectra recerded ~t l~w temperatures 

exhibit lumint'~sl:fmce peaks ê.'SSol.:idted w;.th e'l.':lt'·m-relat~:.>d 

transltic.ns imd DAF' translti(m~:;. The re].:ItlV(,? JntensltlC'G, 

of the bound and free e~cit~n lumlnes~ence pea~5 provlde an 

indicatIon of the purity of the materlal. The types ~f 

beund e'l.Clt.:.n pe("'lk~i pr(~sent (12' Il) reverll what types; of 

impurities ldc1ncJr, accepter) the material contains. fillaliow 

accepter impurities, If present, ~an be ldentlfled through 

an ana]YSls af the DAP emission bands. Ljnewldths of the 

bound excitQn pea~s provide lnformatlon about ~rystal 

quality (lnhamogeneous straln broadening aS5ù~iated with 
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dislocations) and impurity concentration Clnhomogeneous 

Stark affect broadeningJ. Low temperature spectra have been 

ubtained f~r samples 29, 3~, ~O, and 41. An analysis of the 

varlOUS spectral features appearing in the spectra i5 

presented below. 

The excitenic photoluminescence of sample 40, recorded 

at a temperature of 7 o~, is shown in figure 4.14. The 

excItatIon power denslty used was approximately 250 mW/cm2 • 

The domInant luminescence peak positioned at an energy of 

2.7980 ± O.OOO~ eV is the (DO, X), or 12 , transitIon. The 

peak at 2.8027 ± 0.0002 eV is the free exciten emlssion. 

The pnergy dlfference between these two peaks, 4.7 ± 0.4 

meV, is the locali=atlon energy. Comparison wlth the 

lc.call=:atlc.rn anergIes Ilsted ln table 2.1 5uggests that the 

dominant donor lmpurlty is Al. If the uncertainty in the 

measurecJ vi{lue 15 tëH(en Intc. aCCClunt, however, it IS seen 

that Cl and/or Ga donors may also contrlbute to the I 2 

eml~;Sl.:orl. The SPI.. techrllque mLl~;t be e.nployed ln corder tc. 

cJ€~termJm.,,' Wiilmbl Ç.lllC.US] y WhlCh d.:.nors cCfntrlbute t.:;. the 12 

em1551on. The pre~ursors are probably the sources of these 

ImpLlrltles. The Ilnewldth tFWHM) of the I 2 peak is 

dppr~~lmately 1.9 meV. ThIS wldth i5 comparable to that 

observed for material grown by MOVPE [~5,59J and MBE 

[80,81J. Tt should be n~ted that the linewldth depends on 

the epll.:.wer thld:ness r~,8'::J, Slnce the chslof:atic.n 

denslty, ~nd hen~e the straln-related and Impurlty-related 

b~clè:\derllng, chëmges wlth o:hèmging thi.:kness. The Intense 
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free exclton emission is an indication that the material i5 

of high purity. The relatively narrow linewidth of the 12 

peak is a1so characteristic of high purity material 

containing a low number of dislocations. The tail appearing 

on the low energy side of the la pea~ i5 due to Iœ, or 

(O·, X), and II., or (AO, X), emisslon (see tabl es ..... '-1-........ and 

2.4). Luminescence in the range ~.77-~.79 eV is due to TES 

transitions associated with the 1 2 transition dnd the 

radiative decay of free excitons with the slmultaneous 

eml 55i on 0 f an LO phonon. 

Of particular interest it> the fact that a shouldcr 

appears c,n the hiÇ.lh enerÇ.W side cd the frae ~xo:it.-:'n poak. 

Reflectance [45J and photolumlnescence [~,8~J ffieaour~ments 

of heteroepltaxial ZnSe films of diffarent thlcknesses 

reveal important changes associated with the presence of 

twc,-dimensi~-:onal stress. In epilayers sufferin9 

two-dlmenSlonal stress, the fourfold degenerate J 3 '2 

val en.: e band i 5 spi i t Ulto two deoubl y degene ... c:.'\tc-? b.3nds, the 

heavy hole Chh] band - ffiJ= ±3/~, and the llght h0)e [lh] 

band - m.J= ±1/2. The twc, bands are S~ll fted ln enE?r~lY 

relatlve to the conductlon band by amQunts which depend on 

the magnitude and nature (~ompresslve or tenslle' of the 

stress, \.kd,:h in turn depends 0n the epllayer thlC~'nt.~ss. In 

epilayers sufferlng compressive stress (th\c~ness less than 

1 micre,"', , the hb band }jes c.)osest tC,. the cc,nductlC,ln twnd. 

The effectlve bdndgdp energy (cOnductl~n band to hh band) 

io greater than tbat of unstrcuned mate·rlë:d. In c-pllilyf:'rs 
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under tensile stress (thic~ness greater than 1 micron), the 

lh band lies closest to the conduction band. The effective 

energy gdp (c~nduction band to lh bdnd) IS less than that 

of unstralned material. The free exciton emission in 

stressed layers conslsts of two components corresponding to 

the light hole and heavy hole exclton transitions. The high 

energy component lS less intense than the low energy 

componen1: Slnce c.II:cupat10n of the lc,wer energy hole levels 

is favoured at low temperatures. Likew1se, the la emission 

is split into two components. The ~bsence of an additional 

higher energy J~ component in the photoluminescence 

spec trum cJf s':lm~le 40 rliles c,ut the pc,ssibil l ty that the 

high energy shoulder on the free exclten peak i5 the higher 

energy stress-splIt free exclton transltlon. The free 

exciten and I 2 peak energ1es are identical to those 

observed ln straln-free ZnSe <table 2.1 li5ts I 2 transltion 

energ1es ; Ea~T = ~.80~7 eV ln strain-free ZnSe [33]), 

f1E:.'rlCf~ the r~sldual strè-\J/1 ln the epl]è~yer 15 negligable and 

the energy gap IS preclsely the bul~ value (conductlen band 

te, fourfc,ld dE;.>generate valence band.l. X-ray di ffraction 

measurements [84] show that epilayers are straln-free at a 

thlç~ness Qf appro~imately 0.9 mlcron5. Sample 40 is 0.8 

mlcro.:'ns Ullck and 15 therefc,re e:'l.pected t,:, be strain-free. 

It l5 cCor1\:: luded, c'n the bë\SlS c,f th(~ ë\b,:.,ve cJbServatl,:..ns, 

that the hlgl energy shoulder at 2.8040 ± 0.0002 eV is the 

lIppc--r pc.ol ar l t':'n br ème h (LJF'B) œmi ssi (Hl. The p(~a~ at :::.80:::7 

eV 1S the lewer pelariton branch (LPBJ emlSS10n and occurs 
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at the transverse free e~citon energy (EQ~T) [49]. 

~igure 4.15 shows the 7 o~ photoluminescQnce of sdmple 

40 ln the DAP ~shë-\IIClw acceptc.r) regH.n. The e",cltaticm 

power densi ty used in recordi ng the spectrum was 8 W/.:m2 • 

No DAP emission bands are observed, hence the concentration 

of shallow acceptor impurities is very 101..1. The observed 

luminescence is the high energy tall of the DAP emlSSlon 

associated with the Cu-comple ... acceptar center lCu-green 

band) • 

using an excitation power density ~f 2.5 W/cm2 , 15 shown in 

figures 4.16, 4.17 and 4.18. The flrst of th~se three 

figures 5hc.ws the emlssion assc.ocl.ated wlth e~;cltonJC., as 

weIl as DAP Cshallow acceptor), transItIons. The domInant 

peak at 2.7957 ± 0.0006 eV lS the CDo,X), or l~, 

transItion. Since the epilayer thickness i5 2 microns, the 

layer is under two-dimenslonal tensile stress. The 

effectIve bdndgap lE lower thdn thdt of straln-free 

material, therefc.ore the 12 trë-\nsltlon lS dClwnshlftcd in 

energy relative to the I 2 transntl.:on energy Hl strcun-fY'E~e 

material. The J 2 transitlc.on is due tc.o the radlatlve decay 

emiSSlon 15 completely absent, hence the mdterlal contalns 

very few shallow accepter impurltles. The struc.turc 

appearlng on the 101..1 energy slde of 1 2 lS exclton-reldtnd 

-,\ ' ... lS shClwn in figure 4.17. The shoulder on the hlgh enorgy 
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side of the 1 2 pea~ is due to the radiative decay of heavy 

h~]e e~cltans bound ta neutral danors (I 2 hh). This 

transitIon increases ln Intensity relative ta the 12 1h 

tranSItIon as the temperature increases [83J. The splitting 

between the two 12 transitions is about 1.5 meV, in 

agreement with the Spllttlng observed for a ~ micron thick 

epllayer [83J. 

The recombination of free excltons alsa cantributes to 

the ~houlder. Free e~citQn emission is relatively strong at 

this temperature, sin~e the (DO,X) emission is gradually 

quenched as the temperature increases. 

The SA emlssion, shown ln fIgure 4.18, peaks at an 

enerpy of 2.06 eV. At thlS temperature, the emisslon 

cc,rresponds te) a DAP transition involving tt1e A-center. The 

emtssion i5 e~tremely wea~ in comparison to the 1 2 

em\S510n. The R value lS appro~imately 23~. 

Flgure 4.19 shows the 6°K e~clton-related emlssion. 

at ~.7950 ± O.OOO~ eV, 1· " . • > approximately 3.5 meV. 

Sl mllar ] UH'?Wldths h,we been clbserved ln materlal grc1wn by 

MOVPE [lt,30,8~J. The large 11newidth is due in part to the 

Inhc)m~,~~eneClllS Stark effect broadening assoclated \Nlth hlgh 

{ 
th\G l\new\dlh. The l~hh transitlon 15 nct resolved, partly 
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-- transition i5 less favoured at low temperatures. The large 

I~ linewidth prevents the resolution of the free exciten 

emission. Il emiSSlon is quite weak, as expected lno DAP 

emlsslon observed). The 13 transiti~ns may contribute te 

the luminescence. 

The intense NBE emis5lon at room temper~ture 1gee 

figure 4.4) i5 chara~teristlc of materisl contslning a hlgh 

concentration of danor impurities [46,48J. The J~ linewidth 

i5 therefore thought to result ln large part trom the 

inhomogeneous Star~ effect broadening, since this i5 

~:ctnsisi;ent wlth the str.:.ng NBE emisslon observc~d at 300 o.~. 

The e't,.:itc.n-related ph.·:.t~:alLimine5~:ence, re.:.;wdec! c3t c.' 

temperature ctf .;:: c •• ~, lS shc.wn ln fIgure 4.~O. The lnCldE:-mt 

power density used was 120 mW/cm~ in the range ~~700-~~5ÙO 

cm-~ and 3.8 W/cm 2 ln the range 22500-21750 cm-l. The peak 

at ~.7759 ± O.OOO~ eV is downshifted ln energy Wlth respect 

ta the 1 2 1h pea~ centered at 2.7950 ± 0.0002 eV by dn 

amount equal te 19.1 ~ 0.4 meV. Thlg energy dlspl~cement 

felr Al lsee table ~.3), henc:e the emlSSlon at ~.7759 eV lS 

with the prIncIpal J 2 lumlnescence. Shoulders appec3rlng on 

the hitlh and le.w energy sldes of the TES pea~ corresp.:md tc, 

1 s-2!:; 1 

and j9.8 ± 0.4 meV (Cl ls-2p), respectJv~Jy. If the 

-
account, lt 15 seen that three danoys, n~mely Al, Cl, and 
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( Ga, may contribute to the la luminescence and the 

~ss~ciated TES emission. The DEZ precursor is presumably 

the source of these Impuritles. The SPL technique must be 

employed in order to reso]ve the individual TES 

tr.nsitlons. The 12 hh transition, the associated TES 

transltlons, and the heavy hole free exciton transition are 

e~pected to be qUlte weak in intensity at this low 

tempcrature. It is assumed in the analysis which follows 

that the domInant donor i5 Al. The re5ults are unchanged If 

it lS assumed that Cl or Ga is the dominant impurity 

because of the unçertaintles in the measured pea~ energies. 

In straln-free ZnBe, the I~~1 transition energy is 2.79776 

l 0.00010 eV tsee table ~.1). The I2~1 transit10n ln sample 

3~ 15 downshlfted with respect ta the strain-free 

transition energy by an amount 2.8 ± 0.3 meV as a 

consequence of the reduction in the effective band gap due 

t.:, the present:e Ctf twct-dimensional tensile stress. The 

str.tn-sht fted EQ~T (or FE) peak energy is thus 

= 2.8027 - 0.0028 eV 

- 2.7999 t 0.0004 eV. 

The 1 LO phonon replica of the free exciton eml~Slon 

pedk 0ccurs at an energy of 
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= 2.7999 - 0.0316 [66J eV 

= 2.7683 ± 0.0006 eV. 

The peak centered at an energy of 2.7688 ± 0.0002 eV 

is therefore due to the radiative dec~y of free e~~ltons 

with the slmultaneous emissl0n of an LO phonon CFE l - Lo ). 

The or1gin of the peak at ~.7836 ± 0.0002 eV lB un~ertain. 

The I 1 d--p transltion energy ~see të'tble :2.4 : I1d--p 

a.:cept.:.r 15 unLn.-::.wn'), taking 1nt,:, accc,unt the strëun 

lnduced downshift, is appro~lmately ~.7802 eV. The 

radiative decay of free excltons WhlCh scatter 

inelasticallyat neutral dùnors, Jeav1ng them ln an c~clted 

state, corresponds to ~n emlSS10n energy rdng1ng tram 

2.7811 eV (Al 15-25) to ~.779~ eV (Ga ls-:pJ (SQe table 

scatter1ng at other free e~citons corresponds to a 

translt10n energy of :.7857 eV (FE ls-~s e~c1tatlQn energy 

is 14.~ meV r33J. SCJme (Ir aIl (..f these transltl(,nS 

contribute to thlS lumlnescence peak. 

r1~Jllre ~.2j ë'lgaln E;ho:,ws thE" :::: Co~ e',.':ltO:ln·-r{~lc:~tpd 

photoluminescence. The e~cltat10n p0wer denslty us~d was 80 

mW/cm~ ln the rnnge ~~700-:~500 cm- 1 , ~.5 W/cm 2 ln the 

range :2500-2:300 ~m-l, ~nd 8 W/~m2 ln the (dnge 
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22300-21750 cm-ta In addition to the luminescence peaks 

previously ldentlfled, a peak at 2.7365 ~ 0.0002 eV i5 

observed. The 2 LO phonon replica of the free exciton 

emisslon peak occurs at an energy of 

- 2.7999 - 0.0632 eV 

= 2.7367 ± 0.0008 eV. 

This peal: 1S theref.:.re due to the radiatIve decay of 

free excltons with the slmultaneous emission of two LO 

phonons tFE2 - LO )' The 2 oK photoluminescence ln the DAP 

(shallow acceptor) emlSS10n region 1S shown in figure 4.22. 

No CAP em1SS1on 1S observed ev en at this low temperature 

and h1gh e~c1t~t1on dens1ty (about 8 W/cm 2 ). It 1S eV1dent 

thdt the mdter1al ~ontalns vlrtually no shdllow acceptor 

1 mpul' 1 t 1 €~s. 

The phc.tol Llmi nescençe of sampI e 2'3, r ecorded at a 

temperature of 7 o~, lS shown ln f1gures 4.23 and 4.24. An 

lncldent power denslty c.f :50 mW/cm~ was used in obtalnlng 

the spectra. The dom1nant peak ln the e~c1ton emlssion 

regl~n «fIgure 4.~31 occurs ~t an energy of ~.7957 ± 0.0004 

E?V. It .':.n-rc-?sp.:.nds tc. the t:2 u , trans1t1.c.n, Slnce the 

ep11i'\y€?r Hi lo5 m1crc.ns thjcL ë:lnd 15 thel"efc.'l"e LInder 

two-d1mens1onal tens11e stress. A shoulder dppGaring on the 
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high energy slde of this peak 15 due to the free exciton 

transition. The 12h~ transition may also contrtbute to the 

shoulder. The linewidth CFWHM) of the 12 peak is 

approximately 4.3 meV. The linewldth results fr~m straln 

and impur1ty-related inhomogeneous broadening. This crystal 

therefore contains many dislocations and a high 

concentration ~f impurities. Two poorly resolved pea~s at 

2.770 and 2.777 eV are due to the recomb1nat10n of free 

excit~ns with the slmultaneous emlSS10n of an Lü phonon 

CFEa.-L..o) and TES emission, respectively. The I .. and Ica 

transitions may contribute to the luminescence on the low 

energy slde of the 1 2 peak. 

The phcltolllmlnescence ln the DAP t'shallow n,:ceptor) 

emlssion region lS shown in fIgure 4.24. LumInescence ln 

the low energy part of the scan i5 the hlgh energy tail of 

the Cu-green lumi~escence band. The pea~ at 2.741 eV 15 

presumably DAP emlssion I.see ,:haptcr :;:' - sectl~n :.:.2>. The 

ae.:eptç.r Invc.lved lS pro:.tJably P, Sln,:e Pam~n Ei~H:o:tra ç,f 

mnterial grown uSlng the same precuysQYS Indlcnte the 

presen,.:e of this acceptor (66]. An LO phorv;'r1 r~~pll.:a t:,f the 

principal pea~ lS also observed. Another pea~ occurrlng at 

an energy e.f .2.685 eV i5 the DAP emlSSl.;,n ,,'~S':OO:lated wl'th 

the Impurity Na, Judç.un9 from ItS posItIon (see chapter ::: 

sectIon ~.:::). The Intenslty of these bands IS eAtremely 

hence few acceptors are present. 

The pOOl' crystal qUdllty and pur1ty of thlS sampis, 

WhlCh WëH~ grc" ... m llSlr1ÇJ the S':UTlE' pr(~cuY~o:,rs as tllose u~ed ln 
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the growth of sample 40, is an indicatIon that slow growth 

rates and growth on a GaAs epllayer as opposed to a GaAs 

substrate are requlred in arder to obtain crystalline thin 

film" having a hlgh degree of perfection. 

The ex~iton-related photoluminescence of sample 41 is 

shown in figure 4.25. The spectrum was recorded at a 

temperdture of 6 OK uSlng an excItation power density of 

250 mW/cm~. The pea~ sltuated at 2.7983 ± 0.0002 eV is the 

I 2 hh transitIon. The tran5ltion energy i5 slightly higher 

than the strain-free value (see table 2.1), since for the 

epilayer thickness of 0.4 mIcrons, the straln rela~ation 

process IS nat fully complet~d and the layer is under a 

two-dlmenslonal compressIve stress [45,76,84J. The higher 

energy I 2 1h transitIon is e~pected to lie quite close in 

energy ta the domInant Izhh transItion and is nct resolved 

due to the large 12 llnewidth. Its contribution to the 

Iltmlnescence lS presumably small at this low temperature. A 

partlally res,)lved ped~ posltloned at an energy of 2.8030 ± 

o.ooo~ eV IS c~used by the recomblnatlon of free e~cltons 

(~EI. The 12 lo~all=ation energy lS 4.7 ± 0.4 meV. This 

vnluc lS ln reasonable agreement with the lacall~ation 

energles llsted in table :.1 and conflrms the a5s1gnment 

glven to the peaks. The partialJy resolved peak at 2.7938 ± 

o.ooo~ eV ,:orresponds to a locall=dtlon energy of 9.2 ± 0.4 

meV. Compar150n Wlt~ the ]ocall~atlon energles 11st8d ln 

table 2.4 Indlcates that thts emission IS due to the Il 

transItIon at Na a~ceptors. The precursors dye possIble 
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sources of this impurity. The linewidth (~WHM) of the I~ 

pea~ is about 3.7 meV. The linewidth results from ~train 

broadenlng assoclated with dislocati~ns and Star~ effect 

broadening. The e~tent te which elther of these two gffects 

d~minates over the other is uncertain. The str~ln 

relaxation precess which occur~ at this thickness results 

in the generatlon of dlslocatlons. lhe dislocations, ln 

turn, act as lmpurity sinks. The large Ilnewidth 15 

consistent wlth the high denslty of dislocat10ns and h1gh 

impurity concentratIon expected for s~mples of th1S 

thic kness CB2J. 

4.4)77 q: Near Band Edge Emission 

The NBE photolumlnescence spectra have been obtalned 

for several sample5. It i5 found that the emisslon is due 

t.:;. sever al tr anS1 t i cms. The t r anS1 t 1 (.ns 1 nvc..] vecJ ar e 

id~ntl fled thrc.ugh an analysls c.f the 5p~?:tr.:\. 

The NBE photolumlnescence of sample 40, recûrded at 

temperatures of 8~ ~~ and 73 ~K, 15 shown ln flgures 4.~6 

and 4.27, respectlvely. The e~l,C'ltatHm p.;:,w(~r densltle!. u!:5ed 

were 8 W/cm 2 (figure 4.26) and 1.25 W/cm 2 (figure 4.271. 

The spectr~l features appear1ng ln the two spectra are 

essentially identical. The pea~s ln flgure 4.26 dre 

d~wnshifted ln energy relatJve ta the peal positlons ln 

figure 4.~7 be~au5e of the decrease ln the energy gap wlth 

lncreas1ng temperoture. The analysl5 WhlCh follûws ref~rs 
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( to pea~ positions in figure 4.26, since the uncertalnty in 

the pea~ positions lS smallEr for this spectrum. The peak 

situated at 2.7933 ± 0.0002 eV is the free exciton emission 

(rE). The energy separation between the peak appearing at 

an energy of ~.7878 ~ 0.0002 eV and the free exciten peak 

1 C· .. 5.5 ± 0.4 meV. The separation energy i5 appro~lmately 

equal to the locali~ation energy for excitons bound to 

nvutral donors lsee table 2.1), hence the peak at 2.7878 eV 

15 due to the 12 transitIon. A second peak posltioned at an 

energy of 2.7859 ± 0.0002 eV corresponds to the radiative 

recomblnat10n of free holes with electrons bound to donoy 

Impurlties. The donor blnding ~nergy is obtalned using the 

e~presSlon (equatlon ~.9 ln chapter 2) 

2.7859 = ~.7933 + 0.0190 - ED eV 

ED = ~6.4 ± 0.9 meV. 

The c~lculated value is in close agreement with the 

values I1sted ln table ~.3, ~nd provldes confirmation that 

the above ~sDlgnment 15 Indeed correct. The donor may be 

Al, Cl, ':'1"" 1:;03. The br.:.acf lum1nescencE-:? pea~' ~ppc~arlng c.n the 

low energy slde of the domlnAnt lumlnescence bands is 
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presumably due t~ TES transitions, free exciton 

recombination with the simultaneous emission of an LO 

phonon, and possibly the I,d--p transition, although this 

last transition was not present in the 7 oK 

photolumlnescence. 

In reported studies of photoluminescence of ZnSe films 

grown on GaAs, the 77 oK NOE emission is attributed to 

either the (DO,h) or a free exciton-related (FE-electron 

inelastic scattering) transition. The emission is observed 

as a single-peaked luminescence band [17,21,22,23]. The 

data shown in figures 4.2C and 4.27 indicates that three 

transitiuns contribute to the NBE emlSS10n at thlS 

temperature. A slmilar conclusion was reached in a 

photoluminescence study of bulk ZnSe (see section 2.4) 

[41]. No such conclusion has been presented in the 

literature for heteroepita~ial ZnSe thin films. 

F'ïgure 4.:::8 shows the 75 c.~.~ NBE ph,::otoillminesr..ence of 

sample 10. The spectrum was re~orded u51ng an ~~c1t~t10n 

p~wer density of 2.5 W/cm2 • The domInant pea~ pasit10ned at 

an energy of 2.786 eV lS attrlbuted to the 12 dnd (DO,h) 

transitions. The shoulder on the h1gh energy slde of the 

peak is the free exclten emlSSlon. The emis510n l~ poorly 

resolved due t~ the relat1vely large 11newidth of the 

domjnant emlSSlon band. 

The NBE emlssiQn of samples 32, 2~, and 41 consl~ts 0f 

a singlt:? brclad lumines':ence band. The larç,le Ilnt:?width 
, ' 

prevents the reso)utlon Qf the ,nd,vlduo] tranSItIons 
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observed in the case of sample 40. 

The NBE photoluminescence of sample 50, recorded at 72 

o~, 1s sh0wn ln figure 4.29. The IncIdent power density 

used was 4 W/cm2 • In addItion to the NDE emlssion at 2.798 

eV, other lumInescence bands are observed. The peak 

~ppearing dt 2.5945 ~ 0.0006 eV is the Y band. A series of 

pragresslve]y weaker peaks, the first of which is located 

at an energy of ~.70~2 ± 0.0006 eV, IS due to the radiative 

recombin~tl0n of free electrons and holes bound to shallow 

acceptors with the simultaneous emission of 0, 1, and 2 LO 

phoncms. If the free ev.citon emission energy (fE = EalJcT) is 

taken ta be ~.7g60 ~ 0.0002 eV lsee fIgure 4.27), the 

accepto:,r bindlng energy IS c.obtained using the expression 

Cequation 2.8 in chapter 2) 

~.70~~ = 2.7960 + 0.0190 - E~ eV 

E~ = 112.8 ± 1.3 meV. 

The ~alculated accepter binding energy is in 

reas"n,'lble agt-eement wlth the LI ac,::ept,::.r binding energy 

IJsted ln table ~.5. The energy separatIon between the 

prln':lpc.,l tran~Htion dnd the 1 LO pho,,..:.n repll..:a situated 

at ~.~G9C ± 0.0006 eV lS 3~.6 ± 1.~ meV, whlle the 

separdt\On between the 1 LO phonon repllca and the 2 LO 
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phonon replica positioned at an energy of 2.S388 ~ o.ooor 

eV is 30.8 ± 1.2 meV. The calculated LO phonon anergies are 

in reasonable agreement with the LO phonon energy of 31.4 

meV at 90 OK [8S1. 
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Table 4.1 1 S~7 of the Features of the Photoluminescence Spectra of Heteroepitaxial ~nSe Thin r~L~s 

Sample 7 OK Photoluminescence 77 OK Photoluminescence -- -------- ------
300~ ~hotol~~inLscence 
----- ---- - ----

DAP Free (AO, X) ,D~X) FWHM of Deep (e,t) N ear Band Edge (N BE) Ratio Deep NBE Ratio 
Exciton Or I, or- I1- Il. Peak Einissic!'l F.ree (D~X~Jlf,h) R Emission R 

Bands Exciton or Il. Bands 
eV eV eV eV MeV eV eV eV eV eV eV eV 

r- ---
8 not obtained not obtained .i.90 2.69 0.5 

9 not obtained not obtained 2.09 2.69 6.2 
-- -----~ 

FE partly resolved, 
10 not obtained none none main peak at 2.79 eV 60.5 2.13 2.69 11.2 

-- ---
not ra- not reso1ved, 

32 none 301ved none 2. 795C 3 • .5 2.1:} nC!'le ône peak at 2.79 eV 6.3 2.12 2.69 9.0 

2.741 not re- ~ot re- 2.31 not reso1ved. 
29 2.68.5 solved solved 2.7957 4.3 2.18 none one peak at 2.79 eV 0.8 2.18 2.69 6.0 

--~-------

very very 
40 none 2.8027 weak 2.798C 1.9 2.26 none 2.7960 2.7911 2.7892 3.1 weak 2.69 5.3 

no very not resolved, 
41 scan 2.8030 2.7938 2.7983 3.7 2.09 weak one peak at 2.79 eV 1.7 2.14 2.69 1.2 

2.24 
50 not obtained. 2.49 ~.7022 not resolved, 1.0 not obtained 

2.59 one peak at 2.79 eV 
----- - - -- --- -- - - -- - . - - .-- - - - - -

R values at 300
0
K were obtained using an incident power density of 2.5 W/cm1 • 

R values at 77°K were obtained using the fo11owing incident power densities 1 samp1e 10 - 2.5 w/cm~. 
samples J2,Z9,40,41 - 250 mW/cm~. samp1e 50 - 1.25 W/cm~. 

The photoluminescence spectra are uncorrected for photomultiplier response. The sensitivity is reduced 
by appro~~mately 20 % at 650 nm relative to that at 450 nm. 
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figure 4.1 : 

incident power - 25 mW 

power density - 2.5 W/cm~ 

scan range - 22400-1.5000 cm-I 

energy samp1ing - 5 cm- I 

sample Ume - 1 sec 

sUt width - 100 microns 

Emission Bands 

NBE -- The near band edge emission peaks at an energy of 

approximately 2.69 eV. 

A -- The emission band centered at 1.90 eV corresponds to 

a rree to bound transition involving the A-center 

(deep acceptor). 
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incident power - 25 mW 

power density - 2.5 w/cm· 
-1 

scan range - 22500-15000 cm 

energy sampling - 5 cm' 

sample time - 1 sec 

sU t width - 100 microns 

Emission Bands 1 

NBE - 'lbe near band ed8e emission peaks at an energy of 

2.69 eV. 

A - 'lbe emission band centered at 2.1) eV corresponds to 

a free to bound transition involving the A-center 

(deep acceptor). 
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figure 4.4 1 

incident power - 12.511W 

power density - 2.5 W/cm· 

scan range - 23000-14000 cml 

energy sup1ing - 2,5 cllÏ' 

88JIlp1e time 

s1it width 

Emission Bands 1 

- 1 sec 

- 200 lIlicrons 

HBE - The near band edge emission peaks at an energy ot 

2.69 eV. 

A - The emission band centered at 2.12 eV corresponds to 

a tree to bound transition invo1ving the A-center 

(deep acceptor). 
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:figure 4. 5 1 

incident power 12.5 .w 

power density - 2.5 w/cm1 

scan range - 2)000-14000 cni' 

enersy samp1ing - 25 cJlf' 

sarap1e time - J sec 

sU t width - 200 aicrons 

Dais8ion Bands 1 

lfBE - The near band edge emission peaks at an energy of 

2.69 eV. 

A - 'l'he emission band centered at 2.18 eV corresponds to 

a :free to bound transi tien involving the A-center 

(deep acceptor). 
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figure 4.6 • 

incident power - 12.5 mW 

power density - 2.5 'ri/cm· 

scan range - 23000-14000 cm' 

energy sampling - 2.5 cm-' 

samp1e tilDe 

slit width 

Emission Bands • 

- 3 sec 

- 200 microns 

NBE - The near band edge emission peaks at an energy of 

2.69 eV. 
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figure 4.6a 1 

incid.ent power - 40 mW 

power density - 8 W/cm~ 

scan range - 2JOOo-14000 cm-' 

energy sampUng - 2S cm-' 

sample time - J sec 

sUt width - 200 microns 

Emissio:l Bands 1 

NBE - The near band edge emission peaks at an energy of 

2.69 eV. 
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figure 4.7 a 

incident power - 12.5 m~ 

power density - 2.5 W/cm~ 

scan range - 2JOOo-14000 cm"' 

energy samp1ing - 25 cm"' 

sample time 

slit width 

Emission Bands 1 

- J sec 

- 200 microns 

NBE -- The near band edge emission peaks at an energy of 

2.69 eV. 

A - The emission band centered a-t 2.14 eV corresponds to 

a free to bound transition invo1ving the A-center 

(deep acceptor). 
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figure 4.8 : 

incident power - 12.5 mW 

power density - 2.5 W/cm1 

scan range - 2:3000-14000 cm- I 

energy sampling - 25 cm' 
samp1e time 

s1it width 

IDnission Bands 

- 2 sec 

- 200 microns 

NBE - The near band edge emission peaks at an energy of 

2.79 eV. 
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figure 4.9 : 

incident power - 1.25 mW 

power densi ty - 2'0 mW/cm). 

scan range - 23000-14000 cm-' 

energy sampling - 2.5 cm- I 

samp1e tue 

slit width 

Emission Bands : 

- 2 sec 

- 200 microns 

NBE - The near band edge emission peaks at an energy of 

2.79 eV. 

SA - The self-activa.ted (SI.) emission peaks at an energy 

of 2.13 eV. The emlssion ls due to (e,AO) and DAP 

transitions involving the A-center (deep acceptor). 
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figure 4.10 1 

incident power - 1.25 Mw 
power density - 250 mW/cm" 

scan range - 23000-14000 cm-I 

energy sUlpling - 25 cm- I 

samp1e time 

s1it width 

Emission Bands 1 

- 2 sec 

- 200 lIliC%'Ol'lS 

NBE -- The near band edge emission peaks at an energy of 

2.79 eV. 

Cu-GREm - The copper-green (Cu-GRm) emission peaks at 

an energy of 2.J1 eV. The emission ia due to 

(e,AO
) and DAP transitions invo1ving a 

Cu-complex acceptor. 

SA -- The self-activated (SA) emission peaks at an energy 

of 2.18 eV. The emission is due to (e,A") and DAP 

transi tions involving the A-center (deep acceptor). 
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tigure 4.11 1 

incident power - 1.25 mW 

power density - 250 mW/cm1. 

scan range - 2)000-14000 CDi' 

energy sampl1ng - 25 cm-I 

sample tue 

slit width 

DIlission bands 1 

- 2 sec 

- 200 microns 

NBE - The near band edge emission peaks at an enersY ot 

2.79 eV. 

Cu-GBEm - 'lbe copper-green emission peaks at an anergy ot 

2.26 eV. The emission ls due to (e,AO) and DAP 

transitions lnvolving a Cu-cemp1ex accepter. 
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figure 4.12 1 

incident power - 1.2.5 mW 

power density - 2.50 mW/cIA" 

scan range - 23000-14000 cIIi\ 

enargy sampling - 25 cm"' 

sample time 

sUt width 

Emission Bands , 

- 2 sec 

- 200 microns 

NBE - 'lbe near band edge emission peaks at an energy of 

2.79 eV. 

SA - 'lbe self-activated emission peaks at an energy of 

2.09 eV. 'lbe e.mission is due to (e,A 0 ) and DAP 

transitions involving the A-center. 
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figure 4.1,3 1 

incident power - 12.5 mW 

power densi ty - 1.25 W/ cm" 

scan range - 2,3000-14000 clli' 

11 2.5 cm·' energy samp ng-

samp1e time - 2 sec 

slit width - 200 microns 

Emission Bands 1 

NBE -- 'lbe near band edge emission peaks at an energy of 

2.19 eV. 

y - 'lbe origin of the Y band, centered at 2 • .59 eV, ia 

uncertain. It May be due to the recombination of 

excitons at ën extended defect. 

S - 'lbe S band, posi tioned at an energy of 2.49 eV, ia 

due to (e,AO
) and DAP transitions invo1ving an 

unknOlm acceptor. 
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figure 4.14 1 

incident power - 1.2.5 mW 

power densi ty - 2.50 mW/c.m~ 

scan range - 22700-22200 cm' 
-, 

energy sampling - 2 cm 

sample time - 2 sec 

s1it widt.h - 200 microns 

Emission Bands : 

I~ -- The luminescence peak positioned at an energy of 

2.7980 eV is the Il' or (DO,X), transition. 

LPB - The peak at 2.8027 eV 1s the lower polariton branch 

(LPB) emission and occurs at the transverse free 

exci t.on energy (E~). 

UPl3 - The shoulder at 2.8040 eV is the upper po1ariton 

branch (UPB) emission. 
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figure 4.15 1 

incident power - 40 IIlW 

power densi ty - 8 W/ cm'" 

scan range - 22000-21000 ci' 

energy sampllng - .5 cm' 

samp1e tillle 

sUt width 

Emission Bands : 

- l sec 

- 200 microns 

No DAP emission associated with the presence of sha110w 

acceptors ls observed. 
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figure 4.16 1 

incident power - 12.5 mW 

power densi ty - 2 • .5 W/ cm'J.. 

scan range - 22700-21000 en;' 

energy sampling - 5 cm-I 

BalIlple time 

slit width 

Emission Bands 1 

- 1 sec 

- 200 microns 

Il. - The luminescence peak po si tioned at an energy of 

2.7951 eV is the I~, or (DO ,X), transition. 

No DAP emission associated wi th the presence of shallow 

acceptors is observed. 
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• figure 4.17 : 

incident power - 12 • .5 MW· 

power densi ty - 2 • ..5 W/ cm). 

scan range - 22700-22200 CDi' 

energy samp1ing - 2 cuf' 

sampl~ tima - 2 sec 

s1it width - 200 microns 

Emission Bands : 

I 1 -- The luminescence peak positioned at an energy of 

2.79.57 eV la the I~, or (DO ,X), transition. 

B -- Two transitions contribute to the B emission, 

observed as a shou1der on the high energy side of 

principal Il peak 1 1) the radiative decay of free 

excitons and 2) the I;htransition associated with 

heavy hole excitons. 
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figure 4.18 t 

incident power - 12.5 aW 

power density - 2.5 W/cm" 
scan range - 19000-16000 CJI-I 

energy sampUng - 10 cm' 
IIUlp1e tae - 1 sec 

slit width - 200 IIl1crons 

Daission Bands t 

SA -- 'lbe sel1'-activated. emission peaks at an energy of 

2.06 eV. The emlssion ls due to a DA.P transition 

involving the A-center. 
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figure 4.19 1 

incident power - 0.6 mW 

power density - 120 mW/cml. 

scan range - 22700-22200 cm-' 

energy sampling - 2 eDi' 

- 1 sec sample time 

slit width - 200 microns 

EDission Bands 1 

Il. - 1be luminescence peak po si tioned at an energy of 

2.7950 eV is the I~h, or (DO ,X), transition associated 

~ith light hole excitons. 
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figure 4.20 1 

scan range - 22700-22500 22500-21750 cm' 
incident power - 0.6 19 mW 

power density - 120 x3l ) J800 r'W/cm'" 

energy samp1ing - 2 2 cm-' 

samp1e time - 1 1 sec 

sUt width - 200 200 microns 

Dnission Bands 

Il -- The luminescence peak posi tioned at an energy of 

2.79.50 eV is the Ii". or (D~X), transition associated 

with 1ight ho1e excitons. 

C -- The origin of the C band, centered at 2.7836 eV, 1s 

tmcertain. Three transitions contri bute to the 

emission : 1) the I~~~ or (Ao ,X) transition, 2) the 

radiative decay of free excitons which scatter 

ine1astically at neutral donors, and J) free exei ton 

recombination following ine1astic scattering at other 

free exci tons. 

TES - The two-electron satellite transitions associated with 

the principal I~'n luminescence resul t in the peak 

~entered at 2.7759 eV. 

FEi.-1E The peak at 2.7688 eV is due to the radiative decay of 

free excitons 'l'ii th the simu1 taneous emission of an 

ID phonon. 
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figure 4.21 1 

scan range - 22700- 22.500- 22300- -\ 
22.500 22)00 21750 cm 

incident power - 0.8 2.5 80 mW 

power densi ty - 80 
)( ~, ) 2.500 x 100)8000 mW/cm 1-

energy sampling- 2 2 2 cm-\ 

sample time - 2 2 2 sec 

slit width - 200 200 200 microns 

Emission Bands 1 

Il - 'lbe luminescence peak posi tioned at an energy of 

2.79.50 eV is the I~, or (DO,X), transition associated 

wi th light hole excitons. 

C - See caption for figure 4.20. 

TES - 'lbe two-electron satallite transitions associated with 

the principal l ~ luminescence resul t in the peak 

centered at 2.77.59 eV. 

FEi-LE 'lbe peak at 2.7688 eV ls due to the radiative decay of 

free excitons wi th the saul taneous emission of an 

ID phonon. 

FE~-Lë 'Ille peak at 2.7)6,5 eV i5 due to the radiative decay of 

free excitons with the slmultaneous emission of two 

ID phonons. 
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figure 4.22 1 

incident power - 80 mW 

power density - 8 W/em~ 

sean range - 22200-21000 eni' 

energy samp1ing - 5 ClIi' 

- 1 sec samp1e tue 

sUt width - 200 microns 

Emission Bands 1 

FE"_L~ 'nle peak at 2.7365 eV ls due to the radiative decay of 

free exei tons wi. th the simu1 taneous emission of two 

LO phonons. 

No DAP emission assoeiated with the presence of sha110w 

acceptors is observed. 
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figure 4.2J : 

incident power - 1.25 mW 

power densi ty - 250 mW/ cm1 

scan range - 22700-22200 cm- I 

energy sampllng - J cm-I 

sample time - l sec 

slit width - 200 microns 

Emission Bands : 

Il -- The luminescence peak situated at 2.7951 eV ls the I~. 

or (nO,x). transition associated with light ho le 

excitons. 

B -- Two transitions contribute to the B emission, observed 

as a shoulder on the high energy side of the principal 

I~ peak 1 1) the radiative decay of free excitons and 

2) the I~transition associated with heavy ho le 

E'xcitons. 

TES - The peak centered at an energy of 2.717 eV is due to 

two-electron satellite transitions associated with the 

. . 1 r 1h 1 . pr1nC1pa 1 um1nescence. 

FEH.o The peak at 2.710 eV is due to t.h~ radiative decay of 

free excitons with the simultaneous emission of an 

I.O phonon. 
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figure 4.24 1 

incident power - 1.25 mW 

power density - 250 mW/cm~ 

scan range - 22200-20000 clli l 

-1 energy sampling - 5 cm 

samp1e time - 1 sec 

sUt width - 200 microns 

E)nission Bands 1 

\lio -- 'lbe Wo band, centered at 2.741 eV, is the principal 

(zero phonons emitted) DAP transition associated with 

the shallow acceptor P. 

\Iii -- The W1 band, centered at 2.709 eV, is the DAP 

transition (p acceptor) with the simultaneous emission 

of an 1.0 phonon. 

Po - The Po band, centered at 2.685 eV, is the principal 

DAP transition associa ted ri th the shallow acceptor Na. 
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figure 4.25 1 

incident power - 1.25 mW 

power density - 250 mw/cm" 

scan range - 22100-22200 cm-' 

energy samp1ing - 2 cl'lf' 

samp1e time 

slit width 

Emission Bands 1 

- 1 sec 

- 200 microns 

FE - 'lbe peak posi tioned at an energy of 2.80)0 eV is due 

to the radiative decay of free excitons. 

I,. -- 'lbe luminescence peak posi tioned at an energy of 

2.1983 eV is the I~~ or (DO ,X), transition associated 

ri th heavy ho le excitons. 

Il -- 'lbe peak positioned at an energy of 2.79)8 eV 15 the 

Il' or (AO,X), transition. 
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figure 4.26 1 

incident power - 40 mW 

power density - 8 W/cm~ 

scan range - 2;000-22000 cm-I 

energy sampling .; 2 cm-t 

- 2 sec sample tilDe 

slit width - 200 microns 

Emission Bands 1 

FE -- The peak posi tioned at an energy of 2.7933 eV la due 

to the radiative decay of iree excitons. 

Il -- The luminescence peak situated at 2.7878 eV i5 due 

to the I~. or (DO ,X), transition. 

(DO,h) - The peak positioned at an energy of 2.7859 eV 

corresponds to the radiative recombination of 

free holes wi th electrons bound to neutral donors. 

D -- Several transitions contribute to the Demission band 

appearing on the low energy side cf the free to bound 

transi tion : 1) TES transitions, 2) free exei ton 

recombination with the simultaneous emission of an 

IJ) phonon. and J) the I~ftf!t~si tion. 
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figure 4.27 1 

incident power - 12.5 mW 

power density - 1.25 W/cm1. 

scan range - 23000-21500 cm' 

energy samp1ing - 5 cm-' 

samp1e time - 2 sec 

slit width - 200 microns 

Emission Bands : 

FE -- 'lbe peak positioned at an energy of 2.7960 eV is due 

to the radiative decay of free excitons. 

Il. - 'Dle luminescence peak si tuated at 2.7911 eV is the 

I,... or (n° ,x), transition. 

(n° th) - The peak posi tioned at an energy of 2.7892 eV 

corresponds to the radiative recombination of 

free holes ri th e1ectrons bound to neutra1 donors. 

n -- Seve raI transitions contribute to the Demission band 

appearing on the low energy side of the free to bound 

transition: 1) TES transitions, 2) free exciton 

recombination ri th the simul'taneous emission of an 

1.0 phonon, and J) the I~ff\ransi-tion. 
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figure 4.28 1 

incident power - 12.5 mW 

power density - 2.5 w/cm~ 

scan range - 23000-21500 cm- I 

energy sampling - 5 cm-I 

sample time - 2 sec 

slit width - 200 microns 

Emission Bands : 

FE - The shoulder on the high energy si de of the dominant 

It peak is due to the radiative decay of free 

excitons. 

Il and ~Do ,h) - The peak posi tiened at an energy of 

2.786 eV i5 due to two transitions z 1) the 

Il. transition and 2) the free te bound, or 

(DO,h), transition. 
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:figure 4.29 1 

incident power - 40 mW 

power density - 4 w/cm1 

scan range - 2:3000-20.500 cm- I 

energy sampling - .5 cm-1 

sample time - 2 sec 

slit width - 200 microns 

Emission Bands 1 

NBE - The near band edge emission peaks at an energy of 

2.79 eV. 

Qo - The peak positioned at an enel:gy of 2.7022 eV is a 

free to bound transition, (e,AO), involving the 

acceptor Li. 

Qi - The peak situated at 2.6696 eV i5 the l If) phonon 

replica of the Qo peak. 

Q~ - The peak situated at 2.6)88 eV i5 the 2 LO phonon 

replica of the Qo peak. 

y ~ The origin of the Y band, centered at 2 • .5945 eV, ls 

uncertain. It May be due to the recombination of 

excitons at an extended- defect. 
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5. )CONCLUSION 

ZnSe heteroepi taxi al thin films were grown by conventional 

:·IOVPE and a novel pulsed technique deve10ped here. Material was 

grown using the precursors DEZ, Il1Z, H,.Se, and DEDSe. Films were 

deposited at temperatures ranging from 200 - 400 oC. The 

photoluminescence technique was utilized to characterize the 

epilayers. 

A comparison of the 300 oK photoluminescence spectra of films 

grown at temperatures of 200 Oc (sample 8), 250 Oc (sample 9), and 

:nO Oc (sample 10) by conventional MOVPE shows an improvement in 

o;toelectronic quality with increasing TG' 

The 300 oK and 2-16 oK photoluminescence spectra of sample 32, 

which was grown by conventional MOVPE using DEZ and HJSe, show that 

the material containe a high concentration of shallow donor impurities, 

as indicated by the intense neal.' band edge (NBE) emission at room 

temperature and the large (n°,x) linewidth at 2 oK. The downshift 

in the energy position of the I~ peak is consistent with a decrease 

in the effective bandgap expected for a sam pIe of this thickness. The 

decrease in the bandgap is a consequence of the fa.ct that epilayers 

thicker than 1 micron are under a two-dimensional tensile stress as 

a result of differences in the thermal expansion coefficients of 

":nSe and GaAs. 

The 77 oK photoluminescence of sample 29, which was grown by 

conventional HOVPE using the precursors IJ'wlZ and H1Se, reveals the 

presence of a Cu-complex center which acts as a compensating 

acceptor. The ll-IZ reactant i5 the source of the Cu impurity. 
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Sample 40 was grown by a novel pulsed technique. 'lbe reactants 

used were mz and H"Se. Comparison of the 77 OK photoluminescence 

of samples 40 and 29 reveals a substantial reduction in the 

lmpurity concentration for the former. The (DO,X) linewidth at 

7 ~K is comparable to that observed for material grown by MOVPE 

~.5 • .59J and MBE [80,8:0. 'lbe 7 oK photoluminescence. of sample 40 

shows evidence of polariton emission. The intense free exciton 

emission and narrow I~ linewidth are characteristic of high puri ty 

material having a low density of dislocations. The improved 

optoelectronic quality ls linked to the slow growth rates 

characteristic of the pulsed technique and a change in reaction 

mechanisms when using this technique. 

77 oK and 6 oK photoluminescence spectra obtained for sample 41, 

which was grown by the pulsed technique using DMZ and H~Se, reveal 

the presence of a high concentration of shallow donor impurities 

and compensating A-centers. Relaxation of strain arising from the 

inherent lattice mismatch occurs at the sample thickness of 0.4 

microns. The relaxation process results in the generation of 

dislocations which, in turn, act as impurity sinks. 

The 77 oK photol~inescence of sample 50, which was grown by 

conventional 110VPE using the reactants Il1Z and DEDSe, indicates the 

presence of the shallow acceptor Li. The source of this impurity 

is the metal-organic DEDSe. 

The 77 oK photoluminescence of sample 40 shows that three 

transitions contribute to the NBE emission at this temperature. The 

transitions include the (DO,X) transition. the radiative decay of 

free excitons, and fina11y, the radiative recombination of free 
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holes with e1ectrons bound to donors, or (n°,h). These ~eatures o~ 

the 77 oK NBE emission have not been reported in the li terature on 

the Zn Se/GaAs system. 

It is p1anned, in the near future, to grow thin (less than 0.15 

microns) coherently strained ZnSe epilayers using the pulsed technique. 

Electrical and optica1 measurements show evidence for electron 

accumulation on the ZnSe side of the interface [BQ). Photoluminescence 

measurements of the thin films will provide addi tional infomation 

about the band offset at the interface. 
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