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A deta.iled pl-iot,olumiilesce~-ice, photoreflectance a.nd X-ra.y study has been performed on a 
series of undoped and n-type low-ten-iperature GaAs layers gromn by molecular beam epitaxy 
a t  different subst,rat,e temperatures. Iiitense deep leve1 emission bands were obseved in the 
pliotolun~inescence spectra of sa.mples grown below 450°C. These emissions were related with 
an excess concent,ra.tion of arsenic antisite and/or interstitial defects and with compiexes 
involving gallium vacancies. At very low substrat,e tempera,tures the excess of arsenic causes 
a 1a.ttice expansion of tShe epila.yer of a,bout O.lG%. Several features were observed in the 
phot~oreflect~a.nce spectra be lo~r ,  close t,o a.nd ahove t,he fundamental GaAs band gap. They 
were attributecl t>o inipurity related, optical etalon effects, exciton t r an~ i t~ ion  and Franz- 
Iielclysli oscillat,ions. Froin the linesliape changes observed in the modulated reflectance 
experiments we ide~it~ifiecl a. tmnsit,ion substrate tempera.ture a t  350°C, below which the 
insulating chara.cter of the epilayers is strongly enlianced due to  a. higher incorporation 
of clefects. We a,lso perforn-ied pl~ot,oreflect~ance experiment,~ a,t Ei a.nd Ei + Ai spectral 
region for these samples. The observed results inclicate t11a.t the electric field modulation 
has contributions not only from tl-ie sainple surface hut also from t,he epilayer/substrate 
interface. 

Low temperature (LT) GaAs epitaxial hyers grown 

by Molecular Beam Epitaxy (MBE) have a t t r ackd  con- 

siderable interest clue to i ts  technologica,l imporhnce 

such as for semi-insulating buffers in GaAs based elec- 

tronic devices a.s well for high speed p h o t ~ d e t , e c t , o r s [ ~ ~ ~ ] .  

The understanding a.nd control of t~he insula.ting prop- 

erties of these LT-GaAs hyers a.re very iinportant for 

future development of e le~t~ronic  and optoelectronic de- 

vices using this kind of material. Several morlm n7ere 

dedica.ted to study optica.1, electrical and structural 

properties of both as-grown a.nd annealed LT-GaAs 

~ a ~ e r s [ ~ - ~ ] .  However, a. systermtic study of LT-Ga.As 

optical properties obtained a t  different growth condi- 

tions has not heen done. I11 this tvork we report opti- 

cal and structural inve~tigat~ion o11 a series of undoped 

and silicon doped LT-GaAs layers obtained a t  differ- 

ent substrat,e temperatures (T,). Photoluininescence 

(PL), photoreflectance (PR) and X-ray measurements 

were used to stucly the properties of these layers. The  

c~mbina t~ ion  of these techniyues provides significant in- 

formation about the band gap, deep radiative defects, 

built-in electric field strength and lattice constant. Our 

results indicate tha t  there is a critica1 substrate tem- 

perature below which f,he insulating properties of the 

epilayers is enhanced. 

11. Experimental details 

The  samples analysed in this work were grown in a 

single chamher MBE machine (MECA-2000) on semi- 

insulating [I001 and [311] and Si-doped [I001 oriented 

GaAs substrates. Two sets of samples were grown: un- 

doped and silicon doped (n  Z 5 x 1017 ~ r n - ~ )  LT-GaAs 
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layers. The growth rat.e, defined from RHEED pa.t,t,ern 

oscillations, was kept constant a t  1.0 pni/h.  Tlie n o n -  

iiial thickness of a.11 the epitaxial layers is 1 pm and 

they were cibtained ~ v i t h  substrat,e t,emperat,ures raiig- 

ing from 2CO-550°C. 

Double-crysta.1 X-ray diffract,ioil measureiiients were 

performed .nritli C u K a i  radiation. The syniii~et,ric 400 

reflectioil wa.s used to  obtain t*lie rocking curves. 

Photolurninescence measurenient,~ were performecl 

a t  77K usii-g the 514,s nni line of an  Ar+ laser a.s the 

e~c i t a t~ ion  source. Tlie spectra were ohta.iiiecl with a 114 

meter ~pectroinet~er and t,he PL sigiials were detected 

with a. liquid-nitrogeii coolecl Ge cletect~or. Phot-ore- 

flectance s p x t r a  were talien af r00111 t,einpera.t.ure. The 

probe and pump beains consist of a 55W t,ungst,en la.nip 

aiid the 63: nm line of a He-Ne laser, respe~t~ively. In 

a.11 tlie expe:.iments 110th bea.ins are defocused a.nd tlieir 

ponier density were kept below 100 pTl'/ctnL to avoid 

possible phc tovolt,aic effects[lO]. Tlie ~pect~ra .  w r e  t,alten 

with a 114 ineter spectrometer a.nd the reflect,ecl probe 

heani mas det,ected with a Si pliot.odiode. In 110th tecli- 

iiiques synclironous det,ectfioii, a.t a. typical frequeiicy of 

200 Hz, mer? used witli lock-in ainplifiers. 

111. Result s and discuss ion 

Fig. 1 shows representa.tive X-ray rocking curves for 

undoped L'I-GaAs/GaAs-li+ 1a.yers grown in t,he tem- 

perature range 200-300°C. At very low subst,rate tem- 

perature (T, = 200°C) it was observed two pealis. Slie 

dominant X--ray sigila.1 comes from the GaAs substrate. 

Tlie second pealr was at,tiibuted to  h r g e  a m o u n t , ~  of ex- 

cess a.rseilic t.liat were iiicorporated in the epilayer, as 

interstit,ia.l defect,s, giving rise to a. perpendicular 1a.ttice 

expai~sioii[g] From the difference bet,ween t,liese two 

peaks nre deterinimted a lattice niismat,ch of 1.6 x 10-3. 

In the case of the L T - G a h  layer grown a t  250°C it. was 

observed tl1c.t the X-ray signal froi-n t,he layer a.nd from 

the substratr  are almost coincident and a very sinal1 

asymrnetry is present a t  the left side of t,he X-ray pea.k. 

For sa.niples g r o ~ ~ n  at. 300°C, or even a.t liiglier t-eniper- 

atures, t,he :i-ra.y signal froni the Ga.As substrat,e aiid 

46 1 

tlie epilayer coincide and only one synimetric peak was 

observed. 

I " " " " " '  

Diffraction Angle (arc. sec.) 
Figure 1: X-rag rocking curves of undoped LT-GaAs layers 
grown at different substrate temperatures. 

Tlie 77M PL spectra of silicon doped LT- 

GaAs/GaAs(S.I.) and undoped LT-GaAs/GaAs(nt) 

are sl-iowii in Figs. 2a a.nd 2b, respectively. When the  

substra.tre temperature was lowered from 550 to  350°C 

the  PI, int,ensity becornes weaker and below 350°C no 

einission line could be detected for these two sets of 

as-grown LT-Ga.As layers. This behavior can be at-  

tributed to t,lie presence of large ainounts of nonradia- 

tive recombina.tion centers formed in tlie LT-GaAs lay- 

ers. We observed that  the P L  efíiciency is higher in 

Lhe case of Si doped samples. 111 t,he temperature range 

450-550'C tlie cloniinant feature a t  around 1.5 eV is 

clue to  trhe 1iea.r band-gap einission. The fui1 width a t  

ha.lf maxiinum (FWHM) is 40 ineV and 12 meV for Si 

doped and undoped LT-GaAs layers, respectively. In 

the case of Si doped LT-GaAs samples it was observed 

a sinal1 slioulder below the GaAs band gap (1.4-1.455 

eV). This emission line is completely absent in the PL 
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spectra of unclo]3ecl LS-Ga..-1s laycrs growii i11 t,lic s a n e  

sulistrate temperat.urc range. This pcak can bc associ- 

at,etl \vitli t.raiisitions involviiig Si nccepLor sl~ecics[t ' ] .  

A t  iP, = 350°C a. tliirtl PI, peak (at  2 1 .:32 el:) Iras 

obser\~xl in tlie Si tlopetl L'L-C;a,.As sriiiiplc. Tlie oiigin 

of' tlris eniissioil is ilot cleni at I.lie preseiit . Foi sainples 

growii ;it 350 a.nd 400 'C t l i ~  PI, sp~ci.r:i. are clorniiia.tecl 

l y  dcep-ra.dia.t-iw cmi,ssion liiics. Tlic in sds  sliowii i11 

Fig. 2 are reprcseiit,ati\~c of tlie cla.ta 1.alíen oii 1mt.h sels 

of saiiiples t,liat. cxliil)it,ctl siii-1il;i.r l~eliavior. 7'lic:sc Iiroatl 

cniissioii hands are ceii1,crecl at aroniitl 1.0 niicl I .  15 eV, 

wit.li I"\\.HRI of ortlcr of 200 riicl,'. for Si dopctl a.ntl 

uiidopetl LT-C;a.As la.ycis! respectiwlj.. 'l'lic t1eol-i-levcl 

cinission closc t,o 1 eV cai1 I I ~ :  att,ril)ut,c:cl t,o a. transi- 

tioii invol~41ig tlit: electroiiic trap 11L2 a.nd t.lic \deiice 

l)and["]. ' Ihe ei~iission ba.ri tls ohsc~r;-ecl at a.ronn<l 1.15 

e\' cai1 be assigned to  a. t.ransitio1-i froni tslie contliict,ioii 

Energy (eV) 

Energy (eV) 
Figiirc 3: 300K PIL bpect,ra at the fundamental )io transition 
eiierg'; of silicon doped LT-GaAs 1ayei.s on semi-insnlahg 
GaXs suhst.rat.e growii at differcnt temperatiires. 

Roo11-1 f,cmperature P R  spectra of silicon doped 1,T- 
C'. *I-. 1. q t t i s  . ,. . obtaincd at  cliffcrent srilistrate tempera- 

t.iircs are sliown in Fig. 3. '1'lie clottecl line corresponds 

t,o t,lie fiiiidaniental cnergy t,ra.nsition (I;,'") of the GaAs 

bmcl gnp a t  3OOK te i i~~>erat i i re[ '~] .  Stie PR spect.ra of 

saniples growi~ i11 t he t ,~mperature  range 350-550°C ex- 

liibit,etl coiiiples 1 inesha .p~~  and severa1 featurcs can be 

clcwly observed helow, closc t.o a.nd a.bove the Ga.As 

hniitl gap. 'I'he striict.iires a l~ovc thc I ~ u i ~ d  g:ip urc nt- 

txihuted to thc Fraiiz-Keltlysh oscillatioiis (I:KO)['". 

Jn tlic q ~ ~ c f r a l  rc.gion closc to  thc fundamental gap 

sliarp feat,iircs are sirpcrin-ipostd to t,his t ransit.ioii. \lie 

iiitcrpret. tliis resiilt as a.n txcitonic transition from a 

samplt~ reginn wlierc t lir lmnds are almost. flat with 

a hiiilt-i11 cticct,ric f i~lt l  strengtli not la.rgc. enough 1.0 



froiii t,lic. siil~sti;~te/t.l~ilaycr interface. 'Tlie 0 t h  three 

sarriplcs tlicl iiot exliihit tliis behavior. \$'e attribut.ed 

tliis resiilt to cliff<:rriicc:s in 1 . 1 1 ~  cpilayer/siibstrat,e int,er- 

f:icc, clria.lit,y that rrnat~lc construct,ivr inkrference be- 

t\weil t,li~st> tn-o rc:fle~tt:cI heanis. The  filrn thickness 

(1 can 11c clt:iivetl cii1l)loyiiig a sin-iple iiiodel of light. 

iiit.c~rftwiicc be twen  t li(. filiii aiid subst rat,e using t,he 

followiiig exprc?ssion: 

Figure 4: 300Ií PR spectra a t  t,he fundamental E. t,ransition 

energy of untloped LT-GaAs layers on , a S - G a ~ s  substrate 

grown at  different teinperatnrcs. 

wliere ,r is tlie GaAs refractive iiidex, 0 is the incident, 

airglr. ant l  A,+,,, and Ai  are t,he probe wavelengtli of tlie 

lt,h aiitl ( I +  i i ~ ) t , l ~  extreina.. re~pect~ively. The oscillation 

periocls for sa.inples gromrii R.{. L50 ancl 300°C are very 

sinii1a.r h u t  they are vcry different when compared with 

t-he sa.niplc gro\tlii at 5U0°C, indicat,ing differences in t,he 

film thiclínesses. The calculated thicknesses for samples 



grown a t  250 ancl 300°C and for t,he sa.mple grown a.t 

500°C are 0.61 p m  and 1.04 p m !  respectively. Tlie ca.1- 

cula.ted thiclmess for the former sa.n~ples is sina.ller tlian 

tlhe expected value of l p m .  This ca.n be att,ributed to  

variations i11 t,he growtli ra.te a t  very low subst,rat,e t,em- 

pera.tures. 

In order to further iinprove informations about LT- 

GaAs layers we performed PR. measurenients a.t tlie E i ,  

El f AI spectral region, where tlie penet,ra.tion of liglit 

is about 10-20 nm.  li1 this case t,he PR signal refiects 

tlie strength of t,he elect,ric field close to the surface re- 

gion. Fig. 5 sl-iows the room t>empera,ture spect-riim of 

a LT-GaAs layer g r o m  a t  3.5U0L a t  t,lie optical t,ra.n- 

sition El and El + Ai.  This spect,rum is represeil- 

tative of tshe dat,a. t,alíen on t'he ot,lier sa,mples grown 

a t  liiglier temperatures that  exhibit,ed sirni1a.r belia.vior. 

Dotted lines a.t 2.91 ancl 3.1 1 cV corresponcls to  t,he El 

El + A l  optical traiisition, respectjvely. These energies 

were oht,a.iiiecl by fitting tlie experimenta,l da ta  with a. 

tliird c1eriva.tive f~inctioiial lineshape for a, crit,ical point 

,1.1~~"]. For the sainples grown a.t subst,ra.te tempera- 

tures lo~ver t1ia.n 350°C the PR signal in this spectral 

region 1va.s too sma.11 to be ckected .  This indicates 

tha t  t,he Ferini leve1 is liept close t1o midga.p t,o malíe a 

fla.t ba.nd, due t,o the large incorporat,ion of defectrs a t  

lower suhstrate temperatures. As a consequence: the  

ohser\wi PR signal a t  trhe f~~ndanienta . l  E. tra.nsition 

for sa.mples grown in the  tempera.t,ure range 200-300°C 

have contributions not only fiom built-in surface elec- 

tric field but also f r o n ~  the subst,ra,t,e/epilaier int,erfa.ce. 

Finally we show in Fig. 6 tlie room tenipera.t,iire PR 

spectra of an  undoped LT-Ga.As layer grown a t  300°C 

simultaiieously on [I001 ancl [311] orientecl Ga..4s semi- 

insulating substrates. Tlie data exliibited la.rge nuinber 

of Franz-Keldysh oscillations due to  the high field a.nd 

small broadening pa.ramet,ers. 0scilla.t.ions up t,o t,he 6th 

and 1 3 ~ ~  extrema. were observed for samples grown on 

[100] and [311] oriented ~ubs t ra t~es ,  re~pect~ively. The  

large number of FKO in t,he sample grown on [311] ori- 

entecl substra.te indicat,es a uniforin electric field over a. 
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l a ~ g e  region. Tlie ext,rema in the FKO are given by[l3] 

The above relation can be usecl to  determine the  built- 

i11 electric field F. Tlie quantity m is the index of the  

nzth extrema. 4 is an arbitrary phase factor and E, 

is Lhe photon energy a t  the 111th extrema. The  electro- 

optic energy 110 is[I3I 

where p is t,he reduced interband effective mass (for 

tlie elect,ron a.nd the heavy hole pair) in t,he direction of 

tlie elect,ric field P.  Plott,ed in Fig. 6b is the quantity 

(4/3)(E,, - E ~ ) ~ / '  as a function of index m for the 

spectra. sl-iown in Fig. 6a. The  solid lines are linear 

fittings to  Ey. ( h ) .  Tlie slopes yield electric fields of 

41.3 and 39.1 kV/cin for tlie samples grown on [I001 

and [311] orientecl GaAs substrates, respectively. 

Energy (eV) 

Figure 5: 300K PR. spectriim at the Ei, E1 + Ai optical 
regioii of a silicon doped LT-GaAs layer on semi-iiisulating 
GaAs subst,rate grown at 350°C. 
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Index Number 
Figure 6: (a) 300K PR spectra at. t.lie fundamental E0 tran- 
sition energy of iindoped LT-GaAs layers on [I001 and [311] 
orient,ed sexi-insulating GaAs subst,rat,e grown at 30U°C, 
(b) Plot of 4/3íi(E, - against tlie index iiuiribei ,n 
for botli samples. 

IV. Concl i i s ions  

SVe lmve performed a systematic study of t,lie opti- 

ca.1 a.nd structura.1 properties of uncloped a.nd Si cloped 

LT-GaAs samples grown by M13E a t  cliffereilt substrate 

temperaturcs. The combination of pliotoluniiiiescence, 

pli~t~oreflect ince and X-ray diffra.ction experiments al- 

lowed us to  evaluate the semi-iiisulating cha.ractler a.nd 

1a.ttice distortioii of these epila.yers. Froin the PL a.nd 

PR measurenient,~ v7e ident,ified a critical subst,ra.te t,eni- 

pera.ture a t  :150°C, below which the incorpora.ttion of de- 

fects is enhanced. In t,he P R  spect,ra. of some a.na.lysec1 

samples it na.s observed opt,ical interferente effects t,lia.t, 

mwe used to measure lhe epilayer t,liickness. Tlie LT- 

GaAs sample grown on [311] oriented GaAs substrate 

exliibited a .Jery uniform elect,ric fielcl over a larger ex- 

tension. 
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