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We discuss tlie morpliology of heteroiiiterfaces formed between phospliorus- and arsenic- 
based semiconductor compounds. Results of low temperature photoluminescence and Sec- 
ondary Ion Mass Spectroscopy are presented as effective tools to investigate the heterointer- 
faces. The analysis of tlie photoluniinescence results evidentes roughness on different scales 
at the interface. The influence of tlie growth parameters, such as growth temperature and 
substrate orienta.tion on the interface roughness is investigated. Details of the As-P exchange 
effect usually observed a.t these systems are explored with a systematic set of samples where 
tlie I ~ I P  surface was exposecl to  As following different procedures. 

The  atomically perfect interface between two differ- 

ent semiconductor compo~~ncls proposecl by some iiiocl- 

els gives place, in a realistic view, to  tlie rough inter- 

face real systems. Even while adva.iices o11 the growtli 

techniques in the last decades miniinized the interface 

roughness to reasonable levels, it is very common that 

a new device or the deiiionstration of a new physical ef- 

fect face problems generated by roughness a t  heteroin- 

terfaces. Tlie detailed understanding of thc int,erface 

morphology is an endeavor not only by the desire of 

eliminate these problems but also by the fact that the 

control of the interface roughness ca.n be a to01 to  build 

new structures['l. 

There has been a growiiig interest in heterostruc- 

tures combiniilg InP and As a.lloys for various o p t e  

electronic devices. However, previous studies suggest 

difficulties to obtain abrupt interfaces in these systems. 

These difficulties are inherent to  a11 gas- source tech- 

niques and they are related to  tlie excliange between 

As and P. Growth halts are usually employed to  avoid 

having simultaneously As a.nd P i11 the growth cham- 

ber. However, it lias been shown that there is a strong 

effect of As and P interrnixing during growth h a l t ~ [ ~ - j I .  

In this work we investigate the interface of thin 

InP/InAs quantum wells (QWs) grown by Chemical 

Beam Epitaxy. The advantage of this system resides 

on its simplicity. First it is composed of binary semi- 

conductors and this eliminates the uncertainty of alloy 

fiuctuations. Second, it presents a constant group I11 

element and only the group V elements of interest, As 

and P, are switched a t  the interface. The interface mor- 

phology is investigated using photoliiminescence (PL) 

and Secondary Ion Mass Spectroscopy (SIMS). The lu- 

minescence is characterized by multiple-line spectra and 

is very sensitive to the growth parameters. We discuss 

the interpretation of the emission lines based on long 

range and short range roughness as compared t o  the 

exciton diameter. The PL emission energies give ali es- 

timation of the QW thicknesses and are compared t o  

the integrated As in the sample obtained by SIMS. The  

As and P exchange is investigated by exposing InP to  

As, which results in an effect,ive InAs QW. We show 

that we can reduce the As incorporation on InP sur- 

*Invited talk. faces by modifying the interface chernistry and the gas 
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valve switch ng sequence. 

11. Experimental 

The  samples were growil by Cheinical Beam Epitaxy 

on singular snd vicinal (100) InP substrates tilted 20 

off toward the [ O l l ]  direction, using trimethylindium 

(TMIn),  triisobutylaluminum (TIBAI), craclted arsine 

(As2) and cr.zcked phosphine (PL) .  The  growtli temper- 

ature ~ v a s  varied between 480 and 520 C. A11 samples 

consist of a 2000 A InP buffer layer, a single InAs QW 

and a 200 A I n P  top layer. VC'e have used two different 

procedures to  grow the InAs la.yer. In tlie first proce- 

dure the I n , h  was actually grown, in the sense that  

during the 11 sec. growth of Iniis  (nominal 2 monolay- 

ers) both t h ~ :  TMIn and the As2 sources were open. A 

2 sec. growth halt prior to  and after tlie As-P switch 

was used to eliminate residual ga.ses o11 tlie chamber. 

In the seconS procedure the InAs layer was formed by 

a simple exposure of the InP  surface t,o Asz. Tlie expo- 

sure time wc.s 8 sec., during whicli botli tlhe TMIn and 

the P z  sourtes were closed. The  2 sec. delay used for 

tlie group V switch in the first proccdure and tlie 8 sec. 

exposure i11 ;he secoiid one are 110th based on previous 

results witli InP/InAliis l ie terojun~t ions[~]  tha t  have 

shown definite As-P exchange effects for 8 sec. expo- 

sure of I n P  to As, but no  observable effects for times a s  

short as 2 sec. in our growth system. 

Low temlera ture  spectra were measured a t  5 K us- 

ing the 488 am Ar laser line for cxcitation and a 0.75 

m spectromcter and a cooled Ge detector, for detec- 

tion. SIMS depth profile were obtained with an Atoi-n- 

ika 3000-30 ion microprobe employing 3 1teV 0; bom- 

bardnierit a t  normal iiicidence. 

111. R e s u l t  3 a r id  d iscuss io i i  

Typical low ternperature P L  spectra are presented 

in Figs. 1 a.iic1 2. They consist of multiple lines, vary- 

ing from singlets up to  8 peaks, with linewidths of the 

order of 20 nieV. There is no detectahle signal from the 

efEciently collected by the  single InAs QWs. The verti- 

cal lines correspond to  envelope function calculation for 

InAs QWs with integer number of monolayers, taking 

into account the effect of strain. Despite the expected 

error of tlie envelope function model for very thin QWs, 

this result can give a n  estimation of the InAs thickness 

formed in our samples. The  comparison between the P L  

peaks and the calculated emission energies indicates the 

formation of InAs layers with thicknesses varying from 

1 to  8 inonolayers, in contrast t o  the nominal 2 mono- 

layers. 
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Figure 1: Low temperature PL for intentionally grown 
InP/InAs single QWs with a 2 monolayers nominal thick- 
ness. We used three different growth temperatures: 480, 500 
and 520 C, and two different substrate orientations: (100) 
and 2' off (100) toward the [O111 direction. Vertical lines 
correspond to envelope function calculation for InAs QWs 
with iiiteger number of monolayers. SIMS results give the 

InP  barrier layers, whicli shows that. tlie carriers are integrated number of InAs monolayers in the sample. 
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Figure 2: Low temperatiirc PI, for InP/InAs QWs obt,ainerl 
by exposing t,he InP siirface to As2 for 8 sec. TVe iised 
three differeiit growtli 1emperat.iircs: 480, 500 aiicl 520 C, 
and two different siibst,rat,e orierit.atioiis: (100) aiid 2' off 
(100) towa.rd t,he [O111 direct.ion. Vert.ica1 liiies correspond 
to envelope fiinctioii calculation for IIIAS QTVs with iiiteger 
number of inonolayers. SIMS resii1i.s give t,lic iiitcgrated 
nuinber of InAs nioiiolayers in the sainple. 

I t  is evident from tliese figures tliat tlie posit,ion of 

the PL pealts cliange significantly froin sample to sa.m- 

ple. We rcmark Iiowever t,hat tlie va.riation of the pealt 

energies as a function of the location of t,he laser spot 

for a given sample is iiegligihle as compareci to the sep- 

aration between pea,lis. 

The  rcalistic descript,ion of a.n intcrface is a. difficult 

tasli, two simple models a.re t.radit.ioiia.lly used. Tlic 

first one is basecl on two perfcct binaries separatetl hy 

a rough edge. The  roiigliness is classified :i.s inicror- 

oughness or macrorough~~ess,  if it.s length scale is sliort 

or long, respectively, as coinpared to  the efTective PL 

probe, tlie excitonic clia.met,er. Thc scconcl inodel de- 

scribes the inteiface as a severa1 monolaycr t,liick rcgion 

consisting of ai1 alloy whose composition varies from 

one material to the other tha t  make up the heteroint- 

erface. The two models are hasically equivalent if we 

considei tha t  the alloy interfacial layer can he alterna- 

tively described by a rough edge. However, for a com- 

plete cquivalence, we liave to  consider that  both the 

ma.cro a.nd tlie microrouglinesses can be extended for 

more than one monolayer. 

To  simplify our discussion, we will adopt here thc 

model based on a rough edge. Fig. 3 shows the possi- 

ble con~binations of ri-~icro and macroroughnesses for a 

siiigle QW anel their expected PL emissions. We have 

considerecl t,lie basic model where macroroughness is 

extended t1o various monolayers but microroughrless is 

limitecl t o  only one inonolayer. The  presence of mul- 

t,iple resolved peaks instead of a single broad emission 

ca.n o11ly 11e exphinecl by the presence of large InAs 

st,ructures as coinpared to tlie excito11 diameter (macro- 

roiighness), so tha t  different excitons probe IiiAs QWs 

wit,li different thicltnesses. The  t,raditional interpreta- 

t>ion of the multiple peaks is tha t  they originate from 

excitonic recombina.tion in terraces with perfect inte- 

gral numl~cr  of monola.yers, which implies the absence 

of microrougl-iness[G~7]. Tl-iis interpretat.ion has been 

rec.eiit.ly coilt,csted by severa1 aiithor~["'~]. In fact, 

sincc t,he peak energies in our spectra vary i11 a ranciom 

wa.y from sa.mple to  sa.mple, it is evident tliat these 

h r g e  InAs islands do ilot correspond to  integer num- 

bers of monolayers. ?O explain the non-integer number 

of inonolayers tve liave to  consicler tlie existencc of a 

microroughness superposed to  a macroroughriess. In 

t.his case, different excitons prohe different InAs islands 

with fa.st vaiyiiig tliicknesscs due t o  the microrough- 

ness. The fast varying tliickiie.ss cai1 be interpretecl 

as ai1 eífective thiclii~ess with a iion-iliteger riumhei of 

nioilolayers. 

Recently, Carlin et. a].[" proposed a simple model 

to  expla.in their experimenta.1 resuits. They consid- 

ered taliat niicrorouglincss, represenied hy an effective 

noli-iiiteger nuii~her of monolayers tlm, is constant for 
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a given saiiiple. In this case, due to  niacrorougliiiess, 

the PL should give rise to mult,iple peaks from regions 

witli effectivc, tliicknesses: 1 + dm,  2 + clm, 3 + dnz, ... 

moiiolayers. We poiiit out  tha t  t,liis rnodel implies in 

differeiit sets of emission energies for cliffeferent sainples 

mitli dist,iiict values of d171: 1 1 ~ t  it. 1-i1aintai11~ a constant 

step of oiie-il-ionolayer betweeii islaiids iii a given saili- 

ple. Tl-iis mcldel was a.pplied iii Fig. 4 ,  wliere tlie PL 

energics froix. various samples are plotted agaiiist tlie 

expected InAs tliiclíness, mainta.iiiing t,he effective oiie- 

monolayei s t q x .  For eacli sainyle, we used tlie best, 

value of clin tliat fits the experiiiieiital results. Tlie solid 

liiie correspor cls to tlie calculated emission eiiergy using 

the  envelope lùnct,ion approxima.tion. The  inodcl worlts 

reasonably w d  for some sa.mples (circles), b ~ i t  strongly 

fails for ot1iei.s (dianionds). The failure is clue to  tlie 

variation of tlie energy separatioli bct,weeii t,wo aclja- 

ceiit pealís, ~rl i ich is not t,lie consta.nt oiie-inoiiolayer 

stcp predictctl by tlie niodel. 

barrier 

I barrier , 

Figure 3: Sclieriatic representatioli of a QN7 rvitli rougli in- 
terfaces. We sli~nv foiir clifferent roiigliiiess configurations a.s 
coniparetl to tlie excitonic tlianiet.er (representetl by discs), 
and their expected PL emission. Tlie bars in t,lie PL spec- 
tra correspontl .o tlie energy emission for QWs witli iiiteger 
number of inor olayers. (a) atomically perfect interfaces, 
(b) microroiigli iess: (c) macroroiighiiess, (d) iiiic~~oroiigli- 
ness superposed to macroroiigliness. 
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Figure 4: Energies of tlie PL peaks for various samples ver- 
sus tlie QW tliickness. We considered that the InAs islands 
tliickness for a given sample are given by: 1 + dm, 2 + dm, 
3+r lrr i ,  ... moiiolayers, wliere d r n  is the effective non-integer 
nii~nbei. of monolayers din that gives the best fits the exper- 
imental icsults to the tlieoretical curve: intentionally grown 
QWs at 520 C (circles), intentionally grown QWs at 500 
C (diamoncls) and QWs obtained by exposing tlie InP sur- 
face to As2 at 520 C (squares). Open symbols correspond 
to (100) substrates and filled symbols, to 2' off (100) to- 
ward the [O111 direction. The solid l h e  corresponds to the 
calculated emissioii energy using the envelope function ap- 

Tlie conclusion of this analysis is tha t  our InP/InAs 

iiiterfaces show a superposition of micro and macror- 

oughiiess, and that  tlie niicroroughness is not constant 

over a11 the i shnds  of a given sarnple. I t  is always pos- 

sible to explain any energy emission betweeii the QW 

a.nd tlie barrier ba.nd gap usiiig some combination of ini- 

cro and macrorougl~ilesses. Similarly, we could describe 

any experimental energy with an  alloy interfacial layer. 

However, tliere are too many variables on the morphol- 

ogy of tlie InAs islands, and fitting the experimental 

energies for each sample using precise arrangements of 

niicro antl macro rougl-iiiess, or using interfacial lay- 
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ers with specific variable composition, will not give any 

further conclusive result about the islands. We a.lso 

remark that an alternative p~ssibil i t~y to  explain tlie 

experimeiital energies include an cxt,ra. effect not con- 

sidered in the simple envelope function a.pproximat,ion, 

such as quantum lateral confinement. 

SIMS results presented in Figs. 1 aild 2 give the 

integrated number of InAs inonolayers iil the sample. 

Although the depth resolution of SINIS is of the order 

of 60 A, which is too broa.d to  resolve the InAs layers, 

we can obtain the integrated As coatent in our sam- 

ples with estimated absolitte a.nd relative accuracies of 

about 20% and 10%, respectively, using InAsP ca.Iibra- 

tion standards. SIMS results a.re reasonably elose to  

the nominal 2 monolayers thiclmess. We remark t1ia.t 

the thickness of the InAs isla,nds estimated by tlie PL 

peaks indicates tliat some sa.rriples preseilt isla.nds a.s 

tliick a.s 8 inonolayers. However, in tlie special case of a 

PL spectrum consisting of a single peak, i t  sliould bet- 

ter reflect the InAs average tliicliness giveii by SIMS. 

The energy of the singlet PL spectra are indeed rea- 

sonably close to  the calculated energy emission for a. 2 

monolayers thick InAs QW. Briefly, SIMS results give 

tlie average thickness of the InAs layer rvhile the PL 

spectra give information about the InAs distribution. 

Figs. 1 and 2 show that  the As distribution is non- 

uniform and strongly dependent on growth conditions. 

The number of PL pea.ks increa.ses a.s the growth teni- 

pera.ture is increased. This means that,  a.s we increa.se 

the growth temperaturc, tl-ie InAs layer prefers to  build 

up as thick, iion-uniforin isla.iids. The growth temper- 

ature effect is observed for both procedures and sub- 

strate orientations, but i t  is remarkably a.brupt for the 

exposed samples. Samples exposed to  As a.t 520 C show 

up t o  5 different InAs island tl-iicknesses but a11 samples 

exposed below 520 C show only singlets emissions, sug- 

gesting a much n ~ o r e  uniform As distribution. SIMS 

results show however that the total As incorporation 

is not very sensitive to the growth temperature. TIie 

estimated thickness for eacli of the exposed sa,n-iples is 

of tlie order of 2 monolayers. A careful analysis indi- 

cates only a very small, but systematic increase of the 

order of 10% in the As incorporation as we vary the 

growth temperature from 480 to  520 C. Finally, samples 

grown in vicinal substrates show a slight but system- 

atic increase in the As content as compared t o  the ones 

grown on singular substrates. This indicates that the 

presence of tlie step edges on vicinal substrates, where 

growth is expected to occur preferentially, enhances the 

As incorporation. 

In conclusion, increasing the growth temperature 

lias only a very small effect on the total As incorpora- 

tion but strongly increases macroroughness. Previous 

iiivestigations about roughness a t  InAs/InP interfaces 

have shown that macroroughness also increases as the 

growth halt time is increasedig]. The increase of both 

the growtl-i temperature and the growth halt time in- 

creases the As mobility on the layer surface. This means 

that an increase of the As surface mobility induces InAs 

clustering. This behavior is probably related to  the 

strain due to  the lattice mismatch of this system which 

may favor the starting of a 3D gro~th[11~'2]. 

To further investigate the As incorporation on the 

InP surface, we have performed different gas switching 

sequences for the As exposure procedure. Two aspects 

are addressed in this study. The first intends to  inves- 

tigate the effect of unreacted species accumulated a t  

the InP surface oii the effective incorporation of As in 

the sainples. The second is the effect of changing the 

chemistry of the surface exposed to  As. 

In order to analyze the first question, we introduced 

two growth halts on the As exposure procedure. After 

closing tlie TMIn valve and stopping growth, we added 

a 10 sec. delay during which only the phosphine valve 

is open. After this first delay, the phosphine valve was 

closed and tlie arsiiie valve was opened simultaneously 

and the InP exposure to  As was carried out for 8 sec., as 

in the standard procedure. After the 8 sec. exposure, 

tlie arsine valve was closed and the phosphine valve was 

opened simultaneously. We then introduced a second 
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10 sec. delay during which only the phosphine valve 

was openecl, after which, the TMIn valve mas opened 

resuming InP growtli. The first delay is int,ended to  

minimize t ie presence of an excess In  species on the 

sample surj'a.ce prior to the As exposure, and the sec- 

ond, to  mir.imize the an excess of unreacted As species 

on the sample surface after As exposure. Both species 

may incorpxate on the subsequent growth steps, pro- 

ducing an tiffective amount of InAs. Tlie PL emission 

from the s:.mple following this special As exposure is 

presented i11 Fig. 5(b). This procedure was performed 

at  520 C, the same temperature as tlie standa.rd As ex- 

posure sa.mple presented in Fig. 5(a). We observe a.n 

energy shifi, of the PL peaks to  higher energies, con- 

sistent witk a decrease of the average InAs thickness. 

SIMS meas:irements support this result, giving 0.9 ML 

to  the Inris layer grown on singular substrate and 1.8 

ML for tlie vicinal one. Since we minimized the ex- 

cess unreaci cd species on the sa.mple surface, tliis value 

should reflect the effective As-P exchange effect>. We re- 

mark tliat the number of P L  peaks decreases with the 

introductioii of the gromth delays, inclicating that they 

are also effective to  eliminate t,he formation of iuacror- 

oughness. F inally, the effect of enhanced As incorpora- 

tion on vici lal substrate as compa.red to singular ones 

is still obsexed, indicating that the presence of step 

edges assist:; the As-P exchange. 

To investigate the chemistry surface effect we have 

grown sam ~ l e s  wliere an AlP layer, nominal one- 

monolayer thick, was added prior to the As exposure. 

PL spectra Tom these sainples are sho~vn in Figs. 5(c) 

and 5(d). 'The choice of an Al-rich surface is based o11 

previous res~ilts that have shown an effective stabiliza- 

tion of P- tompound interfaces using this elen~ent[~I.  

This cal1 be understood on the basis of a stronger AlP- 

chemical I~ound as compared to the InP, wliich is re- 

flected o11 a higher congruent evaporation t~mpera tu re  

of AlP (> 700 C) as compared to tlie InP (360 (3)[131. 

The sample presented i11 Fig. 5(c) corresponds to the 

standard 8 (ec. As exposure of Lhe AlP surface at 520 

C ,  with no growth halt delays. We have not performed 

SIMS measurements for this sample, but its PL emis- 

sion shows a energy shift to  higher energies as compared 

to the standard InP exposure sample (Fig. 5(a)), in- 

dicating a decrease of the total As incorporation, as 

expected. The preseilce of the stronger AIP bounds 

a t  thc exposed surface also seems to  be very effective 

on reclucing the InAs clustering, since the PL emission 

from this sample is a singlet in contrast to the multiple 

emission peaks obtained for the InP exposure a t  similar 

conditions. 
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Figure 5: Low temperature PL for InP/InAs QWs obtained 
by exposure to As2 for 8 sec a t  520 C, using two differ- 
ent substrate orientations: (100) and 2' off (100) toward 
the [O111 direction. (a) InP exposure with no growtli halts. 
(b) InP exposure witli 10 sec. growtli halts with P, prior 
to aud after, the As exposure. (c) AIP exposure with no 
growtli lialts (b) AIP exposure with 10 sec. growtli halts 
witli P, prioi to  and after, the As exposure. Vertical lines 
correspond to envelope function calculation for InAs QWs 
witli integer number of monolayers. SIMS results give the 
integrated iiumber of InAs monolayers in tbe çample. 



Drazilian Journal of Physics, vol. 24, no. 1, March, 1994 

ENERGY (eV) 

Figure 6: Low temperatuse PL for ai1 JnP/InAs QW ob- 
tained by exposing AlP to As for S sec., iising 10 sec. growlli 
lialts witli P, prior to aiid after, tlic As exposure (dott,ecl 
line), and for a reference sa~nple coiisistiiig only of ali InP 
bitffer lager (solid line). 

Finally, r ig.5(d) sliows tlie PL einission fio111 AlP 

exposures to  As using 10 sec. growlli lmlls wit,li P ,  prior 

to and after, the As exposure. As discussed bcfore, tlie 

growth delays are expcctecl to  iiiinimize the effcct of 

InAs fornlation clue to  unreacted species on tlie surface, 

so that:  in tliis case, xve ca.n clircctly conipa.re t,he As- 

P excha.nge on A1P (Fig. 5(d)) and IiiP (Fig.5(b)). 

The  observed PL e~iiission shift shows t,liat t,he Al-ricli 

layer reduces tlie As-P excliange. SIRIS iTiea.sureii~eiits 

give an integrated 0.5 ML of Inils, wliicli suppoi.ts t1ia.t 

very lit,tle I n h s  is formed by As-P exclia.iige on Lhe A1P 

surface. Tliis non-zero value is liowever strong evicleilce 

tliat some As is still present 011 tliese sa.mples. The P L  

spectra for tliese special samples a.re niarlwily diifereiit 

from our typical InAs QWs. 'I'lie energy eniissioii is 

very close to  t,lie InP  ba.nc1gap energy m d  t,he lincwitlth 

is relatively sina.11 (of the orcler of 10 iiieV). Fig. 6 s h o m  

tlie comparison of the P L  from one of t,liese sa.mple 

with tlie PL spectra of a sainple consisting only of a.n 

InP buffer la.yer. I t  is renia.rlta.ble t1ia.t tliis less-thaii- 

oiie-nionolayer InAs layer is so efficient o11 collecting 

a.11 the pliotogenerated casriers, since tliere is stiil no 

nleasurul~le sigiial a t  the InP  bandedge. 

IV. Coiiclusioils 

The PL emission from thin QWs is a useful to01 

to  clua.litatively investigate semiconductor heterointer- 

faces. Our PL nieasiiremeiits on thin InAs/InP QWs 

prcsentecl multiple peaks corresponding to  InAs islands 

114th non-iiiteger nuniber of monolayers. We interpret 

tliis result as evidence tliat tlie InP/InAs interfaces 

present a. siiperposition of micro and niacroroughness 

aiid tliat iriicrorougliness is not coiist,ant over a11 tlie 

islands of a given sample. 

SIMS results give t,he iiltegrated content of As, or 

tlie averaged nuniber of InAs monolayers, on the sain- 

ple. Tliis va.lue agrees within the experimental error 

witli t,lie nominal v d u e  of the  InAs thickness as de- 

duced from growth conditions. PL spectra on the other 

hand reveal the clistribution of incorporated As. We ob- 

served tliat increasii~g the growth temperature sliglitly 

decrea.ses tlie As incorporat,ion, but  strongly increases 

t.he iila.croroughness. Resides, tlie presence of step edges 

on viciiial substrates slightly enhances As incorpora- 

t,ion. 

A consistent set of samples where the  InP  surface 

was exposcd to  As showed tliat InAs layers are fornied 

by two effects: capture and posterior incorporation 

of unrea.ctec1 species, and actual As-P exchange. We 

liave also showii tliat ali AI-ricli surface maltes tlie P- 

c o i i ~ p o ~ ~ n d  interfa.ce mucli more stable, reducing both 

thc As incorporation and tlie InAs clustering. 
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