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\Te report self-consist.ent electronic structure, total energy and force calculations based on 
t,lie deiisity-funcioiial tlieorg t,o stsucly tlie st.ability of (Ga,As)3 (11-iAs)~ and (GaP)3 (InP)3 
[O011 superlat,tfices. \.\.é predict tliat they are unsta.ble with respect t>o disproportion into zinc- 
blend constit,uent,s because tlie insuficient Ga-In and Ga-P charge transfer. Also we studied 
the virtiial-crystal-approxi11-iatioi-i band st.ructure concern to  the Ga.l-,In,As / GaAs(1nAs) 
and Ga1-,Ii~,P/GaP(IilP) [O011 alloys superhtt ices and we verified the  relationship of the  
energy bancls with lat.ticc co~ist~aiits aiid coii~eiit~ration o11 tlie growtli process. 

I. Introduction 

A considerable effort, lias I-jeen devoted to t,he search 

for aiid study of lieterostructr~res a.nd superlattices to  

understand tlie mechanisins of straiii relaxation in het- 

eroepitaxial semiconductor layers. Çt,ra.ined-layer su- 

perhtt ices (SL's) have t,lie additioiial a.ttraction on ac- 

count of tlie influeiice t,hat built,-in st,rains liave o11 

the resulting elect,ronic st,ructwe. Tl-ie pract,ical dis- 

advantage of strained-layer syst,eins is tliat they a.re, 

in general: ra.ther difficult t,o grow satisfactorily and 

tliere is less inforiiiation than tlie sgstems nia.de of com- 

pounds with good lattice i~ ia t ,c l i i i l~[~~ ' ] .  I11 tl-ie case of 

long-periocl stra.iiied-layer SL's! ~ s b o u r n [ ~ ]  lias demon- 

st,racled hom niucli systeins allow inclependent variabil- 

ity of striictura.1 properties but  in ultra.thin $;L's the  

iiiterface region is a significa.iit fract,ion of t,lie total vol- 

ume, and tlius cause st.roilg mixings between differeiit 

zinc-blend valleys tliat are foldecl on top of each otlier 

iii the SL Brillouin zoiie. Such effects a,re 1a.rgely pecii- 

liar to very-short-period SL's, a.nd tlius add fle~ibil i t~y 

to these structures for band-gap engineering. 

Tlie ~ t ~ a b i l i t y  of tlic SL's will depend on the rel- 

ative erierget,ics OS t,he posit,ive-definhe st,ra.iii con- 

tribuition to  tlie energy a.nd the possible negat,ive con- 

tribuitior~s clue to e~ilmnccd clieiiiical Ijiridii~g effccts a t  

the i n t e r f a ~ e [ ~ l ~ I .  Changing the  substrate lattice con- 

stra.nt on which the SL is grown has a significant ef- 

fect on tShe energetics of the interface matching. Also 

witli the growth of high quality strained Gal-,In,As 

/ G a ~ s [ " ~ ]  and Ga.l-,In,P / G ~ P ( I ~ P ) [ " ~ ]  [O011 SL's 

in atinosplieric and low pressure metalorganic vapour 

pliase epit,axy (MOVPE),  it has been possible to  ob- 

serve the effects of st,rain on the growth of lattice mis- 

ma.taclied superlattices. 

In this paper, we present ab-initio calculations t o  

st,udy tJhe stability and ordering-related phenomena 

OS the  ( G ~ A S ) ~  (1nAs)s and (GaP)s (IIIP)~ [O011 ori- 

ented SL's. As these systems and the  respectively 

alloys can be grown by using epitaxial techniques,we 

also determined the electronic band structure of the 

SL's (Gai - , I ~ , , A s ) ~  (GaAs)3 / (1nA~)~ ,  (Gal-,In,P)3 

(GaP)3/(IiiP)3 and (Gai-,In,P)3(Gay- lIny P)3 along 

[O011 clirection, clianging the  substrate lattice constant 

on which tlhe SL is grown. 

11. Foiniation enthalpy of the [O011 oriented su- 

perlattices 

In order to  determine the  stability of the 

(GaAs)3(IriAs)3 and (GaP)3(InP)3 SL's, we use 
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the  deiisit,y-fiinctioiial t l i e ~ r ~ [ " ' ~ ~ ~ ]  wit,li tlie local- 

deiisit*y apylroxiniation for tlie excliaiige-coriela.tioii 

fuiict,ioi~al[~'."]. Tlie elcct,roii-ioii intera.t,ion is de- 

scribed by ~orm-conserviiig, f d l y  sepa.rable nb-liritio 

pseudopotentials lmsed on rehtivistic a11 elect,roil 

calculat,ioi~s['"-"'1. Tlie calculations mere perforined on 

tlie superlat.,ices consisting of slabs of lhe semicondiic- 

tors Ga.ils, I iiis or G a P  and InP, bascd oii tlie [O011 di- 

rection of tli: siipercell witli the latt,ice const,ant~s talieii 

ns tlie avera.ge of tlie tlieoretical brilk's lattice constaritas. 

The  waxre functions were expaiicled in plane Tvaves wit,li 

kinetic energies up to 1 s  Ry aiitl the li-space integration 

was replaced by a suin of four specia.1 1< poiilt,s of the 

irreducible part of the Brillouin zorie[l7]. To iuiniriiize 

errors associated wit,li k-point síimpliiig a.nd p1a.m-wave 

expaiisioi~s! t lie l~ull i  ca.lciilat,ions were inade in tlie su- 

perlattice geoinetry. The calcula.tetl ec~uilibriuni lat,tice 

consta.nts of pure zinc-bleiide coinpoiinds a.re t,lie fol- 

lowing: 5.56;~ for G a h s ,  5.81iA for InAs, 5.3611 for Ga.P 

and 5.66W for InP. Tliese values reduce tahe misiiiatch 

bet-iveen t,he materiais on t,lie SL t,o about 5.5% clespite 

t,he experiine rital 7%. 

Tlie equililiriuni atoinic positions for tlie at,oms in 

tlie supeilattice's supercell were det,erinined perfornl- 

ing total energy and forces calculations, using ali "op- 

tiinized steepest desceiitSn inetliocl for the atoiiiic dis- 

placemeiits tcget,her with ri car-~arrir iel lo~"] a.pproach 

for bringing tlie wave functions to  self-coiisisteilcy. T h e  

eyui1ibrium grometry is identifiecl wheil a.11 forces are 

sinaller tlian 0.005 eV/ A, and on t,hri.t positioiis tlie 

variat,ions on t-lie boiid-leiigths do not exceed I%,, ap- 

proachiiig tlie bonds to  tlieir biilk values. 

To  iinderstand the iiistability iii size-misii~a.t,clied 

systerns, sucli as GaAs/lnr\s a.nd Ga.P/liiI->. we follow 

Srivastava.? kii~rt ins and ~unger[ ' " ]  aiid consider t,lie for- 

niation o€ t.he SL as a. tsliree-st,ep process. Iii t h  first 

step, tlie two c:onstituint8s crysta.ls h C  and BC are coni- 

pressed (dilattd) when the nlaterials c l m ~ g e  froin their 

natiira.1 lattice consta.nt (a..ic, a s c )  to a conxnoii eyui- 

libriiiin lattice const,aiit of the superlat,tice (a,,). Tlie 

energy associated t o  tha t  process is: 

1 
AEd = , {E[AC. a,,] - E[AC, aAc]) 

In t)he second step the SI, forniation occurs, but  ai1 

tlie boncl-leiigths (RAc and Roc) are ideiitical. We can 

ima.giiie t,hat step as a change of an A eleinent by a B 

eleme~it  on the -4C structure' and a vice-versa change 

on t,lie H C  structure, with a charge redistribution on 

t,lie SI,. Tlie energy on that  process is: 

Finaly the tliird step consists of the interna1 struc- 

tural distortions. The hoiid-lengths between tlie AC 

eleinents (RAC') and the BC eleinents (RBC') have now 

new values, R>'c aiid RzC. The energy associated to  

that  relaxation process is: 

Tlie foiinatioil enthalpy A H ,  will be the suin of tlie 

energies iiivolved on the three steps: 

For lattice-inisinatchecl systems, the  largest contri- 

bution for AH comes from AEa which is always positive 

and froin AE,. which is negative. AEd corresponds to  

the ~voili necessary to bring A-C aiid B-C bond lengths 

from their equilibriiiin values to tlie comiiion value, so 

AEd becoines bigger as the inismatch increases and 

oiily part of this energy is recoved by AE,. ['O]. In 

lattice-matcliecl systems, such as AlAs/GaAs, the  strain 

energy AEd vaiiishes and tlie entire forination enthalpy 

is givcii by the  chemical energy associated with AE,. 

ald AE,. The  use of the averaged lattice constant 

between GaAslInAs and GaP/InP is justified by the 

fact that  the SL lattice constant follow the Vegard's 

lam within 0.2%. Coiisideriiig tha t  our theoretical lat- 

tice coiistants are smaller than tlie experimental ones 
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Figure 1: Ene .gy gap versus alloy concent.ration for t,lie si[- 
perlattices (&I-, In,  AS)^ (Ga.tls)y and (Gai-, In,  AS)^ 
(1nAs)- along [O011 direct,ion. Tlie labels a? b: c and d iefei 
to groívtli oii clifferent lattice const.ants as follow: a) 
b) aiid c) a = i ( ( b I n i l s  + ~ G " - 4 J ) :  <I) 

the structure and as the previous calculations, a set of 

specia.1 points was used for sampling t . 1 ~  k-space. The 

virtual-crystal approxinia.tion (VCA) mas used for tlie 

alloys Ai-,: El, C, replaciiig the inicroscopically inho- 

mogeneoiis dir;tril>ution of .A and B a.t.oms with a lattice 

of ident,ica,l fi<$ious atoms whose properties represent a 

coinpositioil ~ 4 t h  apropriate wciglit.ecl a.verage of the A 

and B pseudo >otentials. The experiineiit,al Iat,t,ice con- 

stants were taken for GaXs (5.653.&), In As (6.058A), 

G a P  (5.451.A) and I n P  (5.869A), and for the alloys we 

coilsidered the Vegard's 1a.w. T h e  obtained eneigy gaps 

were found as 1.46 eV (Gaiis) ,  0.44 eV (InAs), 2.29 eV 

(GaP)  and 1.22 eV (InP) and for the alloys tlie values 

also agree ver). well witli experiinenta.1 results. 

AI1 SL ~t~r i ic tures  were relaxed up  to  the equilib- 

rium atomic positions in t,he iiiiit cell, tliat ininimize 

the total energy. As in the case of tlie n6-iizitio ca.lcula.- 

tions of part 11, the variations of the boiid-lengtlis were 

arouiid 1% to the  relaxed SL, wit,ll t,he displn.cements 

approaching tl- e 111-V bonds t,o tlieir bullí va.lues. 

Figures 1 and 2 shom tlie calculat,ed energy gap re- 

lated to the SL's 3 x 3 along [O011 direction, for tlie 

ternary alloys (>al-,In,As and Gai-,ln,P, and the  re- 

spective 111-V compounds Ga.As/InXs a.nd GaP/lnP. 

CONCENTRATION X 

Figiire 2: Energy gap versus alloy concentration for the 
siiperlatt,ices (Gai-, In, P)r (GaP)3 and (Gal-, In, P ) B  
(InP)? along [O011 direction. The labels a, b, c and d refer 
to growt,h on different lattice constants as follow: a) arnP,  
b) and c) a = : (arnP + aGRP), d) aGaP. 

All tlie curves present an  almost linear behavior. The 

largest gap is related to  the compound tha t  has the 

smallest lattice constant (GaAs, GaP) ,  while the  small- 

est gap is related to tha t  of largest lattice constant 

(InAs, InP). Tlie SL's grown on that  cornpounds fol- 

low the s a n e  trend. ( G a l - , h , A ~ ) ~  (InAs)3 and 

(Gal-,In,,P)3 grown on InAs and InP  respec- 

tively, have tlie smallest gaps for a11 the alloy con- 

centration, while the SL's (Gal-xInxAs)s (GaAs)3 

a.nd (Gal-,In,P)s (GaP)3 have the largest gaps when 

grown on GaAs and GaP. T h e  SL's grown on the  av- 

erage lat,tice constants present intermediate gaps but ,  

now t,here is an inversioil on the trend: (Gal-,InxAs)3 

(Ga,As)s a.nd ( G a ~ _ , l n , P ) ~  (GaP)3 have an  energy gap 

lower than (Ga,i-,In,As)3 (1nAs)S and (Gal-21nxP)B 

(111P):~ respectively, when growii on the  average lattice 

consta.nt,s. A11 SL's exhibit direct trailsition to  the low- 

est conduction state except (Gal-, In, P)3 (GaP)3 

grown on G a P  lattice constaiit, that  present an  indi- 

rect transition. Ailother clia.racteristic of these SL's is 

tha t  there is a slowly decreasing of energy gap as In 

concentration increases, while for a11 other SL's the gap 

iiicreases with In concentration on the alloys. 

Considering the most favorable structures of SL's 
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Figure 3: Eiiergy-band striicture of the (Gao Iiio 2 .4s)3 
( G a - 4 ~ ) ~  siiperlattice aloiig [O0 L] direct,ioii based oii GaAs. 

Figure 4: Eiiergy-baiicl structilrt of tlie (Gao.<; Ino4 

(Gao.'I 1no.c P)s superlattice along [DOI] directioii basetf oii 
a substrate witli lattice constant aversgecl between tlie two 
alloys. 

ivitli respect t,o sta.bilit,y, as mentioned a t  part 11, we 

ca.lculnt~ec1 the dispersion of electronic states along the 

superla,t,t,ice groivt,l-i direction [O011 for (Gana Ino.z  AS)^ 

(GaAs)3 on the Ga.As lattice constant and for (Gao.a 

Ini ,"  P)3 (Ga.o.4 I11o.~ P)3 011 the average lattice con- 

s t m t  between the two alloys. Figures 3 and 4 show 

the  energy-band structure of these 3 x 3 full relaxed 

SL's along the high-symnietry axes. X correspond to  

X poiiit in the  fcc Rrillouin zone and 2 is related to 

tlie growtli direction. In Fig. :3 the energy-gap is 1.52 

eV aiid iii Fig. 4 is 2.19 eV. In both case t,he value 

of t3he energy gap is just the average gap hetween tlie 

coinpouiids tha t  compose tlie SL a t  tha t  lattice con- 

stant .  The  dispersions are identical for the  two SL's 

even on deta.ils in t,he valence and cond~c t~ ion  states. 

The  unique difference is the energy-gap. 

In suinina.ry, we liave shown that  the  lattice- 

inisiiiatched ( G a A ~ ) ~ ( 1 n A s ) ~  and (Ga.P)3(InP)3 SL1s 

are uilstable aga.inst pliase segregation. The  formation 

entlialpy of these systerns is dominated by the strain 

co~itribut,ion 4Ed. In order to reduce strain effects the 

alloy SL's should be less unstable. The substrate lattice 

constant on wliich the SL is grown strongly affects the 

electronic band-structure. For all SL's the  gap increases 

with In conceiitration on tlie alloys, except for tlie SL 

( G ~ I - , I ~ , P ) ~ ( G ~ P ) ~  grown on G a P  la.ttice consta.nt. 
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