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Quasiparticle electronic band structures for ternary InGaAs and InGaSb systems, modeled by a luzonite
structure, have been obtained using the screened-exchange local-density approximation approach. We focus
our attention on energy transitions relevant for the electron-hole pair lifetime and, in particular, on the direct
(E'"T) and lowest indirect E' ~') band gaps as a function of volume, common anionic species, and com-
position. All these degrees of freedom can be used to tune the transitions considered: as a first result, a large
range of band gap&@lmost 1 eV can be obtained by varying the lattice constants within a few percent with
respect to their equilibrium values. Moreover, the lowest indirect transition can be strongly reduced by replac-
ing As with Sb. Finally, the composition dependence of these transitions shows that, due to symmetry prop-
erties of the potential in ternary luzonites, In-rich systems have the smallest indirect band gaps of all com-
pounds investigated in this work.

I. INTRODUCTION which can play a key role in determining the carrier lifetime
in these materials. Although the structure of the alloys used
Ternary and quaternaryll-V semiconductor alloys have in TPV devices is certainly more complex, there are several
been the subject of many experimeftahd theoreticdistud-  good reasons to focus on ordered luzonite structures. First,
ies, due to their numerous potential technological applicathese systems show perfect anticlustefisigce the first cat-
tions such as high-speed electronic circuits and optoelegGonic shell around a given cation—i.e., Ga—consists of all
tronic devices. In particular, the efficiency of cations of a different atomic species—i.e.) which, accord-

thermophotovoltaic devices depends strongly on carrier difing to previous total-energy calculatiohss indicated to be
fusion lengths, which is related to the carrier effective Mas$nergetically favored. In  addition, previouab initio

and electron-hole pair lifetime. Both the effective mass an alculation& performed by Wei and Zunger on 1lI-V semi-

carrier lifetime are greatly affected by details of the bandConductor alloys(such as GaASh, , and ALGa_As)
—X —X

structure. Realistic descriptions of aIons_ ne_ed fo take IntQ[aking into account structural disorder have demonstrated
account the balance between random distributimes the . . o
that ordered luzonite structures show direct band gaps simi-

special quasirandom(SQS approach proposed by Wei . ; :
et al*] and effects such as short-range ordefipiase seg- lar to dlsordgred aIons{see Fig. 13 of Ref. 10in good
agreement with experimental data. Finally, luzonite has a

regation, and spontaneous CuPt ordefirfépr instance, it ; ) . .
is unclear whetherlike atoms (i.e., Ga-Ga in InGaAs cubic structure and is therefore very suitable for studying the

systems tend to associaté‘clustering”) (Ref. 7 or unlike  effects of an isotropic compression or expansion onlthe
atoms (i.e., In-Ga in InGaAs systems aggregate —T andI —L transitions in which we are interested.
(“anticlustering”).® It is well known that for 11l-V compounds of interest for
With an aim at meeting specific technological require-Tpy applications, the widely used density-functional theory
ments, the present work focuses on understanding ke(SDFT) in the local-density approximatiofLDA) (Ref. 11
chemical and structural effects which influence critical pointsgives unphysical negative band gaps and incorrect excitation
@n the conduction band of I1I-V aII.oys. Inlp;clrticular, we ;tud— energies. Therefore we use the LDA wave functions from
ied ordered InGa, -,X systems(with x=3,3 and the anion  5.0rate full-potential linearized augmented plane-wave
X being As or Slp which areé promising materials for (FLAPW)*? calculations as a basis for a screened-exchange
thermo—photovoltai¢TPV) devices. MoreoveLwEfocus_on LDA (SX-LDA) approacht for obtaining quasiparticle ener-
the_luzonite structure and in partiCUIar on the-I" andI” gies_ This Scheme, recent|y proposed within the pseudopo_
—L transitions(here and in the following we denote the tential framework®!* and implemented in the FLAPW
electronic states of ternary compounds with an overbar method!>® goes beyond DFT by modelling the exchange
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hole within a nonlocal scheme. Previous calculattbhgve TABLE I. Experimental lattice constantsalues in A from Ref.
shown that self-consistent SX-LDA gives excellent band22) for the zinc-blende binary constituents and cubic lattice con-
gaps fors—p bonding binary semiconductors as well as ac-stants for luzonite structures at different concentrations, according
curate electronic band structures for both occupied and urfo Vegard's rule.

occupied states, so that we expect reliable values fol'the

—T andT —L transitions. We recall that in 11I-V semicon- InAs Gans 2857 Mo 755229
ductors carriers in conduction side band valleys like those &8.058 5.653 5.755 5.957
L andX have much higher effective masses than those in the

primary valley atl’, because the band curvature latis  InSb GaSb 192G & 75Sh Iny 756Gy osSh

steepet’ It follows that valence-band electrons that are ex-
cited into the conduction side band valleyslabr X will
have relatively short diffusion lengths and thus will have a

relatively low probability of being collected at the leads of 2 core states. For the compounds of interest here, the treatment

TPV device. Carriers can be scattered frbhinto the side f ; ial as in oth ; .
valleys by random thermal excitatiofise., phononsand by of d states is not as crucial as in other binary semiconductors
2 (such as GaN, ZnS, ZnSe, etc., where the cati@hectrons

the atomic disorder existing especially in ternary and quater: . : ; .
nary alloys. Therefore if th& local minima in the conduc- strongly interact with the anioa stat. Hence the approxi

tion band are sufficiently close in energy to thepoint a mation of considering onlg andp states in the valence are

o . 2. known to give reasonable resuffsin order to achieve con-
significant amount of useful light could be consumed in in- .

. " ; vergence for the SX-LDA eigenvalues, we used 28 states
direct transitions from the valence-band maximum to the

secondary minima. As discussed, such indirect optical tran(—'nCIUdIng 12 empty statesThe charge density and wave

g . . functions were obtained self-consistently within the SX-
S|t|qns WQUId contr!butg little to the output power of the LDA approach, whereas the spin-orbit coupling was treated
device, since the diffusion lengths .Of SUCh. heavy eleCtron%erturbatively on the self-consistent charge derfsity
would be short. Moreover, carriers originally in the :

conduction-band minimum dt also may be scattered into We used experimental 300 K lattice constététhe
y FLAPW calculated values are within 0.5% of experintént

the L or X side valleys by nonradiative processes such 330, the zinc-blende binary compountihown in Table Y and

Auger or scattering d_ue _to |mpur|t|_e_s and alloy disorder. mthe equilibrium lattice constants for the ternaridsB, _,C,
essence, then, these indirect transitions are a loss mechanism

competing with the direc” —T" transition. As a conse- were chosen according to Vegard's rﬁfea\,egarf(x)aAg

: h — = T T = 7 +(1—x)agc (see Table )l The unit cell for the luzonite
quence, in addition to the’'—I'(E' ") and '~L 9aps  strycturé* contains eight atoms, whose internal positions
(E'™Y), it is particularly important to examine the so-called have been fully relaxed according to tia initio atomic
“T'—L separation,” AE" "t=E""-—E'~I'. Moreover, we forces.
stress that in a perfectly ordered material, electronic transi-

tions fromT to L need to be assisted by phonons, whereas in IIl. SX-LDA ELECTRONIC PROPERTIES
disordered alloys, the selection rules are softened by effec-

tive backfolding of states td’; this effect may enhance the
probability of transitions into thé valley. We first discuss the SX-LDA results obtained for direct
This work is organized as follows: in Sec. Il the compu-&nd indirect band gaps in the pure binggy compounds. The
tational and structural parameters used in the calculations atd?” SX-LDA, and experimental V3|Ué753 at selected im- -
illustrated; in Sec. Il we discuss the SX-LDA electronic Portant symmetry points are compared in Table Il. First, it is
properties, focusing on the band structures for binary angVident that the difference between the SX-LDA and bare
ternary compounds obtained within SX-LDA and, in particu- LDA values isk dependent, so that the corrections due to the
lar, on the trends in direct and indirect band gaps as a func>X-LDA approach go well beyond a rigid shift to higher

tion of pressure and composition; Sec. IV summarizes oufnergiesii-e., the so-called “scissor” operatorMoreover,
results and draws some conclusions. the overall agreement with experimental data is quite good.

We note that the SX-LDA method seems to work very well
for the In compounds, whereas it is not as accurate in recov-
Il. STRUCTURAL AND COMPUTATIONAL DETAILS ering the discrepancy between pure LDA values and experi-
) o ment for Ga compounds. Therefore we expect that the values
Accurate FLAPW functions were generated within the gptained for ternary In-rich compounds are very close to ex-
DFT-LDA framework, using an exchange-correlation poten-periment, whereas a larger error could affect predictions for
tial with the Hedin-Lundqvist parametrizatidfiWe consid-  the Ga-rich systems. In addition, we recall that the SX-LDA
ered a plane-wave basis set with a cutgf,=3.0 a.u.and results could be corrected further usingseamiempirical
an expansion in spherical harmonics Wigfy,=8 inside the  procedure€® based on experimental data for binaries and
muffin-tin  spheres, with muffin-tin radii Ry3=RyT  LDA values for the ternariegsee Ref. 27 for details How-
=2.25 a.u.Ryr=2.50 a.u.Ryy=2.62 a.u. The Brillouin ever, we stress that absolute values for direct and indirect
zone (BZ) was sampled via the Monkhorst-Pack schéte, band gaps are not the focus of the present work, which is
using four speciak points in the irreducible wedge. In the rather to determine the differetrendsof the transitions con-
SX-LDA calculations, only thes and p electrons were con- sidered as a function of structure and composition. Also, we
sidered as valence. The catidrstates are treated as relaxed should remark that we are not aware of any experimental

6.479 6.096 6.192 6.383

A. Band structure
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TABLE II. LDA, SX-LDA, and experimental valuegn eV) of  (c) for GaSb and InSb, respectively, within LDAlashed
direct and indirect band gaps for the binary constituéspén-orbit  line) and with SX-LDA (solid ling)]. We recall that, due to
coupling includegl The valence-band maximum is taken as the Zer0f0|ding Operationg)vzs in ternary structures, tha |ine, join-

of the energy scale. ing I to X in the zinc-blende BZ, is folded onto itself so that
the X point is folded back onto the centé&r of the ternary

- -t X BZ. As shown in Ref. 10, band folding in superstructures can
LDA —0.53 0.69 1.31 cause a repulsion due to the coupling of two binary states of
InAs SX-LDA 0.44 1.63 214 different symmetries folded onto a state of the same symme-
expt 0.42 1.68 2.1 try in the ternary system. It is therefore interesting to com-
pare the critical point energies calculated for the luzonite
LDA —057 0.19 0.99 structure with the composition weighted average levels: for
InSb SX-LDA 0.30 0.90 1.59 example, for the direct band gap in & _,Sb, the compo-
expt 0.24 1.7¢ siton  weighted ~average would be(Eg,n,  sp
=(X)EL 55t (1-X)Elob, whereE" I andE" " represent
LDA 0.25 0.79 1.27 the direct gap for ternaries and binaries, respectively. As ex-
GaAs SX-LDA 1.20 1.66 2.06 pected, there is an appreciable reductiom’ ("
expt 1.52 1.81° 1.9¢ T T T-T )
:<EGa1,4ln3/4Sh>_Eluzonite:_0'18 eV) of the direct band
LDA ~-03 0.07 0.58 gap in going from the average band gap to the luzonite cal-
GaSb SX-LDA 0.51 0.71 1.14 culated value, which has to be ascribed to the above-
expt 0.87 1.09 mentioned repulsive potential.
If we now consider thé. point in In-rich Sb-based luzo-
:Ref- 17. nites, we have twaegregatingstates originating from the
CRef- 25. . GaSb and InSh ;. zinc-blende states. As proposed in Ref.
di‘:f? ng- 16 and references therein. 28, the superlattice potential induces a symmetry enforced

splitting between the two original states, so that the resulting
luzonite states belong to different symmetries and are local-
data regarding the direct and indirect transitions in luzonitézed on a different cation sublattice. In fact, we note that the
InGaAs and InGaSb structures. Therefore in this work wW&gwest conduction level at has a predominarg character

will not use any empirical correction and we will limit the |5cajized on the Ga site, while the second lowest level has a
discussion to SX-LDA trends as a function of different de-predominant character on the In sublattice. As a result, the
grees of freedom. repulsion between these segregating states produces a strong

Let us now consider the SX-LDA band structuispin- . 2 e i
orbit coupling excludexlof the Iy 4G4, ,Sb luzonite sys- rgducUgany about 0.5 eY of theI'—L transition in luzo

l"_ _ .
tem [shown in Fig. 1b)] as compared to that of the binary Nit€ [Ein,cay ,.s6=0-35 eV (Ref. 29] with respect to the
constituents along the main symmetry lifésgs. 1@ and average of the correspondiig—L indirect gaps in the bi-

4

FIG. 1. Panel (a): semirelativistic LDA
(dashed ling and SX-LDA (solid line band
structure for GaSb; panéb): semirelativistic SX-
: g : LDA band structure for luzonite fy:Ga »sSb;
8 L 4 L _ panel(c): semirelativistic LDA(dashed lingand

: : : SX-LDA (solid line) band structure for InSh.

E (eV)

(a) Zincblenéie GaSb (b) In0A75G350.258b (sx-LDA (©) Zincbleri1de InSb
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FIG. 2. SX-LDA direct(diamond$ and indirect(circles band gapgin eV) as a function of the cubic lattice constain A) for (a)
INg 25G& 755b, (0) INg 765 & 2AS, (€) INg 258G & 75AS, and(d) Ing 76G& 5Sb.

nary constituents(Efn;;GaOZSSbb0.85 eV). Moreover, at bulk modulus is—1.79 eV/a.u3* which compares reason-

' ' T-L ably well with our calculated value, taking into account the
considerable experimental uncertainty.e., about 0.1
eV/a.u). It is therefore possible to tune the transition ener-
gies by varying the lattice constant. Furthermore, it is inter-
B. Volume dependence of direct and indirect band gaps esting to observe that our calculations predict LD#hose
values are not shown in Fig) 2nd SX-LDA approaches to

In Fig. 2 we show thd—T and [ —L transitions, ob- give similar slopes. This is probably due to the fact that the
tained within self-consistent SX-LDAspin-orbit included shapes of the LDA orbitals and the SX orbitals are quite

as a function of the cubic lattice constamny,, .>° Panels(a) Lo ) . A
and(c) are relative to the Ga-rich Sb and Atts-based quonites?"m"ar'_Slnce the depe_ndence of the gap on interatomic dis-
respectively, whereas panels) and (d) are relative to In- tances is governed mainly by changes in the overlap between

rich As and Sb based structures, respectively. Note that th@Pitals, LDA and SX are expected to give the same trends.
effect of volume on the direct energy gap is dramatic: in allFurthermore, since it is well known that LDA can predict
systems considered, variations of the lattice constant ofith good accuracy the band-gap behavior as a function of
+4% can change the band gap by as much as 0.7—0.8 epressure, we may expect SX-LDA to also give correct results
On the other hand, the effect of pressure onfheL tran- (a}t least for. In rich compoungboth for the band-gap mag-
sition is less evidentaround 0.3 eV for changes df4% in ~ Mitude and its pressure dependence.
the lattice constaitalthough still present. We show in Fig. 3 thd”—L separation as a function of
We observe that in all structures the trend is almost perlattice parameter for all the luzonite systems considered: as
fectly linear, in agreement with deformation potential andshown in the figure, th& — L separation energy increases in
bulk modulus measuremeritsThis fact leads to a smaller all the systems with a slope of about 1 eV/a.u. In discussing
band gap as the lattice constant is increased. Most remarleigs. 2 and 3, we note that two major effects determine en-
ably, all the compounds follow the same trend: upon expanergy band gaps in IlI-V semiconductors, namel(y). the
sion of the lattice, independent of the particular chemicakplitting of bonding and antibonding statéglence band
composition, the direct and indirect energy band gaps diminand conduction banddue to chemical interactions between
ish with a slope af approximately 1.6 and—0.5 eV/a.u., As (Sb) s,p states with Gdln) s,p states andii) the width
respectively. The value oflE" '/da for Inys{Ga,As of each band. As cations and anions are brought into closer
(which is lattice matched to InRdetermined by combining contact by a reduction of the lattice parameter, the splitting
the indirectly measured band-gap pressure dependence abdtween bonding and antibonding states increases, which

thelL point the indirect gap reductioA’ ~- with respect to
the weighted average is even larger than atlthgoint.
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1.25 r T T T T T T T T T C. Composition dependence of direct and indirect band gaps

- o 1 Let us first focus on the effect of anion substitution and
1M 02432 0758 N B, A compare the transitions considered in Ga-rich systems at the

I equilibrium lattice  constant; we haveEg,! in s
A a 0 _ - _ r-r
075 ' S - =081 eV, E_Ga_o.7é”o.23“3_ 141 ev, EGag 74ng e

; y A _ r-L —
[ s 0.22 eV andEg, 4, ,sb=0-54 eV. Note that both the

I'-T andT —L energy transitions in InGaSb structures are
o 'Y much smaller than in InGaAs systems; moreover, we observe
O at a given cation composition, that the-L separation is
0251~ n r-L _ r-o _
@ In, Ga, . Sb AE|, Ga, as—0.60 eVandAE|, g, sp=0.32 eV forAs

L In.,.Ga, Sb O 5| .
fozs ™% a7s o and Sb based systems, respectively. Therefore the As com-

. L pounds seem to be more promising for TPV applications,

56 5.8 6 6.2 6.4 6.6
lattice constant a (A) due to a highenE' ~* barrier.
Let us now investigate the composition dependence of
FIG. 3. SX-LDAT —L separatior(in eV) for the luzonite struc-  these transitions in ternary systems. A complete study would
tures as a function of the cubic lattice constaimt A): Ga-rich  of course imply the examination of disordered alloys: how-
InGaAs (empty squares In-rich InGaAs (filled squarel Ga-rich  ever, we can study the trend as a function of composition in
InGaSh(empty circleg; In-rich InGaSh(filled circles. ordered structures, considering only five different composi-
tions: x=0 and 1(binary compounds x=0.25, 0.75(luzo-
leads to a widening of the band gépe centers of the bands nite structures andx=0.5 (CuAu system We decided to
move apait At the same time, both the valence band and thénclude the CuAu structure in our set since it can be consid-
conduction band are broadened due to increasing overlap eted equivalent to luzonite from the ordering point of view,
the wave functions. This second effect tends to close th@oth these systems are ordered structures ha(@0d) as
band gap and to drive the system towards a metallic state. Asrdering vector®
it turns out, the splitting of the bonding-antibonding states || the systems considered are particularly important in
prevails and one observes a band gap widening with decreagse context of disordered alloys, since, due to local atomic
ing lattice parameter. Moreover, the distance dependence fog,q ination, the “local clusters” they exhibit.e., In,Ga,
both the direct gap as well as the indirect gap is fayrly .'nde'lnzGaQ, and InGa in In-rich luzonite, CuAu, and Ga-rich
pendent .Of the specnflc che_m|cal nature of the cation in th'?uzonite, respectivelycan be regarded as building blocks of
[1I-V semiconductors investigated in this study. Furthermore . . .
— — o i . the disordered alloy. In order to be compared with cubic
the I'—L separation is determined by an energy differencq,,qnjte systems, the CuAu structure was also considered

within a band and therefore depends primarily on the width ;i cubic lattice constants, i.e., we neglected any tetrago-
of the conduction band, i.e., on the overlap of the states | gistortion of the cation sublattice

forming the conduction band. Since catiosi@nd p states . 3
domingte the conduction band, the width of thepconduction In T_abIEIII, we show the experimental valués®for the
band is related to the nature and distance of the cations. Alirectl’ T transitions in InGaAs alloys at different concen-
distances characteristic for Ga-Ga and Ga-In equilibriunirations. Moreover, we report the SX-LDA values for the
spacings in 1ll-V semiconductors, the Ga and In wave func-direct and indirect band gaps and for the L separation in
tions are quite similar and size effects prevail over chemicaAs-based systems and the character of the first conduction

eﬁ?_%ts'l, behavior of the direct band i Eand atl’ and L. Note that Chenget al®* found al —L

€ linéar behavior ot the direct band gap as a function 0kenaration in IpsGa, ,As of 0.55 eV from ultraviolet pho-
VOlume IS & well-known and estabhsheq res@liA linear toemission measurements, which is in very good agreement
relationships between band-gap and lattice parameter can Q\ﬁth the predicted SX-LDA value of 0.62 eV for Cu-Au
also obtained within a simple reduced-bdsgis., cations and Ing <G As system(see Table Il] Upoﬁ alloying GaAs
a”'of‘ pl.kzgateszl/dtlnght;]blndm_gz 3n:10(;iel, assuming q a with In, the experimental energy band gap diminishes from

arrison-like” (~1/d" wheren=23,4 fors—s,s—p, and | 55 a\/(pure GaAs to 0.42 eV(pure InA3 while the lattice
p—p interactions, respectivelyscaling law for the depen- ;o oter expands from 5.653 A for GaAs to 6.058 A for
dence of the first and second nearest-neighbor matrix el nAs. This trend is reproduced by the self-consistent SX-
ments on the atomic distance. Within this same picture, it ig) Ap\y calculations including spin-orbit splitting. There is a

also reasonable to expect that the linear behavior is n ronounced deviation between the calculated and measured

strongly affected by chemical composition, given that theenergy band gap for binary GaAs and for the composition
wave functions involved are very similar for In-Ga and As-

Sh. On the other hand, due to the hybridized character of thlgr;oggiiotj? ; ' el?/e?gll g:itr(];eai;( aspop rt?]?\(t:k;hﬁgog;g?jaiﬂ enr]rg;

lowest conduction states &t (mainly cation and aniors  strongly affect the final results for the Ga-rich ternary com-
state$, the linear behavior of thE — L transition versus vol- pounds. Moreover, it is likely that the actual arrangement of
ume cannot be straightforwardly reproduced within such atoms in the experimental samples is different from the lu-
simple model. zonite structure assumed in the calculations.

I'-L separation (8V)
©
(3]
T
®
|
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TABLE Ill. Experimental direct band gap and SX-LDA values for the direct, indirect transitions, and
I'—L separation in InGaAs systen(all values are in eV—spin-orbit correction include@he character of

the first conduction band &t andL is also shown. The experimental values refer to optical band gaps at 100
K in disordered alloys at the specified composition.

System Expt SX-LDA SX-LDA SX-LDA Character Character
T-T T-T T—-L T—L of cond. band of cond. band
gap gap gap separ. atT? atL®
GaAs 1.58 1.20 1.66 0.46 39% Ga- 26% Gas
zinc-blende 35% As 15% Ass
Ing »5G& 75AS ~1.1° 0.81 1.41 0.60 30% Ga- 0% Gas
luzonite 5% Ins 8% Ins
32% Ass 16% Ass
Ing sGay sAS ~0.8 0.62 1.25 0.63 22% Ga- 23% Gas
CuAu 17% Ins 7% Ins
28% Ass 12% Ass
Ing 75G& 25AS ~0.8 0.48 1.11 0.63 11% Gs- 23% Gas
luzonite 25% Ins 0% Ins
33% Ass 13% Ass
InAs 0.42 0.44 1.63 1.19 34% |- 26% Ins
zinc-blende 31% As 13% Ass

aSee Ref. 16, and references therein.

PReference 33.

‘Reference 17.

The charge of a band state is normalized to 100% in the unit cell. If a cell contains, for example, three
equivalent Ga atoms, then the value shown is the contribution per Ga atom multiplied by 3. It should be
noted, however, that the specific value depends on the size of the muffin-tin radius used in the expansion of
the wave functions.

Let us now discus; the angular character of the most relsyinimum at L has In s character, hybridized with As-
evant states. The orbital character of the states at the top o[ . .

—. i States. As a consequence, one notes a fairly nonlinear behav-
the valence band af is predominantly Ag3. The wave ior of the T —L_ ration in th ries between GaAs and
function at the bottom of the conduction band has catignic IOAO E € (;;E\a aho e;de_ Les ctween bs a
character. Due to the more delocalized nature of thegn 5 "S- .or pure S. the comput separation s about
wave functions compared with the Ga functions, there is 0.5 eV, this value remains almost constéatound 0.6 ey
more Gas-like charge in GaA£39% of the wave functionis UP to about 75% In and then rises steeply to the value of 1.19
localized within the Ga sphereompared with the Is-like €V for pure InAs. _ -
charge in INAs(34% in the In sphepe as can be seen from In Fig. 4(a)., the SX-LDA values for the dlrect.transmons
Table IIl. It should be kept in mind, however, that the abso-in INGaAs (circles and InGaSb(stary, respectively, are
lute value of anl-like Charge depends on the choice of theShOWn together with a pa_rabol_lc fit. The trend of the direct
muffin-tin radius used in the basis set expansion. The interPand gap versus composition is well represented by a para-
mediate stoichiometries show a rather smooth variation obolic ~ behavior: E,rn’leGaXsz(x)Eggngr(1—x)E|rng1;
the slike charge inside the Ga and In sphereRG} T-T
=2.25 a.u. anRy;=2.62 a.u.).

= “ . .- ” r-r
The situation at th& point is different due to symmetry Noted as the “bowing coefficient.” In our casky, ca, sb

effects. If one assumes that near hg,sB75C composi- =112 eV anobﬁ:gaHAsz 0.89 eV, so that both As- and

tion the dominant atomic arrangement of the alloy can b b-based compounds show an appreciable deviation from
described by the luzonite structure, then the conduction-ban, earity, mainly due to ordering effects. Moreover, the en-
minimum atL has thes character of the CatiOB, but nos ergy range that the direct gap can span is |arger in As-based
character of theA-type atoms. In other words, even for an (A, ;..=0.78 eV) than in Sh-based\(,g.5=0.21 eV)
In-rich alloy of the form I 75Gay 25As, the conduction-band  compounds; therefore InGaAs systems appear to be more
minimum atL has Gas character, hybridized with As- suitable for band-gap tuning purposes.

states. In the limiting case of vanishing Ga content, i.e., for We show in Fig. 4b) the composition dependence of SX-
pure InAs, one finds, of course, that the conduction-band.DA energy values for the first and second conduction-band

r-r r-T .
+b,nXGa1_Xbe(1—x), where blnxGal—be is commoDIy de-
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15 T T T T T T 25 In-rich systems, which seems therefore to be the more prom-
I 1 I 1 ising for thermovoltaic and, possibly, other applications.
Moreover, as a last remark, note that in the CuAu structures
these two states are both singly degenerate and localized on

L © | the Ga sitglowest leve] and on the In sitéupper level; in
SN J175% this case, the shift with respect to the linear average is more

o g W or less equivalent for the two superlattice states.
- —115

IV. CONCLUSIONS
- o —1.25

o 1 Screened-exchange LDA calculations were performed for
|

o s o1 0 o or oom " simple ordered ternary InGaAs and InGaSh systems, in order

Ga concentration x Ga concentration x to investigate the dependence of the direct and lowest indi-

rect band gap as a function of pressure and composition. Our

FIG. 4. (a) SX-LDA direct band gapgin eV) for InGaAs . L '
(circles and InGaSh(starg systems versus Ga concentratighe !’esults can be summarized as followig:both the direct and

dot-dashed line shows a linear average of the direct band gaps in tigdirect bandl’—I" and indirectI’ —L band gap decrease
binaries. (b) SX-LDA lowest (squares and second-lowestdia-  linearly as the lattice parameter is increasgid;the reduc-
monds indirect band gaps at in InGaAs systemgthe dot-dashed ~tion is two times faster for the direct than for the indirect
line shows a linear average of the indirect band gap in the binariesband gap(iii) the slope of this linear behavior is nearly
independent of the chemical compositiofiy) the direct

band gap shows a parabolic dependence on the ternary con-

) o , - centration with a non-negligible bowin arametee.,
InGaAs systemgthe situation is absolutely equivalent in Sh- 91d gp e

based h Isiofi he diff b about 1 eV. Therefore pressure as well as composition can
ased structurgsHere the repulsiofi.e., the difference be- o \,se as valid tools to vary the transitions considered; in

. : S articular, due to the symmetry properties of the ternary lu-
X) due to the superlattice perturbative potential is rather Iargré5 y y prop y

(about half an eYfor all the structures. Furthermore, let us 20Ni€S, In-rich systems show a strong reduction of Ihe
consider again the angular character and degeneracy of thel transition, compared to the linear average of thel
different conduction states we find: in In-rich luzonites ( band gaps in binaries. Finally, As-based systems are pre-

=0.25), the lowest state &tis a singly degenerate state with dicted to have largeF —L gaps than Sb-based luzonites and
Gas character whereas the second lowest state is three-fof¢ierefore seem to be more promising for achieving high car-
degenerate with Iis-character; on the other hand, in Ga-rich fier mobilities in TPV device applications.

luzonite xk=0.75), the situation is reversed, with the lowest

level being a three-fold degenerate state localized on the Ga ACKNOWLEDGMENTS

sublattice and the upper single degenerate state being local- work at Northwestern University was supported by the
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