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We report self-consistent electronic structure, total energy and force calculations based on
the density-funcional theory to study tlie stability of (GaAs)s (InAs)z and (GaP)3; {InP)s
[001] superlattices. We predict that they areunstable with respect to disproportion into zinc-
blend constituents because tlie insuficient Ga-In and Ga-P charge transfer. Also we studied
the virtual-crystal-approximation band structure concern to the Ga;_.In;As / GaAs(InAs)
and Gaj_,In,P/GaP{InP) [001] alloys superlattices and we verified the relationship of the
energy bands with lattice constants aiid concentration on tlie growtli process.

|. Introduction

A considerable effort lias been devoted to the search
for aiid study of heterostructures and superlattices to
understand tlie mechanisms of strain relaxation in het-
eroepitaxial semiconductor layers. Strained-layer su-
perlattices (SL's) have the additional attraction on ac-
count of tlie influeiice that built-in strains have on
the resulting electronic structure. The practical dis-
advantage of strained-layer systems is tliat they are,
in general: rather difficult to grow satisfactorily and
there isless inforiiiation than tlie systems made of com-
pounds with good lattice matchingl’:2. In the case of
long-periocl strained-layer SL’s, Osbourn(®! lias demon-
straded how much systems allow independent variabil-
ity of structural properties but in ultrathin SL’s the
interface region is a significant fraction of the total vol-
ume, and tlius cause strong mixings between different
zinc-blend valleys tliat are folded on top of each otlier
in the SL Brillouin zoiie. Such effects are largely pecu-
liar to very-short-period SL's, and tlius add flexibihty
to these structures for band-gap engineering.

The stability of the SL's will depend on the rel-
ative energetics of the positive-definite strain con-
tribuition to tlie energy and the possible negative con-

tribuitions cue to enhanced chewmical binding effects at

the interfacel*®. Changing the substrate lattice con-
stant on which the SL is grown has a significant ef-
fect on the energetics of the interface matching. Also
with the growth of high quality strained Gaj—zIngzAs
/ GaAsl®™ and Gay_,In,P / GaP(InP)®® [001] SL's
in atmospheric and low pressure metalorganic vapour
phase epitaxy (MOVPE), it has been possible to ob-
serve the effects of strain on the growth of lattice mis-
matched superlattices.

In this paper, we present ab-initio calculations to
study the stability and ordering-related phenomena
of the (GaAs)s (InAs)z and (GaP)s (InP)s [001] 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 (Gaj_,In.As)s (GaAs)s/(InAs)s, (Gaj_,In,P)s
(GaP)s/(InP)3 and (Gaj-,In,P)3(Gay_1In,P)3 along
[001] direction, clianging the substrate lattice constant
on which the SL is grown.

II. Formation enthalpy of the [001] oriented su-

perlattices

In order to determine the stability of the

(GaAs)s(InAs)s; and (GaP)s(InP); SL's, we use
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the density-functional theoryl'®' with tlie local-
density approximation for tlie exchange-correlation
functional'*13,  Tlie electron-ion interation is de-
scribed by 1orm-conserving, fully separable ab-initio
pseudopotentials based on relativistic all electron
calculations!™~ 11, Tlie calculations were performed on
tlie superlatsices consisting of slabs of the semiconduc-
tors GaAs, | 1As or GaP and InP, based on tlie [001] di-
rection of tli: siipercell with the lattice constants taken
as tlie average of tlie theoretical bulk’s lattice constants.
The wave functions were expanded in plane waves with
kinetic energies up to 18 Ry and the k-space integration
was replaced by asuin of four special k points of the
irreducible part of the Brillouin zonel'™). To minimize
errors associated with k-point sampling and plane-wave
expansions, the bulk calculations were made in tlie su-
perlattice geometry. The calculated equilibrium lattice
constants Of pure zinc-blende compounds are the fol-
lowing: 5.564. for GaAs, 5.86A for InAs, 5.36A for GaP
and 5.66A for InP. These values reduce the mismatch

between the imaterials on the SL to about 5.5% despite

the experimental 7%.

Tlie equilibrium atoinic positions for tlie atoms in
tlie supeilattice's supercell were determined perform-
ing total energy and forces calculations, using an “op-
timized steepest descent” method for the atoiiiic dis-
placements tcgether with i Car-Parrinellol® approach
for bringing tlie wave functions to self-consistency. The
equilibrium geometry is identified when all forces are
smaller tlian 0.005 ¢V/ A, and on that positions tlie
variations on the bond-lengths do not exceed 1%, ap-

proachiiig tlie bonds to tlieir bulk values.

To understand the iiistability iii size-mismatched
systems, sucli as GaAs/InAs and GaP/InP, we follow
Srivastava, Martins and Zunger!’ aiid consider the for-
niation o€the SL as a three-step process. In the first
step, tlie two constituints crystals AC and BC are com-
pressed (dilated) when the materials change from their
natural lattice constant (a4, ape) 10 @ common equi-
librium lattice constant of the superlattice (a,,). Tlie
energy associated to that process is:
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AE, = ;{E[AC,a,,] — E[AC, as.)}

1
-+ —i{E[BC, aeq] — E[BC, aBg]}

In the second step the Sl, forniation occurs, but all
tlie bond-lengths (Rac and Rp¢) areideiitical. We can
imagine that step as a change of an A element by a B
element on the AC structure, and a vice-versa change
on the HC structure, with a charge redistribution on
the Sl,. Tlie energy on that process is:

AE, = E[(AC)(BC),a., Rac = Rac)
1

- i{E[(AC)aaeq:RAC]+E[(BC')aaeq;RBC]}

Finaly the third step consists of the internal struc-
tural distortions. The bond-lengths between tlie AC
eleinents (R4 ) and the BC eleinents (Rp¢) have now

new values, R%., and Ry .. The energy associated to
that relaxation processis:

AET = E[(AC)(BC),aeq,R;qc,Rquc}
— E[(AC)(BC) Qeqs RAC = RBC’]

Tlie formation enthalpy AH, will be the suin of tlie
energies iiivolved on the three steps:

AH

E[(AC)(BC), aeq, R, RE ()
— S{BIAC), axcl + BI(BC,ascl}

For lattice-inisinatchecl systems, the largest contri-
bution for AH comesfrom A E; which isalways positive
and froin AE, which is negative. AF; corresponds to
the work necessary to bring A-C aiid B-C bond lengths
from their equilibrium values to tlie comiiion value, so
AE, becomes bigger as the mismatch increases and
only part of this energy is recoved by AE, 290 |n
lattice-matched systems, such as AlAs/GaAs, thestrain
energy A Fy vanishes and tlie entire formation enthal py
is given by the chemical energy associated with AE,
and AE,. The use of the averaged lattice constant
between GaAs/InAs and GaP/InP is justified by the
fact that the SL lattice constant follow the Vegard's
law within 0.2%. Considering that our theoretical lat-
tice constants are smaller than tlie experimental ones
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Table I. Formation enthalpy AH and its decomposition
AEy, AE, and AE, for [001] 3 x 3 superlattices. All
the values are in meV /atom.

AE; | AE, § AE,. | AH
(GaAs)s(InAs)s | 334 | 2.1 | -21.3 | 14.2
(GaP)s(InP)s | 414 | 1.9 | -280 | 153

and the mismatchs between both superlattices are re-
duced to around 5.5% (experimental value is 7%), we
are understimating the contribuition of the deformation
energy ALy,

The calculated values of the formation enthalpy and
its individual contribuitions AEy, AF, and AFE, are re-
ported in Table I for the (GaAs)s (InAs)s and (GaP)s
(InP)3 SL’s. Both SL’s are unstable towards dispro-
portionation into zinc-blend constituents. Dandrea et
all2ll and Boguslawskil?”] calculated self-consistently
in the the local-density approximation and nonlocal
pseudopotential plane-wave method the superlattices
(GaAs); (InAs)y, grown in the [001] orientation and
found the values of 22.8 and 20.9 meV /atom respec-
tively for AH. The results obtained by Srivastaval?Z]
and reference 20, also using self-consistent pseudo po-
tentials and [001] orientation, for (GaP); (InP); were
22.8 and 28.9 meV/atom respectively. Dandrea still
concluded that long-period [001] SL has lower energy
formation but higher energy than the disordered alloy
(12.8 meV/atom for Gag s5Ing 5As and 16.7 meV/atom
for Gag sIng 5P) and unstable with respect to phase sep-
aration (AH > 0).

Our calculated AH values for the SL’s (GaAs)s
(InAs)z and (GaP)s (InP)3 have shown that the ex-
cess energy remains positive for isovalent SL’s in the
{001} orientation, suggesting their thermodynamic in-
stability. The point now is that the values are of the
same order of the mixing enthalpy of the disordered
alloy. On the other hand, the direction of charge trans-
fer between two different atoms is predicted from their
difference in electronegativity; that is, charge is trans-
ferred from a less electronegative atom to a more elec-
tronegative one. Some results!!® for (GaP),(InP); con-

firm the prediction of the electronegativity rule show-
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ing that the charge is transfered from the InP layers
to the GaP ones. However, Ohnol?®l obtained an op-
posite direction of charge transfer between In and Ga
atoms for the (GaAs);(InAs); SL’s: the charge transfer
from GaAs layers to InAs layers. In view of the above
results, the electronegativity rule that contribute for
the chemical energy on the formation enthalpy, cannot
alone play the role in determining the stability of su-
perlattice structures.

From the previous results, we can see that the large
contribution to AH is from the strain, so the less unsta-
ble SL’s should be grown on an alloy substract in order
to reduce strain effect. Thus, ordered alloy supelattices
can exhibit stability, with respect to disproportionation
and disordering, since ordered phases accomodate the

associated strain better than do disordered phases.

III. Electronic band structure of the ordered
[001] SL’s alloys

Considering that global understanding ofthe phase
relationships and stability, we have performed cal-
culations of (Gaj_,In,As); (GaAs)s, (Gai_zIngAs)s
(InAs)s, (Gay-11n,P)3 (GaP)s, (Ga;_.In.P)z (InP)3
and (Gaglnga.P)s (GagalngsP)s SL’.s oriented on
the [001] direction, to determine the trends of band-
structure.

While the norm-conserving pseudopotential is
formed from the atomic wave functions of all electrons
in an atom and suitible to the determination of the
ground state properties, the empirical pseudopotential,
which is determined so as to reproduce atomic and solid
properties, is suited to analyzing excited state prop-
erties of an atom or a solid. So we used the former
to determine the stability of ground state properties
and for a simple but reliable approach to both valence
and conduction band, we used the local pseudopoten-
tial method to calculate the electronic band structures
and optical properties of the semiconductor superlat-
tices. The semiempirical ionic pseudopotentials for Ga,
In, As and P were taken from Taguchil?4l and Ferraz(?®]
within the X«oa scheme. All wave vectors up to a ki-

netic energy of 4.41 Ry were considered exactly for all



R. H. Miwa. R. Claudino da Silvaand A. C. Ferraz

30T
< 2.0 -
- {GaAs)
& (1) (GucInhels s
% o
E 1.0 () (Gay-x InxAs):, {InAs)y
.0 (2 _
b) (GaqyInxAs)s (Gohsly
Jtbo

{InAslz -

CW
0.0_

- ! 7 T T
0. 0.2 04 06 08 10
CONCENTRATION X

Figure 1: Ene gy gap versus dloy concentration for the su-
perlattices (Gay—, In, As); (GaAs): and (Ga;—. In, As)s
(InAs). along [001] direction. Tlielabels a, b, c and d refer
to growth on different lattice constants asfollow: a) a!™4%,
b) and €) a = L{a/™"* +oGedsy 4y o T
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the structure and as the previous calculations, a set of
special points was used for sampling the k-space. The
virtual-crystal approximation (VCA) mas used for tlie
alloys Ay_, B, C, replacing the microscopically inho-
mogeneous distribution of A and B atoms with alattice
of identical fictious atoms whose properties represent a
composition with apropriate weighted average of the A
and B pseudo>otentials. The experimental lattice con-
stants were taken for GaAs (5.6534), In As (6.0584),
GaP (5.4514) and InP (5.8694), and for the aloys we
considered the Vegard’s law. The obtained energy gaps
were found as 1.46 eV (GaAs), 0.44 ¢V (InAs), 2.29 eV
(GaP) and 1.22 eV (InP) and for the alloys tlie values
also agree very well with experimental results.

All SL structures were relaxed up to the equilib-
rium atomic positions in the unit cell, tliat minimize
the total energy. Asin the case of tlie af-initio calcula-
tions of part II, the variations of the bond-lengths were
around 1%0to the relaxed SL, with the displacements
approaching tl e I1I-V bonds to tlieir bulli values.

Figures 1 and 2 show tlie calculated energy gap re-
lated to the SL's 3 x 3 along [001] direction, for tlie
ternary alloys(aj_.IngAs and Gay, . In. P, and the re-
spective 111-V compounds GaAs/InAs and GaP/InP.

267

3.0
4 (d) (qu.x Inx P)B (Ga P)3 L
< 2.04le) (Gay.x Ny Pl3 (NP3 i
> ?) (GoPh
% 1o Gony %7 '3 -
]
uZ_! 1.0 (a) (Gaqy Inx Pl3 (InPly i
" r
0.0

IR T { {
00 02 04 06 08 10
CONCENTRATION X

Figure 2: Energy gap versus dloy concentration for the
snperlattices (Gag—, IN, P)s (GaP); and (Gay—, In, P)s
{InP); along [001] direction. Thelabels a, b, ¢ and d refer
to growth on different lattice constants as follow: a) a’™7,
b) and €) a= }(a'"F + a®), d) a®F.

All tlie curves present an almost linear behavior. The
largest gap is related to the compound that has the
smallest | attice constant (GaAs, GaP), whilethesmall-
est gap is related to that of largest lattice constant
(InAs, InP). Tlie SL's grown on that cornpounds fol-
low the same trend. (Gai_;InzAs); (InAs)z and
(Ga;_zIn,P)3 (InP)3 grown on InAs and InP respec-
tively, have tlie smallest gaps for all the aloy con-
centration, while the SL's (Gaj_;lngAs)s (GaAs)s
and (Gai_.In.P)s (GaP)3 have the largest gaps when
grown on GaAs and GaP. The SL's grown on the av-
erage lattice constants present intermediate gaps but,
now there is an inversion on the trend: (Ga;—,InzAs)s
(GaAs)s and (Gaj_.In,P)3 (GaP)3 have an energy gap
lower than (Gaj_zIn,As)s (InAs)s and (Gaj_,In,P)s
(InP)5 respectively, when grown on the average lattice
constants. All SL's exhibit direct transition to the low-
est conduction state except (Gai_ In, P)s (GaP)s
grown on GaP lattice constant, that present an indi-
rect transition. Another characteristic of these SL's is
that there is a slowly decreasing of energy gap as In
concentration increases, while for all other SL's the gap
increases with In concentration on the alloys.

Considering the most favorable structures of SL's
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Figure 3: Energy-band structure of the (Gags Ing2 As)s
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Figure 4. Energy-band structure of tlie (Gace Ings P)s
(Gag.4 Ing.c P): superlattice along [001] direction based on
a substrate with lattice constant averaged between tlie two
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with respect to stability, as mentioned at part II, we
calculated the dispersion of electronic states along the
superlattice growth direction [001] for (Gag s Ing.2 As)s
(GaAs)z on the GaAs lattice constant and for (Gag g
Iny o P)s (Gag4 Ing s P)s on the average lattice con-
stant 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-symmetry axes. X correspond to
X point in the fcc Briliouin zone and Z is related to
tlie growth direction. In Fig. 3 the energy-gap is 1.52
eV and in Fig. 41is 2.19 eV. In both case the value
of the energy gap is just the average gap hetween the
compounds that compose tlie SL at that lattice con-
stant. The dispersions are identical for the two SL's
even on details in the valence and conduction states.
The unique difference is the energy-gap.

In summary, we have shown that the lattice-
mismatched (GaAs)s(InAs)s and (GaP)s(InP)s SL’s
are unstable against phase segregation. The formation
enthalpy of these systems is dominated by the strain
contribution AFEy. In order to reduce strain effects the
alloy SL's should beless unstable. The substrate lattice
constant on which the SL is grown strongly affects the
electronic band-structure. For all SL'sthe gap increases
with In concentration on tlie alloys, except for tlie SL
(Gaj—,In, P)3(GaP)s grown on GaP lattice constant.
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