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We present a first-principles calculation of the electronic band structure of (GaAs),/(InAs), (111)
superlattice, performed by using ab initio norm-conserving pseudopotentials. The folding in the
smaller Brillouin zone and the new symmetry properties of the electronic states have been
thoroughly investigated by a comparison with the band structure of the corresponding disordered
alloy treated within the virtual-crystal approximation. The interactions between the folded states
giving rise to energy splittings and electronic charge localization on given layers have been analyzed

at the high-symmetry points.

The effects of the new ordering potential, introduced by

differentiating the two cations in the virtual crystal, and of the strain potential—arising when the
superlattice is subjected to a lateral strain on the (111) planes—are separately investigated. We find
a strong charge localization in the first two conduction states at the I" point and a considerable
minimum-band-gap reduction in the new ordered structure with respect to the virtual crystal. The
strength of this localization and the fundamental band gap depend on the superlattice orientation

and on the strain condition.

I. INTRODUCTION

Remarkable recent developments in materials growth
techniques have made it possible to obtain ultrathin su-
perlattices.! !° Moreover, a long-range order has been
recently demonstrated to occur in ternary compounds of
III-V semiconductors, such as GalnAs, or GalnP,,
grown by the vapor-levitation-epitaxy (VLE) tech-
nique.® ! In this case the order corresponds approxi-
mately to a monolayer (111) superlattice.

Considerable theoretical work has been recently devot-
ed to gain insight into the structural and electronic prop-
erties of these new ordered systems. Among them, recent
first-principles total-energy calculations on ultrathin su-
perlattices have shown that these superstructures are gen-
erally unstable with respect to disproportionation into
their zinc-blende-structure constituents.!! % This is due,
for lattice-mismatched systems, mainly to the inability to
minimize the positive microscopic strain by accommodat-
ing simultaneously in the same lattice distinct bond dis-
tance and bond angles nearest to those of the binary com-
pounds. For lattice-matched superlattices, on the other
hand, the instability is related to the charge transfer
caused by the cations electronegativity difference which
gives a positive contribution to the formation ener-
gy.!'1371® In addition to this intrinsic bulk instability,
the role of the substrate and of the interfacial strains on
the formation energy has been investigated.?0 24

While the electronic properties of lattice-matched and
[001]-grown semiconductor superlattices have been stud-
ied in great detail by using both first-principles and
empirical methods,!""'#2°~?° there is not a comparable
amount of information about the electronic band struc-
ture of [111] monolayer superlattices. Theoretical calcu-
lations of the electronic band structure of [111] III-V
monolayer superlattices,’® ™3 including the important is-
sue of the optical bowings for different oriented superlat-
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tices,>? have been performed oniy recently.

In this work we present a detailed study of the elec-
tronic band structure of the lattice-mismatched
(GaAs),/(InAs); (111) superlattice, by using a first-
principles  self-consistent  calculation within the
Hohenberg-Kohn-Sham density-functional theory (DFT).
Although DFT, in the local-density approximation
(LDA), is known to underestimate the fundamental band
gaps,’>3* our purpose here is to investigate the qualitative
trends and the new features coming out in the band struc-
ture on passing from the zinc-blende-structure com-
pounds to the superlattice. Significant results may be ob-
tained by using the LDA as it has been shown in the
literature.!"?732 In particular, we investigated the new
features related to the following.

(1) The new ordering potential, whose shape and
periodicity is closely related to the atomic configuration
of the cations on their sublattice. This study is accom-
plished by a comparison between the band structures of
the ordered superlattice and of the corresponding disor-
dered alloy, where the ternary alloy has been treated
within the virtual-crystal approximation (VCA)." In this
context the folding and the band-mixing effects raising on
passing to the new ordered configuration are analyzed.

(2) The particular superlattice stacking direction by de-
tailing the differences with the electronic states of the
monolayer (001) GalnAs, superlattice.

(3) The structural relaxation originated from the rela-
tively large lattice mismatch (about 7%) between the two
constituents of the superlattice.

The analysis of the first two items is worthwhile also in
light of the very different behavior in the optical and
transport properties between [111]- and [001]-grown su-
perlattices and between the ordered and disordered ter-
nary systems, as detailed by both experimental and
theoretical investigations.> %3

As far as the third point is concerned, first-principles
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studies of the effects of the epitaxial constraint, which is
included in our superlattice relaxation model, on the
band structure are scarce and prevalently restricted to
the tetragonal [001]-grown direction.?’ =%

In order to determine a relaxed atomic configuration
for the (111) monolayer superlattice we performed a
first-principles self-consistent total-energy calculation.
The relaxation model adopted to minimize the total ener-
gy has been described in detail elsewhere.!®

II. CRYSTAL STRUCTURE

The superlattice structure, in the ideal (unrelaxed)
configuration where all atoms are located in the zinc-
blende sites, is obtained starting from the zinc-
blende-structure crystal by arranging the (111) planes
following the sequence: Ga, As, In, As, Ga, As, etc. The
unit cell is doubled with respect to the primitive zinc-
blende one and the structure belongs to the space group
C3,, or R3m. The interesting point about this geometry
is that there are two inequivalent arsenic atoms with a
different chemical environment: As(1), coordinated with
one gallium and three indium atoms, and As(2), coordi-
nated with one indium and three gallium atoms. This
fact gives rise to a characteristic asymmetry in the elec-
tronic valence charge-density distribution and in the
bonding charge around these atoms.!” Further informa-
tion on the atomic arrangement and on the structural pa-
rameters appropriate to this geometry is given in Ref. 19.

The Brillouin zone (BZ) is shown in Fig. 1. It is ob-
tained by folding the fcc Brillouin zone along the [111]
direction, on the midway A direction in the point called
Z in the figure. The BZ volume is half of the fcc one. The
folding operation makes the fcc L points inequivalent:
the two points along the [111] direction map onto the I
point, while the other six A directions turn out to corre-
spond to the I' - F directions in the new Brillouin zone.

In order to compare the superlattice and binary-
compound band structures it is suitable to give the
correspondence between the k points in the two Brillouin
zones. Each k point in the superlattice Brillouin zone,
whose coordinates are (k,,k,,k,), corresponds to two fcc

K.

[m]

FIG. 1. The Brillouin zone for the (GaAS), /(InAs), (111) su-
perlattice referred to a rotated frame with the &, axis along the
[111] direction.

TABLE 1. Character table for C;, point group (A direction).

Cs, (3m) E 2€, 304
Alfl 1 1 1
AzEz l 1 - ]
A3F3 2 - 1

Brillouin-zone k points: (k,k,,k,) and (£5—k,, =5
——ky,j:%—kz), where the sign + (—) has to bE taken by
depending on_whether the quantity (1/ V3)k,+(1/
V'3)k,+(1/V'3)k, is positive (negative). Therefore, the
correspondence relations at the high-symmetry points are
the following (the superlattice BZ points are indicated by
an overbar according to the notation introduced in Ref.
25):

ToI+L,,,
FoX, ,,+L

X,),2 Ti,17, 1T

To address the labels used for the superlattice electronic
states to the appropriate irreducible representations we
give the character tables for the A (Z-T') direction
(Table I) and for the I' - F direction (Table II).*®

III. ELECTRONIC BAND STRUCTURE
OF (GaAs),/(InAs), (111) SUPERLATTICE

The (GaAs),/(InAs); (111) superlattice electronic band
structure was calculated by using nonlocal norm-
conserving pseudopotentials.’” The single-particle wave
functions were expanded in plane waves with energy of
less than 14 Ry. To obtain the self-consistent total poten-
tial the calculation was performed by using a Ceperley-
Adler form,® as parametrized by Perdew and Zunger,39
for exchange and correlation effects and two special k
points for the BZ integration. The calculation was iterat-
ed until the difference in the Fourier components of the
potential between two subsequent iterations was less than

107% Ry. Further details can be found in Ref. 19. The
14-Ry cutoff ensures a convergence of about 0.1 eV on
the I'} -state energy in the binary compounds. Since we
are interested in comparing corresponding band-energy
differences for different systems, which are all treated in
the same way, this convergence error, as well as the LDA
error, should partially cancel.

We found the superlattice is a direct-gap material as
the two binary constituents.

As for the total energy, it is usual to think the superlat-
tice electronic band structure as having originated
through three conceptual steps.?>*

TABLE II. Character table for C,, point group (T —F direc-
tion).

C”, (m) E g4
F, 1 1
F, 1 —1
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FIG. 2. Band eigenvalues at the Brillouin-zone center for cu-
bic GaAs and InAs at their equilibrium lattice constants and at
the common intermediate lattice constant ay,=5.66 A VCA
Ga, sIng sAs disordered alloys, and unrelaxed (GaAs),/(InAs),
(111) superlattices. The cubic systems have been folded back
into the half-volume Brillouin zone appropriate to a double unit
cell.

A. From the binary compounds to the virtual crystal

The first contribution comes from the energy-band
shifts that take place when InAs is compressed and GaAs
is dilated from their equilibrium lattice constants to the
intermediate unrelaxed superlattice one.!® This contribu-
tion is usually called “volume deformation”*® and in-
cludes the microscopic strain effects in the formation of
the unrelaxed superlattice. The shifts are essentially in-
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duced by deformation-potential effects related to the uni-
form volume dilation or compression of the two binary
systems. These shifts are generally such that for a uni-
form volume dilation the bonding-antibonding splitting
between valence and conduction states diminishes. As a
consequence, the fundamental band gap reduces. The
relative band-energy shifts, with respect to the I';5, state,
are depicted in Fig. 2.

The “intermediate” system, the virtual crystal, is then
obtained by building a fictitious intermediate cation,
whose atomic bare pseudopotential is given by the com-
positional average of the gallium and indium atomic bare
pseudopotentials. The system so obtained can be con-
sidered intermediate between the two binary compounds,
both with regard to the geometrical configuration [it is
still a zinc-blende (ZB) compound with a lattice constant
near the average value of the two parent binary com-
pounds lattice constants] and with regard to the self-
consistent ground-state valence-charge distribution, not
substantially dissimilar from the average one.!® The cat-
ion pseudopotential mixing effect upon the band struc-
ture is shown in Fig. 2, where the valence-band tops are
aligned (a partial justification for this alignment is given
below). We notice that the virtual-crystal electronic
states are almost midway between the corresponding
states of the two binary compounds, when they are con-
sidered at their equilibrium lattice constant or,
equivalently, at the common intermediate lattice constant
ay,=5.66 A.

To give better evidence of the trends taking place on
passing from the parent binary compounds to the virtual
crystal, we compare in Table III the virtual-crystal elec-
tronic state energies with the averaged ones on the two
parent binary compounds at their equilibrium lattice con-
stants (ﬁrst column) and at the lattice parameter,
a,=5.66 A (second column), at the T point. Apart from
the first two conduction bands in the virtual crystal, the
trend is clear. The valence bands rise and the first two
conduction bands lower, following approximately the

TABLE III. Calculated band eigenvalues at the T point relative to the valence-band maximum. The appropriate labels are used
for the zinc-blende—structure and the corresponding superlattice states. Degeneracies are indicated in parentheses.

E=3e AssaGats £0= +€Gaasd0 Unrelaxed Relaxed
+ %elnm’az As + Lermando VCA superlattice superlattice
Level (eV) (eV) (eV) (eV) (eV)
Valence bands
r,,(1) (1) —12.762 —12.699 —12.654 —12.709 —12.728
L,,(1) (1) —11.065 —11.031 —11.003 —11.039 —11.111
L,,(1) T, —6.553 —6.501 —6.442 —6.508 —6.599
L;,(2) T3,(2) —1.114 —1.102 —1.095 —1.119 —1.224
Iys5,(3) T;,(2) 0.000 0.000 0.000 —0.006 0.000
T, (1) 0.000 0.000 0.000 0.000 —0.216
Conduction bands

(1) (1) 1.129 0.952 1.055 0.701 0.456
L,.(1) L.(1) 1.471 1.416 1.462 1.685 1.662
I'5.(3) 5.(2) 4.050 4.053 4.057 3.965 3.831
(1) 4.050 4.053 4.057 4.013 3.851

L,;.(2) r5.(2) 4.811 4.812 4.814 4.871 4.900
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FIG. 3. Electronic band structures for (a) VCA disordered al-
loys and (b) unrelaxed (GaAs), /(InAs), (111) superlattices.

trend in the lattice parameters 1(ag* +a0%)<a,
<anCA (see Ref. 19). The highest conduction states are
almost insensitive to the volume deformation (see also
Fig. 2). The anomaly displayed by the first two virtual-
crystal conduction states can be explained with the slight-
ly larger polarity of this system with respect to the binary
averaged system,'® leading to the opening of the
minimum band gap.

The virtual-crystal first conduction band in I (that is,
the minimum band gap) is about 0.074 eV lower than the
average gap value in the two parent binary compounds at
their equilibrium volumes.

B. From the virtual crystal
to the unrelaxed (111) monolayer superlattice

The next step is the introduction of the chemical
disparity between the two cations. It has been

found'>'®19 that, relative to the two segregation products

GaAs and InAs, the introduction of the two different cat-
ions on the appropriate crystal planes gives a small and
positive contribution to the GalnAs, monolayer superlat-
tice formation enthalpy. This contribution is related to a
charge transfer between the crystal layers and to a charge
rearrangement on the bonds.

Coming to the evolution of the band structure on pass-
ing from the virtual crystal to the superlattice, it is in-
teresting to investigate the effects upon the band struc-
ture related to (a) the substitution of the virtual-crystal
‘“‘average” cation with the two distinct ones on the ap-
propriate crystal planes to obtain the new ordered struc-
ture with a lower symmetry, and (b) the particular super-
lattice orientation.

1. Passing from the disordered to the new ordered structure

With regard to the former point, in this work we limit
ourselves to analyzing the new features revealed upon
passing from the virtual crystal to a particular super-
structure: the (111) monolayer superlattice. The changes
in the band structure can be separated into two subse-
quent steps: the folding of the virtual-crystal energy
bands into the superlattice Brillouin zone, due to the
symmetry reduction, and the interaction between the
folded bands, due to the new potential associated to the
chemical difference between the two cations. The
virtual-crystal folded bands are drawn in Fig. 3(a). They
are labeled according to the nomenclature appropriate
for the irreducible representations of the zinc-blende
structure. A is the (111) superlattice longitudinal direc-
tion. The first VCA A, conduction band starts from the
I",, state, dispersing upwards initially. In Z it is folded
back and disperses downward, then crosses the nonfolded
part of the band, and finally gives rise to a new state in I'
(the folded state from the L point of the fcc Brillouin
zone to I') at 1.462 eV, about 0.4 eV higher than the I},
state. The difference between the calculated I}, and L,
states in the two binary systems is 0.02 ¢V in GaAs and

TABLE IV. The same as Table III for the band eigenvalues at the F point.

VCA Unrelaxed Relaxed
Level (eV) (eV) eV)
Valence bands

L,,(1) F,,(1) —11.003 —11.040 —11.098
X,,(1) F,(1) —10.279 —10.304 —10.363
X5, (1) F,(1) —6.478 —6.670 —6.873
L,,(1) F,,(1) —6.442 —6.401 —6.261
X5, (2) Fy(1) —2.632 —2.655 —2.713
Fi,(1) —2.632 —2.648 —2.772

L4,(2) Fy (1) —1.095 —1.115 —1.125
Fi,(1) —1.095 —1.102 —1.265

Conduction bands

X,.(1) F,.(1) 1.405 1.400 1.271
L, (1) F, (1) 1.462 1.197 1.033
X5.(1) F, (1) 1.943 2.112 1.962
L,.(2) Fy (1) 4.814 4.787 4.654
F (1) 4.814 4.798 4,671
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0.664 eV in InAs.

The introduction of the two cation pseudopotentials in-
volves an interaction between the folded states with split-
tings and changes in their symmetry. The amount of the
splitting is related to the intensity of the new coherent or-
dering potential, whose periodicity is doubled with
respect to the virtual-crystal potential (it is possible to
separate the superlattice self-consistent local potential
into a virtual-crystal plus the new ordering components)
and to its capability of coupling the folded zinc-blende
states.>? To analyze these splittings the unrelaxed super-
lattice band structure is drawn in Fig. 3(b), while the cal-
culated band eigenvalues in the T and F points are given,
respectively, in Tables III and IV, where the appropriate
labels are used for both the zinc-blende and superlattice
states. The A-direction symmetry does not change on
passing from the virtual crystal to the superlattice and so
the bands are fairly similar. The gap openings at the new
zone boundary in Z, due to first-order effects of the or-
dering potential, are larger for the conduction than for
the valence bands. The splitting of triply-degenerate I' ;s
states into the two states I, (nondegenerate) and T'; (dou-
bly degenerate), due to the symmetry reduction, is only
0.006 eV for I';s, and 0.048 eV for I'j5.. Moreover, the
reduced symmetry prevents the two first conduction
bands from crossing since they belong to the same irre-
ducible representation. These bands split each other and

(GaAs),/(InAs),
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the energy difference is 0.984 eV in the T point as com-
pared to the corresponding value in the virtual crystal,
0.407 eV. This splitting is also in substantial agreement
with that found in a linear augmented-plane-wave
(LAPW)  calculation on the  lattice-matched
(GaAs),/(AlAs), (111) system.>?> As a consequence of this
remarkable splitting, the minimum direct band gap
reduces by 0.354 eV. This minimum-band-gap reduction
in ordered superstructures is in agreement with the
findings of other similar calculations'"!>32 and accounts
for some experimental results showing that this reduction
takes place when ordering occurs in the corresponding
ternary alloy.>!%4!

The electronic band coupling between the virtual-
crystal folded bands can be analyzed by looking at the
changes in the valence and conduction charge-density
distributions that take place on passing from the virtual
crystal to the superlattice. The virtual-crystal and super-
lattice charge-density distributions are compared in Figs.
4-6. In drawing these figures we have taken into account
the correspondence between the virtual crystal and the
superlattice states. The virtual crystal shares the same
point group of the two binary compounds and, therefore,
there are no changes in the composition and symmetry of
its electronic states with respect to the binary systems.

We notice, first of all, that the initially equivalent
virtual-crystal L points give rise to superlattice T and F

Ta
)
L <

FIG. 4.° Electronic charge density of high-symmetry valence states plotted in the (110) plane (one electron per volume a} /4 at
ay=15.66 A) for zinc-blende VCA alloys and unrelaxed (GaAs),/(InAs), (111) superlattices. The step between the two neighboring
contours is 1. [For convenience, As(1) and As(2) are sometimes equivalently represented as As, and As,, respectively.]
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FIG. 5. The same as Fig. 4 for L,,-, [';.-, and L, -derived states. The step between two neighboring contours is 1 for the lowest

plots and 2 for the uppermost plots.

states with different energies and a dissimilar charge-
density distribution. Notice, for instance, from Figs.
5(a)-5(c), the two L,,-derived states whose charge distri-
butions show completely dissimilar features, related to
the new symmetry properties of the k points.

The electronic charge-density distributions of the

VCA

(GaAs),/(InAs),

FIG. 6. The same as Fig. 4 for valence- and conduction-band
states at the F point. The step between two neighboring con-
tours is 1.

lowest valence states have not been plotted. In fact, the
imposition of the superlattices’ new long-range order has
not a substantial effect upon them. These states of pre-
valently anionic s character lie approximately 11-12 eV
below the valence-band maximum (VBM) and do not
show substantial changes in the charge-density distribu-
tion, apart from a slight symmetry in the anionic bond
charge related to the difference in the attractivity of the
two cation pseudopotentials. Also, the interaction be-
tween these states is negligible as can be inferred by the
observation that the band energies are more or less the
same as in the virtual crystal [see Fig. 3(b) and Tables III
and IV]. This behavior is different from what happens in
other zinc-blende-derived monolayer superstructures
where these deep valence bands interact strongly.?’

On the other hand, the change in the electronic charge
distribution is dramatic for the higher valence and con-
duction bands. The highest valence states as the I'ys,,
Xs,, and L., states (Fig. 4), with a prevalent anionic p
character, combine and split due to the system symmetry
reduction in a nondegenerate component with charge-
density lobes along the [111] direction and in another
state, doubly degenerate in the case of the I' 5, state, with
the charge maxima onto the orthogonal plane. Notice
that the energy splitting is small and these states do not
shift substantially with respect to the corresponding
virtual-crystal states. Since they do not interact substan-
tially with other valence states or with the first conduc-
tion states, the global change in their orbital character
should be negligible. Indeed, recent LAPW calculations
performed on similar systems give evidence of a very
small s- and d-orbital mixing in the T',s,-derived states.®

The intermediate valence states strongly interact with
each other. As a consequence of the interaction, elec-
tronic charge is transferred onto a given layer. Consider,
for example, the two F,, (X,,) [Fig. 6(b)] and F,, (L,,)
[Fig. 5(c)] states. The energy splitting between the
virtual-crystal X5, and L, states is approximately 0.04
eV (see Table III). In the superlattice these two states
turn out to belong to the same irreducible representation.
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The strong interaction splits the charge density: in the
F,, (X5,) state it piles up on the Ga—As(2) bond, while
in the F, (L,,) state it does so on the In-As(1) one. The
state-energy split is 0.233 eV.

As far as the conduction states are concerned, we can
see from the charge-density plots that a substantial
charge rearrangement takes place on passing from the
virtual crystal to the superlattice. The virtual-crystal ',
and L, states [Figs. 5(e) and 5(f)], which are mapped by
the folding operation into the same superlattice T point,
interact, giving rise to two I';.-symmetry states strongly
localized in the two different layers: the lower-energy
state on the Ga-As(2) layer, the higher-energy one on the
In-As(1) one. The energy split is remarkable, as already
mentioned.

Another interaction example, symmetric to the valence
one given above, concerns the two virtual-crystal L, and
X, states [Figs. 6(e)-6(h)]. The energy order in the vir-
tual crystal is X,., L., and X;., X,. being the lowest-
energy state. In fact, its energy is lower than that of the
L, state in the compressed InAs. Unlike the I'y, and
L, states, the X, states lower their energy with the uni-
form compression in both binary constituents. The
virtual-crystal L,, and X, states give rise to two F,,
states in the superlattice. An inspection of the charge-
density redistribution reveals the lowest conduction state
in F is a binary L,, and X;. mixed state. The charge-
density distribution associated with the F,. (X,.) state
[Fig. 6(d)] is not considerably modified, showing a rela-
tively weak interaction with other states. A strong in-
teraction takes place, on the other hand, between the two
L,, and X;, states, with a considerable splitting in the
charge-density distribution. The energy splitting is such
that the X, -state energy increases by about 0.17 eV,
while the L, -state one diminishes by about 0.265 eV. As
a consequence, an inversion in the energy order between
the two binary L, - and X .-derived states occurs.

Referring to these strongly coupled states with the
nomenclature appropriate to the ZB symmetry states is
only a matter of convenience. Indeed, as it can be seen
from the charge-density plots associated with these states
their symmetry properties are totally changed and they
no longer have any resemblance to their parent states in
the binary compounds.

2. Superlattice orientation effect

We do not intend to carry out a systematic study of the
differences in the band structures of different oriented su-
perlattices; rather our purpose is simply to show that the
strength of the electronic state interactions and the possi-
ble consequent charge localizations, as we found in the
(111) monolayer superlattice, are closely related to the
particular superlattice orientation. A recent theoretical
study has indeed detailed the dependence of the
minimum band gap and of the related bowing coefficient
on the particular superlattice orientation.*?

Consider the first conduction state in the superlattice T
point. The strong electronic charge localization on the
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Ga-As(2) layer [and the corresponding localization on the
In-As(1) layer of the second conduction state] in a mono-
layer superlattice is quite surprising. First-principles cal-
culations of electronic states in (001)-oriented ultrathin
superlattices have provided evidence of charge confine-
ment,'>?”28 even if the localization does not occur in the
thinner (001) monolayer or bilayer superlattices. Howev-
er, the possibility of charge localization in atomically thin
superlattices has been predicted.?® In our case it is a
consequence of a particular strong coupling between the
electronic states.

In the (111) monolayer superlattice this effect is closely
related to the geometry of the system. In order to give
evidence of this, we performed a comparison with the
[001]-oriented monolayer superlattice. In Fig. 7 the pla-
nar average of the electronic charge distribution associat-
ed to the first T}, state and of the self-consistent potential
(the local part) is plotted along the superlattice direction
for both systems. The averaged electronic charge density
is larger in the GaAs layer also in the (001) system, even
if it does not give rise to any localization. This different
behavior can be qualitatively interpreted considering the
superlattice formed by ultrathin quantum wells whose
shape and width are related to the potential behavior.
The wells and barriers turn out to be more definite for the
(111)- than for the (001)-oriented superlattice. The locali-
zation of the first conduction state in the GaAs layer can
be explained by considering the calculated minimum
band gaps in the I" Point in the two endpoint materials at
the same superlattice lattice constant, 0.627 eV in GaAs
and 1.276 eV in InAs, and a rough estimation of the
valence-band offset for the Ga-In-As system,‘u’43 that

(b)

(z) (1 electron/BZ cell)

e

n_

(a)

2.4

1.2 1

1c

n_(z) (1 electron/BZ cell)

0.0 T T T
Ga As In As

-1.0

G|a Als l’n A's Ga

FIG. 7. Planar average of the self-consistent local potential
(dashed curve) and of the first conduction state electronic
charge density (solid curve) plotted along the superlattice direc-

tion for the unrelaxed (a) [001]- and (b) [111]-oriented
(GaAs), /(InAs), superlattices.
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gives it very near to zero. This estimation is also con-
sistent with the charge delocalization in the valence-
band-edge state found in the present calculation [Fig.
4(f)]. Therefore, the quantum wells occur in the GaAs
layer for electrons.

To explain the different behavior between the two
different oriented superlattices, it is necessary to take into
account, besides the I';, offsets, also the offset of the con-
duction states that are strongly coupled with them in the
superlattices: the L, states in the (111) superlattices and
the X, states in the (001) superlattices. The L. offset
turns out to be about 0.65 eV, while the X,. offset is
much less, about 0.21 eV. The quantum wells for the first
two conduction states are deeper for the (111) than for
the (001) superlattices. The strong coupling between the
electronic states in the III-V compound superlattices
makes the charge-localization description somewhat
different from the one appropriate, for instance, for the
Si/Ge superlattices.?” 2

We stress that the arguments used here are only quali-
tative, since it is well known that the valence-band offset
depends closely on the superlattice thickness,'* on the
strain condition,?®?%* and, to a lesser extent, on its
orientation.!>*’

Moreover, the charge localization is made possible by
the unequivalency of the two arsenic atoms in the unit
cell of the (111) monolayer superlattice, which allows for
a different charge distribution around them. In the (001)
superlattice the two arsenic atoms cannot be distinct.

Related to the strength of the interaction between the
first and the second conduction state in T is the different
value of the minimum band gap we obtained for the two
different oriented superlattices in their unrelaxed
configuration. Our calculated values are 0.701 eV for the
(111) superlattice and 0.836 eV for the (001) superlattice.

In order to compare the minimum band gaps for sys-
tems of different symmetry, we calculated their values for
the two binary systems by using different unit cells [the
primitive cell, the doubled trigonal and tetragonal unit
cells appropriate, respectively, to the (111) and (001)
monolayer superlattices] and different k points for the BZ
integrations performed in order to obtain the self-
consistent potential. For the (111) trigonal unit cell we
used two special k points, while for the (001) tetragonal
unit cell we used the two nonspecial k points proposed by
Bernard and Zunger.”> We found a difference between
the calculated minimum band gaps of 0.028 eV for GaAs
and of 0.075 eV for InAs, the smaller values being in both
cases those appropriate to the tetragonal symmetry.
Therefore, the 0.14-eV difference between the calculated
band gaps of the two different oriented superlattices turns
out to be significative of a pure orientation effect. This
result is in agreement with the 200-meV reduction of the
direct band gap taking place on passing from the (001) to
the (111) configuration in the lattice-matched GaAlAs,
system, obtained by Wei et al.,’> who used a self-
consistent LAPW method and corrected their LDA
values for the discrepancy with the experimental values.
On the basis of the results given by the same authors in
the case of the GalnP, system, which has a lattice
mismatch similar to the GalnAs, one, we do not expect
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that the inclusion of the structural relaxation, important
in these systems, may change substantially this situation.

C. From the unrelaxed to the relaxed (111) superlattice

Because of the large lattice mismatch between the two
binary constituents, the unrelaxed geometry is not the
equilibrium configuration. To obtain a lower-energy
configuration we allowed the (111) planes to shift along
the longitudinal direction. The assumed relaxation mod-
el is described in detail in Ref. 19. The relaxed
configuration preserves the space group of the undistort-
ed superlattice. The lattice constant perpendicular to the
superlattice direction has been kept fixed to the unrelaxed
superlattice equilibrium value, while the parallel dimen-
sion has been allowed to change. Moreover, we assumed
only two distinct nearest-neighbor (NN) bond distances
dGaas and dj 4. The minimum-energy configuration has
been achieved with the unit cell dilated vertically 1.4%
and equilibrium bond distances dg,,=2.434 A and
dipas=2.491 A.

From Table III, where the calculated eigenvalues, rela-
tive to the valence-band maximum (VBM), are given, we
notice that the structural relaxation introduces new
relevant features in the superlattice band structure. The
electronic states already split on passing from the virtual
crystal to the unrelaxed superlattice by the introduction
of the chemical disparity of the two cations undergo fur-
ther changes in their energies, due to the introduction of
the different NN bond distances and of the vertical dila-
tion of the unit cell. The states derived from the ZB 'y,
and I';5, states show an apparently curious behavior.
While the two T3, and T',, states split a further 210 meV
and reverse their energy order, the two T';, and T',, states
diminish their splitting with respect to the unrelaxed case
and do not give rise to any energy inversion.

To explain these changes in the band structure, we rely
upon the fact that the superlattice in this relaxed
configuration can be thought to originate from the alter-
nate superimposition of layers of trigonally distorted
GaAs and InAs. In these layers the dimension parallel to
the (111) planes is taken equal to the superlattice one,
while the layer height is adjusted to give Ga—As and
In—As bond distances equal, respectively, to the equilib-
rium ones in the superlattice relaxed configuration. So,
the changes and the splittings occurring in the relaxed su-
perlattice band structure can be understood by analyzing
the effects of the trigonal distortion on the band energies
in the two binary compounds when they are subjected to
a compressive or tensile lateral strain on the (111) planes.
Also, this procedure permits us to compare the effects re-
lated to the introduction of the two distinct cations (step
B earlier) with those related to the epitaxial strain. Both
these transformations give rise to the passage of the sys-
tem from the cubic to a trigonal symmetry. The epitaxial
strain, whose amount is measured by the 7 parameter
defined in Ref. 19, which gives the ratio between the ac-
tual height of the unit cell ¢ and the ideal one, c,=a /V'3,
alters the zinc-blende BZ in a way similar to the folding.
The relation between the superlattice T and F points and
the parent L and X points in the binary compounds is not
as direct as in the unrelaxed case. In this case the folding
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does not map exactly the original zinc-blende points onto
T and F, where F are still the points at the center of the
BZ rectangular faces. We can consider the folded states
in these points as originating from binary L' and X'
states somewhat strain altered and whose point groups
are those appropriate to the trigonal symmetry (see
Tables I and II).*°

In Fig. 8 we depict the variation in the I'-point elec-
tronic state energies that takes place on passing from the
undistorted [Figs. 8(a) and 8(e)] to the trigonally distorted
binaries [Figs. 8(b) and 8(d)] and finally to the relaxed su-
perlattice [Fig. 8(c)]. The original undistorted binary L
states are given for reference. In the case of GaAs, whose
unit cell turns out to be compressed along the [111] direc-
tion by about 2%, we observed the following features.

(1) The T'y5, state, triply degenerate in the cubic
configuration, splits to form the doubly-degenerate I';,
and the nondegenerate I'|, states. The doubly-
degenerate state energy is lower, namely 265 meV. This
energy splitting has to be compared with the correspond-
ing one occurring in the unrelaxed superlattice and relat-
ed to the difference between the two cation pseudopoten-
tials, which is only 6 meV.

(2) A similar splitting also occurs for the I'js. state.
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FIG. 8. Band eigenvalues at the Brillouin-zone center for (a)
and (e) cubic GaAs and InAs at the lattice constant @, =5.66 A,
(b) and (d) trigonally distorted GaAs and InAs whose lattice pa-
rameter along the [111] direction is @ =c¢V3+a,, and (c) re-
laxed (GaAs),/(InAs), (111) superlattice. The binary systems
have been folded back into the half-volume Brillouin zone ap-
propriate to a double unit cell.
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The energy difference between the two split states is
slightly smaller than for the corresponding valence states.
This gives evidence of another difference between the
strain and the new crystal-ordering-induced potentials:
while the latter has a much larger effect on the conduc-
tion than on the valence states (see Fig. 3), the former
does not make a substantial distinction between them.

(3) Another relevant variation concerns the two T,
and L}, states that approach each other considerably,
mostly because of the lowering (0.354 eV) of the L],
state. The minimum band gap in the trigonally distorted
GaAs does not change substantially. In fact, it dimin-
ishes by only 19 meV. An inspection of the electronic
charge distributions of these two states shows that the
strain induces only a distortion in the charge contours,
whose relevance is directly related to the strain strength
itself. The charge localization in given crystal layers that
takes place in the two first conduction states of the super-
lattice is to be attributed only to the superlattice ordering
potential effects.

As far as the InAs is concerned, we can observe that
the reversal of the strain (the InAs layers turn out to be
dilated by about 4.7% along the [111] direction) gives rise
to an inversion of the I';s split states with respect to the
GaAs case. Now the nondegenerate states have a lower
energy than the doubly-degenerate ones. The splitting
strength is higher (0.528 eV between the I';, and I';,
states and 0.396 eV between the I';. and I';, ones), and is
approximately related to the strain strength. The unit-
cell dilation, differently from the compression, gives rise
to a further energy splitting between the '}, and L],
states and, in this case, the I'|, state lowers its energy
considerably. As a consequence the minimum band gap
in the trigonally distorted InAs is reduced from 1.276 to
0.756 eV.

In light of the results obtained on the two binary sys-
tems it is easy to understand the changes that take place
in the superlattice state energies on passing from the un-
relaxed to the relaxed configuration. The energy inver-
sion between the T;, and T, states at the valence-band
top is due to the larger weight of dilated InAs in the re-
laxed superlattice configuration. From Fig. 8 we can see
that the relaxed superlattice states are almost midway be-
tween the corresponding ones of the two trigonally dis-
torted parent binary compounds with minor differences
to be attributed to the ordering potential effect; that is, to
the charge transfers occurring between the compressed
and dilated layers. These charge transfers are not exactly
equal to those occurring in the unrelaxed case and this
can be seen, for instance, by comparing Fig. 8 with Fig. 2,
where the unrelaxed superlattice bands are given together
with the bands of the undistorted binaries. Particular at-
tention has been devoted to the first two I';, conduction
states that split further by 0.222 eV. The splitting is to be
attributed entirely to the lowering of the first T';. state
that dramatically reduces the minimum band gap. From
the comparison between Figs. 2 and 8 we notice that, un-
like the undistorted situation, the corresponding I',.
states in the two distorted parent binary compounds are
almost at the same energy. The interaction between them
is stronger and shifts the T',, state down in the relaxed
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configuration.

We observed in the discussion on the effects of the new
ordering potential that an interaction between band
states takes place in correspondence with any relevant en-
ergy splitting. In this case, the imposition of the epitaxial
strain on the superlattice gives rise to a further splitting
between the first two conduction states, but it does not
substantially affect their coupling. This can be under-
stood, in the second-order perturbation-theory scheme,
by observing that the energy difference between the aver-
age energies of the I'|, and L, states in the two binary
systems increases slightly with the strain by about 0.18
eV, reducing the coupling between the corresponding
states in the superlattice. As a consequence, the charge
localization in the first conduction state in the T point
turns out to be reduced, as can be noticed by looking at
Fig. 9. In this figure the planar-average charge-density
distribution of the first T, state is plotted along the [111]
direction both for the unrelaxed and relaxed superlat-
tices. In the schematic representation of the superlattice
by ultrathin quantum wells, the relaxation produces a
small change in the width of wells and barriers. Indeed
there is no substantial modification in the shape of the
planar-average self-consistent-field local potential. More-
over, the estimated two minimum band gaps in the dis-
torted parent binary compounds building up the relaxed
superlattice are much closer than in the unrelaxed situa-
tion (0.608 eV in GaAs and 0.756 eV in InAs) with a
lowering of their offset by about 0.5 eV, while the L,
offset increases by about the same amount. Moreover, an
inspection to the valence-band-edge-state charge distri-
bution reveals a relevant piling up of charge in the
InAs(1) layer (Fig. 10). The epitaxial strain, giving rise to
the I'j5, level splitting at the VBM in the two parent
binary compounds, should have changed the valence-
band offset with respect to the undistorted situation in
such a way that the depths of the wells in the GaAs(2)
layer for electrons are not substantially affected, as can be
deduced by the almost negligible charge reduction in the
GaAs layer (Fig. 9).

Finally, the calculated total band-gap—-bowing parame-
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charge profile (1 electron/BZ cell)
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Ga As(1)In As(2)Ga

FIG. 9. Planar average of the first conduction state electronic

charge density for the unrelaxed (dashed curve) and the relaxed

(dotted curve) configuration plotted along the superlattice direc-

tion. The atomic plane positions before (the longest tic marks)
and after relaxation are shown.
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FIG. 10. Charge density of the superlattice valence-band-
edge state (a) before and (b) after the relaxation plotted as in
Fig. 4.

ter for this ordered structure is defined as'!
bord(Flc )=4[§(Flc )—s(rlc(rlc ))] ’

where €(T",,) is the average value of the direct band gaps
in the two binary compounds at their equilibrium
volumes. We obtained b, 4(T; )=2.69 eV for the
(GaAs),; /(InAs), (111) superlattice.

The contributions to the bowing parameter coming
from the three distinct conceptual steps [volume defor-
mation (VD), chemical exchange (CE), and structural re-
laxation (S)], in which we imagine the superlattice has
been formed, are defined as®>*?

bvo(rn)=2[*’-53,,&5“,(3%4FlcH‘E (Tl

InAs
q InAs,a eq

- 2[€GaAs,a0( Flc )+€InAs,a0( I\lc )] ’

where a, is the intermediate equilibrium lattice constant
of the superlattice in its unrelaxed configuration,'’

bCE(I:lc( I‘lc )):z[EGaAs,ao(Flc )+€InAs,ao(Flc )]

_48unrelaxed(I:1c(rlc )) ’

where €, ejaxed( T 1c(Tic)) is the direct band gap of the
(111) superlattice in its unrelaxed configuration, and final-
ly

bS(rlc(Flc)):4[Eunrelaxed(Flc(Flc))—E(rlc(rlc))] .

In the present calculation byp=0.71 eV, bog=1.00 eV,
and by =0.98 eV for the GalnAs, (111) superlattice.

The bowing coefficients b for the VCA disordered alloy
band eigenvalues are defined in a similar manner:!!

bVCA =4(E_EVCA) )

where € is the average-band eigenvalue of the parent
binary compounds. For the I';. state we obtained
bVCA =0.29 eV.

The reported experimental band-gap-bowing parame-
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ters for Ga,In, _, As disordered alloys are 0.33-0.56 eV
(Ref. 47) and 0.61 eV.*®

Our results confirm the outcomes of other recent calcu-
lations'?2532 that the superlattice ordering leads to an in-
crease of the band-gap-bowing parameter, while the
VCA treatment of the disordered alloy underestimates it
with respect to the experimental values. Moreover, our
results compare well with those recently obtained by Wei
et al.*® They find for the GalnP, system in the same
crystal structure a total band-bowing coefficient
b,.4=1.82 eV, with the volume-deformation contribution
byp=0.66 eV and the chemical-exchange one bcg =0.82
eV, while the structural relaxation contributes with
bs=0.34 eV. For the lattice-matched GaAlAs, system
they have b.g=1.45 eV. By considering the different
computational approach used here, the byp value we ob-
tained for the GalnAs, system, which has a lattice
mismatch similar to the GalnP, one, and the bcg value,
which scales correctly with the electronegativity
difference with respect to the GaAlAs, system, are in
reasonable agreement. The larger value obtained here for
bg is due to the different relaxation model, which in our
case also includes a dilation of the unit cell, besides mov-
ing the internal freedom degrees.!® Thus, we find that the
uniaxial strain of the unit cell has a large effect on the
direct band gap and therefore on the band-bowing pa-
rameter related to it.

IV. CONCLUSIONS

We have presented a first-principles calculation of the
electronic band structure of (GaAs), /(InAs), (111) super-
lattice. We found considerable modifications in the elec-
tronic charge distributions at the high-symmetry points,
arising mainly for two reasons: (a) the symmetry reduc-
tion of the system, which displays a preferred direction
instead of the zinc-blende cubic isotropy, and (b) the in-
teraction between some folded states mapped onto the
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same k point in the new Brillouin zone and belonging to
the same irreducible representation. The superlattice
noninteracting states show charge-density distributions
similar to those displayed by the corresponding states in
the trigonal strained parent binary compounds. In the in-
teracting states, on the other hand, the imposition of the
new long-range order introduces new features, as a con-
siderable piling up of charge on a given sublattice.
Among them, the first two conduction states at the
Brillouin-zone center turn out to be strongly localized on
the Ga-As(2) (the lower-energy state) and In-As(1) layers.
Moreover, the fundamental band gap is considerably re-
duced. A comparison with the unrelaxed GalnAs,(001)
monolayer superlattice reveals that this charge localiza-
tion and the minimum band gap depend on the superlat-
tice orientation. The fundamental band gap is smaller
for the (111) orientation. The structural relaxation of the
superlattice giving rise to a slight unit-cell dilation fur-
ther reduces the minimum band gap, increasing the cor-
responding band-bowing parameter. The energy splitting
of the triply-degenerate I' 5 states due to the trigonal dis-
tortion of the unit cell is considerably larger than those
related to the new superlattice ordering potential. The
relaxation reduces the charge localization in the first con-
duction state and leads to a charge localization on the
In-As(1) layer in the VBM state.
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