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We show that the band gap bowing trends observed in III-V alloys containing dilute concentrations of Sb or

Bi can be explained within the framework of the valence-band anticrossing model. Hybridization of the
extended p-like states comprising the valence band of the host semiconductor with the close-lying localized
p-like states of Sb or Bi leads to a nonlinear shift of the valence-band edge and a reduction of the band gap.
The two alloys GaSb,As;_, and GaBi,As;_, are explored in detail, and the results are extrapolated to additional

systems.
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I. INTRODUCTION

Amid the current activity in semiconductor alloy research,
materials containing either Bi or Sb have emerged as poten-
tial candidates for long wavelength applications. Comparable
to III-N-V compounds, recent reports show that the band gap
of GaAs redshifts considerably upon the addition of only a
few atomic percent of Bi or Sb.!=? Furthermore, it has been
suggested that GaBi,As;_, exhibits other anomalous proper-
ties, such as a reduced temperature dependence of the band
gap as well as giant spin-orbit splitting.>!° However, little is
presently known about the exact mechanisms by which these
alloying elements influence the properties of III-V com-
pounds. Using GaSb,As;_, and GaBi,As;_, as exemplary
systems, we propose a theoretical model of the electronic
structure of III-Sb-V and III-Bi-V alloys based upon that
describing other similar dilute semiconductor alloy systems.

The band anticrossing (BAC) model was developed to
explain the unusual features of the electronic structure of a
class of semiconductors termed highly mismatched alloys
(HMAs) and was initially applied to those systems in which
highly electronegative isoelectronic impurity atoms are in-
corporated onto the anion sublattice of a III-V or II-VI com-
pound semiconductor.!! Well-known examples include
GaN,As,_, (Ref. 12) and ZnO,Te,_, (Ref. 13) in which a
large-scale bowing of the band gap,'* an increase of the elec-
tron effective mass,'> and a reduction of the pressure depen-
dence of the band gap!! have been observed upon the addi-
tion of N or O, respectively. In contrast to alloys with mixed
cation elements, highly electronegative elements on the an-
ion sublattice introduce localized defect states sufficiently
close to the conduction-band edge of the host matrix to un-
dergo a quantum anticrossing interaction with the extended
states of the matrix.'® This interaction produces a splitting of
the conduction band into E_ and E, levels, with the down-
ward movement of the former leading to the band gap bow-
ing observed in these dilute alloys. The term “mismatched”
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may also refer to a disparity in the atomic size of the alloying
element occupying the anion sublattice. The defect states of
large-sized impurities with first ionization energies less than
that of the host anion often lie near the valence-band edge of
the host semiconductor. Hybridization between the two re-
sults in a modification of the valence band in a similar man-
ner to the restructuring of the conduction band. As the atomic
diameters of Sb and Bi are the largest of the group V ele-
ments, we expect such interactions to occur in GaSb,As;_,
and GaBi,As,_,, and these alloys may be considered in the
context of the valence-band anticrossing (VBAC) model. In-
deed, the explicit restructuring of the valence band that has
been experimentally observed in other III-V and II-VI alloy
systems, including GaN,_,As,, ZnSe,_,Te,, and ZnS,Te,_,,
has been attributed to such anticrossing interactions.!”!3

In this paper we consider the effects of the substitution of
As atoms by Sb and Bi to form dilute GaSb,As;_, and
GaBi,As,_,, respectively, and show that the band gap bowing
and increase of the spin-orbit splitting observed in these al-
loys are well explained by the valence-band anticrossing
model (VBACQC).

II. VALENCE-BAND ANTICROSSING MODEL

The valence-band structures of As-rich GaSb,As;_, and
GaBi,As;_, alloys were developed within the realm of the
k-p formalism. In each case, the standard 6 X 6 Hamiltonian
describing the four I'g and two I'; valence bands of GaAs
was modified by the addition of the six localized p-like states
of the minority Sb or Bi atoms with basis functions identical
to those describing the host semiconductor.!® To address the
issue of the random placement of impurity atoms in the crys-
tal lattice we have used a previously developed method of
configurational averaging carried out within the coherent po-
tential approximation, which has been shown to restore
translational symmetry.!’?® The resulting 12X 12 matrix
Hamiltonian is given as
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The individual parameters in Egs. (2a)—(2f) are those of
the original 6 X 6 valence-band matrix modified by the addi-
tion of the terms AEyg,x to H and L and AEg,x to S, which
take into account the linear change in the valence-band maxi-
mum and spin-orbit split-off band energies, respectively, be-
tween the two endpoint compounds as described by the vir-
tual crystal approximation (VCA). Here AEyg, and AEg,
are the total differences in valence-band maximum and spin-
orbit split-off band energies between the endpoint com-
pounds,
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The Luttinger parameters and spin-orbit splitting energy
were set to the corresponding values of GaAs, y;=6.9, v,
=2.2,v3=2.9, and A;=0.341 eV. However, it should be
noted that at the I' point where k=0, the off-diagonal ele-
ments of this 6 X6 portion of the matrix will be zero. The
term V represents the hybridization energy between the three
p-like wave functions of the 7, point group of the GaAs
valence bands and the counterparts of the p-like localized
impurity states and is given as

V=(P|UIX) = (P}|U|Y) = (P}|U|Z), 3)

where U is the localized potential of the minority species
(Sb, Bi) in the GaAs crystal lattice, P* denotes the wave
function of impurity A (Sb, Bi), and X, Y, and Z refer to the
Bloch wave functions of the host. Configurational averaging
over the randomly distributed minority species with the frac-
tion x yields

V=Cyk. (4)

The positions of the heavy/light hole levels of the impurity
atoms are denoted by Ej,,, while Ej,,, , refers to the corre-
sponding spin-orbit split-off level determined from the
atomic spin-orbit splitting energy. Here, the atomic spin-orbit
splitting energies for Sb and Bi are assumed to be 0.6 eV and
1.5 eV, respectively.?! Diagonalization of the matrix in Eq.
(1) yields six doubly degenerate eigenvalues representing the
restructured valence bands, as three distinct anticrossing in-
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FIG. 1. (Color online) Photomodulated reflectance spectra of
several GaSb,As;_, films. The dashed line is a guide to denote the
composition-independent transition associated with the band gap of
the GaAs substrate, while the arrows indicate the band gap and
spin-orbit split-off band to conduction-band transitions of the
GaSb,As,_, films

teractions are expected to produce E_ and E, bands of heavy
hole, light hole, and spin-orbit split-off character at the T’
point. Strain effects as well as any influence of the conduc-
tion band on the restructuring of the valence band were ig-
nored for these calculations. Finally, it should be emphasized
that this model is only appropriate for describing the behav-
ior for alloys with dilute impurity concentrations and is not
meaningful once the Sb/Bi-rich phase begins to dominate
the properties of the alloy.

III. VALENCE-BAND STRUCTURE OF GaSb,As,_,

In order to experimentally investigate the restructuring of
the valence band due to the anticrossing interactions, the
room-temperature interband transition energies of several
GaSb,As;_, films of various compositions were measured by
photomodulated reflectance (PR) spectroscopy. The
GaSb,As;_, samples used in this study were epitaxial films
grown by organometallic vapor-phase epitaxy (OMVPE) and
molecular beam epitaxy (MBE) with compositions of x
<0.11. The films were pseudomorphically grown on nomi-
nally exact (001) GaAs substrates, and the alloy composi-
tions were determined from x-ray diffraction and Rutherford
backscattering spectrometry. The probe beam consisted of
monochromatic light dispersed from a tungsten lamp, while
the 325 nm line of a chopped HeCd laser provided the modu-
lation. The PR signal was detected by a Si photodiode using
a phase-sensitive lock-in system. Typical PR spectra for a
few selected alloy compositions are shown in Fig 1. The
observed features are associated with interband optical tran-
sitions at critical points in the electronic-band structure. The
energies and the line widths of the transitions were deter-
mined by fitting the PR spectra to the Aspnes third-derivative
functional form.?> The composition-independent transition at
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FIG. 2. (Color online) (a) Theoretically calculated band gap and
spin-orbit splitting energies of GaSb,As;_,, as well as the corre-
sponding values determined experimentally by photomodulated re-
flectance; (b) energy positions of the heavy hole, light hole, and
spin-orbit split-off £, and E_ bands of GaSb,As,_, as a function of
GaSb fraction. Experimental values of the valence-band edge were
taken from Teissier et al.

1.42 eV is associated with the band gap of the GaAs sub-
strate, whereas the lower energy features originate from the
fundamental band gap transitions in the GaSb,As;_, film.
Finally, the weak features around 1.77 eV correspond to the
transitions from the spin-orbit split-off bands to the conduc-
tion bands of the film and the substrate.

In order to explain the composition dependence of the
observed transition energies, we applied the VBAC model
with the energy of the localized Sb level, Egy,, as well as the
value of the coupling parameter, Cgy, as fitting parameters. In
our calculations we adopted a well-established type-I band
alignment between GaAs and GaSb, with conduction, va-
lence, and spin-orbit split-off band offsets of -0.1 eV,
0.5 eV, and 0.09 eV, respectively.* Excellent agreement be-
tween the experimentally observed composition dependence
of the band gap and spin-orbit splitting energies and the
model, shown in Fig. 2(a) was obtained with Eg, located
1.0 eV below the valence-band maximum (VBM) of GaAs
and a Cg, of 1.05 eV. Using the known atomic spin-orbit
splitting energy for Sb, Eg,_, was positioned 1.6 eV below
the VBM of GaAs. Here, the theoretical band gap is defined
as the difference in energy between the VBAC valence-band
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maximum and the VCA conduction-band minimum, E g yca,
which can be written as

Ecpyea= Eg = AE gy, (5)

where E, is the band gap of GaAs and AEp),,=0.1 €V is the
conduction-band edge offset between GaAs and GaSb.

The calculated energy levels of the GaSb,As;_, valence
bands at the I' point as functions of composition are dis-
played in Fig 2(b). Note the distinct upward movement of the
heavy and light hole-related E, bands by approximately
16 meV per x=0.01, with a downward movement of the cor-
responding E_ bands. This upward shift of the heavy and
light hole E, band edge resulting from the anticrossing inter-
action accounts for the majority of the band gap reduction
observed As-rich in GaSb,As;_,. This unusually large contri-
bution of the valence-band shift to the band gap bowing is in
good agreement with results of Teissier et al., who reported
that the band gap reduction in this alloy is almost completely
associated with an upward movement of the valence-band
edge.® Their experimental results demonstrating an increase
in the valence-band offset between GaAs and As-rich
GaSb,As,_,, included in Fig. 2(b), are in close agreement
with our predictions. Repulsion also occurs between the
spin-orbit split-off-related E, and E_ bands; however, the
intensity of the interaction is reduced due to the large sepa-
ration between these coupled bands, and the spin-orbit E,
band moves upward by 13 meV per x=0.01. As a result, the
spin-orbit splitting energy increases slightly.

Using these results, the band gap bowing across the entire
composition range of GaSb,As;_, may be calculated. While
valence-band anticrossing interactions are primarily respon-
sible for the band gap reduction observed for As-rich com-
positions, it has been demonstrated that the reduction of the
band gap at Sb-rich compositions has been well explained by
the corollary conduction-band anticrossing (CBAC) model.!!
In the later case, the band gap is defined as the difference
between the CBAC conduction-band minimum and the VCA
valence-band maximum. The overall band gap can then be
determined from a weighted average of the band gaps E?S'”"h
and E;b'””h calculated by the valence and conduction band
anticrossing models, respectively,

_ As-rich Sb-rich
E,(x)=(1-xE, +xE, .

The resulting band gap trend, displayed in Fig. 3, demon-
strates the significant band gap bowing. While this trend can
also be fit with a single bowing parameter (b=1.2 eV), the
quadratic relationship does not provide any substantive in-
sight into the underlying physical mechanisms that drive the
deviation from the VCA in the first place. The attractive
characteristic of the band anticrossing models is that they
describe the alloy composition dependence of not only the
changes in the band gap but also the shifts in the band offsets
and the dispersion relations for the conduction and the va-
lence bands. This knowledge is essential for a proper de-
scription of the density of electronic states as well as optical
and transport phenomena in the alloys.!!
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FIG. 3. Band gap of GaSb,As;_, over the full composition
range. Theoretical values were calculated with a weighted average
of the valence- and conduction-band anticrossing models. The ex-
perimental values at low x were determined by photomodulated
reflectance, and those at high x were previously reported by Wu et
al. (Ref. 11) and Thomas et al. (Ref. 28).

IV. VALENCE-BAND STRUCTURE OF GaBi,As;_,

A more dramatic valence-band anticrossing interaction is
expected to occur in III-Bi,-V,_, alloys in which the very
large, metallic element Bi partially replaces other group V
elements. GaBi,As;_, is the most extensively studied of such
alloys, with Bi concentrations up to x=0.04 reported in the
literature.'~ Optical studies of GaP doped with small Bi con-
centrations have led to the determination of the energy of the
localized Bi level, Ey;, which is located about 0.1 eV above
the valence-band edge of GaP.* Assuming constancy of the
localized levels relative to the vacuum level and using a
valence-band offset of 0.5 eV between GaAs and GaP, we
estimate that Eg; and Ep; g, lie 0.4 eV and 1.9 eV below the
VBM of GaAs, respectively. The proximity of Ep; to the
GaAs heavy- and light-hole bands is expected to lead to a
strong anticrossing interaction between these two sets of
states. However, because GaBi has never been synthesized,
there is no experimental data on the band offsets between
GaAs and GaBi. In order to include the VCA contributions,
we have estimated the band offsets using the theoretically
calculated GaBi band gap energy of —1.45eV.” The
valence-band offset, AEyz,,=0.8 eV, was estimated from the
dependence of the valence-band edge energies versus lattice
constant in Ga-containing group III-V binaries. The
conduction-band offset, AEg,,=—2.1 €V, was then obtained
from these two values. Finally, the spin-orbit split-off band
offset, AEg,=—1.1 eV, was established using the theoreti-
cally determined value of the GaBi spin-orbit splitting en-
ergy of 2.2 V.20

The calculated energy gap along with experimental results
reported by Francoeur et al.,? Tixier et al.,* and Huang et al.’
are displayed in Fig. 4(a). The best fit to the data was ob-
tained using a single fitting parameter, Cg;, of 1.55 eV. The
corresponding-band edge positions as a function of Bi con-
centration are shown in Fig. 4(b). Again, the band gap bow-
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FIG. 4. (Color online) (a) GaBi,As;_, band gap as well as ex-
perimentally determined values (Refs. 3-5), (b) position of the E,
and E_ related heavy, light, and spin-orbit split-off bands deter-
mined by the VBAC model as a function of Bi concentration.

ing observed in GaBi,As;_, is due to an upward movement
of the heavy- and light-hole E, bands. The increase of the
band gap bowing observed in GaBi,As;_, as compared to
GaSb,As;_, is due to the large mismatch in ionization ener-
gies between the two anion elements as well as the close
proximity of the coupled light- and heavy-hole bands.

While GaBi,As;_, has a greater lattice constant than
GaAs, the addition of N can be used to lattice match the
two.?> Not only does the presence of N reduce the strain of
these films grown on GaAs substrates,>?” but as shown by
Shan et al., it also further reduces the band gap through a
downward shift in the conduction-band edge.'? Thus, the po-
sitions of the conduction- and valence-band edges may be
independently manipulated through careful control of the Bi
and N concentrations.

V. VALENCE-BAND ANTICROSSING IN OTHER III-V
SEMICONDUCTORS

At present, limited research on other dilute ITI-(Sb, Bi)-V
materials has been reported. However, by extrapolating the
parameters used to model the Ga-(Sb,Bi)-As alloys, the
properties of additional systems may be inferred. Figure 5
depicts the positions of the Sb and Bi levels relative to the
valence- and conduction-band edges for a variety of III-V
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FIG. 5. Bi and Sb impurity level positions with respect to the
conduction and valence bands of various III-V semiconductors. The
energy scale is relative to the vacuum level (Ref. 23).

semiconductors at the I' point, which may be used as a guide
to determine the importance of the anticrossing interactions
within the valence band. For example, the Sb and Bi impu-
rity levels lie below the valence-band maximum of InAs and
InP, and band gap bowing is expected to occur via an upward
shift of valence-band edge in In-(Sb,Bi)-As and In-(Sb,Bi)-P
alloys as well. Alternatively, a multiband semiconductor may
be formed through the addition of Bi if the impurity level is
located within the band gap of the host material. Such is the
case with GaBiP,_,, and AlBi,As,_, alloys where the Bi
level is positioned above the valence-band maximum of GaP
and AlAs, respectively. Anticrossing interactions are pre-
dicted to push the Bi-derived heavy- and light-hole E, bands
into the band gap of these semiconductors, creating a narrow
impurity-related band. This is analogous to the case of N-rich
GaAs,N,_,, in which a narrow As-related band develops well
above the valence-band edge.!’

In order to model the GaBi,P,_, alloy system, we have
used the general trend in ionization energy vs coupling pa-
rameter observed in GaSb,As,_, and GaBi,As,_, to set Cg; at
2.1 eV. Conduction, valence, and spin-orbit split-off band
offsets between GaP and GaBi were determined in a similar
manner to those in the GaBi,As,_, system and were set to
-3.03 eV, 1.2 eV, and —0.92 eV, respectively. The resulting
valence-band edge energies as a function of Bi content are
shown in Fig. 6. The initial decrease in the position of the
heavy- and light-hole E_ levels as a function of x is a result
of the anticrossing interaction with the heavy- and light-hole
E, levels, while the subsequent rise is due to a secondary
anticrossing interaction with the spin-orbit split-off E, band.
Of particular note is the drastic rise in the location of the
heavy- and light-hole E, bands, which shift upward by ap-
proximately 0.1 eV for x=0.01. From these predictions, a
very large gap reduction is expected in GaBi/P;_, alloys
along with a large enhancement of the spin-orbit splitting
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FIG. 6. (Color online) Relative positions of the E, and E_
valence-band edges in GaBi P,_,.

energy, which reaches approximately 1 eV for x=0.05. Al-
though these results are only estimates, they clearly indicate
that through judicious adjustment of the alloy composition
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the electronic structure of the valence band of GaBi P,_, can
be significantly modified and may be tuned to meet specific
requirements of potential device applications.

VI. CONCLUSIONS

In summary, the band gap bowing observed in
GaSb,As;_, and GaBi,As;_, is well explained by the
valence-band anticrossing model. The addition of a few
atomic percent of Sb or Bi to GaAs results in a restructuring
of the valence band, and the upward movement of the heavy-
and light-hole E, bands leads to a reduction of the band gap.
This model can be readily applied to the investigation of
other II-(Sb,B)-V systems.
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