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Theory of conduction band dispersion in dilute B,Ga;_,As alloys
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The conduction band structure of B,Ga;_,As has a near-linear blueshift of the energy gap, which can be
described using the virtual crystal approximation, but a dramatic increase in the band edge effective mass mf
at low B composition, similar to that observed in GaN,As;_,. We use a tight-binding model to show that
isolated B atoms have little effect either on the band gap or lowest conduction band dispersion in B, Ga;_,As.
In contrast, B pairs and clusters introduce defect levels close to the conduction band edge, which, through a
weak band-anticrossing interaction, significantly reduce the band dispersion in and around the I" point, thus
accounting for the strong increase in m: and reduction in mobility observed in these alloys.
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I. INTRODUCTION

There has been considerable interest in extreme semicon-
ductor alloys in recent years, both from a fundamental per-
spective and also because of their significant potential device
applications.! The electronic structure of a conventional al-
loy, such as Al,Ga;_,As, is well described using the virtual
crystal approximation (VCA), which treats the group III at-
oms in this alloy as if they were all replaced by a virtual
group IIT atom whose properties are an average of those of
gallium (Ga) and aluminum (Al). In contrast, the difference
in electronegativity and size between arsenic (As) and nitro-
gen (N) is so large that when we replace an As atom by N in
GaAs, the N atom introduces a resonant defect level above
the GaAs conduction band edge.> Many aspects of the band
structure of GaN,As,_,, including the strong band-gap bow-
ing, are then well described using a band-anticrossing (BAC)
model, which explains the evolution of the band structure in
terms of interactions between the localized N-related states
and the host matrix conduction band states.?

The semiconductor alloy B,Ga;_,As provides an interest-
ing case of a material whose properties are intermediate be-
tween those of a conventional and an extreme semiconductor
alloy. The difference in atom size between boron (B) and Ga
is considerably greater than in conventional alloys, suggest-
ing that it might display similar extreme properties to those
observed in GaN,As,_,. In practice, the experimentally mea-
sured variation of energy gap with composition in B,Ga;_ As
is well described using the VCA,*3 in agreement with ab
initio calculations carried out on ordered BGaAs supercells
containing up to 64 atoms.® In contrast, recent experiments
on By o3Ing 0sGag 91 As using far-infrared magneto-optic ellip-
sometry have shown a 44% increase in electron effective
mass over that expected for IngsGagoesAs,’” considerably
larger than that predicted using the VCA, with a further in-
crease in mass measured with increasing carrier concentra-
tion. The recently measured electron mobility of 800
cm? (Vs)™' in a BInGaAs sample at ambient pressure® is
intermediate between that of a conventional alloy and the
very low values [of order of 100—300 cm? (V s)~!] observed
in GaNAs alloys,” with the measured mobility in the BGaAs
case decreasing rapidly with increasing hydrostatic pressure
to ~100 cm? (V s)! at 14 kbar, similar to the observed val-
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ues in GaNAs.® Hence, the electronic properties of BGaAs
are intermediate between those of conventional and extreme
alloys, with some of the measured properties as expected for
conventional alloys, while others resemble more closely
those of an extreme alloy.

We investigate here the cause of the unusual electronic
properties of dilute B,Ga;_,As alloys. The strong reduction
in energy gap observed with increasing N composition x in
GaN,As,_, can be explained in terms of the BAC interaction
between the GaAs host conduction band edge and a higher
lying band of states associated with isolated N atoms, where
the substitutional N atoms only have As second nearest
neighbors. A random GaNAs alloy contains not only isolated
N atoms but also N-N pairs, where a Ga atom has two N
neighbors, and larger clusters of N atoms, with the propor-
tion of pairs and larger clusters increasing rapidly with in-
creasing composition x. We have shown previously that the
anomalously large electron mass, low mobility, and anoma-
lous electron gyromagnetic ratio observed in GaN,As,_, are
due to the distribution of energy states associated with the
N-N pair and cluster states.’!> We extend our previous in-
vestigations here to consider BGaAs alloys. We show that,
due to the large size and electronegativity difference between
B and Ga, isolated B atoms, and B-B pair and cluster states,
all introduce resonant defect levels above the conduction
band edge of BGaAs. However, the BAC interaction is much
reduced between these states and the conduction band edge.

We present here the band structure of B, Ga;_As,
GaN,As,_, and four conventional GaAs alloys for low alloy
composition (x=2.6%) using a tight-binding model that in-
cludes the effects of lattice distortion due to the size differ-
ence between the host and substitutional atoms. The details
of the tight-binding method used are presented in the next
section. We then present and discuss the results of band
structure calculations on 1000-atom supercells. These calcu-
lations confirm the VCA approach for (In,Al),Ga,_,As and
for Ga(P,Sb),As,_, and previous results for GaNAs.
B,,Gaspo_,ASsop supercell calculations (with m=13 and x
=2.6%) show that B introduces a highly localized A, state in
the conduction band, which lies ~300 meV above the GaAs
conduction band edge (CBE), and that B-B pairs and/or re-
lated clusters of B atoms give rise to localized impurity lev-
els which lie close to the BGaAs CBE. In all cases, their
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TABLE L. Energies (in eV) of the sp3s™ tight-binding parameters
used for bulk GaAs, zinc-blende GaN, and BAs for 7=0 K. The
zero of energy is set at the valence band maximum of GaAs. The
valance band maximum of GaN and BAs is assumed to lie below
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TABLE II. Calculated indices n,g to describe the distance de-
pendence of the interatomic interactions between orbitals « and 8
on neighboring atoms.

that of GaAs by 2.28 and 0.19 eV, respectively (Refs. 14 and 6). Nap GaAs GaN BAs
GaAs GaN BAs sSso 3.21 2.69 3.85
S PO 420 424 2.00
E -8.8128 ~14.8931 ~7.8945 5.0 420 3.56 200
EE ~3.5355 ~4.0862 ~4.1428 opo 390 2.09 3,00
ES 1.0414 0.4397 0.9535 op 404 37 402
ES 3.6686 6.3003 1.9265 $peo 3.0 371 270
EX, 12.9297 18.1200 17.9226 $ P 6.90 6.45 200
EX, 12.9297 18.1200 17.9226 S50 0.00 319 0.00
sso ~2.0045 -2.5523 ~2.9601 S50 0.00 260 0.00
SPuO 1.8847 1.5484 1.9653
SPaO 2.3668 2.8959 2.1895
ppo 2.9811 5.0530 3.2285 the next-nearest neighbor shell. The interatomic interaction
pp —~0.7576 —~0.7150 ~1.0309 energies are taken to vary with bond length d as (dy/d)",
sipeor 26615 1.8502 3.1433 \yhere dy is the equilibr'ium bor}d length in the equivaler}t
P 27133 38508 38272 binary compound and n is a scghng exponent whose magni-
o o 04674 05852, 0.6546 tude depends on the t}fpe of interaction belng.conmdered.
ae The effects of changes in bond angle are taken into account
Sis:” 0.6299 1.1181 0.8824 through the two-center integral expressions of Slater and
sso 1.3730 2.1674 1.9234 Koster.!> The scaling indices are determined by fitting the
$.x0(0,1,1) 0.0000 -0.7040 0.0000 bond length dependence of the GaAs, GaN, and BAs nearest-

interaction with the GaAs CBE is close to an order of mag-
nitude smaller than that calculated for N, explaining their
weak effect on the conduction band energy. However, due to
the close proximity of the pair and cluster levels to the CBE,
there can be a significant reduction in the CBE dispersion
due to this weak anticrossing effect. This reduced BAC in-
teraction and the distribution of B resonant defect levels can
then account for the behavior both of the energy gap and of
the electron effective mass and mobility in BGaAs.

II. DETAILS OF TIGHT-BINDING MODEL

We use an accurate sp’s” nearest-neighbor tight-binding
Hamiltonian to investigate the electronic structure of the dif-
ferent alloys. The interatomic parameters are allowed to vary
with bond length, while the magnitude of the on-site param-
eters depends explicitly on the overall neighbor environment.
The calculations are undertaken on 1000-atom supercells in
which all atomic positions have been relaxed using the GULP
molecular relaxation package'? and a parametrized valence
force field (VFF) model while using Végard’s law to con-
strain the average lattice constant as a(x)=xag,Y/Xaq
+(1=x)agaas. The calculated relaxed bond lengths are in
good agreement with those obtained by Bellaiche et al.,'*
who have shown that relaxations calculated using the VFF
approach agree well with those determined from ab initio
calculations. The on-site orbital energies for a given atom are
determined by taking an average of the values from the bi-
nary compounds formed by that atom and its four nearest
neighbors, with a further minor adjustment due to changes in

neighbor interaction parameters to a range of hydrostatic de-
formation potentials.'®!7 This was also carried out for the
other compounds involved. The self-energy and interatomic
interaction parameters used in the model are mainly taken
from Vogl et al.'® The parameters for GaN and BAs were
derived by fitting to pseudopotential band structure calcula-
tions for the zinc-blende structure.®!* The GaAs parameters
were modified from those of Vogl et al. to give an accurate fit
to the standard values of the CBE I, X, and L, energies in
GaAs. The parameters of Vogl et al. give a I'-L separation of
140 meV, compared to the measured low-temperature sepa-
ration of 330 meV. We have found previously that the calcu-
lated energies of N resonant defect levels in GaN,As;_, are
very sensitive to the magnitude of the I'-L splitting used in
the calculation.'” A similar refitting of the parameters was
also made for AlAs, InAs, GaP, and GaSb. The Hamiltonian
which we use also includes nonzero interactions between s
and s” orbitals to give an accurate fit to the conduction band
effective mass at I" in each of the binary compounds consid-
ered.

Tables I and II list the tight-binding parameters used for
GaAs, GaN, and BAs. Table I lists the parameters for the
zinc-blende binary compounds, while Table II shows the
scaling exponent n used to describe the variation of the in-
teratomic matrix elements with bond length. The calculated
values of the conduction band mass and of various energy
gaps and deformation potentials are then compared with val-
ues from the literature in Table III.

III. RESULTS AND DISCUSSION

Full tight-binding calculations were carried out to com-
pare the conduction band structure of GaAs and of six ter-
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TABLE III. Calculated band-gap energies E, hydrostatic deformation potentials a, and I'|, effective mass
m"([';,) (in units of m) using the parameters in Tables I and II (values with no superscript). Results from

other sources are given for comparison.

GaAs GaN BAs
E (eV)
Is,—T, 1.515, 1.519 3.22,3.37° 4.59, 4.57°
Tisp— Ly, 1.861, 1.85% 5.65, 5.88° 2.66, 2.60°
L5y — X, 1.976, 1.982 4.59, 4.59° 1.28, 1.27°
L5y — Amin 0.99(0.83,0,0), 1.06(0.80,0,0)¢
a (eV)
Tis,— T, -8.39, -8.33¢ -7.00, —6.98" -12.42, —12.354
Tisp—Lie -4.25, -4.13? -4.50, —4.78° -6.47, =5.79¢
[isp—Xe 1.44, 1.372 0.38, 0.42° 1.23, 1.26¢
Tis, 1.16, 1.16° 2.0, 2.0 0.58, 0.57¢
m*(Ty,) 0.0672, 0.0670° 0.17, 0.13 0.15¢ 0.23

4References 20 and 21.
PReference 14.
‘Reference 6.
dReference 17.

nary GaAs alloys. In each case, we have taken a 1000-atom
GaAs supercell and replaced the same 13 Ga (or As) atoms
by N, B, P, Sb, Al, or In to investigate the band structure of
X,Ga;_,As and GaY,As,_, (X=B,Al,In and Y=N,P,Sb) for
an alloy composition of x=2.6%. In the first series of struc-
tures, we introduced a random distribution of alloy atoms but
with the constraint that the structure only includes isolated
alloy atoms, with no anion (cation) atom having two or more
X (Y) atoms as nearest neighbors. We then took a second
series of structures in which we started with the same distri-
bution of alloy atoms as in the first case but then moved two
of the atoms to give an arrangement of nine isolated alloy
atoms and two alloy pairs, where a pair is formed when two
alloy atoms share a common nearest-neighbor host atom.
This is close to the proportion of pairs and isolated alloy
atoms expected in a random alloy around this composition.
There is in addition, a smaller fraction of larger clusters in a
random alloy, which is omitted in the present model struc-
ture.

Throughout the following discussion, we focus only on
the conduction band structure, because in all the cases con-
sidered (N and B included), we calculate that the upper val-
ance bands remain largely unperturbed.

Figure 1(a) shows the conduction band dispersion of a
1000-atom GaAs supercell, calculated along the &, direction,
while Figs. 1(b)-1(e) show the calculated band dispersion of
the conventional alloys (X=AlLIn and Y=Sb,P, respectively).
The dispersion is plotted in Figs. 1(b)-1(e), both for the
structure with only isolated atoms (dotted lines) and also for
the structure with two pairs (solid lines) present. It is, in
general, almost impossible to distinguish the two sets of data.
Figures 1(b)-1(e) show that the dispersion of the lowest con-
duction band is well described for each of these alloys by the
VCA; the lowest conduction band is similar to that of GaAs,
and there are no unusual features in the dispersion of this

“Reference 22.
fReference 23.
gReference 24.

band up to the Brillouin zone edge of the 1000-atom super-
cell, even with the inclusion of pairs (solid lines). This is
further confirmed in Fig. 2 which compares the calculated
conduction band edge effective mass for several alloys with
that predicted using the VCA. The open data points show the
calculated mass for structures containing only isolated alloy
atoms, while the solid data points are for structures contain-
ing both isolated and pair impurities. It is impossible on the
scale of Fig. 2 to distinguish between the calculated mass
with and without the inclusion of alloy atom pairs in the
calculations for the four conventional alloys of Fig. 1. The
calculated mass for each of these four alloys is also in excel-
lent agreement with the values predicted using the VCA
(solid line in Fig. 2).

Turning our attention now to GaNAs and to Fig. 3(a) for
the first case with isolated N atoms only, we observe both a
dramatic reduction in the CBE energy of around 0.35 eV and
also a marked reduction in the dispersion. A group of 12 new
states is introduced between 1.6—1.8 eV at I'. These have
been shown to be 12 different combinations of the impurity
states associated with the 13 isolated N atoms.”> We can
extract from the calculations a 13th state formed from a sym-
metric combination of the isolated impurity states, which in-
teracts strongly with the CBE to give a N-related resonant
state in the conduction band at ~2 eV. This higher energy
N-related state can be identified with the E, level observed in
GaNAs.? At this energy, the E, level is strongly degenerate
with the host density of states and so is spread over many
close lying conduction levels.?> The two-level BAC model
can successfully fit both the band edge energy and also the
lowest conduction band dispersion in Fig. 3(a). In contrast to
the conventional alloys, the band dispersion shown in Fig.
3(b) for a GaNAs supercell including two N-N pairs is mark-
edly different to that in Fig. 3(a). There are now two zone
center states (at about 1.46 and 1.54 eV) associated with the
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FIG. 1. Calculated conduction band structure of (a) GasgyAssgg,
and the 2.6% alloys X 3Gayg7As500 and GasggY(3As,g7 containing
only isolated (dotted lines) and both isolated and pair (solid lines) X
or Y atoms, with (b) X=Al, (¢c) X=In, (d) Y=P, and (¢) Y=Sb. The
band dispersion is calculated along the k, direction in units of 7/a,
where a is the appropriate Végard lattice constant.

two N nearest-neighbor pairs. These states have a strong an-
ticrossing interaction with the lowest conduction band, shift-
ing the band edge energy down by about ~30 meV and fur-
ther increasing the zone center effective mass, as indicated in
Fig. 2. We note that at this composition, the N-N levels lie
too far above the CBE to have a dramatic effect on the mass,
because the strong anticrossing with the isolated N states has
pushed the CBE energy about 300 meV below the N-N pair
state energies. We have shown previously that the presence
of N-related states close to the CBE significantly enhances
the CBE effective mass. We found in ultralarge supercells
with x between 0.1% and 0.2% that the pair states lie much
closer to the CBE and so can strongly hybridize with it. This
hybridization reduced the conduction band I' character sig-
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FIG. 2. Electron effective mass directly obtained from lowest
conduction band of each of the various XGaAs and GaYAs alloys
plotted against that predicted by VCA (X/Y indicated for each data
point). Open points: structures containing only isolated impurities.
Closed points: structures containing both isolated and pair impuri-
ties. Points lying on the line indicate exact agreement between the
extracted and VCA values.

nificantly below the BAC value, leading to a significant in-
crease in mass.'” A similar mass enhancement was also ob-
tained for larger values of x using a statistical distribution of
N atoms where the CBE lies close in energy to states asso-
ciated with larger N complexes. Figure 3(c) illustrates the
same effect for the 1000-atom supercells considered here,
showing how the band structure of Fig. 3(b) changes under
the applied hydrostatic pressure of 22 kbar. Figure 2 shows
that the CBE mass increases by 26% in Fig. 3(c) compared
to Fig. 3(b). This confirms how the effective mass depends
on the separation between the pair or cluster levels and the
CBE, and it also emphasizes the overall importance of dis-
order in GaNAs.

Figure 4(a) shows the band structure of a supercell con-
taining 13 isolated B atoms. We calculate a small blueshift in
the band gap, consistent with that measured experimentally.*
The calculated electron effective mass is also close to that
predicted using the virtual crystal approximation (see Fig. 2).
Nevertheless, there are a large number of B-related defect
states above the conduction band edge. We find 39 levels
between 1.7 and 1.8 eV, associated with highly localized B
states of T;-type symmetry (three per B atom). Above this is
a further group of 13 highly localized B states with A; sym-
metry (one per B atom). In BGaAs, contrary to GaNAs, we
calculate the 7, levels of the isolated impurity to lie below
the A, levels. The T states do not interact with the CBE, for
symmetry reasons, while the A; levels have a much weaker
interaction and effect than in GaNAs, due to the different
host state character of the A, states in BGaAs compared to
GaNAs, as discussed further in Ref. 26. Turning to Fig. 4(b)
and the supercell containing nine isolated B atoms and two
pairs, we see a dramatic effect near the conduction band
minimum, with the introduction of two new levels associated
with the two B-B pairs, which lie just above the CBE. These
states have a small interaction through which they strongly
hybridize with the CBE at I', an effect which more than
doubles the calculated band edge effective mass (see Fig. 2).
This increase is in good agreement with that measured for
higher carrier concentrations in n-doped dilute boride
alloys.” The interaction between the pair levels and the CBE
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FIG. 3. Calculated band structure of a GasyyN3As,g7 supercell
(2.6% alloy composition) containing (a) 13 isolated N atoms, (b)
nine isolated N atoms and two N-N pairs, and (c) the same as (b)
for the applied hydrostatic pressure of 22 kbar. The band dispersion
is calculated along the k, direction in units of 7/a, where a is the
alloy lattice constant.

also lowers the band edge by around 20 meV. If we move
the band edge away from the pair levels, e.g., by introducing
a number of In atoms into the supercell, as shown in Fig.
4(c), we see a strong recovery in the dispersion near the
conduction band minimum. We calculate that shifting the
band edge down by around 50 meV reduces by more than a
factor of 2 the effect of these levels on the band edge mass.
The calculated band edge mass for the B 3In;gGays;Assg
supercell of Fig. 4(c) is around 30% larger than the VCA
value for this alloy. This is comparable with the 44% in-
crease obtained for a B gy7Ing 0Gag 913As alloy at low elec-
tron concentrations.” We note that many of the B defect lev-
els shift down in energy when we include In. One level in
Fig. 4(c) is at an energy close to that of the two B-B pair
levels. This state is mostly p-like in nature. It is predomi-
nantly localized on one of the isolated B atoms for which
four of the 12 second nearest neighbors are In atoms. Be-
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FIG. 4. Calculated band structure of a B 3Gayg7Ass5qy supercell
(2.6% B alloy) containing (a) 13 isolated B atoms, (b) nine isolated
B atoms and two B-B pairs, and (c) the alloy Bj3In;gGass;Assg
with nine isolated B atoms, two B-B pairs, and 30 randomly dis-
tributed In atoms replacing Ga. The band dispersion is calculated
along the k, direction in units of 7/a, where a is the appropriate
alloy lattice constant.

cause In is larger in size than Ga, when In replaces any of the
12 second neighbor Ga atoms, it allows the BAs bond to
relax more toward the BAs equilibrium bond length. This has
the effect here of lowering the energy of one of the p-like 7,
states associated with that B atom.

The band dispersion presented in Fig. 4 is consistent
with recently reported measurements of the mobility of
BGa(In)As both at ambient pressure and under applied hy-
drostatic pressure.” We have shown that the mobility is
strongly limited in GaN,As,;_, alloys due to resonant scatter-
ing by N-related defect levels, with such resonant scattering
explaining the typical mobility values of 100-300
cm? (V s)~! observed in GaNAs alloys.” We expect that the
B-related resonant defect levels above the CBE in BGaAs
will act as weaker resonant scattering centers compared to N
in GaNAs, consistent with a measured mobility of order of
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800 cm? (V s)~! at ambient pressure. The resonant scattering
rate will then increase with applied hydrostatic pressure, as
the resonant scattering levels approach the CBE, consistent
with the observed decrease in mobility with increasing hy-
drostatic pressure.

IV. CONCLUSIONS

In summary, the semiconductor alloy B, Ga;_ As provides
an interesting case of a material whose properties are differ-
ent both from those of a conventional semiconductor alloy
and also from other extreme semiconductor alloys such as
GaNAs. Neither the virtual crystal approximation nor the
band-anticrossing model can successfully fit both the ob-
served change in band gap and effective mass with increas-
ing x. We have shown here that this unusual behavior can be
explained through a detailed analysis of boron-related reso-
nant defect states in BGaAs. Tight-binding calculations show
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that isolated B atoms have little effect either on the band gap
or lowest conduction band dispersion in BGaAs. In contrast,
B pairs and clusters introduce a series of defect levels close
to the conduction band edge which, through a weak band-
anticrossing interaction, significantly reduce the band disper-
sion in and around the I" point. Thus, we must include hy-
bridization between the GaAs host band states and pair or
cluster defect levels lying close to the band edge to account
for the strong increase in m: and reduction in mobility ob-
served in these alloys. We conclude that the two-level band-
anticrossing model is not appropriate in describing the en-
ergy gap in BGaAs but that the corrections previously
introduced to account for the large increase in m: in GaNAs
are also required to explain m: in BGaAs.
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