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ABSTRACT

Highly mismatched semiconductor alloys (HMAs) offer unusual combinations of bandgap and lattice constant, which are attractive for
myriad applications. Dilute borides, such as BGa(In)As, are typically assumed to be HMAs. BGa(In)As can be grown in higher alloy compo-
sitions than Ga(In)NAs with comparable bandgaps, potentially enabling routes to lattice-matched telecom lasers on Si or GaAs. However,
BGa(In)As remains relatively unexplored, especially with large fractions of indium. Density functional theory with HSE06 hybrid functionals
was employed to study BGalnAs with 4%-44% In and 0%-11% B, including atomic rearrangement effects. All compositions showed a
direct bandgap, and the character of the lowest conduction band was nearly unperturbed with the addition of B. Surprisingly, although the
bandgap remained almost constant and the lattice constant followed Vegard’s law with the addition of boron, the electron effective mass

increased. The increase in electron effective mass was higher than in conventional alloys, though smaller than those characteristics of

HMAs. This illustrates a particularly striking finding, specifically that the compositional space of BGa(In)As appears to span conventional
alloy and HMA behavior, so it is not well-described by either limit. For example, adding B to GaAs introduces additional states within the
conduction band, but further addition of In removes them, regardless of the atomic arrangement.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0125109

I. INTRODUCTION

Highly mismatched semiconductor alloys (HMAs) have been
intensely investigated for several decades due to their ability to
adjust lattice constant and/or bandgap with a dilute amount of mis-
matched atom incorporation. This offers tremendous new freedom
for designers of photonic and electronic devices by offering a much
broader range of functional materials that can be grown lattice-
matched on common substrates such as GaAs or Si."”” For example,
adding small amounts of N to GaAs or InGaAs can sharply reduce
both bandgap and lattice constant at the same time.””” However,
the incorporation of nitrogen into conventional III-V alloys is
limited by its low solid solubility and challenging growth.®™"*

Unlike the large electronegativity difference between Group V
elements As and N (AX =0.86 ¢V) in dilute nitrides, the difference
in electronegativity between Group III elements Ga and B is much
smaller, 0.23 eV, although the size mismatch is comparable with

that of As-N. Additionally, the theoretical solid solubility of B is
much larger than N,® which potentially makes it easier to grow
B-III-V alloys compared with N-III-V alloys. Indeed, we recently
demonstrated up to 22% B substitutional incorporation in BGaAs
by molecular beam epitaxy (MBE) while maintaining excellent
crystallinity.'*~'” These results strongly suggest that B could offer a
much wider range of strain engineering compared with N-III-V
alloys.

Previous experimental studies of BGaAs were generally limited
to B concentrations lower than 10% due to challenging crystal
growth.'*™** Simultaneous incorporation of In and B to grow
BGalnAs is even more difficult due to the increased growth vari-
ables. Similarly, previous investigations of BGalnAs were limited to
a combination of low In (<10%) concentration and higher B (~4%)
concentration, or else higher In (~40%) but low B (~2%)
concentration.””™> With our recent improvements in crystal
growth, there is a strong motivation for a more complete theoretical
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understanding of BGa(In)As alloys for devices. Both the electronic
and optical properties of BGalnAs remain unknown over a wide
range of B and In concentrations that would be necessary for
lattice-matched integration on GaAs or Si, particularly at telecom
wavelengths. We have previously reported that around 3.5% B and
44% In is needed for a quantum well on GaAs emitting at wave-
lengths near 1.3um.'>"*® Better modeling would help target
longer wavelengths near 1.55 um.

In dilute nitrides such as GaInNAs, the addition of N strongly
perturbs the conduction band, splitting the band edge.”” The per-
turbation introduced by boron in BGaAs is predicted to be much
weaker, and a conventional, GaAs-like conduction band edge can
even be restored by adding indium.’>*' Our previous work also
showed that adding In to BGaAs increases the photoluminescence
(PL) intensity about three times,”* which generally agrees with pre-
vious reports of adding B to InGaAs multiple quantum wells
(MQWs).”® However, the mechanism leading to the increased PL,
whether intrinsic to the material or dependent on growth condi-
tions, was unknown. Additionally, in the dilute nitrides, the lattice
position of the highly mismatched atom relative to its Group III
nearest neighbors influences the material properties such as strain
energy, bandgap, and the strength of optical transitions.”>””
Conversely, in the dilute boride arsenides, such as BGa(In)As, all of
the variations is on the Group III sublattice: B-As-Ga, B-As-In,
B-As-B, etc. The effects of such ordering are poorly understood;
HMAs such as BGalnAs are notoriously poor candidates for
approximate techniques such as the virtual crystal approximation,
making simulation more challenging. Also, B-B split interstitials
and other defects at high B concentrations can also exist in BGa
(In)As, although such defects are beyond the scope of this paper.

In this work, we used density functional theory (DFT) with
hybrid functionals to study the evolution of the band structure as B
and In are added to GaAs. B concentrations in the Group III lattice
were 0%, 3.7%, 7.4%, and 11.1%, and In concentrations were 0%,
3.7%, and 44%. The effects of local bonding configurations such as
B-As-In vs B-As-B were also compared to study the effects of
annealing and random alloys. We find that BGalnAs closely resem-
bles a conventional III-V alloy, in contrast to other HMAs such as
dilute nitrides. These results predict BGa(In)As to be a highly
promising material for near-IR optoelectronics on Si and GaAs,
with a direct bandgap and sharp conduction band (CB) edge.

Il. METHODS

The Vienna Ab initio Simulation Package (VASP), based on
DFT’* using the projector-augmented wave (PAW) method,” was
used to model 54 atom supercells of BGaInAs. HSE06 hybrid func-
tionals were used, as these have been shown to provide more accu-
rate bandgaps with reasonable computational efficiency,”™”” and
for comparison with the other published work.”® Plane waves with
energy up to 478 eV were included in the basis set for DFT.”” The
convergence criterion between electronic steps was AE < 107%eV
for all supercells studied here. The Brillouin zone was sampled
using a 3 x 3 x 3 I'-centered, Monkhorst-Pack grid. The supercells
were constructed using a 3 x 3 x 3 repetition of the two-atom zinc-
blende primitive unit cell along the primitive lattice vectors. In all
configurations discussed below, each B or In atom replaced a Ga
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FIG. 1. Schematic of atom bonding for B-B pair (B-As-B bonds) and B-In pair
(B-As—In bonds).

atom. To obtain the band structure of BGalnAs, the atomic struc-
ture of BGa(In)As was first optimized by fully relaxing the ion
positions for a series of different lattice constants, then fitting the
Birch-Murnaghan equation to obtain the lattice constant produc-
ing the lowest system energy, and finally re-relaxing the supercell at
that new lattice constant before extracting optical properties and
band structures. The use of supercells leads to folding of band
structure, which complicates the direct comparison of different
configurations, so BandUP was used to unfold or project the band
structure into the first Brillouin zone."””*’ Additionally, spin-
orbital coupling (SOC) would slightly decrease the bandgap and
break the degeneracy of the split-off valence band. SOC was not
included here due to its severe computational cost. Without SOC,
the energies and effective masses near the valence band maximum

267 g BxGag.963-xIN0.037AS
-268 F 3
-269 F 3
270 S
271t B-B pair

272} ¢ ]
273 F

System Energy (eV)

B-In pair E
-274 + . ]

_275 1 1 1 1 1 1
0 2 4 6 8 10 12

Boron Fraction (%)

FIG. 2. Ground state system energy for B-B pair and B-In pair configurations
for various fractions of B in B,Gag gs3_xINg.037AS.
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TABLE 1. Supercell construction for B-In pair configuration.

Configuration for B-In pair

0% In 3.7% In 44% In
3.7% B B,GayAs,; B,Gaysin; Asy;, B,Gayyln;,As,,
74% B B2G325A527 B2G324IH1A527 B2G313In12A527
11.1% B B3G324A527 B3G323IH1ASZ7 B3G3121n12A527

are incorrect, but the conduction band is still expected to be quali-
tatively correct, particularly when comparing relative changes.”

I1l. RESULTS AND DISCUSSION
A. Validation using binaries

The resulting lattice constant of fully relaxed BGalnAs closely
followed Vegard’s law, showing a highly linear relation between
element concentration and lattice constant for atoms perfectly in the
substitutional position. To validate the model, lattice constants of
binary GaAs, InAs, and BAs were calculated to be 5.6674, 6.1083,
and 4.7711 A respectively, in good agreement with experimental
values of 5.6532, 6.0583, and 4.777 A, respec'[ively.’l"l Similarly, GaAs
had a computational (experimental) bandgap of 1.354 eV (1.424 eV).
The calculated InAs bandgap was 0.379 eV, which is slightly above
the experiment bandgap (0.354eV) but consistent with the range
predicted by other hybrid functional HSE calculation reports’”**~*
since we did not impose any quasi-empirical adjustments such as
artificial strain. Our calculation of BAs showed a direct bandgap of
4.12eV and an indirect bandgap of 2.02eV at the CB minimum
(CBM) near X, which agrees well with a recent experimental study
of BAs" and other BAs calculation results using hybrid function-
als.”®! Nevertheless, to reduce the effects of possible errors in
bandgaps compared with the experiment, this work focused on rela-
tive changes in the band structure due to composition. Therefore,
the same computational parameters were used to calculate the
optical properties of BGalnAs.

B. Atom arrangements

In highly mismatched alloy systems, different local arrange-
ments of the highly mismatched atoms strongly influence the mate-
rial properties. > This paper follows the notation of cluster
configuration suggested by Bellaiche and Zunger.”” Two B atom
bonding configurations were constructed as shown in Fig. 1: (1) B-B
pairs, where the B atoms are directly connected to the same As atom
forming B-As-B bonds and (2) B-In pairs, where the In atom is the
first Group III nearest neighbor of B, forming B-As-In bonds. As

TABLE II. Supercell construction for B-B pair configuration.

Configuration for B-B pair

3.7% In 44% In
7.4% B B2G324IH1A527 B2G313IH12ASZ7
11.1% B B3Gaysin; As,; B;Gaj;Ing,Asy,
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FIG. 3. Lattice constant in B,Gag gs3_xINg.037AS for B-B pair and B-In pair con-
figuration when adding B compared with laftice constant calculated using
Vegard's law. GaAs dash-dotted line is calculated from VASP. Lines are a guide
to the eye.
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shown in Fig. 2, B-B pairs and B-In pairs have approximately equal £
system energy, indicating that the two configurations are equally §
likely to form. Therefore, we must study both configurations to &
investigate the properties when adding B to InGaAs. For each
bonding configuration, three In concentrations (0%, 3.7%, and 44%)
were used, and the B concentration varied from 0% to 11.1%. This
allowed us to study the effects of the addition of B and In to BGa

E-Er (eV)
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FIG. 4. Unfolded band structure of By g37GaggesAs. Inset: Magnified view of
conduction band splitting at T. High spectral weight means a state is similar to
one or more equivalent states in the GaAs primitive unit cell.
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(In)As individually. Configurations constructed based on 54-atom
supercells used in this work are summarized Tables I and II.

C. Structural properties

While deviations from Vegard’s law have been previously pre-
dicted in dilute B alloys with both positive and negative bowing
parameters,” > Fig. 3 shows a relationship between boron concen-
tration and lattice constant that is as linear as other III-V alloys.

D. Electronic properties

In all compositions of B and In calculated in this work,
BGalnAs remained a direct bandgap material. Unfolded band
structures of BGa(In)As with B-In pair atom arrangement are
shown in Figs. 4 and 5. The unfolded band structure of BGaAs at a
low B concentration of 3.7% is shown in Fig. 4. The CBM was dis-
tinctly split into two bands in B 3;Gagee3As, labeled CB1 and
CB2. The conduction band splitting is also observed in low-In
Bo.037Gapo26 IngoszAs with B-In pairs, as shown in Fig. 5(c).
However, the band splitting vanishes with a further increase in In
concentration. As shown in Fig. 5(d), there was only one high spec-
tral weight state near the CBM at the I' point. Additionally, for
higher B fractions (7.4%, 11.1%) with 0% and 3.7% In, several extra

ARTICLE scitation.org/journalljap

CB states appear in Figs. 5(f) and 5(g), which agree well with the
extra cluster states near the CBM observed in Lindsey’s calcula-
tions.”™" At low In concentrations in B,Gagoss—Ingo37As, the
total number of CB states increases when the B concentration is
increased. We attribute these additional states to the influences
brought by a short range interaction of B atoms. A detailed study
of the properties of the extra states near conduction band
minimum will be reported elsewhere. In contrast, the number of
CB states decreased when adding more indium. In contrast, in
high-indium B,Gag 56—xIng 44As, the number of CB states near the
bandgap remains at 2 even with 11.1% B, indicating that adding In
makes BGalnAs more like a traditional III-V alloy.

Despite the increasing number of CB states with increasing B
concentration at low In concentration, the conduction band
minimum, i.e., the lowest conduction band state at zone center,
retains a large spectral weight, showing it resembles the CB of
unperturbed GaAs.*>*’ Figure 6 shows the spectral weight of CB
states when adding B and In in both B-In pair and B-B pair con-
figurations. The lowest conduction band of BGa(In)As in all com-
positions has a spectral weight ranging from 0.6 to 0.9, while the
spectral weight for higher CB states is smaller than 0.4. Therefore,
the lowest CB state (CB1) in BGa(In)As is much less perturbed by
B than higher CB states are.

Bo.037Ga0.5101N0.444AS

Bo.037Ga0.9261N0.037AS

CB4
N (9)
~

¥ ces

x CB2
\\

Bo.074Ga0.880IN0.037AS

Bo.111Gao.8521N0.037AS

3.7% In, adding B

v

FIG. 5. Evolution of CB states with B and In for the BIn pair configuration near zone center. White arrows highlight states at zone center: (a) Pristine GaAs with only one
state at zone center, (b) By 037Gag.0e3AS With band splitting, (c) Bo.037Ga0.926IN0.037AS With band splitting at low In concentration, (d) B o37Gag 519IN0.444 With restored con-
duction band similar to pristine GaAs, (e) Bpos7Gaggelnoos7As with band splitting, (f) Boo74Gaogselno.os7As with four conduction band states, and (g)

By.111Gap.g52In0,037As with four conduction band states at high B concentration.
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Boron Fraction (%) Boron Fraction (%) Indium Fraction (%)

(@)

(b) (c)

FIG. 6. Spectral weight (SW) of states at conduction band (CB) near zone center in (a) B-In pair B,Gaggs3_xINo.037AS, with x from 0.037 to 0.111, (b) B-B pair
B,Gap g953_xINo.037AS, x =0.074-0.111, and (c) B-In pair By g37Gag.963_xINkAS, X = 0-0.444.

In contrast, all compositions showed almost no effect of B
on the valence band maximum (VBM), in agreement with
reports from Lindsay and O’Reilly.”” The projections onto
atomic orbitals of all CB states further suggest that the lowest
CB state at the I' point is optically active, like the GaAs CBM,
supported by calculations of the optical matrix element, which
will be reported elsewhere. As shown in Fig. 7, the s orbital
portion of CBI only slightly decreases when adding B compared
with the 100% s-like GaAs CBM, while adding In increases the s
orbital composition of the CB1. The high spectral weight and
small change in s orbital composition of CB1 show a relatively
unperturbed conduction band minimum. These results indicate
adding B to GaAs has a relatively small influence on the direct
gap transition from the VBM to the CBM at zone center (k =0).

In some ways, it appears that adding In to BGaAs removes the
perturbation induced by adding B. Detailed investigations of
optical properties and transitions in BGalnAs are under way and
will be reported elsewhere.

Previous experimental and theoretical studies of dilute B
alloys reported a sharp increase in electron effective mass when
adding B.”>** This is often attributed to band anticrossing of the
CB with an isoelectronic impurity state that is nearly flat in
k-space, leading to a flatter CB edge. The effective mass was calcu-
lated from the band structure over a k-space length of approxi-
mately 0.02 Born~. First, we calculated the electron effective mass
of GaAs to be m.* =0.067 times the electron rest mass my, in good
agreement with the experiment.”” The calculation results for a
constant In concentration of 3.7% in BGalnAs suggest that adding

< 100} mGaAs I} m GaAs | .GaAs Ve e
c — ) -""\._‘ o ® 2 »>
S 90} e CB1 e S 1t A CB1 |
% a OB add B ~r o . ¢ add In
8 80| ¢cCB3 i t B-Bpair 11 ]
£ £ CB4 , BxGag 963-xIN0.037AS
o 70t 3 It 4 A A, CB2
3 ) A X ot A T
S 60} B-Inpair 1t i B-In pair
o BxGap 963.xIN0.037AS * i Bo.037Ga0.963-xINxAS -

] | R : : ' :

0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 20 40 100

Boron Fraction(%)

(a)

Boron Fraction (%)

(b)

Indium Fraction (%)

(c)
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FIG. 7. s orbital composition of CB states near zone center: (a) for B-In pair B,Gag gg3_xINo.037AS, X = 0.037-0.111; (b) for B-B pair B,Gag ge3_xINo.037AS, x = 0.074-0.111;
and (c) for B-In pair By g37Gag.063_xINxAS, X = 0-0.444.
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FIG. 8. Electron effective mass for B-In pair B,Gag gs3_xINo.037AS when adding
B. The experimental electron effective mass was measured using far-infrared
magneto-optic generalized ellipsometry studies in Ref. 54.

B increases the electron effective mass, as shown in Fig. 8.
However, the increased electron effective mass when adding B is
still much smaller than the hole effective mass. On the other hand,
adding In sharply decreases the electron effective mass, just as it
does in conventional InGaAs. Overall, the increase in m.* is much
smaller for dilute borides than dilute nitrides,”””’ which again
shows BGa(In)As behaves more like a traditional III-V alloy.

Together, these results show that adding B to GaAs only has
small influences on the band structure near k=0 compared with
other HMAs such as dilute nitrides. The bandgap remains direct,
the energies of the CBM are only slightly perturbed, and the CBM
and VBM retain their respective s-like and p-like character.
Likewise, the electron effective mass only slightly increases when
adding B. Adding In further removes the band splitting introduced
by B. We believe the similarity with conventional III-V alloys can
be explained by the small difference in electronegativity between B
and the atom it replaces, ie., Ga. In other words, BGaAs qualifies
as a highly mismatched alloy only in atomic size differences, but
not in electronegativity. We believe BGalnAs, therefore, offers
greater potential for adjusting lattice constant to lattice-match to
GaAs and Si without the severe mismatch effects induced by other
highly mismatched alloys.

IV. CONCLUSIONS

This work explored the band structure and electronic proper-
ties of BGa(In)As with B concentration ranging from 0% to 11%
and In concentration ranging from 0% to 44% using DFT with
HSEO06 hybrid functionals. We found that the properties of BGa
(In)As are in between conventional III-V alloys and HMAs, which
we attribute to the relatively small difference in electronegativity
when B replaces Ga. The fully relaxed lattice parameter of BGa(In)
As was found to closely follow Vegard’s law. The lowest CB state in
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BGa(In)As strongly resembles the lowest unperturbed GaAs CB,
as shown by a high spectral weight after band unfolding and
similar wavefunction compared with GaAs. The CB splits into
two or more states with the addition of just 3.7% B, and only the
lowest band retains GaAs-like character. On the other hand, this
splitting disappears with increasing In concentration, with a
direct bandgap and roughly obeying the virtual crystal approxima-
tion for bandgap and optical properties regardless of atom
arrangement. In addition, adding B slightly increases the electron
effective mass more than the virtual crystal approximation would
predict, but less than might be expected from band anticrossing
in other HMAs. In any case, the perturbation of the conduction
band minimum and electron effective mass is relatively small
compared with other HMAs, and the conduction band minimum
remains direct and optically active across the entire range of B
and In concentrations studied. Thus, BGalnAs is a highly promis-
ing material for lattice-matched lasers and other near-infrared
optoelectronics on Si and GaAs.
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