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Boron arsenide, the typically ignored member of the Group-1l11-V arsenide series BAs-AlAs-GaAs-InAs is

found to resemble silicon electronically: Esconduction-band minimum ig-like (G5), nots-like (G4, it has
an X, slike indirect band gap, and its bond charge is distributed almost equally on the two atoms in the unit
cell, exhibiting nearly perfect covalency. The reasons for these are tracked down to the anomalously low
atomicp orbital energy in thés benger dnantohtheliurDeeratly stribvegband

gaps of the constituents.g., ZnS-ZnTe; GaAs-GdNIn this

case addition of small amounts of the wide gap components

acts to initially lower the band gap of the small gap compo-

nent. For example, one can achieve the technologically de-

sired 1-eV gap if one adds nitrogen to GaAs or to InGaAs.

When boron is substituted into GaAs, it can go to either a
gallium site or an arsenic site. Normally boron prefers isova-
lent substitution on the gallium site,

are known to occur in Ga-rich samples of GaAs grown by
the liquid encapsulated Czochralski method, but for GaAs
crystals taken from stoichiometric or As-rich melts, electri-
cally active boron or boron complexes are not fodridgi-
cating that the boron atoms have substituted isovalently to
the gallium sites. Not as much is known about #pstaxial
growth conditions under which isovalent or antisite boron
incorporation occurs. It is reasonable to suppose that B
antisite defects will be more likely under Ga-rich conditions
and that As-rich growth conditions will lead to isovalent bo-
ron incorporation, similar to the case for LEC-grown GaAs.
In this paper, we focus on isovalent BGaAs alloys where
boron occupies gallium sites.

In this paper we will explore BAs as an alternative toGaN as

1=3 which is the case we

study here. In the other case when boron goes to the arsenic
site~a boron “antisite” defect, the boron acts as an acceptor
and this antisite defect has been the subject of numerous
studies*=8 Growth conditions determine whether boron goes
to the gallium site as an isovalent substitution or to the ar-
senic site as an acceptor. For examplg, Bntisite defects



anomalous as thevery large and composition dependent energy cutoff for the expansion in the interstitial region was
bowing in GaAs_,N,? 16 Ry ~approximately 130 basis functions per atoriithe

~ivl Will cation substitution by boron lead to unusual muffin-tin ~MT! radii were 1.65 bohr for boron and 2.2 bohr
wave function localization effects found to exist for anion for arsenic, aluminum, gallium, and indium. In the large su-
substitition by nitrogerf?=2° percell calculations32 or more atorris a slightly smaller

Two features of boron make boride semiconductors funplane-wave kinetic-energy cutoff of 13 Rypproximately
damentally different from common Group-IlI-V or Group- 120 basis functions per atdrand a larger boron MT radius
[I-VI semiconductors. The first is that, like nitrogen, boron of 1.8 bohr-2.1 for arsenic, aluminum, gallium, and inditim
is in the first row of the Periodic Table and has dgepr-  was used to ease the computational burden of the larger cells.
bitals and a small atomic size. The second feature is, unlik®ur convergence studies indicate that the error in the indi-
nitrogen, boron has a low electronegativity. This leads tovidual eigenstates is less than 5 meV for the valence and
highly covalent compounds, unlike nitride semiconductorsjower-conduction bands. The calculations were run until the
which have a strong ionic character. This paper examiiles variation in the total energy between several self-consistency
zincblende BAs and its place in the Group-lll—As family of cycles was<10™° Ry. The experimental lattice constants
semiconductors andii! boron substitution of gallium in were used in all the calculations of the individual com-
GaAs, including alloy bowing, band offsets, and mixing en-pounds. The experimental lattice constants are 4.777, 5.660,
thalpies. Our main findings are: 5.653, and 6.058 A for BAs, AlAs, GaAs, and InAs, respec-

Zincblende BAsSurprisingly, we find that, electronically, tively.
BAs resembles silicon rather than other Group-lll-V semi- The k-point mesh used in the calculation of the simple
conductors. Similar to silicon and in contrast to most Group-binary compoundszincblende BAs, AlAs, GaAs, and InAs
[11-V’s, the lowest Brillouin-zone center conduction band of was a 4<4 x4 mesh of Monkhorst and Pack special points
BAs hasp symmetry G159 rather thans symmetry G;J, 010 points in the irreducible wedge of the Brillouin zone
and, like silicon, its total valence charge density shows al-BZ!%£.3® The superlattice calculations for the valence-band
most symmetric distribution of charge around the two atom®ffsets as well as the supercell calculations for the alloy stud-
in the unit cell. The reasons for the siliconlike conduction-ies usedk-point meshes equivalefitto the 4x4x 4 mesh
band ordering in BAs arei! the small repulsion of the bond- used in the calculation of the simple zincblende binary com-
ing and antibonding states due to the low orbital energy  pounds. Using equivalehtpoint meshes is particularly im-
of boron, as well as the unusual hybridization of both cationportant for calculations such as enthalpies of formation in
and anionp states at the VBM, andli! the repulsion of the order to eliminate uncertainties due to the statistical errors of
cation and aniors states that is much stronger in BAs than in different k-point meshes. Thus, one can use much smaller
AlAs, GaAs, and InAs. As a result of the-p hybridization  k-point meshes to achieve the required accuracies than would
~covalent bondinh mentioned in-~i!, we also find that the otherwise be necessary.
valence-band offset of BAs relative to other members of the

Group-IlI-As family i§ unusually high. o . B. Partial DOS, band characters, and valence charge density
BAs-GaAs alloys:~i! The band-gap bowing is relatively . . :
It is useful to analyze the orbital character of different

small (;3.5 eV) and composition independent, in stark . . ()
contrast to GaN-GaAs alloys. Because of this small bowingStates. The band character orbital populatioh Q;™(é,k)

the addition of BAs to GaAincreaseshe gap, thus, unlike 'S thelth an.gular momentum cor_nponent of the chargg due to
nitrogen, addition of boron into GaAs or InGaAs will not wg\)/e functionc(e,k) enclosed in a spher@yr of radius
lead to the desired 1 eV materiaii! The lower energy Rwr about atoma:

conduction-band states are ‘“semilocalized” states around

fche boron atoms_, e.g., the conduction-band maximQBiM! fa)~e,k! _ f |I5,c~e,k,r 1|2dr, 11

is strongly localized near the boron but extended at longer MT

distances while the VBM is completely delocalizeid.! The .

bulk mixing enthalpy of BAs in GaAs is much lower than whereP, is an angular momemtum projection operator with
that of GaN in GaAs, indicating that the bulk solubility of origin at sitea. Because the interstitial region outside the
boron in Group-111-V compounds may be higher than that of

nitrogen and thus higher composition ranges may be possible

with the boride alloys. These findings indicate that boride

Group-1l1-V alloys provide new opportunities in band-gap

engineering.

II. METHODS OF CALCULATION
A. The LAPW calculations

We used density-functional theory within the local-
density approximatiorLDA!,*° as implemented by the full-
potential linearized-augmented-plane  waved APW!
method?3? -wieng7 implementatiof!. The exchange-
correlation potential of Perdew and Wang was u¥dd. the
calculations with less than 32 atoms, the plane-wave kinetic-



Valence charge densitiesThe charge density is con-
structed from the highe$dz occupied bands as

Ng

Fyart!= ( f
n=1 JBZ



of accomplishing this is to increase the numbek pbints in

all three systems until convergence is obtained. The disad-
vantage of this approach is that it requirgssolute kpoint
convergence foA andB, and separately foA B, . A better
approach is to take advantage afelative kpoint
convergencé® The idea is to sample the Brillouin zone
equivalentlyfor A, B andA,B,. This could be done by con-
sideringA A, BBy, andA B, as isostructural solids and
sampling the Brillouin zone of each equally. Then, any rela-
tive k-point sampling error cancels out. This is called the
method of equivalent k point8 In practice, one does not
have to calculaté\,A, andB,B but instead can calculate
andB in their primitive unit cells using suitably folded-ik
points. Equivalenk points for the unit cells in this paper are
given in Table II.

E. Choice of supercells

The calculations oDH (Eq.~9'% andb (Eq. ~10# require
supercells. We use BaAsg, B1GasAS;s, B1Gag1AS,
and B,GagAs3,. The lattice vectors defining the supercells
are given in Table Il. The SQS16 supercell is a “special
quasirandom structure”—a periodic structure with a rather
small unit cell whose lattice sites are occupiedAynd B
atoms so as to mimic the atom-atom correlation functions of
much largerA, _,B, supercells with random occupatiofts.

In the calculations for the band-gap bowing of
B,Ga _,As alloys, 64 atom, simple-cubic unit cells were
used for both the 3% and 6% boron alloys. In the case of the
3% alloy, there is one boron atom in the supercell, but for the
6% alloy, there are two boron atoms in the supercell. For this
case, the band-gap was determined by taking the weighted
average of the gaps for the 5 symmetrically inequivalent con-
figurations~given in Table Il of two boron atoms in the
64-atom supercell. These five pairs are the first through
fourth neighbor pairs in an fcc lattice, as well as the sixth
neighbor.-~In the 64-atom cell, the fifth fcc neighbor is
equivalent to the first.Using the same 64-atom unit cell for
the alloys in the bowing calculations eliminated band-gap
differences that can occur due to tkeoint folding relations



TABLE II. Definition of the supercells used in this study and equivalegmbints. Lattice vectors are given
in units ofay and equivalenk points are given as fractions of the reciprocal lattice vectors.

System Lattice vectors Equivalektpoints Relative weight

AC, BC zincblende ~1/2, 1/2, @ ~0, 0, 1/8
~1/2, 0, 1/2 ~0, 0, 3/8

~0, 1/2, 1/2 ~0, 1/8, 3/4

~0, 1/8, 1/4

~0, 1/8, 1/2

~0, 1/4, 5/8

~1/8, 1/4, 1/2

~0, 1/4, 3/8

~0, 3/8, 1/2

~1/8, 3/8, 5/8
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the band gap of BAs is indirect; the CBM is along thdine
between the G and X points—at approximately
0.82(1,0,0)P/a. An unusual feature of the band structure is
the character of the CBM &. In BAs, the CBM is thep-like

G state (5. if spin-orbit interaction not included Only
the semiconductors silicon and BP share this feature. In most
semiconductors, the lowest stateGais the singly degenerate
slike state. The origins of this feature of the BAs band struc-
ture can be understood in the context of the tight-binding
model of Harrisorf3 According to this model, the bonding
(G15y) and antibonding @5 p states at are given by
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AlAs relative to BAsTwo effects increase the VBM of
BAs relative to the VBM of AlAs.~i! Because the unoccu-
pied d states in BAs lie very high in energy relative to the
VBM, the p-d repulsion effect that drives the VBM down in
AlAs is weaker in BAs~ii! The more important effect is the
unusual character of the VBM in BAs. In the rest of the
Group-lll-As family, the character of the VBM is primarily
anionp-like, but in BAs the bonding is much more covalent
and the VBM comes from both the anion and the catieig.

6. Since the catiomp levels are higher in energy than the As
p levels-~Fig. 1!, any admixture of catiop character pulls
the VBM up. These two effects, lack @f-d repulsion and
strong hybridization of the catiop character into the VBM,
account for the high VBM of BAs relative to AlAs.



~ii! The B-As bond decreases from the GaAs value to
wards the BAs value and ends up only 4% higher than th
value for pure BAs.

~iii ! The average bond length relaxation parantéter

e=0Rgans X! — Reag X! #/ARS o~ RO -14!

DEy(x), from the average band ga?qg(x), of the constitu-
ents is often well described by a quadratic téfmt>4°

DE4x!=bx-x—1!.

For typical semiconductor alloys, the bowing paramétés
normally less than 1 eV and is independémif the concen-
tration x. However, in GaAs_,N, alloys, where the lattice
mismatch is large and the bond strength differences are sig-
nificant, the bowing parameter is strongly composition
dependent and can be as large as 20 eV. Due to the large
lattice mismatch of BAs and GaAs and the strong B-As
bonds, one might expect that8a _,As alloys would also
'show such large and composition-dependent bowing. We
Qalculated thes 15— G1¢

is 0.76. (=0 when there is no relaxation and 1 when the

relaxation is fulll Thus, assumin§gas to be Vegard-likeas
in the virtual crystal approximatidroverestimates the bond
length by ; 13%.

We also modeled a 50%-50% random alloy using a 32
atom special quasirandom structu®QS16 in Table 11%°
We found that the distribution of the bond lengths has the
expected bimodal form for a random binary alfoyand the
B-As bonds are generally larger than the ideal B-As bond
length while the Ga-As bond lengths are smaller than the
ideal Ga-As bond length.

B. Bowing in the dilute alloy

Both measurements and calculations indicate that, for
isovalent semiconductor alloys, the deviation of the band gap






ing pureA and pureB into the in-plane lattice constaatof
the superlattice, and relaxing them in the direct@n -ii!

The interfacial energy, i.e., the difference betw&e(n,G)
and the consituent strain energy, is defined by

21-n,G!

DH-~n,G!= ~16!

+DEcgsa,Gl.

We calculatedD ECS(E,(AB) for BAs and GaAs, deformed to
the average lattice constaatalong G=(001). This gave
148 meV/atom. FronDH (n,G=001) of Table V andEcs
we calculated the interfacial energgyor n=1, 2, and 4. We
found 1=19, 23, and 26 meV, respectively. While a larger
superlattice period would be required to determine the con-
verged value ofl, we see that the BAs-GaAs interface is
repulsive This is whyDH(n,G) of Table V decreasesvith

n: largern reduces theroportional effect of the interfacial
repulsion.

So far we dealt with-001! superlattices. The CuPt-like
monolayer (BAs)/(GaAs), ~111! is particularly interesting
since in other Group-llI-V alloyse.g., Galnp) it appears

as a spontaneously ordered stucture during alloYing/e
find a very highDH(CuPt) of 108 eV/atom, suggesting ther-
modynamic instability.

For the random alloys in Table V, all of the excess en-
thalpies are positive. We compare the mixing enthaplies as
obtained by the LDAwhich includes both size-mismatched-
induced strain effects and charge-transfer “chemical” ef-
fectd and the valence force field/FF! method-~which in-
cludes only strain effects



GaAs _,N,. In epitaxialgrowth experiments, the alloy solu- band-gap bowing and band offsetghere boron is less “in-
bility can dramatically exceed that ibulk experiments for
reasons explained in Ref. 60.

D. Quasilocalized electronic states

We find that the incorporation of boron into the GaAs
host material has little effect on the state at the VBM but that
the lower conduction-band states are strongly peturbed. The
square of the wave functions for the VBM and the lowest
two conduction-band states for isolated boron in GaAs are
shown in the left-hand side of Fig. 14. The first column
shows the states for an isolated boron atom in the center of a
supercell of GaAs. The VBM is completely delocalized and
looks very much like the VBM state of pure GaAs except for
a region near boron impurity where the wave function is
extended towards the boron atom. This distortion is precisely
what one would expect based on the strong coupling of bo-
ronp and arsenip states at the VBM in BAs, as discussed in
Secs. lll B and Ill D. In contrast to the VBM, the CBM state
shows a significant localizatioaroundthe boron atom. The
CBM showslong-rangedelocalization, but the majority of
the wave function is concentrated near the boron atom. For
the second lowest conduction-band state (CBM), the
situation is similar except the wave function is concentrated
around a small number of gallium atoms as well. The dual
character of the conduction-band statestended at long
range but concentrated around the boron atoms in the short
range indicates that the states aesonantin the conduction
band and are not localized statésside the gap The
conduction-band states could be considered as boron-
perturbed bulk GaAs conduction-band states.

The second column of Fig. 14 shows the same states
~VBM, CBM, CBM+1) for a fourth neighbopair of boron
atoms inside a supercell of GaAs. A statistically random dis-
tribution of boron atoms would result, among others, in
pairs. In the case of GaAs,N, alloys, the presence of ni-
trogen pairs can result in localized impurity states inside the
gap®! Calculations were performed for the five symmetri-
cally unique pair arrangements in the 64-atom supercell as
described in Table Ill. Qualitative features of wave-function
localization were the same for all of the pairs, and only the
most representative case, the fourth nearest-neighbor pair, is
shown in the figure. The features of the pair states are similar
to those of the isolated impurity discussed above—that is,
the VBM is mainly an As-derived, delocalized state while
the lower CB states are concentrated around the boron at-
oms. Again, there is some effect on the wave function very
near the boron atom. The CBM state is concentrated around
the boron atom in the middle of the cell and around the
boron and gallium atoms on the cell edges. The next lowest
conduction-band state shows similar features and the wave
function is restricted primarily to the200 plane of the cell.

The short-range “localization” effects of boron incorpo-
ration into GaAs appear to be similar to those seen in
GaAs _,N, alloys, resulting mainly in “dual character”
conduction-band states that are still extended at long range
but are localized around the boron atoms. However, it ap-
pears that the perturbation of boron on the near-gap states of
GaAs is gentler than that of nitrogen as none of the pairs
cause states inside the gap. This is another instaag®ith
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