


t

al
n

un
-
n

lik
t

rs
s
of

n

,
i
p

of

a
m
n
-

io

in

th

y
rk
ng

t

un

ge

n
f
o
ib

id
p

l-
-

ti

as

r
u-

ells.
di-

and
the
ncy
ts

-
660,
c-

le

ts
e
nd
ud-

m-
-

in
s of
ller
ould

nt

to

ith
e

anomalous as the~very large and composition dependen!
bowing in GaAs12xNx?

~iv! Will cation substitution by boron lead to unusu
wave function localization effects found to exist for anio
substitition by nitrogen?27–29

Two features of boron make boride semiconductors f
damentally different from common Group-III–V or Group
II–VI semiconductors. The first is that, like nitrogen, boro
is in the first row of the Periodic Table and has deepp or-
bitals and a small atomic size. The second feature is, un
nitrogen, boron has a low electronegativity. This leads
highly covalent compounds, unlike nitride semiconducto
which have a strong ionic character. This paper examine~i!
zincblende BAs and its place in the Group-III–As family
semiconductors and~ii ! boron substitution of gallium in
GaAs, including alloy bowing, band offsets, and mixing e
thalpies. Our main findings are:

Zincblende BAs:Surprisingly, we find that, electronically
BAs resembles silicon rather than other Group-III–V sem
conductors. Similar to silicon and in contrast to most Grou
III–V’s, the lowest Brillouin-zone center conduction band
BAs hasp symmetry (G15c) rather thans symmetry (G1c),
and, like silicon, its total valence charge density shows
most symmetric distribution of charge around the two ato
in the unit cell. The reasons for the siliconlike conductio
band ordering in BAs are:~i! the small repulsion of the bond
ing and antibondingp states due to the lowp orbital energy
of boron, as well as the unusual hybridization of both cat
and anionp states at the VBM, and~ii ! the repulsion of the
cation and anions states that is much stronger in BAs than
AlAs, GaAs, and InAs. As a result of thep-p hybridization
~covalent bonding! mentioned in~i!, we also find that the
valence-band offset of BAs relative to other members of
Group-III–As family is unusually high.

BAs–GaAs alloys:~i! The band-gap bowing is relativel
small (;3.5 eV) and composition independent, in sta
contrast to GaN-GaAs alloys. Because of this small bowi
the addition of BAs to GaAsincreasesthe gap, thus, unlike
nitrogen, addition of boron into GaAs or InGaAs will no
lead to the desired 1 eV material.~ii ! The lower energy
conduction-band states are ‘‘semilocalized’’ states aro
the boron atoms, e.g., the conduction-band maximum~CBM!
is strongly localized near the boron but extended at lon
distances while the VBM is completely delocalized.~iii ! The
bulk mixing enthalpy of BAs in GaAs is much lower tha
that of GaN in GaAs, indicating that the bulk solubility o
boron in Group-III–V compounds may be higher than that
nitrogen and thus higher composition ranges may be poss
with the boride alloys. These findings indicate that bor
Group-III–V alloys provide new opportunities in band-ga
engineering.

II. METHODS OF CALCULATION

A. The LAPW calculations

We used density-functional theory within the loca
density approximation~LDA !,30 as implemented by the full
potential linearized-augmented-plane waves~LAPW!
method31,32 ~WIEN97 implementation33!. The exchange-
correlation potential of Perdew and Wang was used.34 In the
calculations with less than 32 atoms, the plane-wave kine
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energy cutoff for the expansion in the interstitial region w
16 Ry ~approximately 130 basis functions per atom!. The
muffin-tin ~MT! radii were 1.65 bohr for boron and 2.2 boh
for arsenic, aluminum, gallium, and indium. In the large s
percell calculations~32 or more atoms!, a slightly smaller
plane-wave kinetic-energy cutoff of 13 Ry~approximately
120 basis functions per atom! and a larger boron MT radius
of 1.8 bohr~2.1 for arsenic, aluminum, gallium, and indium!
was used to ease the computational burden of the larger c
Our convergence studies indicate that the error in the in
vidual eigenstates is less than 5 meV for the valence
lower-conduction bands. The calculations were run until
variation in the total energy between several self-consiste
cycles was,1025 Ry. The experimental lattice constan
were used in all the calculations of the individual com
pounds. The experimental lattice constants are 4.777, 5.
5.653, and 6.058 Å for BAs, AlAs, GaAs, and InAs, respe
tively.

The k-point mesh used in the calculation of the simp
binary compounds~zincblende BAs, AlAs, GaAs, and InAs!
was a 43434 mesh of Monkhorst and Pack special poin
@10 points in the irreducible wedge of the Brillouin zon
~BZ!#.35 The superlattice calculations for the valence-ba
offsets as well as the supercell calculations for the alloy st
ies usedk-point meshes equivalent36 to the 43434 mesh
used in the calculation of the simple zincblende binary co
pounds. Using equivalentk-point meshes is particularly im
portant for calculations such as enthalpies of formation
order to eliminate uncertainties due to the statistical error
different k-point meshes. Thus, one can use much sma
k-point meshes to achieve the required accuracies than w
otherwise be necessary.

B. Partial DOS, band characters, and valence charge density

It is useful to analyze the orbital character of differe
states. The band character~or orbital population! Ql

(a)(e,k)
is thel th angular momentum component of the charge due
wave functionc(e,k) enclosed in a sphereVMT of radius
RMT

(a) about atoma:

Ql
(a)~e,k!5E

VMT

uP̂lc~e,k,r !u2dr , ~1!

whereP̂l is an angular momemtum projection operator w
origin at sitea. Because the interstitial region outside th
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Valence charge densities:The charge density is con
structed from the highestNB occupied bands as

rval~r !5 (
n51

NB
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of accomplishing this is to increase the number ofk points in
all three systems until convergence is obtained. The dis
vantage of this approach is that it requiresabsolute k-point
convergence forA andB, and separately forApBq . A better
approach is to take advantage ofrelative k-point
convergence.36 The idea is to sample the Brillouin zon
equivalentlyfor A, B andApBq . This could be done by con
sideringApAq , BpBq , andApBq as isostructural solids an
sampling the Brillouin zone of each equally. Then, any re
tive k-point sampling error cancels out. This is called t
method of equivalent k points.36 In practice, one does no
have to calculateApAq andBpBq but instead can calculateA
andB in their primitive unit cells using suitably folded-ink
points. Equivalentk points for the unit cells in this paper ar
given in Table II.

E. Choice of supercells

The calculations ofDH @Eq. ~9!# andb @Eq. ~10!# require
supercells. We use B1Ga7As8 , B1Ga15As16, B1Ga31As32,
and B2Ga30As32. The lattice vectors defining the superce
are given in Table II. The SQS16 supercell is a ‘‘spec
quasirandom structure’’—a periodic structure with a rath
small unit cell whose lattice sites are occupied byA and B
atoms so as to mimic the atom-atom correlation functions
much largerA12xBx supercells with random occupations.39

In the calculations for the band-gap bowing
BxGa12xAs alloys, 64 atom, simple-cubic unit cells we
used for both the 3% and 6% boron alloys. In the case of
3% alloy, there is one boron atom in the supercell, but for
6% alloy, there are two boron atoms in the supercell. For
case, the band-gap was determined by taking the weig
average of the gaps for the 5 symmetrically inequivalent c
figurations~given in Table III! of two boron atoms in the
64-atom supercell. These five pairs are the first throu
fourth neighbor pairs in an fcc lattice, as well as the six
neighbor. ~In the 64-atom cell, the fifth fcc neighbor i
equivalent to the first.! Using the same 64-atom unit cell fo
the alloys in the bowing calculations eliminated band-g
differences that can occur due to thek-point folding relations
d-
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TABLE II. Definition of the supercells used in this study and equivalentk points. Lattice vectors are given
in units of a0 and equivalentk points are given as fractions of the reciprocal lattice vectors.

System Lattice vectors Equivalentk points Relative weight

AC, BC zincblende ~1/2, 1/2, 0! ~0, 0, 1/8! 1

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

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

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

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

~0, 1/4, 5/8! 3

~1/8, 1/4, 1/2! 6

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

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

~1/8, 3/8, 5/8! 6

(AC
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the band gap of BAs is indirect; the CBM is along theD line
between the G and X points—at approximately
0.82(1,0,0)2p/a. An unusual feature of the band structure
the character of the CBM atG. In BAs, the CBM is thep-like
G7c state (G15c if spin-orbit interaction not included!. Only
the semiconductors silicon and BP share this feature. In m
semiconductors, the lowest state atG is the singly degenerat
s-like state. The origins of this feature of the BAs band stru
ture can be understood in the context of the tight-bind
model of Harrison.43 According to this model, the bondin
(G15v) and antibonding (G15c) p states atG are given by

E~G15!5
«p

c1«p
a

2
6AS «p

c2«p
a

2
D 2

1~4Epp!
2, ~11!
st

-
g
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AlAs relative to BAs:Two effects increase the VBM o
BAs relative to the VBM of AlAs.~i! Because the unoccu
pied d states in BAs lie very high in energy relative to th
VBM, the p-d repulsion effect that drives the VBM down i
AlAs is weaker in BAs.~ii ! The more important effect is th
unusual character of the VBM in BAs. In the rest of th
Group-III-As family, the character of the VBM is primarily
anionp-like, but in BAs the bonding is much more covale
and the VBM comes from both the anion and the cation~Fig.
6!. Since the cationp levels are higher in energy than the A
p levels ~Fig. 1!, any admixture of cationp character pulls
the VBM up. These two effects, lack ofp-d repulsion and
strong hybridization of the cationp character into the VBM,
account for the high VBM of BAs relative to AlAs.
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We
~ii ! The B-As bond decreases from the GaAs value
wards the BAs value and ends up only 4% higher than
value for pure BAs.

~iii ! The average bond length relaxation parameter52

e5@RGaAs~x!2RBAs~x!#/@RGaAs
0 2RBAs

0 # ~14!

is 0.76. (e50 when there is no relaxation and 1 when t
relaxation is full.! Thus, assumingRBAs to be Vegard-like~as
in the virtual crystal approximation! overestimates the bon
length by;13%.

We also modeled a 50%-50% random alloy using a
atom special quasirandom structure~SQS16 in Table II!.39

We found that the distribution of the bond lengths has
expected bimodal form for a random binary alloy,53 and the
B-As bonds are generally larger than the ideal B-As bo
length while the Ga-As bond lengths are smaller than
ideal Ga-As bond length.

B. Bowing in the dilute alloy

Both measurements and calculations indicate that,
isovalent semiconductor alloys, the deviation of the band
-
e

-

e

d
e

r
p

DEg(x), from the average band gapĒg(x), of the constitu-
ents is often well described by a quadratic term,29,51,54,55

DEg~x!5bx~x21!.

For typical semiconductor alloys, the bowing parameterb is
normally less than 1 eV and is independent45 of the concen-
tration x. However, in GaAs12xNx alloys, where the lattice
mismatch is large and the bond strength differences are
nificant, the bowing parameter is strongly compositi
dependent56 and can be as large as 20 eV. Due to the la
lattice mismatch of BAs and GaAs and the strong B-
bonds, one might expect that BxGa12xAs alloys would also
show such large and composition-dependent bowing.
calculated theG15v→G1c
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ing pureA and pureB into the in-plane lattice constantā of
the superlattice, and relaxing them in the directionĜ. ~ii !
The interfacial energy, i.e., the difference betweenDH(n,Ĝ)
and the consituent strain energy, is defined by

DH~n,Ĝ!5
2I ~n,Ĝ!

n
1DECS~ ā,Ĝ!. ~16!

We calculatedDECS(ā,Ĝ) for BAs and GaAs, deformed to
the average lattice constantā along Ĝ5(001). This gave
148 meV/atom. FromDH(n,Ĝ5001) of Table V andDECS
we calculated the interfacial energyI for n51, 2, and 4. We
found I 519, 23, and 26 meV, respectively. While a larg
superlattice periodn would be required to determine the co
verged value ofI, we see that the BAs-GaAs interface
repulsive. This is whyDH(n,Ĝ) of Table V decreaseswith
n: largern reduces theproportional effect of the interfacial
repulsion.
So far we dealt with~001! superlattices. The CuPt-like
monolayer (BAs)1 /(GaAs)1 ~111! is particularly interesting
since in other Group-III–V alloys~e.g., GaInP2) it appears
as a spontaneously ordered stucture during alloying.59 We
find a very highDH(CuPt) of 108 eV/atom, suggesting the
modynamic instability.

For the random alloys in Table V, all of the excess e
thalpies are positive. We compare the mixing enthaplies
obtained by the LDA~which includes both size-mismatched
induced strain effects and charge-transfer ‘‘chemical’’
fects! and the valence force field~VFF! method~which in-
cludes only strain effects!
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GaAs12xNx . In epitaxialgrowth experiments, the alloy solu
bility can dramatically exceed that inbulk experiments for
reasons explained in Ref. 60.

D. Quasilocalized electronic states

We find that the incorporation of boron into the GaA
host material has little effect on the state at the VBM but t
the lower conduction-band states are strongly peturbed.
square of the wave functions for the VBM and the lowe
two conduction-band states for isolated boron in GaAs
shown in the left-hand side of Fig. 14. The first colum
shows the states for an isolated boron atom in the center
supercell of GaAs. The VBM is completely delocalized a
looks very much like the VBM state of pure GaAs except
a region near boron impurity where the wave function
extended towards the boron atom. This distortion is precis
what one would expect based on the strong coupling of
ron p and arsenicp states at the VBM in BAs, as discussed
Secs. III B and III D. In contrast to the VBM, the CBM sta
shows a significant localizationaround the boron atom. The
CBM shows long-rangedelocalization, but the majority o
the wave function is concentrated near the boron atom.
the second lowest conduction-band state (CBM11), the
situation is similar except the wave function is concentra
around a small number of gallium atoms as well. The d
character of the conduction-band states~extended at long
range but concentrated around the boron atoms in the s
range! indicates that the states areresonantin the conduction
band and are not localized statesinside the gap. The
conduction-band states could be considered as bo
perturbed bulk GaAs conduction-band states.

The second column of Fig. 14 shows the same sta
~VBM, CBM, CBM11) for a fourth neighborpair of boron
atoms inside a supercell of GaAs. A statistically random d
tribution of boron atoms would result, among others,
pairs. In the case of GaAs12xNx alloys, the presence of ni
trogen pairs can result in localized impurity states inside
gap.61 Calculations were performed for the five symmet
cally unique pair arrangements in the 64-atom supercel
described in Table III. Qualitative features of wave-functi
localization were the same for all of the pairs, and only
most representative case, the fourth nearest-neighbor pa
shown in the figure. The features of the pair states are sim
to those of the isolated impurity discussed above—that
the VBM is mainly an As-derived, delocalized state wh
the lower CB states are concentrated around the boron
oms. Again, there is some effect on the wave function v
near the boron atom. The CBM state is concentrated aro
the boron atom in the middle of the cell and around
boron and gallium atoms on the cell edges. The next low
conduction-band state shows similar features and the w
function is restricted primarily to the~200! plane of the cell.

The short-range ‘‘localization’’ effects of boron incorpo
ration into GaAs appear to be similar to those seen
GaAs12xNx alloys, resulting mainly in ‘‘dual character’
conduction-band states that are still extended at long ra
but are localized around the boron atoms. However, it
pears that the perturbation of boron on the near-gap state
GaAs is gentler than that of nitrogen as none of the p
cause states inside the gap. This is another instance~as with
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band-gap bowing and band offsets! where boron is less ‘‘in-
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it could be used as a relatively benign component which
added to lattice match the alloy to a given substrate.
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