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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: ifsconduction-band minimum ig-like (I";5), nots-like (I";), 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 the boron and to the unusually strerg repulsion in BAs relative to most other
Group-llI-V compounds. We find unexpected valence-band offsets of BAs with respect to GaAs and AlAs.
The valence-band maximutivBM) of BAs is significantly higher than that of AlAslespitethe much smaller
bond length of BAs, and the VBM of GaAs is only slightly higher than in BAs. These effects result from the
unusually strong mixing of the cation and anion states at the VBM. For the BAs-GaAs alloys, wg) fand
relatively small -3.5 eV) and composition-independent band-gap bowing. This means that while addition of
small amounts of nitrogen to GaAawersthe gap, addition of small amounts of boron to GaAisesthe gap;
(i) boron “semilocalized” states in the conduction bafsémilar to those in GaN-GaAs alloysand(iii) bulk
mixing enthalpies that are smaller than in GaN-GaAs alloys. The unique features of boride Group-Ill-V alloys
offer new opportunities in band-gap engineering.

[. INTRODUCTION are known to occur in Ga-rich samples of GaAs grown by
the liquid encapsulated Czochralski method, but for GaAs
With the advent of state-of-the-art techniques for growingcrystals taken from stoichiometric or As-rich melts, electri-
semiconductor alloys on common substrates such as GaAsally active boron or boron complexes are not fodridi-
silicon, and germanium, semiconductor compounds, whicltating that the boron atoms have substituted isovalently to
previously were very difficult to synthesize, are now rou-the gallium sites. Not as much is known about #pataxial
tinely achieved. Techniques such as metal-organic chemicgrowth conditions under which isovalent or antisite boron
vapor deposition, molecular-beam epitaxy, and pulsed las&fcorporation occurs. It is reasonable to suppose that B
ablation have provided the opportunity to synthesize andntisite defects will be more likely under Ga-rich conditions
study a large number of nitride, phosphide, and antimonideyng that As-rich growth conditions will lead to isovalent bo-
semiconductor alloys. Of particular recent interest are alloy$gp, incorporation, similar to the case for LEC-grown GaAs.

of awide gapsemiconductofe.qg., nitridegwith a “conven- | this paper, we focus on isovalent BGaAs alloys where
tional” Group-Ill-V semiconductor because of their prom- ., occupies gallium sites.

ise in optical applications. Two diverging scenarios were
considered(i) using a significant amouril0%—30% of the
wide gap component to shift the alloy band-gap to Ibhee
(e.g., adding~20% GaN to InN for light-emitting diode or

In this paper we will explore BAs as an alternative to
GaN as a wide gap partner for alloying conventional Group-
I1I-V’s such as AlAs and GaAs. Very little is known about

C 2 ' . , BAs: As early as 1966, Ku mentioned the possibilities of
laser applications, an@i) using asmallamount of the wide S . )
gap semiconductor to shift the alloy band-gap to ted BAs-GaAs as a boride Group-IlI-V alloy with potentially

(e.q.. adding 1%-3% GaN to Gajfor photovoltaic appli- useful prc_)pertieé;‘?'l.l However, difficulties in fabricating

cations. The latter effect occurs naturally if the band-gagPAS O simple solid solutions of zincblende BAs-GaAs

bowing parameteb is larger than the difference of the band (Refs. 10,12—1pprior to the development of current epitax-

gaps of the constituents.g., ZnS-ZnTe; GaAs-GaNin this ial techniques have prevented a careful study of the alloy

case addition Of Sma” amounts Of the W|de gap Componentgroperties. Now that epitaXial techiques have eased these dif-

acts to initially lower the band gap of the small gap compo-ficulties somewhat, boride semiconductor alloys are generat-

nent. For example, one can achieve the technologically déng renewed interest®'®~**There are a number of theoreti-

sired 1-eV gap if one adds nitrogen to GaAs or to InGaAs. cal studies that examine different aspects of pure BRS
When boron is substituted into GaAs, it can go to either abut theoretical studies of the borafloys are lacking.

gallium site or an arsenic site. Normally boron prefers isova- Important questions that one would want to answer in-

lent substitution on the gallium site? which is the case we clude:

study here. In the other case when boron goes to the arsenic (i) How will alloying with BAs affect the band-gaps and

site (a boron “antisite” defec), the boron acts as an acceptor other properties of GaAs or AlAs?

and this antisite defect has been the subject of numerous (i) To what extent does BAs fit the well-known trends in

studies*=® Growth conditions determine whether boron goesband gaps, band offsets, and bonding patterns of the arsenide

to the gallium site as an isovalent substitution or to the arGroup-lll-V series BAs-AlAs-GaAs-InAs?

senic site as an acceptor. For examplg, Bntisite defects (iii ) Will the band-gap bowing of B5a _,As alloys be as
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anomalous as thévery 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 ajorithe
(iv) 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 calculationg32 or more atoms a slightly smaller
Two features of boron make boride semiconductors funplane-wave kinetic-energy cutoff of 13 Rwgpproximately
damentally different from common Group-1lI-V or Group- 120 basis functions per atorand 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 indium
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 examines 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 (459 rather thans symmetry (), [10 points in the irreducible wedge of the Brillouin zone
and, like silicon, its total valence charge density shows al{BZ)].>*® 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 ardi) 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, andii) 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 bonding mentioned in(i), we also find that the otherwise be necessary.
valence-band offset of BAs relative to other members of the
Group-lll-As family is unusually high. B. Partial DOS, band characters, and valence charge density
BAs-GaAs alloys:(i) The band-gap bowing is relatively

small (~3.5 eV) and composition independent, in stark It is useful to analyze the orbital character of different

; ; (a)
contrast to GaN-GaAs alloys. Because of this small bowingStates. The band character orbital population Q;*'(e,k)

the addition of BAs to GaAincreaseshe gap, thus, unlike 'S thel th an.gular momentum cor_nponent of the chargg due to
nitrogen, addition of boron into GaAs or InGaAs will not Wfi‘)’e functiony(e,k) enclosed in a spher@y of radius
lead to the desired 1 eV materigii) The lower energy Rwr about atoma:
conduction-band states are ‘“semilocalized” states around

the boron atoms, e.g., the conduction-band maxing@aM) Ql(a)(e k):f
is strongly localized near the boron but extended at longer '
distances while the VBM is completely delocaliz¢id.) 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-llI-V compounds may be higher than that ofmuffin-tin spheres is excluded when the band characters are
nitrogen and thus higher composition ranges may be possibkalculated, the muffin-tin radii were chosen to match the ra-
with the boride alloys. These findings indicate that boridetionalized tetrahedral radii of Phillig¥.

Group-lll-V alloys provide new opportunities in band-gap  The partial density-of-statg®0S) are determined by in-
engineering. tegratingQ{®(e,k) over allk in the BZ:

[Py k,r)|2dr, (1)
!

M

Il. METHODS OF CALCULATION Nf“)(e)ZJ’ Q{?(¢,k) dk. )
Bz
A. The LAPW calculations

We used density-functional theory within the local-
density approximatioiLDA),*° as implemented by the full-
potential linearized-augmented-plane  waved APW)
method™3? (wieno7 implementatiof’). The exchange- vB
correlation potential of Perdew and Wang was u¥dd. the qet= J "N (e)de. 3)
calculations with less than 32 atoms, the plane-wave kinetic- VBin

The angular momentum decomposition of the total valence
charge can then be determined by summniijfe) over the
valence bands:
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TABLE I. Convergence test for the valence-band offsets of BAs/GaAs, BAs/AlAs, and AlAs/GaAs using
two different superlattice periods. Units are eV. Band offsets were calculated using both anion and cation
core stategsee Eq.(6)]. Note that while for AIAs/GaAs a similar offset is obtained when either anion or
cation core levels are used, for the borides only anion core levels provide a rapidly convergent band offset

with respect to the superlattice periad

Using Using Using
Superlattice § anion X anion Is cation

(BAs),/(GaAs), 0.18 0.11 0.83
(BAs),/(GaAs), 0.19 0.12 0.58
(BAs), /(AIAS) , -0.38 -0.45 0.58
(BAS),/(AIAS) 4 -0.39 -0.47 0.17
(AlAs), /(GaAs), 0.50 0.50 0.41
(AlAs) 4/(GaAs), 0.51 0.51 0.47

Valence charge densitiesthe charge density is con- tained from calculations ofAX),/(BY), superlattices in the

structed from the highe$dz occupied bands as

Ng
puaN=2, | [mulr)]?dk. @)
n=1 JBZ
For plotting p,, We useNg=4. Thus, catiord bands are not
included in the construction.
The “valence deformation density’Ap,,(r) describes

the difference between the solid-state density and a superp

(001 direction. The perioch needs to be large enough so
that AX-like and BY-like properties can be identified far
from the interface. For the core stat@®enotedC andC’),

we use the aniondstates. Table | shows the dependence of
the valence-band offset calculations on the period of the su-
perlattice and on which core states are used. Because of the
large size mismatch of BAs and GaAs, at least4 is re-
quired to sufficiently convergAEé’xé?Y. We also find that

Qmile a similar offset is obtained for AIAs/GaAs, when either

sition of densities of spherical atoms in their ground state, 5nion or cation core levels are used, for the borides only,
_ . anion core levels provide a rapidly convergent band offset
ApvallT) = pyall 1) = Poud T)- ®  with respect to the superlattice periad
The valence charge difference is defined as the difference
between the crystal valence densitgcluding the catiord

: -t i D. Alloy enthalpies of mixing, alloy bowing,
bands, when occupig¢@nd a superposition of free, spherical

and equivalentk points

LDA atomic densities arranged in the configuration of the

crystal. The atomic configuration of the free atoms are

d%?2p? for the cations andg?p® for the anions.

C. Band offsets

The offset AE,(AX/BY) between the valence-band

maxima of two semiconductor compourdiX andBY form-

The enthalpy of mixindor an alloyA; _,B, of two com-
ponentsA andB is the difference in energy between the alloy
and the weighted sum of the constituents:

(©)

wherex=p/(p+q). In the mixing enthalpy calculations, the

AH(X):EAqu_[(l_X)EA+XEB]a

ing a heterostructure is calculated using a method similar talloy lattice constant(x) is taken as the linear average of

that used in photoemission spectroscépy.

L (AXBY)=AEEL ~AENHAERSY.  ©
where
AE';\?((:: EAX—EAX,
AE, ¢ =E}Y-Eg )

are the energy seperations between the core leeland
C’) and the valence-band maximums for the pAn€ and
BY compounds. The third term in E¢),

(tS)

AX/BY _ =BY_ —AX
AEC e =Eq —Ec

the experimental values of the constituents. The experimen-
tal lattice constants of BAs and GaAs are 4.777 and
5.653 A, respectively, whereas the calculated lattice con-
stants are 4.740 and 5.615 A. Any free internal coordinates
in the alloy structure were relaxed using the quantum-
mechanical forces so that residual forces on the ions were
less than 1 mRy/bohr.

The band-gap bowingparameteib defined by

Eg(X) =Eg4(X) —bx(x—1), (10

whereEg4(x) is the weighted linear average of the individual
band-gaps ofA and B. The bowing parametdn represents
the deviation of the band-gap from this average. Note that
although there are LDA errors in the calculated gaps of the

is the difference in the core-level binding energy between thQ\XBl_X alloy as well as the pure constituents A and B, to

two compoundsAX andBY in the AX/BY heterojunction.
To calculate the “natural band offset AE)S and AEC Y.,
are calculated forAX and BY at their cubic, equilibrium

lattice constants. The core-level differenAE/é’Xé',3Y is ob-

lowest order, the LDA error in the bowinlg cancels out.
Considering Egs(9) and (10), we see that one needs to

converge thek representation for a compourg,B, as well

as for the elemental constituemtsandB. The standard way
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of accomplishing this is to increase the numbek pbints in  were tested by comparing the enthalpies of formation for
all three systems until convergence is obtained. The disadstructures at higher concentrations calculated using first prin-
vantage of this approach is that it requirgssolute kpoint  ciples, as given in Table V. o
convergence foA andB, and separately foA B, . A better (2) Full relaxation using first-principles’ forces of all 64-
approach is to take advantage afelative kpoint atom supercells used in the band-gap bowing calculations
convergencé® The idea is to sample the Brillouin zone reported in Sec. VB is computationally prohibitive so the
equivalentlyfor A, B andA_B, . This could be done by con- generalizetf VFF model was used to determine internal co-
sideringA,A,, B,B,, andA,B, as isostructural solids and ordinates. In one case (Ba;Ass;), the VFF- and LAPW-
sampling the Brillouin zone of each equally. Then, any rela_d_etgrmmed coordlnate_s were compared and found to be very
tive k-point sampling error cancels out. This is called thesmllar. The average difference between the two methods for
- 0, iS-
method of equivalent k point8 In practice, one does not the Ga-As bonds was 0.005 a.u. (0.1%). The largest d.'s
have to calculaté\,A, andB,B but instead can calculate creperlicy (;N?S neharhthe_boron site whoere tt_]he VF'; precﬂllcts a
andB in their primitive unit cells using suitably folded-ik B-As bond length that is 0.01 a.4l.5% shorter than the

) . . . N LAPW bond length. Using the VFF-determined internal co-
points. Equivalenk points for the unit cells in this paper are ordinates of the supercell would be acceptably accurate only
given in Table 1. if the band-gap is very close to that when the first-principles’
coordinates are used. In the case of the BGsy, supercell
E. Choice of supercells just_mentioned, the band-gap difference was only 10 meV,

' justifying the use of the VFF.

The calculations oA H [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 A. Expectations from atomic physics
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 o h
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 th

0 i i . . . i
20;0 a”oy, :Eere IS or;e bobron atotm n t_hetr?upercell, tl)IUthorttI?' oing down the column but there is a kink when moving
0 alloy, there are two boron atoms In the SUpercell. Forthig,,° A| 1o Ga due to the introduction of imperfectly

case, the band-gap was determined .by taking the Weighteéjcreenedj states in Ga. The fact that thestates in B lie
average of the gaps for the 5 symmetrically inequivalent CON[Gwer in energy, and hence closer to the As gtates, will

figurations (given in Table 11) of two boron atoms in the lead to a much stronger hybridization plike states in BAs
64-atom supercell. These five pairs are the first througr?elative to the other Group-lll-As systems

fourth neighbor pairs in an fcc lattice, as well as the sixth . S :

. ! ; ; The consequence of this is shown in Fig. 2 which shows
nelghbor. (In the _64 ato_m cell, the fifth fcc nelghbor S ihe total valence Chargqlmt of angular momentunh [Eq.
equivalent to the first.Using the same 64-atom unit cell for : . .

) X : - (3)], enclosed in spheres having the tetrahedral radii of
the alloys in the bowing calculations eliminated band-ga|

differences that can occur due to tkeoint folding relations pPh_|II|ps. Itis clear. that the occupation of the B and As
. . d ' p-like states in BAs is much higher than in the other systems
of different supercells, as discussed by Bellaigiel. in

Ref. 28 (indicating thatp-p hybridization is much more pronounced
B in BAs) and also that there is more charge around the boron
than the other cations. Thus, the distinction between “cat-
ion” and “anion” is not so clear cut in BAs, where both
atoms share similar charge. This is also reflected in the rela-
In two cases, the total energies or the internal structurajive ionicities in the group. According to the Phillips s¢&le
parameters were determined using a classical force fielghe relative ionicities are 0.002, 0.274, 0.310, and 0.357 for
model. This generalized valence force field m88&1(VFF)  BAs, AlAs, GaAs, and InAs, respectively. As a result of the
consists of bond-stretching, bond-bending, and bendingrelative ionicities, the bonding in BAs is almost completely
stretching springs with force constants 5, ando, respec-  covalent whereas the other three members of the group have
tively. The force constants and the equilibriumo force  a significant ionic component that increases in the order
bond lengths are given in Table IV. The two cases where th@|As— GaAs—InAs. We will see next how these expecta-

VFF model was used are: . tions are reflected in the electronic structure of BAs.
(1) The VFF model was used to model the mixing enthal-

pies of boron or nitrogen in GaAs in the regime of very low
concentrationgSec. V Q. Because well-tested force con-
stants exist for the “conventional” VFF modet( 3; no o)
for the case of GaAs/GaN, we also used a two-parameter The energy bands of zincblende BAs are shown in Fig. 3.
(oc=0) model for BAs/GaAs for the sake of consistency Calculated band energies at high-symmetry points are given
with previous calculations. The parameters for BAs/GaAsn Table VI3*?* As others have shown previousfy?+1%%3

lll. BAs AND THE IlI-As FAMILY

The LDA valence orbital energies for the first four ele-
ents of column Il are plotted in Fig. 1. The lower value of
e atomicp states of B relative to the atomjcstates for Al,

Ga, and In(which are all quite similgrare notable. This
lower value can be understood from the fact that, as a first
row element, the @ states in B need not be orthogonal to
fower p states. In general, the catisenergy should increase

F. Valence force field model

B. Energy bands, band characters, and densities-of-states
in zincblende BAs
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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

(AC),/(BC); (100 superlattice

(AC),/(BC), (100 superlattice

(AC),/(BC), (100 superlattice

A,B,Cgq fcc supercell

A.B5C,6 bce supercell

A1B3,C3, simple cubic supercell

AgBsCis SQS16

(1/2, 172, 0
(1/2, 0, 1/2
(0, 1/2, 1/

(12, 112, 0
(1/2, -1/2, 0
0,0,2

(1/2, 172, 0
(1/2,-1/2, 0
(Ol 07 2

(1/2,1/2,0
(1/2,-1/2, 0
0,0,4

(1,1,0
(1,00
0,1,
1, 1,-)
-1
1,10
(2,0,0
©,2,0
0,0,2
,-1,2
1,-1-2
(272, 172, 0

(0,0, 1/9
(0,0, 3/9
(0, 1/8, 3/4
(0, 1/8, 1/
(0, 1/8, 1/3
(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
(0, 1/8, 1/8
(0, 1/8, 3/8
(0, 3/8, 1/8
(0, 3/8, 3/8
(1/8, 1/4, 1/3
(1/8, 1/4, 3/3
(1/8, 1/2, 1/3
(1/8, 1/2, 3/3
(1/4, 3/8, 1/3
(1/4, 3/8, 3/3
(3/8, 1/2, 1/3
(3/8, 1/2, 3/3
(0, 1/8, 1/4
(0, 3/8, 1/4
(1/8, 1/4, 1/3
(1/8, 1/2, 1/3
(1/4, 3/8, 1/2
(3/8, 1/2, 1/2
(0, 1/8, 1/2
(0, 3/8, 1/2
(1/8, 1/4, 1/2
(1/8, 1/2, 1/2
(1/4, 3/8, 1/2
(3/8, 1/2, 1/2
(0, 0, 1/4
(0, 1/4, 1/3

(1/8, 1/8, 1/8
(1/8, 518, 5/8

(1/4, 1/4, 113

0, 1/2, 0
(1/2, 0, 0
(1/4, 3/4, 1/8
(0, 1/2, 1/3
(1/2, 0, 1/9
(1/4, 314, 3/8
(0, 1/2, 1/2
(1/2, 0, 1/2

WR RPNRPNRPRPRPRNRPNRPPRPRPNNRPRPNNRPRPRPR,RL,OWOMWWWWWER R

[EnY
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TABLE Ill. All possible pair configurations in the 64-atom cell. TABLE V. Enthalpies of formatiorlLDA and VFF) of ordered
(001) superlattices of BAs/GaAs and the mixing enthalpies of
Shell number Lattice vector Number of B,Ga _,As random alloy$Eqg. (9)]. All the AH values are positive.
(nth fcc neighbor  [u,v,w] (unitay/2)  equivalent pairs
AH AH
1 [0,1,1] 12 Boron  (meV/atom (meV/atom
2 [2,0,0] 3 System concentration (LAPW) (VFF)
3 [2,1,1] 12
4 [2,2,0] 3 Ordered superlattices:
6 [2,2,2] 1 (BAs), /(GaAs), (001) 50% 186 193
(BAs), /(GaAs), (001) 50% 171 192
(BAs),/(GaAs), (001) 50% 161 191
the band gap of BAs is indirect; the CBM is along thdine  (BAs)../(GaAs), (001 50% 148
between the I' and X points—at approximately (BAs),/(GaAs); (001) 25% 132 174
0.82(1,0,0)2r/a. An unusual feature of the band structure is Random alloys:
the character of the CBM dt. In BAs, the CBM is thep-like ~ BGaAsg (fcc) 12.5% 73 79
I';. state (15 if spin-orbit interaction not included Only  BGasAs;s (bco) 6.25% 22 30
the semiconductors silicon and BP share this feature. In mo$iGa,,As,, (simple cubi¢ ~ 3.13% 95 16

semiconductors, the lowest statd ais 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, _8_ _Asy2 . . . :
L) . . . es— &5 )%, as described by Eq12). As is evident from Fig.

n%Odel odear;!zoﬁ‘a_Accordmg tto tth's ?OdeL t_he btc))ndmg 4, a small I'y5~I"15. bonding/antibonding repulsion will

(I's5) and antibondingI(1s0) p states al” are given by lower the 'z, state and a largel';,—I';. bonding/

cy g8 Pa— antibonding repulsion will raise thE;.. In BAs these two
€pTp \/ €p~ &p
E(l5)= +
( 15) 2 2

effects are enough to reverse the ordering oflthg andl’; .
states.
c a . . .
Wh?resp and e, are_thep atomic (_)rbltal energies for.the TABLE VI. Comparison of BAs band energies for LDA and
cation (?) and the ?mor(a) and the_ interatomic terrpp IS Gw (Ref. 24. Two LDA values are given: all-electron LAPW val-
proportional to 1dy,,4 wheredyq,q is the bond length. The ues from this paper and pseudopotential plane-w@R values
bonding (";,) and antibondingI(,.) s states al” are given  (Ref. 24. All the calculations used the experimental lattice constant
by of 4.777 A. The exchange-correlation potential used in the PP cal-
culations was not reported. For our LAPW calculations, the
s§+ sg \/ Sg_ 82 2 exchange-correlation of Perdew and WdRgf. 349 was usedsee
E(Ty)= *
(I'y) > >
where e¢ and &2 are thes atomic orbital energies for the

2
+(4E,p?, (1D

+(4E.9?, (120  Sec. |l for details.
LDA-PP (eV) LDA-LAPW (eV) GW (eV)

cation(c) and the anior(a) and the interatomic terrf, is Lec 4.5 4.57 5.5
again proportional to #f,,4. A schematic diagram of the = Tsc(X2) 33 3.26 4.2
BAs energy levels in this model is shown in Figay Iz 31 3.05 4.0
The reversal of the conduction-band states in the BAs I'g,(X2) 0.00 0.00 0.00
band structure relative to other Group-Ill-V compounds is a T'z, -0.22 -0.21 -0.22
result of two effects: (i) a small I';5—1"15. bonding/ I's, -15.5 -15.46 -16.7
antibonding repulsion due to the smgll,, as described by X 11.4 11.27 13.1
Eqg. (1), and(ii) a largel’;,—I";. repulsion due to the small X, 11.2 11.13 12.9
Xee 1.38 1.274 1.86

TABLE IV. Parameters used in the VFF modelgond is the X7¢ 1.36 1.359 1.93
equilibrium (unstretcheglbond length g is the bond-stretch terng Xou 4.1 -4.07 45
is t_he bond-bending term, andis the stretching-bending term. The X7, 492 421 46
units of @, 8, ando are 1G dyne. Xy, 8.6 -8.49 95
o Xeo -11.3 -11.35 -12.2

System dpong (A) @ B o Lo, o8 e o8

For band-gap bowing Lgse 4.8 4.74 5.7
BAs 2.0685 76.26 19.12 -9.12 Lec 4.7 4.66 5.6
GaAs 2.4480 32.15 9.37 -4.10 Lec 2.6 2.60 3.3
For mixing enthalpy Lys -1.8 -1.81 -2.0
BAs 2.0685 76.26 22.2 Le, -1.9 -1.96 2.1
GaAs 2.4480 41.19 8.94 Le, -8.8 -8.82 -9.7

GaN 1.9520 96.30 14.8 Le, -12.6 -12.62 -13.6
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FIG. 1. Atomics and p orbital energies in column
Periodic Table. Calculated fully relativistically within

density approximation.

The largel’;,—I"; . bonding/antibonding difference is due
to the largeE due to the short bond length in BAs. Empiri-

T
Al

T
Ga

T
In

Il of the
the local-

cal tight binding has also shown that the,—I";. repulsion

is much more pronounced in BN, BP, and BAs than in othe

Group-lll-V's.?® The smalll";5,~I";5. bonding/antibonding
repulsion is due to the small differences in theatomic

orbitals of the boron and arsenic, as shown in Fig. 1. That i

the first term under the radical in E@.1) is small relative to

other Group-Ill1-V’s.

The strong hybridization of the B and Asstates is vis-
ible in the partial densities-of-states pldEq. (2)] in Fig. 5

2.0+
1.5+

10 |+

Valence electron charge

Asp

As s

Cation s

—
-

T
BAs

T
AlAs

GaAs

System

T
InAs

FIG. 2. Total valence chardéq. (4)] enclosed in spheres hav-
ing the tetrahedral radii of Phillip€Ref. 37: boron 0.853 A, alu-
minum 1.230 A, gallium and arsenic 1.225 A, and indium ordering of the conduction-band states in BAs and AlAs is

1.405 A.
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FIG. 3. Relativistic energy-band structure of BAs. The VBM is
taken to be zero and the lattice constant is 4.777 A.

and band character plots in Fig[Bq. (1)] where the width

of the lines indicates the amount of the character indicated in
the plot label. From these plots, one can see thasthand

of arsenic between-12 and —16 eV is distinct and has
very little mixing with other states. This is similar to the
other three Group-lll-As systems, although in the case of
BAs the arsenics band is wider and somewhat lower in
energy. Two unique features of the BAs DOS compared to
other Group-lll-V semiconductors is the pronounced boron
P character at the VBM and anigmcharacter at the CBM.
The strongep-p hybridization in BAs relative to the rest of
the Group-lll-As is due to the proximity of the orbital ener-

Sgies of B and As and the short bond length in the compound.

C. Trends in band-gap and intervalley energy differences
along the Group-IIl —As family

Figure 7 shows the LDA-calculated vs experimental band
gaps for the Group-lll-As familyMAs(M =B,Al,Ga,In).
For all but BAs, LDA energy band-gaps are taken from the
LAPW calculations reported in Ref. 44. Experimental band-
gaps are from Ref. 45. For BAs, for which no reliable ex-
perimental data exists, we used {B&V band-gap from Ref.
24. Because of the unusual ordering of the conduction bands
in BAs, the direct gap is not th&,5—1;. gap but the
I'i5y—115c gaps. The figures show thE5,—11. gaps
(which are the direct gaps in AlAs, GaAs, and InAsVe
find in Fig. 7 that the LDA vs experimentdl;s,—1";. and
the I'y5,— L gaps lie almost on a straight line. The LDA
error of these gaps in the Group-lll-As family is approxi-
mately constant, even for BAs. For thgs,— 1. gaps, the
magnitude of the error is-1-1.5 eV. For thel'j5,— L
gaps, the magnitude of the error-4s0.7—-1.1 eV. The ex-
perimentall’;5,— X. gaps only vary by~0.5 eV through
the series and corresponding LDA gaps are nearly identical,
resulting in a tight clustering of thé;5,— X, points in
Fig. 7.

In Fig. 8@, we show thel';5,—I1;, I'15y—L¢, and
I' 15— X, gaps for the Group-lll-As family. We seé) the

X1c<L1<I'1. whereas(ii) the ordering isI';.<L;.<Xj,
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FIG. 5. Partial and total densities-of-states for Bj&y. (2)]
inside muffin-tin spheres with radii 0.853 A for boron and
1.225 A for arsenid¢Ref. 37. Note the strong mixing of B and As
p states. Figure 2 shows a quantitative measure obtpamixing in

s In &

Ty5, (VBM) ‘Ga

/‘” each of the Group-Ill-As compounds.

T1s(d) cause thd'; state has much morecharacter than either the
lowest X and L conduction stategsee Fig. §, the effect of
the s—s repulsion is greater for thE, . than for these other
two states, driving it up relative to them. This effect is more
pronounced for thé'; .— X difference because the lowest

In 4d conduction state has lesscharacter than the lowektcon-
duction state.

Ga 3d

FIG. 4. Schematic diagram of energy levels in the Group-llI-As
series.(a) Schematic diagram of energy levels in zincblende BAs, The valence charge densltypper four bandsj bands not

and their atomic origins. Because thepBAs-p orbital energy dif-  included; Eq.(4)] in the (110 plane is shown for the four
ference is small relative to other Group-lll—V compounds and theMeémbers of the Group-lll-As family in Fig. 9. We see that
B-s—Ass orbital energy difference is large, thp-like T'ys the charge densities of AlAs, GaAs, and InAs are drawn
conduction-band state ielowthe s-like T'; . conduction-band state. towards the anion and exhibit a “single hump™ in the bond
This ordering of the lower conduction-band states is unusual foeharge.(The relative shifts in the bond chargéy,./dyong,
Group-IlI-V compounds and is reminiscent of silicai) Sche- are ~0.68 for AlAs and GaAs, and-0.71 for InAs) The
matic diagram of the effects @-d coupling on the VBM in AlAs,  relative shift of charge towards the aniohs) is due to the
GaAs, and InAs. The VBM is driven up by the coupling of the difference in electronegativity of the anion and the cation
3d(4d) states in GaA@nAs) and the As #4-like VBM, but in  and reflects the partially ionic nature of the bond. In contrast,
AlAs, this p-d repulsion drives the VBM down. because of the almost entirely covalent nature of the bonding

in the BAs system, in this system the charge density features
for GaAs and InAs(iii) the X;. and L, states are closely a “double hump” bond similar to the bond charges in dia-
spaced in AlAs and GaAgjv) BAs is “strongly indirect’;  mond C and St%*’ A similar analysis of the charge density
L,.andI';. are far above the CBMwhich is close toX;),  of BAs was reported earlier by Wentzcovitch and Coffen.
and (v) a crossing of the lowesX and L conduction states We see that BAs is unique in the Group-Ill-As family in that
occurs between AlAs and GaAs, but thes,—1"1. gaps de-  the bonding is very covalent. This is evidenced by the ex-
crease so rapidly in the series that thg states lie below the ceptionally strong hybridization gb states from the anion
L,. in GaAs and InAs, and thus these two members of theand cation(see Figs. 2, 5, and) &nd the significant bonding
family are direct band-gap materidlshereas BAs and AlAs charge visible in the valence charge density, which is similar
are indirectX gap materials to the bonding charge in diamond C and Si.

Figure 8b) shows the conduction-band intervalley differ- It is interesting to note that, in contrast to AlAs, GaAs,
encesI';.—X. and I'1—L,.. Both differences show a and InAs where charge is drawn towards the anion, the
smoothly decreasing trend from AlAs to GaAs to InAs, butnearly symmetric bond charge distribution shown in the va-
an anomalously large decrease from BAs to AlAs. Again,lence charge plot of BAs is not centered exactly around the
this is a result of the enhancesd-s repulsion in BAs. Be- bond center but is actually drawn slightly toward ttegion

D. Charge density and ionicity trends
in the Group-Ill-As family
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FIG. 6. Band characters of
BAs[Eq.(1)] plotted as a function
of k. The thickness of the lines de-
notes a relative amount of a given
character. The B and Ap states
are stongly mixed at both the
VBM and the CBM whereas the
Arsenic s-like character As s band is distinct. There is
some mixing of Asp and B s
states in the bottom of the-p hy-
bridized bands.
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B. (The distance between the bond center and the boron pand those of heterojunctions with BAs.
sition is about 45% of the total bond lengttThis would The ordering of the VBM of BAs in the Group-IlI-As is
indicate that whatever small ionic component exists in BAssomewhat surprising. Because the VBM decreases systemati-
results not from charge transfer towards #r@onbut from  cally in the order InAssGaAs—AlAs [Fig. 11(b)], one
charge transfer towards tlwation B. Further evidence of an might expect that the VBM of BAs would libelow AlAs,
ionic component in BAs where the boron atom acts as théut in fact, the VBM of BAs is above AlAs, nearly as high as
anion is shown in the valence charge difference pl&g. GaAs. The ordering of the VBMs for InAs, GaAs, and AlAs
(5] in Fig. 10. In AlAs, GaAs, and InAs, the maximum can be understood qualitatively using a tight-binding argu-
(marked as a crogsn Ap,, occurs closer to the As anion ment analogous to Eq11) for I';s. when ap-d term is
than to the cation, consistent with the reported ionicitiesadded. The effects of this additional term are indicated sche-
However, in BAs, the maximum i p,, occurs closer to the matically in Fig. 4b). The ordering of the VBM'’s is as fol-
B atom. In addition, the positive region around the B atom inlows:
Apya, Which does not occur for the other members of the InAs relative to GaAs:Two effects account for the
Group-lll-As family, is further indication of a slight ionic slightly higher VBM of InAs relative to that of GaA¥. (i)
component in BAs where B plays the role of thigionrather  InAs has a longer bond length than GaAs. This red
than the cation. This reversal of the cation and anion roles inf Eq. (11) and tends to drive th&,5, VBM up relative to
BAs (and in BB is predicted by the Phillips scale of GaAs.(ii) In tetrahedral symmetry, the catiaghand anionp
electronegativitie? and has been discussed previously bystates share the sanbgs symmetry and hence can interact
Wentzcovitch and Coheff. through the potential matrix elementé?,olV| Lo
=Eg4p. The mostly aniomp-like VBM is repelled upwards by
the Ga/ind states by an amour] /(5" "~ 5. This
p-d repulsiort®*8is slightly stronger in InAs where the cat-
The offset AE,(AX/BY) between the valence-band ion 4d states are shallower and less localized than the @Ga 3
maxima of two semiconductor compoundX andBY form-  state, as shown schematically in Figby
ing a heterostructure is one of the most important parameters GaAs relative to AlAsThe difference between the VBM
in interfacial structures deciding both transport and quantunof GaAs and AlAs can also be understood in terms of this
confinement. The results for the natufainstrainegl band p-d repulsion effect. In GaAs, the deep galliuchstates
offsets[Eq. (6)] for BAs/GaAs and BAs/AlAs are plotted in couple to the arsenip states, driving the VBM up, but in
Fig. 11. Theconductiorband offsets shown in the figure are AlAs, there are no aluminund states below the VBM. In-
determined by adding the experimental gaps to the calculatestead, the interaction of the arsepistates at the VBM and
valence-band offsets. The natural band offset for AlAs/GaAghe unoccupiedaluminumd statesabovethe VBM drives the
has been computed previouyand has been included here AlAs VBM down Thus,p-d repulsion has the opposite ef-
to contrast the offset behavior of “typical” heterojunctions fect on the VBM in GaAs and AlA$Fig. 4(b)].

IV. BAND OFFSETS: BAs/GaAdAIlAs
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FIG. 7. Trends in the LDA vs experimental band-gaps of the i -4 : : | |
Group-llI-As family. For thel’;5,— 1", and thel';5,— L. gaps, the BAs AlAs GaAs InAs
errors are nearly constant. The LDA errors ard—-1.5 eV and
~0.7-1.1 eV for thel'y5,—1I";1. and thel';5,— L. gaps, respec- FIG. 8. Trends in the intervalley energy seperations of the
tively. Group-llI-As family. Note the crossing of thE,5,— X, gaps and

thel 5,— 1" gaps between AlAs and GaAs. Thus, GaAs and InAs
are direct gap materials whereas BAs and AlAs are indixegap
AlAs relative to BAsTwo effects increase the VBM of materials.

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 V. BAs-GaAs ALLOYS
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 Interest in BAs-GaAs alloys centers around the hope that

the VBM up. These two effects, lack q-d repulsion and b(_)ron will modify the GaAs br_:md-gap_5|m|larly to nitrogen

strong hybridization of the catiop character into the VBM, without the adverse effett of introducing localized states

account for the high VBM of BAs relative to AlAs. that reduce carrier diffusion length. We know from the
GaAs relative to BAsWhile the VBM of BAs and GaAs theory of Group-lii-V alloys™®* that the optical properties

both lie above that of AlAs for the reasons given above, thé'® decided by both the atomic relaxation and by charge

VBM of BAs lies only slightly below that of GaAs despite transfer. Thgs,'we fI'I’St stydy the bond relaxation around a

the much smaller lattice constant (7% mismatchand the boron substitutional impurity.

lack of p-d repulsion. This is due to the unusual catipn The bond lengths and angles in ({0 plane of GaAs

hybridization into the VBM of BAs, which raises the vBM With ~3% boron substitution (B5a;,As;, supercell are
by several tenths of an eV. shown in Fig. 12. Bond lengths are shown as a percentage of

Finally, we note that the transitivity among the band off- the pure bulk GaAs bond length, except for the B-As bonds
sets of BAs/AlAs/GaAs is similar to other compounds whereWhere the values indicate a percentage of the pure bulk BAs
the lattice mismatches are not as large. By transitivity Wéaor)d length. The numbers that lie between a triplet of atoms
mean that the band offsetE,(A/C) between two com- indicate the bond angle between the three atoms as a percent-

poundsA andC is well approximated as the sum of the band 29€ of the ideal bond angle in the zincblende structure of
offsets between compounds and B and between com- 109.47°. The rectangle represents the supercell boundary.
poundsB andC, i.e. We note several observations:

(i) Bond angles near boron increase by up to 5% from
their ideal value. This helps accommodate the Ga-As and
B-As alloy bondghereafteRgasaNdRgas, respectivelyto
keep the bond lengths close to their ideal vallRg, and
+AE, (AlAs/GaAs). (13)  RY,,in the pure binary compounds.

In this caseAE,(GaAs/BAs) calculated directly, yields 0.19
eV butAE,(BAs/AIAs) + AE, (AlAs/GaAs) yields 0.12 eV,
a nontransitivity difference of 0.07 eV.

A. Bond lengths and bond angles in the alloys

AE,(GaAs/BAS =AE,(BAs/AlAs)
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FIG. 10. Deformation density py, (pS39— p2™ plots for the
Group-llI-As family in the (110 plane. Contours marked with
dashed lines correspond to negative valued @f, . The units are
e/A3 and the contour spacing is 0.02. The maxima are marked by
crosses. To determin&p,,, the overlapping charge densities of
free atoms are subtracted from the self-consistent charge density of
the solid. The atomic configurations for the free atomsdife?p?
ands?p? for the cations and anions, respectively. Theands of
the cations, but not of the anions, are included in the valence bands.

Charge density (e/cell)

== =

Svul

AEy(x), from the average band gzﬁ_},(x), of the constitu-
ents is often well described by a quadratic téfmt>4°

In As

FIG. 9. Valence charge densitigs, [EQ. (4)] for the Group- AE.(X)=bx(X—1
IlI-As family, excluding the cation and aniathstates. The contour g( ) ( ):

plots use the same scale as the corresponding line plots. The con- . . . .
tour spacing is 2 e/cell. The range of the line plots is from onelOF typical semiconductor alloys, the bowing paramétes

tetrahedral interstitial site, through the bond, and to the neighboring0rmally less than 1 eV and is independ8ut the concen-

tetrahedral interstitial site. Note the striking asymmetry of the bondration x. However, in GaAs_,N, alloys, where the lattice

ing charge for the three systems AlAs, GaAs, and InAs, while themismatch is large and the bond strength differences are sig-

bond charge in BAs reveals a covalent, double-hump feature similafificant, the bowing parameter is strongly composition

to that found in diamond C, Si, or Ge. 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

('('j) Ir?e SAAS blond dgcre%ses fror‘rll tz(;'/ C;aﬁr\]s Vfﬂue Eﬁ'show such large and composition-dependent bowing. We
wards the BAS value and ends up only 4> higher than e cylated thd™ 15,— 1" 1. gaps in the experimentally relevant
value for pure BAs.

. composition range of 0%-10%. The bowing was calculated

(i) The average bond length relaxation paraniéter using 64-atom supercells, as described in Sec. Il. In this
_ _ 0 o composition range, the dire€t;s,— 1" gap is the smallest

€=[RoardX) = ReasX) V[ Roans~ Reasl (14 gap. The bowing was calculated using the LIDAs,—T';¢

; _ ; ; f BAs, GaAg4.64 and 0.28 eV, respectivelgnd the

is 0.76. €=0 when there is no relaxation and 1 when the9aps o "

relaxation is full) Thus, assumin@ga. to be Vegard-likgas DA 9aps at two alloy compositions, 3% and 6%. At the 3%

in the virtual crystal approximatioroverestimates the bond COMPosition, the bowing ie=3.4 eV and at 6% the bowing
length by~ 13%. is b=3.6 eV. Thus, the band-gap bowing-s3.5 eV and

We also modeled a 50%-50% random alloy using a 32'elatively composition independent in this composition
atom special quasirandom structu@QS16 in Table 1%  range. A recent experimental stutfyestimated the bowing
We found that the distribution of the bond lengths has the¢o beb=1.6+0.3 or 2.3+ 0.3 usingtheoretical estimatefor
expected bimodal form for a random binary alfbyand the  the direct gap of cubic BAs of 3.5(Ref. 19 and 4.232
B-As bonds are generally larger than the ideal B-As bondHowever, because of the LDA error in the band gégse
length while the Ga-As bond lengths are smaller than thd-ig. 7), these estimated band-gaps are too small, and thus,
ideal Ga-As bond length. the bowing is underestimated. Because the LDA errors for

the band-gaps are approximately constant for the Group-
II-As series, the bowing can be reliably calculatedllfthe
B. Bowing in the dilute alloy points Ea, Eg, andE, g ) are taken consistently from

Both measurements and calculations indicate that, foDA calculations(as we did because only the relative val-
isovalent semiconductor alloys, the deviation of the band gapes are important. For computing the band gap bowing from
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(a) Valence and conduction
band offsets

5.86 5.86

FIG. 12. Bond lengths and angles in B@&s;, in the (110
plane. Bond lengths are shown as a percentage of the ideal GaAs
bond length, except for the B-As bonds where the values indicate a

BAs AlAs GaAs BAs percentage of the ideal BAs bond length. The numbers that lie
between a triplet of atoms indicate the bond angle between the three

atoms as a percentage of the ideal bond angle in the zincbhlende
(b) Valence band offsets structure of 109.47°. The rectangle represents the supercell
boundary.
4 _0.56
0.39 0.0 . o .
———— nitrogen. This is not completely unexpected, however, as it

has been previously observed that the bowing is smaller in

mixed cation systems than in mixed anion systéms.

0.0 We have also calculated the band-gap of the BGaAs
CuPt-ordered compound finding that it is 0.12 eV below the

BAs AlAs GaAs InAs 50%—-50% random alloy modeled via the SQS16.

FIG. 11. Valence- and conduction-band offs@tseV) for BAs/
GaAs/AlAs and for the Group-111-As family. The valence-band off-
sets are calculated directly using Ef). The conduction-band off-
sets are obtained by adding the experimental band-gap values to the Taple V gives the formation enthalpifq. (9)] for (001)
valence-band offsets. Paf&) shows both the valence-band and grdered superlatticesf BAs/GaAs and the mixing enthalp-
conduction-band offsets for BAs/AlIAs, AlAs/GaAs, and GaAs/ ies of BGa _,As random alloys The formation energy of

BAs. Both the direct’ ;5. gap (solid line) and theX;. gap (dotted . . N . .
line) are shown. The height of the BAs VBM was determined by ordered superlattices of orientati@hand periodn is

averaging the valence-band offsets of BAs with respect to AlAs and

C. Enthalpy of mixing and stability of superlattices

GaAs. Parib) shows the valence-band offsets in the Group-Ill-As AH(n,G)= E(A\Bn; G)— 3(Ep+Ep) (15)
family. Surprisingly, the VBM of BAs is found to be above that of
AlAs and not very far below that of GaAs. and can be seperated into two contributioh¢) The con-

situent strain energy, i.e., the energy of the infinite period
superlattice. This is the strain energy associated with deform-
experimental alloy data, th@ W estimate of the BAs direct

band gap(5.5 eV),>* which corrects LDA errors, is a more BT
appropriate value to use to calculate the bowing. Using the 30 - i
experimental alloy data from Ref. 18, tH@W-estimated —_
band-gap for BAS5.5 eV), and the experimental value of E25r ]
1.42 eV for GaAs, Geisz estimatéshe revised bowing pa- 820 | .
rameter to be~3.5 eV in excellent agreement with the the- E 15 1 i
oretical prediction. =

The bowing of BGa, _,As is much smaller than the bow- € 10 T
ing for GaAs _,N, alloys in the same range. Accordingly, E 5 .
we predict that addition of boron to GaAs wilise the gap. oL i
For example, the predicted gaps for 2%, 3%, 5%, or 10% | | | | | | | |

|
concentrations of boron, the band-gaps would be 1.43, 1.44,
1.46, and 1.51 eV, respectively. Thus, the addition of boron 00 04 08 12 16 20 24 28 32
to GaAs will not lead to a 1-eV-gap alloy as seen with ni-
trogen addition. We also find that the bowing is composition FIG. 13. Calculated VFF mixing enthalpies for dilute
independent. This implies that the effects of boron on thesaAs_,N, alloys and dilute BGa _,As alloys. The mixing en-
band-gap in GaAs are much less pronounced than those @falpy is substantially smaller for boron alloys.

Boron composition (%)
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Isolated impurity

Fourth NN pair

FIG. 14. (Colon Isosurfaces of the wave
function squared for a single impurity and for a
fourth nearest-neighbor pair. Boron atoms are
red, gallium black, and arsenic yellow. The iso-
surface valugblue) is 0.01 e/&. In both cases,
the VBM states are completely delocalized and
are primarily As derived. The lower conduction-
band states are strongly concentrated around the
boron atoms.
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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 betweg(n,G)
and the consituent strain energy, is defined by

AH(n,G)=

21(n,G)
n

+AEcqa,B). (16)

We calculatecAEcs(g,é) for BAs and GaAs, deformed to
the average lattice constaat along G=(001). This gave
148 meV/atom. FromAH(n,G=001) of Table V and\Es
we calculated the interfacial energgyor n=1, 2, and 4. We
found 1 =19, 23, and 26 meV, respectively. While a largergen in GaAs and contrast it with that of boron in GaAs,
superlattice period would be required to determine the con- showing that the mixing enthalpy of GaAsN, alloys is
verged value ofl, we see that the BAs-GaAs interface is much higher than for B5a,_,As alloys. These results indi-
repulsive This is whyAH(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 alloyge.g., Galnp) it appears
as a spontaneously ordered stucture during alloYing/e
find a very highAH(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-
fectg and the valence force fiel/FF) method(which in-
cludes only strain effects The trends and magnitudes are
similar, showing that the strain effects dominatdl. In Fig.

13 we compare the VFF-calculated mixing enthalpy of nitro-

cate that it may be easier to alloy boron with GaAs. This
implies that the range dfulk B,Ga _,As alloy compositions
could be substantially larger than for the nitride alloy
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GaAs _,N,. In epitaxialgrowth experiments, the alloy solu- band-gap bowing and band offsetshere boron is less *“in-
bility can dramatically exceed that inulk experiments for trusive” than its first-row cousin, nitrogen.
reasons explained in Ref. 60.

VI. CONCLUSIONS

D. Quasilocalized electronic states This paper explored the effects of alloying a conventional

We find that the incorporation of boron into the GaAs Group-Ill-V compound, GaAs, with boron. Very little has
host material has little effect on the state at the VBM but thabbeen known, experimentally or theoretically about boride
the lower conduction-band states are strongly peturbed. Th&roup-1lI-V semiconductor alloys, but boride semiconduc-
square of the wave functions for the VBM and the lowesttor alloys are generating renewed interest now that epitaxial
two conduction-band states for isolated boron in GaAs argéechniques have made it somewhat easier to fabricate them.
shown in the left-hand side of Fig. 14. The first columnIn order to understand the fundamentals of this new class of
shows the states for an isolated boron atom in the center of gossible alloys we have studied zincblende BAs and its alloy
supercell of GaAs. The VBM is completely delocalized andwith GaAs.
looks very much like the VBM state of pure GaAs except for For BAs we find:(i) The bonding in BAs is much more
a region near boron impurity where the wave function iscovalent than in the rest of the Group-Ill-As family or other
extended towards the boron atom. This distortion is preciselroup-Ill-Vs. This is due to the similar electronegativities
what one would expect based on the strong coupling of boef boron and arsenidii) Consequently, BAs has a nearly
ronp and arseni@ states at the VBM in BAs, as discussed in symmetric, “double-hump” bond charge density, similar to
Secs. llI B and Ill D. In contrast to the VBM, the CBM state silicon. The small asymmetry that does exist in the bonding
shows a significant localizatioaroundthe boron atom. The charge density actually favorboron That is, charge is
CBM showslong-rangedelocalization, but the majority of drawn toward the boron atom. In this sense, boron behaves
the wave function is concentrated near the boron atom. Famore like theanion than thecation in BAs. (iii) The band
the second lowest conduction-band state (CBM), the  structure of BAs is more reminiscent of silicon than most
situation is similar except the wave function is concentratedther Group-lll-V compounds. This is a consequencélpf
around a small number of gallium atoms as well. The duathe small repulsion between bonding and antibondmng
character of the conduction-band statestended at long states and2) the large repulsion of the arsenic and boson
range but concentrated around the boron atoms in the shostates.(iv) The LDA errors in the band gaps are approxi-
range indicates that the states aesonantin the conduction mately constant in the Group-lll-As series BAs, AlAs,
band and are not localized statésside the gap The GaAs, and InAs.(v) The band offsets of BAs/GaAs and
conduction-band states could be considered as boroBAs/AlAs are unexpected. The VBM of BAs is 0.39 eV
perturbed bulk GaAs conduction-band states. higher than AlAs and only 0.19 eV below GaAs. The main

The second column of Fig. 14 shows the same stategeason for this is the strong hybridization of both the cation
(VBM, CBM, CBM+1) for a fourth neighbopair of boron  and anion states at the VBM.
atoms inside a supercell of GaAs. A statistically random dis- For the BGa _,As alloys, we find that(i) The bond
tribution of boron atoms would result, among others, inangles are highly distorted near the boron sites. This acco-
pairs. In the case of GaAs,N, alloys, the presence of ni- modates the Ga—As and B—As bonds to stay close to their
trogen pairs can result in localized impurity states inside thédeal bulk values. As a result, the bond-length distribution in
gap®! Calculations were performed for the five symmetri- a random alloy exhibits the typical bimodal behavior where
cally unigue pair arrangements in the 64-atom supercell asach mode is near the individual ideal bulk valu@s. The
described in Table Ill. Qualitative features of wave-functionbowing parameter of g5a _,As for low concentrations of
localization were the same for all of the pairs, and only theboron is 3.5 eV, much smaller than for GaAgN, alloys in
most representative case, the fourth nearest-neighbor pair, tike same composition range. Consequently, unlike GaN, al-
shown in the figure. The features of the pair states are simildoying GaAs with small amounts<{10%) of BAsincreases
to those of the isolated impurity discussed above—that isthe gap.(iii) The enthalpies of mixing indicate that the bulk
the VBM is mainly an As-derived, delocalized state while solubility of boron in GaAs may be significantly higher than
the lower CB states are concentrated around the boron amitrogen in GaAs, possibly increasing the composition range
oms. Again, there is some effect on the wave function veryover which boride alloys may be forme¢iv) The wave
near the boron atom. The CBM state is concentrated arounidinction of the VBM is completely delocalized and retains
the boron atom in the middle of the cell and around thethe character of pure GaAs. The lower conduction-band
boron and gallium atoms on the cell edges. The next lowesitates exhibit a “semilocalized” behavior—i.e., the states
conduction-band state shows similar features and the waware strongly concentrated around the boron atoms, but far
function is restricted primarily to th€200) plane of the cell. away they are extended states.

The short-range “localization” effects of boron incorpo-  In summary, the behavior of Ba _,As alloys is quali-
ration into GaAs appear to be similar to those seen intatively different from GaAgs N, alloys. The perturbation
GaAs _,N, alloys, resulting mainly in “dual character” of boron in GaAs is much “gentler” on most features of the
conduction-band states that are still extended at long rangelectronic structure of GaAs than is nitrogen. If the same
but are localized around the boron atoms. However, it apbehavior is manifest for other boride Group-llI-V alloys,
pears that the perturbation of boron on the near-gap states bbron offers a new class of Group-llI-V alloys to be ex-
GaAs is gentler than that of nitrogen as none of the pairglored for interesting behavior and possible device applica-
cause states inside the gap. This is another inst@ag®ith  tions. Boron may also play an important role in alloys where
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it could be used as a relatively benign component which iknowledge S.-H. Wei for many helpful discussions regarding

added to lattice match the alloy to a given substrate.
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