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Theoretical study of the effects of isovalent coalloying of Bi and N in GaAs
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GaAs12xNx alloys have unique properties among the III-V systems to simultaneously lower both the lattice
constant and the band gap. Therefore, it has a strong potential for optoelectronic device applications. However,
due to the large size mismatch between N and As, the growth of high-quality GaAsN alloy on GaAs substrates
is difficult. To overcome this problem, we propose here a material, the GaAs12x2yNxBiy alloy, which can be
lattice matched to GaAs with the appropriate ratio between the concentration of Bi and N (y51.7x). Based on
band structure and total-energy calculations we show that coalloying of Bi and N in GaAs lowers the alloy-
formation energy and drastically reduces the amount of N needed to reach the 1-eV band gap, which is
important for high-efficiency solar cell and infrared-laser applications.
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I. INTRODUCTION

Recent advances in optoelectronic device applications
quire design and growth of materials with specific structu
and optical properties. For example, it is highly desirable
have a good quality;1 eV material that is lattice matche
to GaAs for application in 1.3-mm solid-state lasers1 and
high-efficiency multijunction solar cells.2–5 A GaAs alloy
containing a few percent of N is a strong candidate for t
purpose. Due to the giant bowing coefficient,6 GaAs12xNx
alloys provide the rare opportunity among the III-V syste
to simultaneously lower both the lattice constant and
band gap. However, due to the large size mismatch betw
N and As, the growth of high-quality GaAs12xNx alloy on
GaAs substrates is difficult. In order to overcome this pro
lem the coalloying approach is proposed. By substitut
large-atomX ~e.g.,X5In on the cation site orX5Sb on the
anion site!, the new alloyXGaAsN can be made lattic
matched to GaAs and has a band gap close to 1 eV. Mo
the previous efforts focused on the growth
InyGa12yAs12xNx on a GaAs substrate. However, it appea
that when the N concentration increases, the alloy qua
deteriorates very fast as reflected by very low photolumin
cence efficiency and very short diffusion length, impedi
the use of InxGa12xAs12yNy in device applications.4,5 Fur-
thermore, experimental observations show that the pres
of In does not significantly affect the incorporation of N
GaAs.7 This is consistent with the fact that for this quate
nary Ga12xInxAs12yNy alloy with both mixed anions and
mixed cations, the reduction of strain by forming (Ga-A
1(In-N) type of bonds is compensated by the weakening
the bonds when compared with the formation of t
(Ga-N)1(In-As)-type bonds. Thus, in this case, coalloyin
of a large atom~In! with a smaller atom~N! does not sig-
nificantly reduce the total alloy-formation energies.

In this paper we investigate a III-V alloy
GaAs12x2yNxBiy , as a potential candidate for the 1-e
band-gap material that is lattice matched to GaAs. Compa
to the Ga12xInxAs12yNy alloy, GaAs12x2yNxBiy offers the
following advantages.

~i! There is only one type of cation, Ga; thus, the str
reduction of coalloying N and Bi in GaAs is not compe
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sated by the weakening of the chemical bond energy. T
can possibly increase the crystal quality of the alloy.7

~ii ! The alloy-stabilized zinc-blende GaBi is expected
have a very negative band gap due to the large size of
thus, it is possible that only a small amount of N is needed
lower the alloy band gap to 1 eV. This can possibly impro
the optical and transport properties of the alloy.

~iii ! Relative to GaAs, GaAs12x2yNxBiy has a higher
valence-band maximum~VBM !, whereas Ga12xInxAs12yNy
has a lower conduction-band minimum. Thus, according
the doping limit rule,8 GaAs12x2yNxBiy can be doped more
easilyp type, whereas Ga12xInxAs12yNy can be doped more
easily n type. Therefore, GaAs12x2yNxBiy alloys can be
used as a complementary material to formp-n junctions with
Ga12xInxAs12yNy alloys.

II. METHODS OF CALCULATION

We have calculated the electronic and structural proper
of the GaAs12x2yNxBiy alloy and its binary constituent
GaN, GaAs, and GaBi in the zinc-blende phase.9 The calcu-
lations are performed using the density-function
formalism10 and the local-density approximation~LDA ! as
implemented by the full-potential linearized augment
plane-wave method.11 We use the Ceperley-Alder exchang
correlation potentials as parametrized by Perdew
Zunger.12,13 The Ga 3d electrons were treated as valen
electrons.

III. RESULTS AND DISCUSSIONS

A. Binary compounds

In order to analyze the electronic and structural proper
of the Ga12xAsxN12yBiy alloys, it is essential to know the
lattice constant and band gap of the binary constituents, s
as the alloy-stabilized zinc-blende phase of GaBi. Tabl
presents our calculated equilibrium lattice constanta, bulk
modulusB, and the pressure coefficient of the bulk modul
B8 for GaN, GaAs, and GaBi. For completeness, the res
for InBi are also included. The calculated LDA structur
parameters for GaAs and GaN are in very good agreem
with experimental values.14–16 For GaBi, the experimentally
©2002 The American Physical Society03-1
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estimated17 lattice constant is 6.234 Å, smaller than our c
culated value ofa56.324 Å. The difference is possibly du
to the large uncertainty in the experimental value, becaus
was obtained by extrapolation of the GaAs12xBix alloy data
with x<0.03. For InBi, and for the same reason, the exp
mentally estimated lattice constants range from 6.5
7.204 Å.18 Our calculated value is 6.686 Å.

For the electronic structures, we need to overcome
well-known problem that LDA underestimates the band g
For example, the calculated relativistic LDA band gaps~in-
cluding spin-orbit coupling! are 1.60 eV and 0.09 eV fo
GaN and GaAs, which compare to the experimen
values14,15 of 3.30 eV and 1.52 eV, respectively. To corre
this LDA error and to have a reliable prediction of the ba
structure of the alloy-stabilized zinc-blende GaBi~and InBi!,
we adopt a simple procedure19 by adding to the LDA poten-
tial an atom-dependent, spherical potential inside the muf
tin spheres centered at each atomic and interstitial sitea.
The potential has the form

Va5V̄a1V0
aS r 0

a

r De2(r /r 0
a)2

, ~1!

where the parametersV̄a, V0
a , andr 0

a for atoma ~Table II!
were fitted, so the LDA-corrected (LDA1C) band structures
of GaAs are similar to experimental data.14,15 The same pa-
rameters are then used to calculate the band structur
GaSb, GaBi, and InBi. Table III gives the predicted ba
gaps for GaAs, GaSb, GaBi, and InBi. For GaSb, the p
dicted band gaps are in good agreement with experime
data. Similar accuracy is expected for GaBi and InBi. Fig

TABLE I. Calculated equilibrium lattice constanta, bulk modu-
lus B, and the pressure derivative of the bulk modulus for In
GaBi, GaAs, and GaN in the zinc-blende phase. The calcula
values are compared with available experimental values~Ref. 14!.

Properties InBi GaBi GaAs GaN
Calc. Calc. Calc. Exp. Calc. Exp.

a (Å) 6.686 6.324 5.649 5.653 4.488 4.50
B ~Mbar! 0.383 0.451 0.742 0.756 2.063 2.05
B8 5.0 4.9 4.8 4.67 4.6

TABLE II. Fitted parametersV̄, V0, andr 0 for the cations~Ga,
In!, anions~As, Sb, Bi! and empty spheres (E)cation ~next to cation
site!, and (E)anion ~next to the anion site! for the LDA corrections.
The muffin-tin sphere radii used in our calculation areRMT

52.2 a.u. for Ga, As, andRMT52.5 a.u for In, Sb, and Bi, respec
tively. For the empty spheres centered at the interstitial site,RMT

52.05 a.u.

Atom V̄ ~Ry! V0 ~Ry! r 0 (a.u)

Ga, In 0.0 270 0.025
As, Sb, Bi 0.0 120 0.025
(E)cation 0.24 100 0.025
(E)anion 0.40 100 0.025
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1 shows the calculated relativistic band structures of zi
blende GaBi and InBi. We find that both GaBi and InBi ha
the inverted band structure, i.e., theG6c state is below the
G8v state. The predicted band gapsEg(G6c2G8v) are
21.45 and21.63 eV for GaBi and InBi, respectively.

B. Alloys

Using our calculated values in Table I, the lattice m
matches of GaN and GaBi with respect to GaAs a
220.4% and112.0%, respectively, suggesting that bo
GaAs12xNx and GaAs12xBix alloys are highly strained and
have a strong tendency to phase separate at high conce
tions of x. Assuming Vegard’s law,20 the lattice parameter o
the GaAs12x2yNxBiy alloy is given by

a~x,y!5~12x2y!aGaAs1xaGaN1yaGaBi. ~2!

Therefore, using our calculated lattice parameters, the
quirements of alloys lattice matched to GaAs imply thaty
51.7x.

The band gap of the GaAs12x2yNxBiy alloy also depends
on concentrationsx and y. For smallx and y, the band gap
can be described by an expansion up to second order inx and
y.

Eg~x,y!5~12x2y!Eg~GaAs!1xEg~GaN!1yEg~GaBi!

2bGaAsNx~12x!2bGaAsBiy~12y!2bGaAsNBixy,

~3!

whereb are the bowing coefficients. To determine these
rameters, we simulated the GaAs12x2yNxBiy alloy using 32-
and 64-atom supercells. We calculated the alloy band g
with eitherx50, y50, orx5y. In the last case, we find tha
N and Bi have the largest binding energy~0.28 eV! when
they occupy the fcc next-nearest-neighbor~nnn! sites.

The calculated bowing coefficients are given in Table I
Using the calculated bowing coefficient and Eq.~3!, we find
that the concentration at which a freestanding GaAs12xNx
alloy has a band gap of 1 eV isx50.056. The required N
concentration will be smaller if the GaAs12xNx alloy is co-
herently strained on GaAs substrate. About two-thirds of
band gap reduction is due to the lowering of the conducti
band minimum. A recent theoretical study21 has shown that
high N concentration in GaAs is problematic because it le
to N-induced midgap defect states that are responsible for
low PL efficiency and short diffusion length observed in th
system.4,5 However, if we coalloy GaAs with N and Bi to
form the GaAs122.7xNxBi1.7x alloy that is lattice matched to
GaAs, due to the very negative band gap of GaBi, a m
smaller N concentration,x50.027, is needed to reach th
1-eV band gap. Therefore, a 1-eV GaAs122.7xNxBi1.7x alloy
is expected to have better optical and transport proper
than pure strained GaAs12xNx or even Ga12yInyAs12xNx al-
loys. Table IV also shows that the calculated bowing coe
cientbGaAsNBi516.2 eV@the last term on the right-hand sid
of Eq. ~3!# is strongly positive, indicating that the interactio
between N and Bi also contributes to the band gap reduc
in the GaAs12x2yNxBiy alloy. To understand this behavio
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TABLE III. Calculated band gap for GaAs, GaSb, GaBi, and InBi using the LDA1C approach. For GaN

the calculated results are obtained using the same parameters as in Table II except that we usedV̄50.44 for
(E)cation , which has aRMT51.3 a.u. The results for GaAs and GaSb are compared with experimental v
~Ref. 14!.

GaAs GaSb GaBi InBi GaN
LDA1C Expt. LDA1C Expt. LDA1C LDA1C LDA1C

G6c2G8v 1.51 1.52 0.85 0.81 21.45 21.63 3.22
L6c2G8v 1.82 1.82 0.97 1.10 20.24 20.19 6.07
X7c2G8v 1.99 2.03 1.51 1.3 0.81 0.82 4.64
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we note that when N and Bi are introduced into GaAs,
interband coupling between the N-induced conduction-b
minimum ~CBM! and the Bi-induced VBM~Ref. 22! tends
to increase the band gap, whereas the intraband coup
between the N- and Bi-induced valence states and betw
the N- and Bi-induced conduction states tend to reduce
band gap. We find that the intraband coupling is stron
than the interband coupling, and therefore the band ga
further reduced after coalloying N and Bi with GaAs. Due
the intraband level repulsions, the VBM and CBM of th
GaAs12x2yNxBiy are mainly localized on Bi and N, respe
tively, as shown in Fig. 2.

We have also studied the effects of coalloying of N and
on the alloy formation energy of the GaAs12x2yNxBiy alloy

FIG. 1. Calculated relativistic band structure of GaBi and In
using the LDA1C method. Both GaBi and InBi show inverte
band structure, i.e., theG6c is below theG8v state.
11520
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lattice matched to GaAs (y51.7x). In the small concentra-
tion regime, the formation energyDH f(x) can be expressed
asDH f(x)5Vx, whereV is the interaction parameter. Th
calculated interaction parameters are given in Table IV. Fo
freestanding GaAs12xNx alloy, we find VGaAsN
51.86 eV/anion. For a freestanding GaAs12xBix alloy, we
find VGaAsBi50.36 eV/anion. The alloy formation energie
will be much larger if they are constrained on the Ga
substrate. Furthermore, the large lattice mismatch betw
these alloys and GaAs also limits their applications. On
other hand, the coupling between the small-sized N a
large-sized Bi in GaAs reduces the formation energy of
GaAs12x2yNxBiy alloy. For each N-Bi pair, the calculate
interaction parameter can be as small as 1.94 eV per
smaller than the sum of the interaction parameters of p
GaAs12xNx and pure GaAs12xBix , which is 2.22 eV per
pair. For a GaAs122.7xNxBi1.7x alloy that is lattice matched to
GaAs, the alloy formation energy is calculated under t
scenarios.

~i! All the N and Bi is far apart, thus there is no interactio
between N and Bi. In this case,Vx5VGaAsN11.7VGaAsBi,
i.e., DH f(x)52.47x (eV/anion). This is an upper limit of
the alloy-formation energy.

~ii ! All the N forms nnn pairs with Bi, and the excess B
atoms occupy sites far away from the N-Bi pairs. In th
case, Vx52VGaAsNBi10.7VGaAsBi, i.e., DH f(x)
52.19x(eV/anion). This is close to the actual formation e
ergy of the alloy. Figure 3 plots the alloy formation energy
the GaAs122.7xNxBi1.7x and compares it to that fo
GaAs12xNx and GaAs12xBix alloys. In the GaAs12xNx al-
loy, to reach 1-eV band gap~at x50.056), the formation
energy is 104 meV/anion. After adding Bi to form
GaAs122.7xNxBi1.7x alloy lattice matched to GaAs, the for
mation energy of the 1-eV alloy is reduced to 59 meV/anio
This large reduction of the alloy formation energy indicat
that coalloying Bi with N in GaAs is a very effective way t
reduce the alloy formation energy.

TABLE IV. Calculated bowing parametersb ~in eV! and the
interaction parameterV ~in eV per anion! for the GaAs12x2yNxBiy
alloys.

b V

GaAsN 11.5 1.86
GaAsBi 2.1 0.36
GaAsNBi 16.2 0.97

i
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IV. SUMMARY

In summary, we have studied the electronic and struct
properties of GaAs12x2yNxBiy alloys as a novel 1-eV band
gap material that is lattice matched to GaAs. We find t
coalloying Bi with N in GaAs can significantly lower the N
concentration required to reduce the alloy band gap to 1

FIG. 2. Contour plot of electron charge density of~a!
conduction-band minimum~CBM! and~b! valence-band maximum
~VBM ! states of GaAs12x2yNxBiy alloy. The CBM is more local-
ized on N, while the VBM is more localized on Bi.
o-

ys

.M

a

p
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V.

The strain compensation between the small-sized N and
large-sized Bi also reduces the alloy formation energ
Thus, the crystal quality of GaAs12x2yNxBiy alloys are ex-
pected to be superior than other current 1-eV N-contain
alloys that are lattice matched to GaAs. On the other ha
because Bi can diffuse easily from the bulk to the surfa
alloys with large concentration of Bi cannot be grown und
conditions too far from equilibrium. Experimental tests
our predictions are called for.
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FIG. 3. Calculated formation energy as a function of compo
tion x for GaAs122.7xNxBi1.7x lattice matched to GaAs and for free
standing GaAs12xNx and GaAs12xBix alloys. The formation energy
for 1-eV band-gap material is indicated as filled circles.
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