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For large size- and chemical-mismatched isovalent semiconductor alloys, such as N and Bi substitution on
As sites in GaAs, isovalent defect levels or defect bands are introduced. The evolution of the defect states as
a function of the alloy concentration is usually described by the popular phenomenological band anticrossing
�BAC� model. Using first-principles band-structure calculations we show that at the impurity limit the N-
�Bi�-induced impurity level is above �below� the conduction- �valence-� band edge of GaAs. These trends
reverse at high concentration, i.e., the conduction-band edge of GaAs1−xNx becomes an N-derived state and the
valence-band edge of GaAs1−xBix becomes a Bi-derived state, as expected from their band characters. We show
that this band crossing phenomenon cannot be described by the popular BAC model but can be naturally
explained by a simple band broadening picture.
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Mixing isovalent compounds AC with BC to form semi-
conductor alloys A1−xBxC has been an effective way in band
structure engineering to enhance the availability of material
properties.1–5 In most cases, the mixed isovalent atoms A and
B, such as Al and Ga in Al1−xGaxAs or As and Sb in
GaAs1−xSbx are similar in their atomic sizes and chemical
potentials; therefore, the physical properties of A1−xBxC
change smoothly from AC to BC, often with a small amount
of bowing.4,5 However, in some cases when the chemical and
size differences between the isovalent atoms A and B are
large, adding a small amount of B to AC or vice versa can
lead to a discontinuous change in the electronic band struc-
ture as reflected by the formation of isovalent defect levels
near the band edges.2,3,6 These large size- and chemical-
mismatched �LSCM� systems often show unusual and abrupt
changes in the alloys’ material properties,7–12 which provide
great potential in material design for novel device applica-
tions. For example, unusually large band gap bowing was
observed in Ge1−xSnx �Refs. 7 and 8� and in GaAs1−xNx.

9,10,13

For GaAs1−xNx, the band gap bowing is so large that adding
N into GaAs can simultaneously lower its band gap and its
lattice constant;9,10 for ZnTe1−xOx, intermediate band inside
the band gap was observed, which made this alloy a strong
candidate for high efficiency solar cell14,15 and thermoelec-
tric power generations.16

Since the discovery of the isovalent defect levels for
semiconductors in the 1960s,2 many studies have been done
to understand the formation mechanism and calculate the
position of the isovalent-bound states. It is usually expected
that when the electronegativity of the substitutional isovalent
atom is much larger than the host atom, e.g., an N substitu-
tion in GaP and an O substation in ZnTe, the isovalent defect
level will form below the conduction-band minimum �CBM�

by pulling down the conduction-band-derived states, whereas
when the electronegativity of the substitutional isovalent
atom is much smaller than the host atom, e.g., an As substi-
tution in GaN, or a Te substitution in ZnS, the isovalent
impurity level will form above the valence-band maximum
�VBM� by shifting up valence-band-derived states. However,
there could be exceptions when strain plays important
role.17–20 For example, absorption and photoluminescence
excitation measurements show that in dilute N-doped GaAs
the strongly localized isolated nitrogen-impurity level exists
at about 180 meV above the CBM,19 despite the fact that the
N 2s orbital energy is much lower than the replaced As 4s
orbital energy �Table I�. Similar experimental studies have
also shown that in dilute Bi doped GaAs the strongly local-
ized isolated Bi-impurity level exists at about 100 meV
below the VBM,20 despite the fact that the Bi 6p orbital
energy is much higher than the replaced As 4p orbital energy
�Table I�.

To understand how the impurity levels evolve when the
alloy concentration x increases from impurity limit to finite
value, Walukiewicz and co-workers22,23 first proposed the
phenomenological two-level band anticrossing �BAC� model

TABLE I. The calculated s and p valence atomic orbital ener-
gies �in eV� of N, As, and Bi in ns2np3 configurations, respectively.
The last column gives the Phillips’ covalent radii �in Å� for these
atoms �Refs. 18 and 21�.

Atom s p Ionic radius

N �2s22p3� −18.414 −7.235 0.719

As �4s24p3� −14.702 −5.345 1.225

Bi �6s26p3� −14.742 −4.774 1.518
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to explain the pressure and composition dependencies of the
band gaps of InyGa1−yAs1−xNx alloys. Since then, this model
has been extended to explain the band structures of other
LSCM group IV, III-V, and II-VI alloys.7,24–26 The main fea-
ture of the BAC model is that the incorporation of an isova-
lent impurity will introduce a localized defect state close to
the band edge. The coupling between the localized impurity
state and the extended host band-edge state through a quan-
tum anticrossing interaction produces two energy levels E−
and E+ with the downward movement of the former near the
conduction-band edge and the upward shift of the latter near
the valence-band edge, leading to the band gap bowing ob-
served in these LSCM alloys.22,24–26 More specifically, ac-
cording to this BAC model, if the original states have ener-
gies �1 and �2 with wave function character �1 and �2
�assumed �1��2�, then after the coupling with a coupling
strength V�x�, which is assumed to be proportional to con-
centration x, the pair of energy levels E− and E+ will be

E� =
�1 + �2

2
��� �1 − �2

2
�2

+ V2 �1�

and the hybridized wave function can be expanded as

�� = ���1 + ���2. �2�

Figure 1 shows the trends of coefficients ��+�2 and ��−�2 as a
function of the relative coupling strength 2V / ��1−�2�. ��i�2
can be obtained using ��i�2=1− ��i�2. It is clear that the coef-
ficient ��+�2 of the upper subband after coupling is always
larger than 0.5, i.e., the upper subband should always be a
mostly �1-like state, whereas ��−�2 of the lower subband is
always smaller than 0.5, so the lower subband should be a
mostly �2-like state, regardless how large the coupling
strength V is. Taking the GaAs1−xNx system as an example
because the NAs impurity defect level is above the CBM of
the host GaAs, then following the BAC model, the CBM of
GaAs1−xNx should always be derived mostly from the host
GaAs CBM state. Similarly, for GaAs1−xBix, because its im-
purity defect level BiAs is below the VBM of GaAs, then
following the BAC model, the VBM of GaAs1−xBix should

always be derived mostly from the host GaAs VBM state.
However, previous direct first-principles density-functional-
theory calculations9,18,27 and empirical potential
calculations28–30 have shown that this expectation is not true
when the impurity concentrations increase. Band crossing is
observed at high concentration and is often interpreted as
resulting from the formation of the N clusters.28–30

In this paper, to check the validity of the popular BAC
model and understand how the defect energy levels evolve in
LSCM alloys, we present a systematic investigation on the
electronic structure of GaAs1−xBix and GaAs1−xNx alloys, re-
spectively, as a function of alloy concentration x. In our
study, the dopants are introduced uniformly in the host and
no nearest-neighbor impurity clusters exist. We find that for
GaAs1−xBix in the impurity limit, the Bi-derived impurity t2
state is below the VBM, in agreement with experiment
observation.20 Similarly, for GaAs1−xNx in the impurity limit,
the N-derived impurity a1 state is above the CBM, again in
agreement with experimental observation.19 However, when
the concentration x increases, the defect band widths in-
crease, and eventually, the Bi- and N-derived energy levels
become the top of the occupied valence state above the VBM
of GaAs in GaAs1−xBix, or bottom of the unoccupied con-
duction band below the CBM of GaAs in GaAs1−xNx, respec-
tively. The switching of the order between impuritylike lev-
els and band-edge states at higher concentration is in line
with the general expectation from the chemical trends of
these elements �Table I� and can be explained by a simple
band broadening model but it contradicts the description of
the BAC model.

In this study the band-structure and total energy calcula-
tions are performed using the frozen-core projector-
augmented wave method31 within the local density approxi-
mation �LDA� as implemented in the Vienna ab initio
simulation package �VASP�.32 Convergence with respect to
the plane-wave cut-off energy has been checked. The
Monkhorst-Pack method33 is used to sample the k-point
mesh in the Brillouin zone. All the atoms are allowed to
relax until the quantum mechanical forces acting on each
atom become less than 0.02 eV /Å. The calculated band gap
of GaAs is 0.3 eV, smaller than the experiment band gap of
1.5 eV due to the well-known LDA band-gap error. In this
paper, as we are only concerned with relative positions of the
impurity level and the band edges as a function of alloy
concentration, the LDA band-gap error will not affect quali-
tatively the physical phenomenon discussed in this Brief Re-
port.

To identify the position of the isovalent defect level in-
duced by Bi and N in GaAs relative to the band edges, we
first calculate the partial density of states �PDOS� and define
the center of the band as the weighted energy average

E�
� =

�
i

EiD�
��Ei�

�
i

D�
��Ei�

, �3�

where D�
��Ei� denotes the PDOS for � �s or p� orbit of atom

� at energy Ei. The range of the summation runs over all the

FIG. 1. The calculated weights ��+�2 �solid line� and ��−�2
�dashed line� of the upper and lower subbands, respectively, pro-
jected on the �1 state, based on the BAC model as a function of the
relative coupling strength 2V / ��1−�2�.
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valence bands of GaAs1−xBix or all the conduction bands of
GaAs1−xNx alloys. We calculate the differences between E6p

Bi

and E4p
As in GaAs1−xBix, and between E2s

N and E4s
As in

GaAs1−xNx. The results for several concentrations of x are
shown in Table II. We find that the E6p

Bi is always higher than
E4p

As, and the E2s
N is always lower than E4s

As in all concentra-
tions, as expected from their orbital energy differences.

Next, we analyze the wave function characters for states
near the band edges for the relaxed GaAs1−xBix and
GaAs1−xNx systems with different concentrations of x. For a
more quantitative analysis, we define a localization factor as
	=Q� /QAs ��=Bi or N� for the same supercell calculations.
Here, Q represents the normalized charge inside the muffin-
tin �MT� spheres for the band-edge states. The MT radii are
1.40, 1.22, 1.64, and 0.74 Å for the Ga, As, Bi, and N,
respectively. The larger the 	 value, the more localized of the
state at the impurity atom site. Table III shows the calculated
	 values for the GaAs1−xBix and GaAs1−xNx alloys at the
different concentrations. Figures 2�a� and 2�b� plot the
charge density distributions on �110� plane of VBM and sec-
ond valence band �SVB� of GaAs1−xBix at the 
 point for x
=0.031 and 0.125, respectively. It is clear from these plots
that, in GaAs0.969Bi0.031, the SVB state has an impuritylike
charge distribution and has more charge around Bi than the
VBM state. However, when the Bi concentration increases to
x=12.5%, the 	 value of the VBM state is larger than that of
the SVB state and the other occupied states near the band
edge. So, we can conclude that at low Bi concentration, the
Bi-derived impurity state is below the VBM, but at relatively
high Bi concentration, the VBM of GaAs1−xBix is mainly
derived from the Bi state. Similar energy level switching has
also been observed in GaAs1−xNx. The charge density distri-
butions on the �110� plane of the CBM and the second con-
duction band �SCB� states of GaAs1−xNx at 
 for x=0.004
and 0.016 are plotted in Figs. 2�c� and 2�d�. In Fig. 2�c� at the very dilute concentration �x=0.004�, it is found that the

maximal 	 value in the N MT sphere is at the SCB state.
However, when the N concentration is at x=1.6%, the charge
distribution of the CBM state becomes more localized at the
N site. So, we can conclude that at very low N concentration,
the N-derived impurity state is above the CBM, but at rela-
tively high N concentration, the CBM of GaAs1−xNx alloy is
mainly derived from the N orbital.

We find that the general trends of the defect levels near
the band edges of GaAs, as discussed above, can be well
explained by the band broadening picture. Figure 3 shows
the schematic processes of band broadening as a function of
impurity concentrate. The Bi 6p orbital energy is higher than
the As 4p orbital energy, and the N 2s orbital energy is lower
than the As 4s orbital energy. When a small amount of Bi or

TABLE II. The calculated energy differences E6p
Bi −E4p

As and
E2s

N −E4s
As �in eV� for the different concentrations in relaxed

GaAs1−xBix and GaAs1−xNx systems.

x E6p
Bi −E4p

As E2s
N −E4s

As

0.004 0.618 −0.832

0.031 0.662 −0.889

0.125 0.873 −0.962

TABLE III. The calculated localization factor 	 of states near
band edges of the GaAs1−xBix and GaAs1−xNx alloys at different
concentrations. The numbers in bold highlight the 	 of the impurity
derived state.

System x VBM SVB

GaAs1−xBix 0.031 3.53 11.31

0.125 3.73 2.00

CBM SCB

GaAs1−xNx 0.004 4.26 5.85

0.016 4.66 1.20

VBM SVB

VBM SVB

SCBCBM

CBM SCB

3.53

1.204.66

5.854.26

2.003.73

11.31

(a) GaAs0.969Bi0.031

(b) GaAs0.875Bi0.125

(c) GaAs0.996N0.004

(d) GaAs0.984N0.016

FIG. 2. �Color online� Charge density plots on the �110� plane of
VBM and SVB states in GaAs1−xBix at �a� x=0.031 and �b�
x=0.125; of the CBM and SCB states in GaAs1−xNx at �c�
x=0.004 and �d� x=0.016. The number in each map denotes the
calculated localization factor 	 value. The orange �medium gray�,
blue �medium small light gray�, magenta �large gray�, and green
�small light gray� balls represent the Ga, As, Bi, and N atoms,
respectively.
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N impurities are doped into GaAs, the distance between the
impurity atoms is very large so the interaction between dif-
ferent impurity atoms will be relatively weak. Thus, the de-
fect levels are very localized and dispersionless. However,
the host atoms has strong interaction between each other, so
the broadening of As 4p or 4s orbit are large. As a result, the
VBM of GaAs1−xBix and the CBM of GaAs1−xNx become
host-atom-derived states, and the Bi- and N-derived states
are resonant inside the valence band and the conduction
band, respectively �see Fig. 3�. When the impurity concen-
tration increases, the distance between impurity atoms be-
comes smaller, resulting in the broadening of the impurity
level into a band through the strong interaction and hybrid-
ization between the impurity atoms. Therefore, as the Bi con-
centration increases, the broadening of the defect level BiAs
is able to move its top energy higher than that of As 4p band,
thus becoming the VBM of the alloy �see Fig. 3�a�	. Simi-

larly, the broadening of the defect level NAs at higher con-
centration can move its lower level below the CBM of the
GaAs host, thus becoming the CBM of the alloy �Fig. 3�b�	.

In conclusion, based on the first-principles band-structure
calculations and analysis of the electronic properties of
GaAs1−xBix and GaAs1−xNx alloys as a function of alloy con-
centration, we show that at the impurity limit the Bi-induced
impurity level is below the VBM of GaAs and the N-induced
impurity level is above the CBM of GaAs, in agreement with
experimental observations. However, at high concentration,
the VBM of GaAs1−xBix becomes a Bi-derived state and the
CBM of GaAs1−xNx becomes an N-derived state, in agree-
ment with their chemical trends. This crossing of band char-
acters can naturally be explained by a simple picture that
takes into account band broadening and strain, but it cannot
be described by the popular BAC model, indicating that the
BAC model should be expanded to include not only the
defect-host band interaction, but also the defect-defect and
host-host interactions to give a more complete description of
the band structure of the LSCM isovalent alloy systems.
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