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a b s t r a c t

The positions of the semicore Ga d levels in GaX semiconductors (X = N, P, and As) are underestimated
in density functional calculations using either the local density approximation LDA or the generalized
gradient approximation GGA for the exchange functional. Correcting for this inaccuracy within LDA +
U calculations with an on-site Coulumb interaction U on the semicore d-states results in a modest
enhancement of the band gap. We show that this modest enhancement of the band-gap energy comes
from the movement of the valence-band maximum alone, thus not affecting the conduction-band states.
Further, the localization of the charge on Ga d states with U leads to a regulation of charge on Ga. This
yields a shift of 1–2 eV of the core levels on the Ga atom while the anion core levels remain unchanged.
1. Introduction

Enormous progress has been made over the years in the de-
velopment of realistic theories of materials starting from a first-
principles approach [1]. A popular method in this direction is
the Kohn-Sham formalism of density functional theory (DFT). The
Hohenberg-Kohn theorem [2] states that the ground state energy
can be written as an exact functional of the density. Unfortunately
the exact form of the functional is not known, and approxima-
tions such as the original local density approximation (LDA) [3,4]
as well as various types of the generalized gradient approxima-
tions (GGA) [5,6] have been used quite successfully in describing
the ground state properties of awide variety of systems. See Ref. [7]
for pros and cons of the DFT.
The limitations of the approximated exchange functionals

(incorrect self interaction and the neglect of correlations effects)
directly affect the electron energy states, especially excited prop-
erties such as the band-gap energy. For s–p bonded semiconduc-
tors, the GW approximation [8] has been enormously successful
in improving the gap energy by partially or fully self-consistently
solving the Dyson equation. However, another contributory fac-
tor to the LDA band-gap error is the cation d position [9,10], es-
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pecially for shallow d states. The reason is that the LDA d-levels
are not deep enough to be chemically inert, and so they interact
with the valence-band states leading to a reduction of the gap en-
ergy. To correct this LDA error, without degrading the computa-
tional time, an on-site correction potential U has been proposed
[11]. The correction potential is chosen to be dependent on the
atom and angular momentum projected density operator [12,13],
therefore the correction will affect mainly the semicore states.
Within this LDA + U model, the potential correction thus pushes
the semicore/valence states to deeper energies and thereby modi-
fies the valence-bandmaximumposition as a result of themodified
semicore/valence interaction. In thiswork,we examine themodifi-
cation of the energy of the valence-band maximum and the conse-
quent change in the band gap arising from an incorrect position of
the semicore d states on the cations in binary GaX semiconductors
(X = N, P, and As). The belief has been that the t2 states on the
semicore cation d states interact with the states comprising the
valence-band maximum with the same symmetry pushing them
up. As a result, the band gap is reduced. A recent paper [14] has
questioned this model, and has proposed that a part of the shifts
come frommodified screening effects which result in a movement
of the conduction-band minimum also. Re-examining this propo-
sition we demonstrate that the opening of the band gap with a U
correction on the semicore d states is due to a movement of the
valence-band maximum alone. In addition there is a reorganiza-
tion of charge on the Ga atoms and this results in large shifts of
∼1–2 eV of the core levels on Ga while those on the anion remain
unchanged.
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Table 1
Calculated lattice constants in units of Å of GaN, GaP and GaAs using the VASP/
PAW and WIEN2k/FPLAPW methods. U = 11, 10 and 9 eV for GaN, GaP and GaAs,
respectively.

LDA LDA+ U
VASP WIEN2k VASP WIEN2k

GaN 4.46 4.46 4.24 4.45
GaP 5.39 5.40 5.27 5.37
GaAs 5.61 5.61 5.49 5.58

2. Methodology

We have carried out ab initio calculations within the local spin
density approximation of the DFT. A full potential linearized aug-
mented plane wave (FPLAPW) implementation in the WIEN2k
code [15] was used by us in our calculations. We considered the
systems GaN, GaP and GaAs in the zinc-blende structure. The radii
for the muffin tin spheres used were RMT = 1.20, 1.16 and 0.96 Å
for both Ga and X in GaAs, GaP and GaN, respectively. In the
calculations we use GMAX = 14 and |K | < 9/RMT. The LDA ap-
proximation to the exchange functional was used. The number of
k-points used was 8 × 8 × 8 for the self-consistency and in the
evaluation of the density-of-states (DOS). The tetrahedronmethod
of integration was used for the DOS calculation. An additional po-
tential within the LDA + U [13] formalism was introduced on the
Ga d states, and the changes in the electronic structure were calcu-
lated as a function ofU. Superlattices of the form (GaX)5/(Ga(U)X)5
were constructed to determine the valence- and conduction-band
offsets introduced by U with respect to the U = 0 eV result. A
k-points grid of 8× 8× 1 was used for the superlattice.
The equilibrium lattice constants of these materials were found

to be 4.46, 5.40 and 5.61 Å (Table 1), respectively, in the absence
of any U on the Ga d states. The value of U applicable for each
system was determined by comparing the energy of the semicore
d states with that determined from photoemission experiments
[16,17], yielding U = 11, 10 and 9 eV for GaN, GaP and GaAs
respectively. Using these values, the equilibrium lattice constants
were determined to be slightly smaller, namely 4.45, 5.37 and
5.58 Å, respectively. The results are given in Table 1. In order to
make a proper comparison with earlier published work [14] which
was performed with a plane wave pseudopotential implementa-
tion, we calculate the equilibrium lattice constant also by using
projector augmented-wave (PAW) potentials [18] within the VASP
package [19].
In order to obtain the band lineup between the LDA and LDA+U

calculations, the following prescription was followed. First, we
performed bulk calculations using WIEN2k for GaX within LDA
and LDA + U separately at its equilibrium lattice constant, and
we determined the valence-band maximum and the conduction-
band minimum with respect to the corresponding X anion 1s core
level (Ev0 and Ec0 respectively). As the value of energy by itself
has no meaning, we cannot compare the energy corresponding to
the valence-band maximum/conduction-band minimum between
two different calculations. Threfore, we constructed superlattices
of the form (GaX)5/(Ga(U)X)5 and the relative separations of
the two core X 1s levels in the bulk-like regions on both sides,
far away from the interface, were determined. This was used to
construct the band lineup. The optimized lattice constants of GaX
were different from Ga(U)X, and therefore the superlattice was
constructed using the average of the lattice constants obtained by
the LDA and LDA + U methods. Thereafter, we incorporated the
effects of strain on the band lineup, by using the literature values
of the hydrostatic deformation potentials for the valence band and
conduction band [20]. The strained valence-band maximum (Ev)
and conduction-bandminimum (Ec)were related to the unstrained
values Ev0 and Ev0 by the two expressions:

Ev = Ev0 + av
(V − V0)
V0

,

Ec = Ec0 + ac
(V − V0)
V0

where, V0 was the volume of the unit cell in its equilibrium lattice
constant within LDA or LDA + U while V was the volume of the
unit cell at the averaged lattice constant. av and ac were the hydro-
static deformation potentials for the valence-band maximum and
conduction-band minimum. The procedure followed in Ref. [14]
was similar except that they used the averaged electrostatic poten-
tials instead of core levels for the definition of an absolute energy
scale.

3. Results and discussion

In Fig. 1 we have plotted the Ga d and As p partial density
of states for GaAs for the cases without a U on the Ga d states
[panel(a)] and with a U on the Ga d states [panel(b)]. The most
notable change seems to be a movement of the Ga d states from
−15 eV to −18.5 eV with a U of 9 eV. There are changes in the
conduction band as well as in the valence band which are not
evident on the energy scale at which Fig. 1 is plotted. In order
to examine the changes in the valence-band/conduction-band,
we first align with respect to the As 1s core level in both the
systems. The zero of energy has been chosen to be the valence-
band maximum of the zero U calculations. The conduction bands
of the two calculations line up and the shifts are in the valence band
alone. As is evident one has an increase of the band gap. Using the
value of U determined to be appropriate for each material, we find
that the increase in the band gap is found to be 0.23 eV for GaN, by
0.28 eV for GaP and 0.20 eV for GaAs.
The mechanism for the opening up of the gap has been dis-

cussed in the literature in another context [21]. Wei and
Zunger [21] examined the role of semicore d states in the valence-
band offsets of lattice matched common anion semiconductors.
The belief was that, for the first approximation, the valence-
band maximum in the common anion semiconductors should be
aligned. Additional interactions were responsible for the observed
offsets. For instance, here, these were found to arise from an in-
teraction between the d states with t2 symmetry on the cation
with the corresponding stateswith the same symmetry comprising
the valence-band maximum. This interaction pushes the valence-
band maximum into the band gap, reducing it from the value in
the system which has no semicore states. An incorrect position of
the semicore states closer to the valence-bandmaximum results in
an enhancement of the effective p–d interaction coupling the two
interacting states, and therefore a reduction in the band gap.
Recentwork by Janotti et al. [14] have examined themechanism

of the increase in the band gapwithU on the semicore states. Their
approach involved determination of the band offsets between the
GaX and the Ga(U)X calculations using the procedure described
in the methodology. They found shifts in both the valence-band
maximum as well as the conduction-band minimum. The former
could be understood by themodel described earlier. The shift in the
conduction band minimum was understood in terms of modified
screening arising from a U on the semicore states.
Our analysis presented in Fig. 1 assumes that the X 1s core

level are aligned in the two systems. This is not the case and a
superlattice geometry is used to determine the relative shifts of
the X 1s core level. In addition, Ref. [14] suggested a different
equilibrium lattice constant for GaX and Ga(U)X, while analysis
of Fig. 1 was carried out with the same lattice constant with
and without U. We examined the theoretical equilibrium lattice
constantwithin bothVASP andWIEN2kwith andwithout potential
correctionU.We expect small changes due tomodified interactions



Fig. 1. TheGad (black solid lines) andAsp (reddashed lines) projectedDOS for (a)U = 0 eV and (b)U = 9 eVon theGa3d states forGaAs, obtained from theWIEN2k/FPLAPW
calculation. The zero of energy corresponds to the valence-band maximum. The inset of (a) show the near 0 point magnified view of the band dispersions, (along L–0–X
direction) for U = 0 eV (black solid lines) and 9 eV (red dashed lines) on the Ga 3d states for GaAs. Here, the valence-band maximum of the U = 0 eV case corresponds to
the zero of energy.
a b c

Fig. 2. Calculated band offsets at the hypothetical interfaces (a) GaN/Ga(U)N, (b) GaP/Ga(U)P and (c) GaAs/Ga(U)As using the WIEN2k/FPLAPW method. U correction has
been introduced on the Ga d states. The X (X = N, P, and As) 1s level is shown in dashed dotted lines. The energy separations between the levels are given in eV.
of the semicore states and this is what we find for the results
computed within WIEN2k. The results from VASP suggest much
larger deviations in the lattice constant. We are not sure what the
origin of this large discrepancy is but we believe this could be the
origin of different conclusions arrived at in the earlier work [14].
The band lineup between the zero U and the finite U calcula-

tions is given in Fig. 2 for GaN, GaP and GaAs. The band-gap en-
ergy is found to be 0.22, 0.24 and 0.19 eV larger for the finite U
results. In order to examine the origin we look at valence- and
conduction-band offsets. For GaN we find a shift of 0.704 eV of
the conduction-band minimum for finite U. This is equal within
10–20meV to the shift in the N 1s corelevel in the two cases. Hence
the conduction-band shift cannot contribute to the opening of the
band gap. Similar conclusions are reached for GaP and GaAs also.
A suprising conclusion from this work are the valence-band shifts
of the finite U results with respect to the zero U case. We argued
that reduced semicore valence interaction should be responsible
for the valence-band maximum of finite U results to be lower than
that of the zero U result. While the Ga 3d levels do move deeper
in energy with U, the valence-band offset of GaN with U is positive
while that of GaAs and GaP are negative with respect to the zero U
results. This is a result of the large shifts of the energy eigenvalues
for finite U with respect to the zero U result. This is opposite in di-
rection to the shifts of the valence-bandmaximum, due to reduced



Table 2
The relative shifts on the Ga and X (anion) core levels in units of eV with respect to
the X 1s core level.

Core level U (eV)
0 10 15

GaN Ga 1s1/2 −9825.863 −9824.478 −9823.856
Ga 2s1/2 −881.193 −879.698 −879.027
Ga 2p1/2 −738.006 −736.518 −735.849
Ga 2p3/2 −710.420 −708.932 −708.262
Ga 3s1/2 230.453 231.524 232.003
N 1s1/2 0.0 0.0 0.0

GaP Ga 1s1/2 −8130.089 −8129.483 −8129.223
Ga 2s1/2 814.301 814.972 815.259
Ga 2p1/2 957.513 958.178 958.464
Ga 2p3/2 985.096 985.761 986.047
Ga 3s1/2 1926.017 1926.523 1926.739
Ga 3p1/2 1972.305 1972.799 1973.010
Ga 3p3/2 1975.943 1976.431 1976.640
P 1s1/2 0.0 0.0 0.0
P 2s1/2 1901.728 1901.722 1901.720
P 2p1/2 1949.755 1949.749 1949.748
P 2p3/2 1950.668 1950.663 1950.662

GaAs Ga 1s1/2 1485.670 1486.197 1486.420
Ga 2s1/2 10430.076 10430.660 10430.909
Ga 2p1/2 10573.286 10573.865 10574.111
Ga 2p3/2 10600.868 10601.448 10601.695
Ga 3s1/2 11541.798 11542.241 11542.429
Ga 3p1/2 11588.0860 11588.519 11588.703
Ga 3p3/2 11591.724 11592.153 11592.334
As 1s1/2 0.0 0.0 0.0
As 2s1/2 10207.062 10207.059 10207.059
As 2p1/2 10363.728 10363.726 10363.725
As 2p3/2 10400.200 10400.197 10400.197
As 3s1/2 11500.795 11500.795 11500.796
As 3p1/2 11553.433 11553.433 11553.435
As 3p3/2 11558.466 11558.466 11558.467

p–d interaction as the Ga 3d levels move deeper. Hence, we have
the observed trend in the valence-band offsets.
In order to examine the effect of U on the core levels, we

considered the cation and anion core levels for both the finite U as
well as zero U case. The results are presented in Table 2. In every
case we find that the anion levels align with respect to each other.
There are however deviations in the cation levels for the finite
U calculations. These deviations we find are as large as 1–2 eV.
One could get some hints of the origin of these shifts from the s,
p and d components of the charge on each atom calculated as a
function of U (Table 3). The most significant changes that we find
for any system with U are on the Ga levels, while those on the
anion remain largely unchanged. As expected the d component
of the charge on the Ga increases as the Ga d becomes more
localized. To compensate the s and p components of the charge
on Ga decrease. This regulation of charge takes place to offset the
additional Coulomb repulsion that the electrons encounter due to
localization of charge on Ga with increasing U. As the interaction
between the core and the valence is dependent on the charge on
that atom, the Ga related core levels shift while the anion related
shifts remain unchanged.

4. Conclusion

In conclusion, we present a model to understand the opening
of the band-gap when a U is applied on the semicore d states
present in the III–V semiconductors. An analysis reveals that it is
only the modified p–d interaction between the states comprising
the valence-band maximum and the semicore d states that results
in an opening of the band gap with U. The band offsets between
the zero-U and the finite-U systems have been evaluated for GaX
semiconductors. While one would expect a negative valence-band
offset of the finite U result with respect to the zero U result as a
result of reduced p–d interaction, we find the opposite trend in
GaN.
Table 3
The calculated s, p, d and total components of the charge on Ga and X (X = N, P and
As) as functions of U, where a U has been introduced only on the Ga d states.

U (eV) s p d Total

GaN Ga 0 0.256 0.207 9.393 9.863
Ga 5 0.252 0.204 9.428 9.889
Ga 10 0.248 0.201 9.461 9.915
Ga 15 0.245 0.198 9.491 9.939
N 0 1.282 2.691 0.016 3.993
N 5 1.282 2.695 0.015 3.995
N 10 1.282 2.698 0.014 3.998
N 15 1.282 2.702 0.013 4.000

GaP Ga 0 0.744 0.710 9.900 11.369
Ga 5 0.737 0.698 9.924 11.375
Ga 10 0.732 0.687 9.947 11.381
Ga 15 0.726 0.675 9.968 11.385
P 0 1.272 2.079 0.068 3.430
P 5 1.271 2.087 0.066 3.434
P 10 1.270 2.094 0.064 3.437
P 15 1.269 2.100 0.062 3.440

GaAs Ga 0 0.820 0.746 9.932 11.515
Ga 5 0.814 0.734 9.954 11.518
Ga 10 0.808 0.722 9.975 11.522
Ga 15 0.802 0.710 9.996 11.524
As 0 1.341 1.902 10.025 13.278
As 5 1.340 1.910 10.023 13.282
As 10 1.338 1.917 10.021 13.286
As 15 1.335 1.924 10.020 13.288
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