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Abstract—The electronic structure of CuCl and CuBr compounds and their solid solutions CuCl, _ ,Br,
(x=0.25,0.50, 0.75) has been calculated in the framework of the density functional theory. The calculations
have been performed in the basis of pseudoatomic orbitals using the simple local approximation (LDA) and
the new meta-GGA exchange potential TB09, which, to a large extent, compensates the LDA error in the
description of the position of conduction bands in semiconductors. A comparative analysis of the main char-
acteristics of the electronic structure of binary compounds and their solutions has been carried out. It has
been found that the composition dependence of the band gap E,(x) has a small downward bowing with the

coefficient b ~ 0.09 eV.
DOI: 10.1134/S1063783415100145

1. INTRODUCTION

Copper halides (CuCl, CuBr, Cul) are promising
materials for use in catalysis, preparation of transpar-
ent conductive coatings, composite nanomaterials
with new properties, and electronic devices [1—4].
According to their characteristics, these materials
belong to the class of direct-band-gap semiconductors
with the band gap E, ~ 3 eV. The highest value of the
band gap in this group of compounds is observed in
copper chloride CuCl with E, = 3.39 eV at room tem-
perature, which is comparable to the values of E, for
optoelectronic materials, such as gallium nitride and
zinc oxide. The lattice constant of CuCl is rather close
to that of silicon, which allows the effective use of sili-
con substrates for growing thin-film layers of copper
chloride [4].

In recent years, the increased interest in electronic
properties of copper halides [1, 2, 4, 5] poses the prob-
lem of an adequate theoretical description of their
electronic structure with the use of modern methods
of first-principles calculations. The most attention was
paid in the past to binary semiconductors. In particu-
lar, first-principles calculations of the band structure
and optical functions of CuCl and CuBr under normal
conditions and at a pressure were performed in [6—8]
within the framework of the density functional theory
(DFT) using the full-potential linearized augmented
plane wave (FP-LAPW) method. The performed the-
oretical studies made it possible to estimate the lattice
constants, binding energies, elastic and dielectric
characteristics, bulk moduli, and parameters of the
most important interband transitions. The FP-LAPW
and first-principles pseudopotential approximations

were also used in [9, 10] for the study of CuCl, _ Br,
solid solutions. It should be noted that FP-LAPW rep-
resents one of the most accurate methods for calculat-
ing structural and electronic properties of solids.
However, the results of DFT computations of the
interband transitions and related characteristics
depend substantially on the choice of the approxima-
tion for taking into account the exchange-correlation
effects. Earlier studies were performed predominantly
using the local density approximation (LDA) or gen-
eralized gradient approximation (GGA), which are
highly effective in calculations of lattice parameters
and binding energies. At the same time, the well-
known disadvantage of LDA/GGA is a significant
underestimation of the band gap E, of dielectrics and
semiconductors. In particular, the estimations made
in [8—10] gave the band gaps of CuCl and CuBr in the
range of 0.4—0.5 eV, which accounts for only ~15% of
the corresponding experimental values.

According to the classification of exchange-corre-
lation functionals in line with their level of complexity,
which was proposed by Perdew et al. [11], the approx-
imations LDA and GGA occupy the first and second
rungs of the hierarchy ladder, respectively. The com-
plication of the GGA functionals as compared to the
LDA ones consists in using information on the elec-
tron density gradient, which has increased the accu-
racy of total-energy calculations and provided, since
the 1990s, the wide use of the DFT method for solving
problems in quantum chemistry. The third rung is
occupied by the meta-GGA functionals, which, apart
from the electron density and its gradient, explicitly
depend on the kinetic energy density. Examples are
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TPSS [11], M06-L [12], and TB09 [13], which are
being actively discussed in the literature.

The purpose of this work is to investigate the elec-
tronic structure of CuCl, _,Br, by employing the TB09
potential recently proposed by Tran and Blaha
(mBJLDA) [13], which can increase the accuracy of
E, calculations for solids within DFT.

2. THEORY AND CALCULATION METHOD

The work of Tran and Blaha [13] is based on the
success of the optimized effective potential (OEP)
method in reproducing the values of E, and is the
development of the studies performed by Becke and
Johnson [14], who made an attempt to approximate
the exact OEP exchange potential by an expression
depending only on the total electron density and the
kinetic energy density for occupied states. The

Becke—Johnson exchange potential (ofj), being
semilocal in its design, adequately reproduces the

OEP step structure and derivative discontinuity with
respect to the number of particles. In [13], the modifi-

cation of the potential Ufj was proposed in the form

UIBO‘)(I_) _ CUER(I-)+(3C—2)711;JIEZ %:))’ (1)

where ofR(r) is the Becke—Roussel potential [15];
p(r) is the electron density; 1(r) =
(I/Z)ZiV\y? x V, is the kinetic energy density of

the electronic subsystem; and c is a free parameter, for
which the following analytical expression was given in
[13]:

¢ = a+B(% [Ipmle™war) " @

The integration in expression (2) is performed over the
unit cell volume V., and the parameters o and 3 are
determined by minimizing the mean absolute relative
error of the band gap E, for the group of semiconduc-
tors and dielectrics.

The correlation effects in the calculations with the
TBO09 potential are described within the LDA
approach. In general, this calculation scheme is com-
parable in computational expense to the standard
GGA forms, but substantially exceeds GGA in the
accuracy of the evaluation of the band gap E,, and, in
some cases, approaches quasiparticle methods, such
as the GW approximation [16, 17].

In this work, the electronic structure of binary cop-
per halides and their solutions was calculated using ab
initio separable pseudopotentials [18] and the basis of
localized atomic pseudo-orbitals (PAO) [19] given in a
numerical form. In order to calculate all types of mul-
ticenter integrals, the Bloch functions constructed
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from PAO (Cu(s d), Cl(s pd), Br(s pd)) were expanded
in plane waves with energies up to 169 Ry. The electron
density and the kinetic energy density were calculated
by the special-point method on a 4 x 4 x 4 k-point
mesh. The described approach was successfully
employed earlier in the study of the CuBS, crystal
[20]. The calculations of the electronic properties in
the PAO basis were performed for optimized crystal
structures. The CuCl, _ Br, solid solution was simu-
lated by a 2 x 2 x 2 supercell containing 16 atoms. The
structure was optimized using the Quantum
ESPRESSO package [21] within the LDA approach
with the projector augmented wave method and calcu-
lation parameters providing a sufficiently high level of
convergence of the structural parameters.

3. RESULTS AND DISCUSSION

The CuCl and CuBr compounds crystallize in the
sphalerite structure with the lattice parameters of
5.409 and 5.677 A at T ~ 20 K, respectively [22]. The
corresponding theoretical values obtained in our work
are equal to 5.219 and 5.525 A, respectively. The cal-
culated lattice parameters, as expected, are less than
the experimental values due to the use of the local den-
sity approximation at the stage of optimization of the
structure. It should be noted that the lattice parame-
ters obtained for CuCl and CuBr are very close to the
results of the full-potential calculations [16] in the
framework of the LDA (5.210 and 5.526 A, respec-
tively).

In earlier studies, the main method used for the
simulation of CuCl, _ Br,, CuCl, _,I,, and CuBr,_,I,
solid solutions was the virtual crystal approximation
(VCA) [9, 23]. Apparently, the only exception is the
work by El Haj Hassan and Zaoui [10], who consid-
ered an eight-atom cubic cell for CuCl, sBr, 5. A prin-
cipal advantage of the VCA is the possibility of study-
ing mixed crystals by employing the unit cell of the ini-
tial material, i.e., without complication of the crystal
structure. This approach is characterized by the sim-
plicity of implementation and low computational
costs and makes it possible to analyze the characteris-
tics of a solid solution as continuous functions of the
impurity concentration. However, VCA does not allow
one to take into account local distortions of the crystal
structure and fluctuations of the composition, which,
in many aspects, determine the physical properties of
mixed crystals. For this reason, in our work, the
Cu(l, _,Br, solid solutions were considered using the
supercell method. Direct calculations were performed
for 2 x 2 x 2 supercells with the bromine concentra-
tions x = 0.25, 0.50, and 0.75. The optimized lattice
parameters with respect to the sphalerite unit cell are
presented in Fig. 1, where for convenience the calcu-
lated values for CuCl and CuBr are connected by a
straight line. It can be seen that the theoretical data fit
well into the straight line (Vegard’s law), which is in
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Fig. 1. Lattice parameter of the mixed CuCl; _ ,Br, crystal

as a function of the Br concentration. Squares represent
the results of the calculations. The straight line connects
the calculated values for binary compounds.

agreement with the X-ray diffraction studies [24]. The
deviation of the lattice parameters from the linear
dependence in our calculations does not exceed
0.06%.

Figures 2 and 3 present the results of band structure
calculations for the binary compounds and the mixed
CuCl, sBry 5 crystal, which were obtained using the
exchange-correlation potentials LDA and TBO09,
respectively. The origin of the energy scale in all cases
coincides with the top of the valence band located in
the center of the Brillouin zone.

We begin the discussion with the LDA calculations.
As seen from Fig. 2, the band structures of CuCl and
CuBr are similar to each other, both qualitatively and

KOSOBUTSKY, GORDIENKO

quantitatively, and include three groups of occupied
bands (a total of nine bands), the width of which does
not exceed 2.4 eV. The analysis of the atomic contribu-
tions to crystal orbitals of CuCl (CuBr) demonstrates
that the lower bands is formed from the Cl 3s states (Br
4s states), the energy levels in the range from —7.1 to —
4.4 eV originate from the Cl 3p states (Br 4p states),
and the bands in the range from —2.4 to 0 eV are pre-
dominantly formed by the Cu 3d states. The contribu-
tion from the Cu 3d orbitals to the upper bundle of
bands is approximately 70%, while the rest of ~30%
are due to the contribution from the p orbitals of the
anion. The pseudopotential calculations of the elec-
tronic structure of copper halides in the PAO basis are
in good agreement with the previously performed cal-
culations in the FP-LAPW approximation [8], as well
as with the results of recent experimental studies using
X-ray photoemission spectroscopy [25].

The electronic structure of CuCl, _,Br, solid solu-
tions almost was not discussed previously. For defi-
niteness, we consider a mixed crystal with equal con-
centrations of chlorine and bromine. The results of the
performed calculations demonstrate that the band
spectrum of CuCl, sBr, 5 is similar to the band spectra
of CuCl and CuBr, but includes not three but five
groups of valence bands located in the same energy
ranges as in the case of binary materials (Fig. 2). In
contrast to the initial compounds CuCl and CuBr, the
lower valence band of the mixed crystal consists of two
subbands separated by a gap of 0.5 eV. This feature can
be explained by the absence of common bonds
between anions of different types in the CuCl, sBr s
crystal, which substantially decreases the possible
degree of hybridization of their valence orbitals. The
gap of 0.5 eV between the two lower bundles of bands
is caused by the difference in the energies of 3s and 4s
electrons of the Cl and Br atoms, which is equal to
~0.9 eV. Similarly, owing to the difference in the ener-
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Fig. 2. Band structure of CuCl, CuCl,, 5Brj 5, and CuBr according to the LDA calculations.
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Fig. 3. Band structure of CuCl, CuCly, 5Br 5, and CuBr, calculated with the TB09 potential.

gies of Cl and Br p electrons, the contributions from
the anionic p states in the range from —7 to —4 eV are
unevenly distributed: in the lower half of the range, the
dominant contribution comes from the CI 3p orbitals,
whereas the Br 4p orbitals play a significant role in the
states located above —5.3 eV. A comparison of this pic-
ture with the contributions from the Cu 3d orbitals
shows that the “center of gravity” of the distribution of
the latter is also shifted to the region of —(5.3—4.0) eV
of the band under consideration. Therefore, the
degree of p—d hybridization of copper and bromide is
higher, which can be associated with a more diffuse
character of the Br 4p orbitals as compared to the Cl p
orbitals.

The performed analysis of the nature of crystal
orbitals remains valid for the results of calculations at

Energies of interband transitions in CuCl and CuBr crystals

(eV)

Caesaton T rr [ ron | rex
CuCl
TB09 3.01 5.43 5.67
LDA 1.14 3.43 4.19
GGA [8] 0.51 2.85 3.47
GGA [9] 0.54 2.85 3.40
Experiment [22] 3.40 8.1 7.8
CuBr
TB09 3.06 4.73 4.62
LDA 1.21 2.80 3.11
GGA [8] 0.42 2.42 3.16
GGA [9] 0.39 2.4 3.1
Experiment [22] 3.07
PHYSICS OF THE SOLID STATE Vol. 57 No. 10

the TBO09 level (Fig. 3). However, in this case, there is
a modification of the band structure. As can be seen
from the comparison of Figs. 2 and 3, the use of the
exchange potential (1) leads to a contraction of the
valence bands with a simultaneous shift of their upper
boundaries within 0.4 eV downward (the anionic s
states) or upward (middle bands) on the energy scale.
It should be noted that the effect of band contraction
is a characteristic feature of the TB09 application [17]
and is associated with a higher degree of localization of
electrons in the calculation using the Becke—Johnson
potential.

Of greatest interest is the comparison of the inter-
band transitions from the top of the valence band to
the lower levels of the conduction band, which were
calculated using different approximations. The table
presents the energies of the transitions I' —I',, ' ,—L,,
and I ,—X.. It can be seen that the results of the E, cal-
culations (transition I' —I",) for copper chloride and
copper bromide with the use of the same methods are
close to each other. This closeness is associated with
the specific features of the structure of the valence
band top and the conduction band bottom of CuCl
and CuBr, which have the dominant contributions
from the Cu 3d and Cu 4s states, respectively. Since the
anionic p bands are located energetically lower than
the metal d bands, the replacement of the anion in the
series of I-VII copper-containing compounds does
not lead to such a large change in the band gap, which
is observed in III—V semiconductors.

Our calculations within the LDA predict E, of the
considered crystals at the level of 1.1—1.2 eV. Thus, the
values of E, obtained in the LDA calculations are
underestimated by 61—66% as compared to the exper-
iment. Nonetheless, even these values are significantly
higher than the results of the corresponding calcula-
tions performed in earlier studies [8, 9]. The observed
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deviations are associated with the differences in details
of the computational procedures and, more impor-
tantly, with the use of the localized PAO basis, which
often leads to higher values of E, as compared to the
plane-wave basis. The calculations of the band struc-
tures with the TB09 potential demonstrate a signifi-
cant increase in the energies of unoccupied states with
respect to the upper occupied levels (compare Figs. 2
and 3). In general, we can conclude that there is a
nearly uniform shift without changing the general
character of the dispersion dependence of the energy
branches of the conduction band. As a result of this
shift, the theoretical value of E, for the CuBr com-
pound becomes approximately equal to the experi-
mental value of 3.07 eV (at 7= 1.6 K [22]), and the
difference between the calculated (3.01 eV) and mea-
sured (3.40 eV at T'= 2 K [22]) values of E, for CuCl
decreases to 0.4 eV. An increase in the value of E, for
copper halides as a result of the calculations with the
TBO09 potential was also demonstrated in recent stud-
ies [16, 26]. However, despite the use of the same cal-
culation method (FP-LAPW) and program code, the
results presented in [16, 26] differ significantly.
Indeed, in [16], it was found that E, is equal to 2.0 eV
for CuCl and 1.8 eV for CuBr. These values are
1.7 times less than the corresponding band gaps of 3.4
and 3.0 eV, which are reported in [26]. It should be
noted that the determination of the lattice constants
and bulk moduli within the calculation scheme with
the TB09 potential in [26] is doubtful due to the
impossibility of performing the variationally consis-
tent calculation of these characteristics, because there
is no expression for exchange-correlation energy of
the TBO09 type. For this reason, the data presented in
[16] should be considered to be more valid for the FP-
LAPW method.

Figure 4 shows the composition dependences of
the energies of the interband transitions I' —I',, ' —
L., and ' —X. of the mixed CuCl,_,Br, crystal
according to the calculations with the TB09 potential.
Upon changing over to the supercell, the branches of
the energy spectrum are folded due to a multiple
decrease of the Brillouin zone volume. This is taken
into account in Fig. 4, which presents the indirect
transitions I' —L,, and I" ,—X_ of the solid solutions for
the Brillouin zone of sphalerite. Based on the pre-
sented data, we can conclude that above dependences
have a nearly monotonic character, which is disturbed
only for the transition I' ,—L, at high bromine concen-
trations. The change in E, with variations in the com-
position of the solid solution can be described by the
expression

CuBr CuCl
E(x) = xE; " +(1-x)E, - bx(1-x), 3)

where b is the bowing coefficient, which determines
the degree of deviation of the dependence E,(x) from
the linear law. According to our calculations, the curve
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Fig. 4. Dependences of the energy of interband transitions
in CuCl, _ ,Br, on the Br concentration, calculated with

the TBO9 potential.

E,(x) has a small downward bowing and the parameter
b is equal to 0.094 eV, which agrees with the experi-
mental data on the exciton absorption [27]. A compar-
ison of the results of calculations of the coefficient b in
terms of the supercell method with the previously per-
formed VCA calculations shows a higher efficiency of
the supercell method for halide solid solutions.
Indeed, as follows from earlier studies, regardless of
the level of accuracy of the method (the fully ab initio
calculations [9] or semi-empirical tight-binding cal-
culations [23]), the VCA approach demonstrates a
qualitatively ~ incorrect dependence E (x) for
CuCl, _,Br, (upward deflection) and also leads to an
overestimated value of |b|. As was shown in [23], this
effect can be eliminated by the introduction of specific
corrections to the tight-binding Hamiltonian. How-
ever this approach plays a purely descriptive role,
because the determination of correction requires
knowledge of the composition dependence E,(x).

4. CONCLUSIONS

The electronic properties of CuCl, CuBr and
mixed CuCl, _,Br, crystals were investigated using the
supercell method and the meta-GGA approximation.
A comparative analysis of the electronic spectra
revealed the similarity of the band structures of CuCl
and CuBr, in which the valence band includes three
bands of states spaced apart from 2 and 10 eV. The
lower band is formed either by the Cl 3s states or by the
Br 4s states, whereas the anionic p orbitals and the Cu
d orbitals contribute mainly to the middle and upper
bundles of bands, respectively. This structure of the
valence band is also observed in mixed CuCl, _ Br,
crystals. However, owing to the difference in the ener-
gies of the s and p orbitals of the Cl and Br atoms, the
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lower band of states in CuCl, _ Br, is split into two
closely spaced parts, and the contributions from the p
orbitals of two types of anions in the energy range of
the middle band are unevenly distributed.

It was found that the TB09 potential proposed by
Tran and Blaha makes it possible to obtain the inter-
band transition energies and band gaps of copper
halides in a better agreement with experiment than in
the case of the conventional LDA and GGA function-
als. It was shown that the supercell method, even when
using relatively small cells, is an effective tool for sim-
ulating the properties of the CuCl, _,Br, solid solu-
tion.
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