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We used an ab initio method to calculate the high pressure phases of CulnSe;. By using the experimentally
suggested phases, the enthalpy difference showed that the 142d structure transforms into Fm3m at
12 GPa and then into Cmcm at 42 GPa. The volume reductions at each phase transition are 13.9% and
1.9% respectively, compared with 11% and 1% from experiments. By using the sX-LDA functional, we
found that the bandgap in the I42d structure increases at the rate of 39.6 meV/GPa, in fair agreement
with photoabsorption experiments. The band gap is closed in the Fm3m and Cmcm structures. The bond
lengths between Cu-Se and In-Se were investigated. We found that the bond lengths can be related to
the behavior of the energy gap under high pressure. The path of transformation from Fm3m to Cmcm was
proposed. The energy barrier between the two phases was estimated. The upper bound of the energy
barrier is 17 meV which is equivalent to 198 K. This finding can explain the existence of two phases at

C. High pressure, phase transitions, path of
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D. Electrical properties

room temperature reported by experimental study.

© 2012 Published by Elsevier Ltd

1. Introduction

Copper indium diselenide (CulnSe; or CIS) is a ternary I-I1II-VI
compound. It is a technologically important material which has
been widely used in photovoltaic applications and high efficiency
solar cells [1-7]. Its high pressure phases were studied by
diamond anvil cells and X-ray diffraction experiments [8,9]. Tinoco
et al. [8] studied the high pressure phases of CIS up to 29 GPa by
using energy dispersive X-rays from synchrotron radiation and a
membrane diamond anvil cell. They found that CIS transforms from
the chalcopyrite phase (I142d) to a NaCl-like cubic phase (Fm3m) at
7.6 GPa and the volume reduction at the phase transition is about
11%. Recently, Bovornratanaraks et al. [9] extended the study of CIS
up to 53.2 GPa. They observed an orthorhombic Cmcm structure at
33.9 GPa, and the cubic Fm3m phase is completely transformed to
Cmcm at 43.9 GPa. Apart from the structural phase transitions, the
CIS band gap and optical properties under pressure were studied in
the chalcopyrite phase [10-12]. GonZalez and Rincon [10] studied
the optical absorption of monocrystalline CIS samples grown by
the Bridgman technique and the chemical vapor transport method.
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At 300 K, they found that the energy gap increases linearly with
pressure between 0 and 7 GPa at the rate of 30 meV/GPa. It
was proposed that the band gap increase comes from I-VI bond
reduction as a result of pd bonding of the valence orbitals under
pressure [ 13]. Recently, by studying CulnSe,, CuGaSe; and CuAlSe,,
Maeda and Wada [14] concluded that sp bonding of the III-VI
bond dominates the conduction band and a shorter bond length
results in a wider band gap. Vidal et al. [15] studied the electronic
properties of CIS by using GW and a hybrid functional. They found
that the band gap in the chalcopyrite phase depends strongly
on the lattice displacement. The trend of the GW band gap was
compared with the DFT-LDA results. Despite underestimating the
band gap values, the LDA results exhibit a similar trend to the GW
results.

However, we found that the Cmcm high pressure phases and
the electrical properties of CIS in Fm3m and Cmcm have never
been studied by ab initio calculation. Therefore, the main aim of
the present research was to use an ab initio method to study the
structural phase transition of CIS under high pressure up to 80
GPa. We reported the transition pressure and volume reduction,
compared with experiments. We also gave description on the
bonding under pressure for three possible phases. The CIS band
structures in all phases were estimated and the trend of gap
can be compared and extended with existing experimental and
other theoretical data. Furthermore, we proposed the path of



776 P. Pluengphon et al. / Solid State Communications 152 (2012) 775-778

Table 1
The lattice parameters and bulk modulus of CIS at 0 GPa, compared with those of
experiments, LDA and FPLAPW theory.

Phase a(A) c/a By (GPa) Method
5.7967 2.0071 54.45 GGA this work
5.7783 2.0026 Expt.2
132d 5.733 1.988 53.22 FPLAPW-LDAP
5.782 2.009 Expt.
53.6 Expt.d
70.92 LDA®
2 Ref. [9].
b Ref.[12].
< Ref. [22].
d Ref. [23].
€ Ref. [24].

transformation from the Fm3m to the Cmcm structure. This allowed
us to estimate the potential barrier between the two phases.
This can provide a clue on the existence of these two structures,
reported by experiments.

2. Calculation details

We used an ab initio calculation with the self-consistent
field (SCF) method as implemented in the CASTEP code [16,17].
In the SCF loops, all ground state properties are determined
by solving Kohn-Sham equations from the density functional
theory (DFT) [17]. The generalized-gradient approximation (GGA)
functional of Perdew-Burke-Ernzerhof (PBE) [18,19] was adopted
for the exchange-correlation energy. In most cases, we have used
the ultrasoft pseudopotentials for the atomic cores. The high
pressure phases of CIS were taken from experiment [8,9], and
are the I42d, Fm3m, and Cmcm structures. We calculated the
total energy (E) as a function of volume (V). The calculation
parameters were optimized by convergent tests, and they are as
follows. The energy cutoff was set to 500 eV for the total energy
calculations. The electron energy tolerance per atom was 0.01 meV.
The Monkhorst-Pack grid size for the SCF calculation was set to 5 x
5x 6 k-points for142d, and 5 x 5 x 5 for the Fm3m and Cmcm phases.
The E-V data points were fitted to the 3rd order Birch-Murnaghan
equation of state (EOS) [20,21]. The stability of the high pressure
phases was determined from the lowest enthalpy, H = E 4+ PV.We
calculated the CIS energy gap and the electronic band structure at
each pressure by using sX-LDA with 3 x 3 x 4 k-points, an energy
cutoff of 800 eV and a norm-conserving pseudopotential. We also
used a higher energy cutoff at 880 eV, and it gave a slightly different
total energy within the range of 5 meV.

3. Results and discussion

In order to verify our calculation, we calculated the 142d
structure at 0 GPa and compared it with the existing theoretical
and experimental data, as shown in Table 1. The results showed
good agreement in terms of the lattice parameters and the bulk
modulus. This gave us confidence to proceed further.

Next, we calculated the E-V data points of the three different
phases and fitted them to the EOSs, as shown in Fig. 1. The
E-V curves showed that the [42d phase has lowest energy at
equilibrium volume, and the lowest energy shifted to the Fm3m
and Cmcm structures respectively as the volume decreased. Then
we calculated the enthalpy (H) as a function of the pressure (P). The
inset of Fig. 1 is the enthalpy difference, using the 142d enthalpy as
a reference. The H-P curve clearly showed that CIS with the 142d
structure transforms into the Fm3m structure at 12 GPa, and then
to the Cmcm structure at 42 GPa.

In addition, we plotted the volume-pressure relation, as shown
in Fig. 2. This relation provided the information on the volume
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Fig. 1. E-V data points of the three phases and their fitted EOSs. The inset shows
the enthalpy difference as a function of pressure. The enthalpy of the [42d phase
was used as a reference.

Table 2

Summary of the transition pressure and the volume reduction at each phase transi-
tion, compared with the experimental data in parentheses from Bovornratanaraks
etal.[9].

Transition pressure (GPa) —AV (%) Phase transition
12(7) 13.9(11) 142d to Fm3m
42 (39) 1.9(1) Fm3m to Cmcm
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Fig. 2. The equations of state (V-P relation) of the three phases of CIS between 0
and 80 GPa. This V-P curve allowed us to find the volume reduction at each phase
transition. The inset shows the atomic movements as CIS transforms from the Fm3m
to the Cmcm structure.

reduction at each phase transitions. We found that the volume
reduction at the [42d to Fm3m transition is 13.9%, and that at
the Fm3m to Cmcm transition is 1.9%, compared with 11% and 1%
respectively from the experiments [8,9]. The transition pressures
and the volume reductions are summarized and compared with
existing data from the experiment [9] in Table 2. It is readily seen
that the calculation gave a good description of the experiment [9].

From the ab initio calculation, we obtained also the optimized
atomic positions of each phases. The Fm3m and Cmcm atomic
positions in the y-z plane are shown in the inset of Fig. 2. The
atomic visualization in the inset allowed us to construct the model
of the transformation path from the Fm3m to the Cmcm structure.
First, the Cu-Se layers in the xy plane move relatively parallel to
the In-Se layers. The magnitude of the relative atomic movement
is 20% in the y axis. Second, the phase transition also involves some
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Table 3
The CIS band gap from sX-LDA and the trend of the gap under pressure, compared
with FPLAPW [12], LDA [24], sX-LDA [14] and experimental results [10,11].

Structure Band gap (eV) AE; / AP (meV/GPa) Method
0.680 39.6 sX-LDA?
0.913 (5 GPa) 39.6 sX-LDA?
1.076 (10GPa)  39.6 sX-LDA?
- 0.98 30 Expt.
142d (0 GPa) 1.04 29 Expt.
0.26 - FPLAPW-LDA
0.96 - sX-LDA®
0.12 31 LDA!
Fm3m (15 GPa)  Vanished - sX-LDA?
Cmcm (50 GPa) Vanished - sX-LDA?
@ This work.
b Ref.[10].
¢ Ref. [11].
4 Ref. [12].
€ Ref. [14].
f Ref. [24].
-851.90
-851.92
-851.94
5 -851.96
8
>
L -851.98
T
-852.00
-852.02
-852.04
|
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Fig. 3. The enthalpy along the path of transformation. It showed the two
distinguish energy wells of the NaCl-like cubic and the Cmcm phases, and also the
barrier of 17 meV, equivalent to 198 K.

small strain because the shape of the unit cell changes and the
volume reduces during the phase transition. By taking all these
changes into the account, we calculated the enthalpy along the
path by starting at the perfect Fm3m phase and moving the Cu-Se
layer along the y axis at each step by 0.05 in the reduced cell units.
After a few movement steps, the phase transition is completed and
the Cmcm structure is obtained. The result of the enthalpy along
the transformation path is shown in Fig. 3. Hence, our simulated
path of transformation has provided the upper bound to the barrier
between the two phases. It is an upper bound because the exact
path of transformation will always have lowest enthalpy. From
Fig. 3, we found that the barrier height is 17 meV per atom or
equivalent to the thermal energy at 198 K. This finding can be
used to explain the co-existence of the Fm3m and Cmcm phases.
In fact, this co-existence was reported in the X-ray diffraction
experiment [9], where the Cmcm structure firstly appeared at 33.9
GPain the Fm3m phase, then they co-existed in the pressure range
of 33.9-43.9 GPa. The complete phase transition to the Cmcm
structure occurred at 43.9 GPa onward.

Next, we calculated the band gaps of the three phases. It is
widely known that the local scheme of DFT gives good description
for the ground state of the system only. However, the energy gap
calculation involves the excitation states and the local exchange-
correlation functional can be inaccurate. For example, the GGA
typically underestimates the band gap. Thus, we resorted to

Table 4
The bond lengths of the closest Cu-Se and In-Se pairs under pressure.

Bond length (A) P (GPa)

0 5 10 15 40 60
Cu-Se 2.42 2.36 231 2.64 2.48 2.50
In-Se 2.65 2.59 2.55 2.64 2.47 2.45

the sX-LDA functional. It uses a non-local screened exchange
scheme combined with an LDA correlation functional, and should
provide a better energy functional than the purely local scheme
of the LDA or GGA [14]. Indeed, our gap values were in fair
agreement with experimental data and other theoretical studies.
We found that the sX-LDA band gap at 0 GPa is 0.680 eV in the
chalcopyrite (I42d) phase, and the band gap increases as pressure
increases. The increase rate of the band gap is 39.6 meV/GPa,
compared with 30 meV/GPa from optical absorption experiments
[10,11,24]. In the Fm3m and Cmcm phases, the band gap vanishes
because of the overlap between the valence band maximum
(VBM) and the conduction band minimum (CBM), as shown in
Fig. 4. The electronic density of states (EDOS) suggested also the
semiconductor to metallic transition. Typical band structures of the
142d and Fm3m structures are shown in Fig. 4(a) and (b). The results
of the sX-LDA gap values are summarized in Table 3. It is well
known that the LDA or GGA band gaps are underestimated. Zhang
et al. [25] showed that the band gap of CIS at 0 GPa is 0.17 eV from
the LDA but it can be corrected by adding a constant shift of 1.04
eV from experiments. However the LDA band gaps exhibit a similar
trend compared with experiments. Moreover, Vidal et al. [15]
showed that the LDA band gap can be corrected by a scissor
operator and gives better values compared with the GW band gap.

In addition, we have investigated the bond length and its
relation to the band gap. Maeda and Wada [14] explained that the
valence band of CIS is dominated by Cu 3d and Se 4p whereas the
conduction band is dominated by In 5s and Se 4p. They also showed
that in an isolated CuSe,4 or InSe4 molecule, the energy levels split
due to covalent bonding. The key feature is that the proximity of
atoms in the molecule strengthens the bonding, and the energy
levels split further apart. Then, they replaced the In atom by a Ga
or Al atom and found that the II-VI bonds are shortened. These
shortened bonds are accompanied by a widening band gap in the
bulk I-11I-VI compounds, as expected. This situation is similar to
CIS under high pressure where all the bonds are shortened, see
Table 4, and the band gap is widened in the I42d phase (0-12 GPa).
Thus, this is just the effect of the stronger bonding under high
pressure. However, at the 142d to Fm3m phase transition, the Cu-Se
and In-Se bonds become longer. This is surprising at first because
we would expect a more packed structure under high pressure. By
looking closely at the 142d structure, we found that a Cu atom is
coordinated by 4 Se atoms, the same as an In atom which is also
coordinated by 4 Se atoms. After the phase transition to the Fm3m
structure, the Cu atom is coordinated by 6 Se atoms, so as the In
atom. Thus, the total structure is still more packed under pressure,
even though the bond lengths are longer.

4. Conclusions

In this research, we have used an ab initio method to calculate
the high pressure phases of CIS. We found that CIS transforms

from the 142d structure to the Fm3m structure at 12 GPa and then
into the Cmcm structure at 42 GPa. The volume reductions at the
phase transitions are 13.9% and 1.9% respectively. The sX-LDA band
gap in the 142d structure increases at the rate of 39.6 meV/GPa,
in fair agreement with 30 meV/GPa from the photoabsorption
experiment [10,11,24]. We found that the band gap is closed in
the Fm3m and Cmcm structures. We investigated the nature of
bonding in CIS under pressure, and gave an explanation of the
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Fig. 4. Comparison of the energy bands of CIS from sX-LDA. (a) The energy band of the chalcopyrite phase at 5 GPa with a gap of 0.913 eV. (b) The energy band of the
NaCl-like phase at 15 GPa. Notice that the VBM and CBM are overlapping. The Fermi level was set as a reference at 0 eV. (c) The electronic density of states (EDOS) of the

high pressure phases of CIS. The gap closure is obvious in the cubic and Cmcm phases.

gap closure during the 14_12_d to Fm3m phase transition. The path
of transformation from Fm3m to Cmcm was proposed. The barrier
between the two phases was estimated. The upper bound of the
potential barrier is 17 meV which is equivalent to 198 K. We can
explain the existence of two phases at room temperature reported
by experimental study [9)].
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