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Using the augmented plane wave + local orbitals method with different
approximation functionals, we investigate systematically the electronic, opti-
cal and elastic properties of stannite-type Cu2CdGeSe4. Among different
approximation functionals, the modified Becke–Johnson (mBJ) potential with
Hubbard-corrected parameter U (mBJ + U) gives the most reliable results on
the electronic properties of Cu2CdGeSe4 in comparison with the experimental
data. Elastic modulus, elastic constants and the Poisson’s ratio of Cu2CdGeSe4

were calculated using the Elastic software package. Optical properties such as
wide spectrum of absorbed photon energy, namely 1.3–27.2 eV, high absorp-
tion coefficient (above 104 cm�1) and optical anisotropy suggest the application
of Cu2CdGeSe4 in solar cells.

Key words: Optical materials, ab initio calculations, electronic structure,
optical properties, elastic properties

INTRODUCTION

Recently, the chalcogenide compounds of Cu2-BII-
CIV-X4 (where BII = Mn, Fe, Co, Ni, Zn, Cd, Hg;
CIV = Se, Ge, Sn; X = S, Se) are used widely in many
scientific and industrial fields such as photovoltaics,

optoelectronics, nonlinear optics, and photocatalysts
for water splitting, due to outstanding optical and
electrical properties.1–6 Two types of the crystal
structures of Cu2-BII-CIV-X4 are known to exist,
namely stannite (ST) and wurtzite types, which
correspond to the tetragonal and orthorhombic
crystal systems.4

As a representative of the Cu2-BII-CIV-X4 group,
the chalcogenide compound Cu2CdGeSe4 has
attracted great scientific interest. For example,(Received August 17, 2018; accepted October 30, 2018;
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Gulay et al.7 studied the dependence of the crystal
structure and phase transformation in Cu2CdGeSe4

upon heat treatment. Accordingly, if a Cu2CdGeSe4

sample is synthesized at 1173 K adopting regular
cooling to 673 K at a rate of 15 K/h and quenching
in cold water, high-temperature (HT) HT-Cu2CdG-
eSe4 phase possessing an orthorhombic structure
with unit-cell parameters a = 8.0968, b = 6.8929
and c = 6.6264 Å is obtained.7 On the other hand,
if the sample is cooled to 673 K at a rate of 10 K/h
with its further annealing for 250 h, it is possible to
obtain low-temperature (LT) LT-Cu2CdGeSe4 phase
which has a tetragonal structure with unit-cell
parameters a = 5.7482, c = 11.0533 Å.7 Li et al.8

studied the electronic and optical properties of
Cu2CdGeSe4 in a ST phase using density functional
theory (DFT) calculations in the form of generalized
gradient approximation (GGA). The authors reveal
that the lattice constants are in good agreement
with experimental data. However, the band gap
value obtained using the GGA functional is equal to
0.017 eV which underestimates the experimental
value of 1.27 eV.9 Brik et al.10 studied the electronic
and optical properties of Cu2CdGeSe4 based on DFT
calculations using GGA and local density approxi-
mation (LDA) functionals. The use of these func-
tionals yields inaccurate calculated values of the
band gap (0.020 eV for GGA and 0.032 eV for LDA).
The authors10 used a scissor correction of 1.27 eV to
match the experimental value to get the correct
value of the band gap as well as the optical
characteristics.9 Ocheretova et al.11 investigated
the electronic structure of Cu2CdGeSe4 by x-ray
emission spectroscopy (XES) and x-ray photoelec-
tron spectroscopy (XPS). These results indicated
that the top and bottom of the valence band are
mainly composed from the contributions of Cu 3d
and Cd 4d states, whereas the middle and upper
portions of the valence band are composed from the
contributions of Ge 4p and Se 4p states. Recently,
Zhang et al.12 adopted a modified Becke–Johnson
(MBJ) potential with the Hubbard-corrected param-
eter U (mBJ + U) to evaluate the bandgap energy of
two possible crystal structures in which the
Cu2CdGeSe4 chalcogenide is expected to be synthe-
sized, namely ST and kesterite (KS) types. In
particular, the theoretical bandgap energies as
evaluated by Zhang et al.12 are 1.13 eV and
1.07 eV for KS-Cu2CdGeSe4 and ST-Cu2CdGeSe4,
respectively, and are in good agreement with the
experimental value Eg = 1.27 eV measured for this
chalcogenide.

Although the electronic structure and optical
properties of Cu2CdGeSe4 were studied by theoret-
ical calculations,8,10 some calculated parameters
such as the band gap value and dielectric function
parameters do not agree with the experimental
findings.7,11 This discrepancy is explained by the
use of GGA and LDA functionals in the ab initio
calculation by Li et al.8 and by Brik et al.10 that are
not fit for such kind of compounds. So, in this study,

we use a variety of density functionals to simulate
the structural, electronic and optical properties of
the Cu2CdGeSe4 compound. Comparing the calcu-
lated results with the experimental data we can
determine the suitable density functional in DFT
calculations, in particular for Cu2CdGeSe4, and in
general for the quaternary chalcogenide compounds
Cu2-BII-CIV-X4. In addition, using the suitable func-
tional, we systematically study the structural, elec-
tronic, optical and elastic properties of Cu2CdGeSe4.
In fact, in the present study, we reveal that the best
agreement of the theoretical total density of states
(DOS) curves with respect to the experimental XPS
valence band spectrum is observed when we use the
mBJ + U approach proposed for the first time by
Zhang et al.12 to evaluate the theoretical Eg value
for Cu2CdGeSe4 in two possible structure types.
However, the main optical constants and elastic
properties as well as total DOS and partial DOS
(PDOS) have not been studied by Zhang et al.12

Furthermore, elastic properties of Cu2CdGeSe4 are
elucidated for the first time in the present work
based on first-principles band structure
calculations.

COMPUTATIONAL METHODOLOGY

Based on the experimental data by Gulay et al.7

on the structure of LT-Cu2CdGeSe4, we built a
crystal model with a three-dimensional periodic
scheme in which Cd, Cu, Ge and Se atoms occupy
the 2a, 4d, 2b and 8i Wyckoff sites corresponding to
the coordinates as following: (0, 0, 0); (1/2, 0, 1/4); (0,
0, 1/2); (0.2705, 0.2705, 0.1337) (Fig. 1). The

Fig. 1. Crystal structure of Cu2CdGeSe4.

Vu, Lavrentyev, Gabrelian, Pham, Nguyen, Tran, Luong, Batouche, Parasyuk, and Khyzhun706



stacking of the XSe4 tetrahedra (X = Cu, Cd, Ge) in
the Cu2CdGeSe4 structure is shown in Fig. 2a,
while the layers viewed down the b-axis are pre-
sented in Fig. 2b. Each Cu, Cd and Ge atom is
bonded to three Se atoms with different bonding
lengths (Fig. 3). The unit cell parameters are
a = 5.7482(2) Å and c = 11.0533(3) Å.7

In this study, we perform ab initio calculations of
the electronic and optical properties of Cu2CdGeSe4

using the augmented plane wave + local orbitals
(APW + lo) method as incorporated in the WIEN2k
package.13 In this method, all core, semi-core and
valence electrons of atoms are taken into account in
the DFT calculations. The minimum radii of the
muffin-tin spheres values (RMT) are set for the
Cu2CdGeSe4 compound as 2.32 a.u. for Cu, 2.50 a.u.
for Cd, 2.24 a.u. for Ge and 2.21 a.u. for Se (1
a.u. = 0.529177 Å). The valence configurations of
Cu, Cd, Ge and Se atoms used are 3p63d104s1,
4p64d105s2, 3d104s24p2 and 4s24p4, respectively. The
RMT

minkmax convergence parameter is set to be equal to
7.0. Further, the valence wavefunctions inside the
muffin-tin spheres are expanded till lmax = 10, while
outside the muffin-tin spheres, till lmax = 4. For
calculation of the exchange–correlation energy, we
used the Perdew–Burke–Ernzerhof (PBE) func-
tional14 within the GGA approximation,15,16 the
modified Becke–Johnson (mBJ) functional17,18 and
the Yukawa screened PBE functional (in its
unscreened version, YS-PBE019). Besides, the cor-
rected Hubbard parameter U20,21 was used to
increase the binding energy of d electrons and

thereby to obtain the best fit between the energy
position of the calculated d bands and the corre-
sponding features of the experimental XPS
spectrum.

The integration through the Brillouin zone (BZ)
uses the tetrahedron method by Blochl et al.22 and
was performed on a grid of 1000 k points within the
irreducible wedge of the zone. The accomplished
charge density convergence of the iteration process
was at least 0.0001.

It is well known that the dielectric function is a
basis for solid-state spectroscopy.23 The linear opti-
cal susceptibility of crystals can be obtained from
the components of the imaginary part of the dielec-
tric function. Calculation of the real and imaginary
parts of the dielectric function and the functionals
associated with it, such as the absorption coefficient,
refractive index, extinction coefficient, electron
energy-loss spectrum, and optical reflectivity, were
described in detail in our previous study.24

To study elastic properties, we have created 21
different deformation structures of Cu2CdGeSe4

from the original model with a strain in the range
from � 0.05 to 0.05. The independent elastic con-
stants of Cu2CdGeSe4 (C11, C12, C13, C33, C44 and
C66) were calculated based on the second-order
derivative E¢¢(g) of the polynomial fit E ¼ EðgÞ of
energy versus strain at zero strain g ¼ 0 using the
Elastic software package25:

cab ¼ 1

V0

@2E

@gagb
g¼0

�
� ð1Þ

Fig. 2. (a) The stacking of the CuSe4, CdSe4 and GeSe4 tetrahedra and (b) the structure of layers viewed down the b-axis in the Cu2CdGeSe4
compound.
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where a; b are indices showing the types of elastic
deformations in a crystal; V0 is the volume of the
crystal; ga; gb are the deformations in different
directions of the Cartesian coordinate system. The
bulk modulus B and shear modulus G were calcu-
lated from the elastic constants by the Voight–
Reuss–Hill (VRH) approximation.26,27 In accordance
with the results by Hill,26,27 the Voigt and Reuss
assumptions result in the theoretical maximum and
minimum values of the isotropic elastic moduli,
respectively. Using energy considerations, Hill
proved26,27 that the Voigt and Reuss equations
represent upper and lower limits of the true elastic
constants, and recommended that a practical esti-
mate of the bulk and shear moduli were the
arithmetic means of the extremes. Hence, the
average elastic moduli of an anisotropic single
crystal can be approximated by Hill’s average.26,27

Note that for the tetragonal structure (I�42m)
C13 = C23; C11 = C22; C44 = C55. Young’s modulus E
and Poisson’s ratio are calculated according to the
values of B and G:

E ¼ 9BG

3BþG
ð2Þ

t ¼ 3B� 2G

2ð3BþGÞ ð3Þ

RESULTS AND DISCUSSION

Structural Properties

To investigate the structural and electronic prop-
erties of the Cu2CdGeSe4 compound, we first relax
its structure to obtain the lattice parameters. After
full relaxation, the optimized lattice parameters of
the Cu2CdGeSe4 compound are a = 5.6056 Å and
c = 10.7336 Å which are in good agreement with the
experimental values a = 5.7482 Å and c = 11.0533
Å7 as listed in Table I. It can be seen that the
computational method used in the present study is
reasonable, and thus will be used in all following
calculations.

Electronic Properties

The total DOS curves of Cu2CdGeSe4 using
different approximations are presented in Fig. 4,
and are compared to XPS valence band spectrum

Fig. 3. Distorted CuSe4, CdSe4 and GeSe4 tetrahedra in the Cu2CdGeSe4 structure.

Table I. The lattice constants and the atomic positions of the Cu2CdGeSe4 compound after geometric
optimization

Cell parameters (Å) a c

This work 5.6056 10.7336
Exp.7 5.7482 11.0533
Other works 5.75216a, 5.8008b, 5.6462b 10.9454a, 11.0845b, 10.8429b

Atoms x y z x optim. y optim. z optim.

Atomic positions
Cu 0.5 0 0.25 0.5 0 0.25
Cd 0 0 0 0 0 0
Ge 0 0 0.5 0 0 0.5
Se 0.2705 0.2705 0.1337 0.2674 0.2674 0.13704

aRef. 8. bRef. 10.
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measured following the technique.11 We find that
the fit of total DOS peculiarities calculated in our
work in comparison to the XPS spectrum curve
increases in the following order: GGA, mBJ, GGA +
U and mBJ + U. Specifically, the energy positions

of the peaks of the total DOS curve given by the
mBJ + U method almost coincide with those
detected on the XPS spectrum curve. This confirms
the correctness of the choice of the mBJ + U
approximation for the exchange–correlation poten-
tial and the value of U = 0.4 Ry for Cu 3d electrons
and U = 0.5 Ry for Cd 4d electrons in the DOS
calculations of Cu2CdGeSe4.

Figure 5 presents the calculated PDOS of the
Cu2CdGeSe4 compound within the mBJ + U

method. One can observe that top and bottom parts
of the valence band are mainly contributed from Cu
3d and Cd 4d states. Additionally, the upper part of
the valence band is mainly contributed by
hybridization between Cu 3d, Ge 4p and Se 4p
states, forming the energy peaks C (� 3.50 eV) and
B (� 2.53 eV), whereas the peak E with the energy
of � 11.15 eV is mainly populated by hybridization
between Cd 4d, Ge 4d and Se 4s states. On the right
side of the Fermi energy, as shown in Fig. 5, the
major contributions of Cu 4s, Ge 4s and Se 4p states
to the conduction band with peaks A* (2.32 eV) and
B* (4.12 eV) are observed. Hybridization of these
electronic states at peaks B, C and E demonstrates
the combination of covalent and ionic components in

Fig. 4. Total DOS of the Cu2CdGeSe4 compound given by the GGA, GGA + U, mBJ and mBJ + U methods as compared to its XPS valence
band spectrum measured in Ref. 11.
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the chemical bonding of Cu2CdGeSe4. The energy
shifts in the positions of the peaks associated with
Cu 3d and Cd 4d states were by approximately
0.6 eV and 2.1 eV away from the Fermi energy
level, which makes them consistent with the C and
E peaks on the XPS spectrum when the GGA + U
and mBJ + U methods are applied. The reason for
this shift is that when the U value is added, the
significant interaction of Cu 3d and Cd 4d electrons
is taken into account.

The two-dimensional map of electron density of
the Cu2CdGeSe4 model used is shown in Fig. 6 with
the following planes: (1 � 1 0), as in Fig. 6a, and
(� 1 1 0), as in Fig. 6b. The black contour lines are
presented for electron densities from 0 e/Bohr3 to

0.1 e/Bohr3 with the interval of 0.01 e/Bohr3.
Figure 6a and b shows the spatial regions between
the pairs of Cd-Se, Cu-Se and Ge-Se atoms with
electron densities of 0.06 e/Bohr3, 0.07 e/Bohr3 and
0.09 e/Bohr3, respectively. These spatial regions are
formed by the orbital overlap of Cd, Cu and Ge
atoms with Se atoms that represents the covalent
component of the Cd-Se, Cu-Se and Ge-Se bonds in
the Cu2CdGeSe4 crystal.

The band gap values calculated by using the
different approximations are given in Table II. It
can be seen that the GGA method underestimates
the band gap of semiconductors and insulators.28

The band gap obtained by the APW + lo calculations
using the GGA approximation is equal to 0.255 eV

Fig. 5. Total DOS and PDOS of Cu2CdGeSe4 compound calculated within the mBJ + U method as compared to the XPS valence band
spectrum measured in Ref. 11.
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which is very dissimilar to the experimental data
(Eg = 1.29 eV) given by Mkrtchyan et al.9 This
increases to 0.553 eV when applying the GGA + U
method. The Eg values are equal to 0.784 eV and
0.938 eV when applying the mBJ and YS-PBE0
approaches, respectively (Table II). The use of the
mBJ + U approximation yields a band gap of
1.297 eV which coincides with the experimental
data.9 Our previous results have revealed that the
mBJ + U approach is the most appropriate approx-
imation for calculating the band gap values of
halides and chacolgenides24,29–35 and, from the
above analysis, it can be concluded that it is best
suited for calculating the electronic properties of
Cu2CdGeSe4. This choice is consistent with previous
theoretical studies.36–40

The band structure of the Cu2CdGeSe4 compound
with different high-symmetry points is shown in
Fig. 7. The coordinates of these points are listed as
follows: C (0.0, 0.0, 0.0), X (0.0, 0., 0.5), Y (0.13522,
0.13522, 0.5), R (0.31761, 0.31761, 0.31761), C (0.0,
0.0, 0.0), Z (0.5, 0.5, 0.5), R1 (0.31761, 0.68239,
0.31761), N (0.0, 0.5, 0.0), P (0.25, 0.25, 0.25), Y1

(0.5, 0.5, 0.13522) and Z (0.5, 0.5, 0.5). Our DFT
calculations indicate that the valence band maxi-
mum (VBM) and conduction band minimum (CBM)

of the Cu2CdGeSe4 compound are located at the U
point (0.0, 0.0, 0.0), revealing its direct band gap
nature, as shown in Fig. 7a.

Optical Properties

We further investigated the optical properties of
the Cu2CdGeSe4 compound using the mBJ + U
approximation. Note that the absorption coefficient
a(x) is an important indicator for evaluating the
applicability of materials in the field of photo-
voltaics. The variation of the a(x) curve as a
function of the photon energy along the xx and zz
directions is presented in Fig. 8. We found that the
absorption begins upon reaching Eg ‡ 1.29 eV lead-
ing to electron excitation from the VBM to the CBM.
The absorption coefficient increases rapidly with
increasing photon energy. At photon energy of
9.5 eV, the absorption coefficient reaches its maxi-
mum of about 150Æ104 cm�1. In addition, one can
observe that absorption of photon energy by
Cu2CdGeSe4 is the strongest [a(x)> 104 cm�1] in
the energy range of 1.29–27.20 eV. The a(x) curve in
this range reveals several spectral peculiarities due
to the electronic transitions. The wide absorption
spectrum and high absorption coefficient of
Cu2CdGeSe4 suggest that it is an alternative can-
didate for application in thin-film solar cells based
on copper indium gallium selenide (CIGS).

Our calculated real and imaginary parts of the
dielectric function of the Cu2CdGeSe4 compound as
a function of photon energy are presented in Fig. 9.
It should be noted that the imaginary part of the
dielectric function is strongly dependent on the
absorption spectrum, whereas the real part of the
dielectric function determines the diffraction and
reflectance behavior of the compound. The value of
statistical dielectric constants was determined from
Fig. 9a as follows: exx1 ð0Þ ¼ 6:829 and ezz1 ð0Þ ¼ 7:376.
In addition, the expression de ¼ ezz0 � exx0

� ��

etot
0

41

indicates the positive uniaxial anisotropy that is
equal to 0.077. The real part of the dielectric
function consists of five peaks corresponding to
photon energy levels A (� 2.1 eV), B (� 3.5 eV), C
(� 6.3 eV), D (� 7.0 eV) and E (� 9.2 eV). The
emergence of these peaks in both the real and
imaginary parts of the dielectric function is due to
the transition of electrons from different states

(a) (b)
Fig. 6. Maps of electron density for the used Cu2CdGeSe4 model
following the different planes: (a) (1 � 1 0) and (b) (� 1 1 0). The
electron densities from 0 e/Bohr3 to 0.1 e/Bohr3 with the interval of
0.01 e/Bohr3 stand for black contour lines.

Table II. Band gap (Eg) of the Cu2CdGeSe4 compound calculated by different DFT methods

Eg (eV)

Exchange–correlation potential

GGA mBJ GGA + U mBJ + U YS-PBE0

This work 0.255 0.784 0.553 1.297 0.938
Exp. 1.29,9 1.203

Other works 0.017a, 0.020b, 0.032b

aRef. 8. bRef. 10.

Electronic, Optical and Elastic Properties of Cu2CdGeSe4: A First-Principles Study 711



within the VB to the states at the CB bottom. For
example, from the position of the energy peaks in
Figs. 5 and 9a, b, it can be deduced that peaks A
(2.1 eV) and B (3.5 eV) are generated by electron
transition from the valence states Cu 3d and Se 4p

to the Ge 4s state of the CB. The peaks C (6.3 eV), D
(7.0 eV) and E (9.2 eV) are generated by electron
transition from the valence states Ge 4p, Se 4p and
Cd 5s to the Ge 4s state of the CB. The interpreta-
tion of the origin of the peaks observed in the DFT
calculations of the dielectric function includes only
inter-band junctions taking into account the dipole
selection rules for the matrix elements of the
junction probabilities as it is suggested for such a
case.32 The present results of calculating the real
and imaginary parts of the dielectric function
within the mBJ + U approximation without the
use of a scissor operator are consistent with those
obtained by Brik et al.10

Figure 10 shows the dependence of the refractive
index n(x) (panel a), extinction coefficient k(x)
(panel b), electron energy-loss spectrum L(x) (panel
c), and optical reflection R(x) (panel d) of Cu2CdG-
eSe4 on photon energy. Comparison of Figs. 9a and
10a shows similarities in the positions of the peak
energy of the curve of the refractive index and the
real part of the dielectric function. Calculated
refractive indices of Cu2CdGeSe4 at zero frequency
are nxx(0) = 2.613 and nzz(0) = 2.716 (Fig. 10a). The
maximum value of n(x) is detected within the
photon energy range of 2–5 eV. Figure 10a shows
that the n(x) curve rapidly decreases with increas-
ing photon energy at 5–15 eV, then it monotonously
increases.

The extinction coefficient curve is similar to the
curve of the imaginary part of the dielectric function

Fig. 7. (a) Electronic band structure and (b) diagram of the BZ for the tetragonal structure of the Cu2CdGeSe4 compound.

Fig. 8. Absorption coefficient a(x) of Cu2CdGeSe4 (calculated with
mBJ + U).
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(Figs. 9b and 10b). The electron energy loss spec-
trum L(x) characterizes the energy loss of electron
beams due to inelastic scattering when propagated
through solids.42,43 Figure 10c shows that L(x)
starts with the photon energy value of the band
gap (1.297 eV). L(x) increases with x reaching the
maximum value when the photon energy is � 20 eV
and then rapidly decreases. Two components (in the
directions x and z) of the optical reflectivity R(x) at
0 eV are Rxx(0) = 19.937% and Rzz(0) = 21.323%
(Fig. 10d). The optical reflectivity value increases
with photon energy reaching the maximum value
(44.243%) at the energy level of 8–12 eV and
decreases with x> 12 eV. Figure 10a–d shows that
Cu2CdGeSe4 is anisotropic towards optical proper-
ties. This is a suitable feature of Cu2CdGeSe4 for the
application of this material in thin-film solar cells
and optoelectronic devices.

Elastic Properties

The elastic constants C11, C12, C13, C33, C44, C66,
the G and E moduli and Poisson’s ratio were
calculated and discussed for the first time (Table -
III). The calculated value of the bulk modulus is in
agreement with the results obtained previously by
Brik et al.10 The small values of elastic moduli B, E
and G (Table III) of Cu2CdGeSe4 show that this
material is less resistant to mechanical impact.
The B-to-G ratio and the Cauchy pressure (C12–
C44) are used to evaluate the ductile/brittle char-
acter of a material.44,45 Accordingly, the material is
ductile if the B-to-G ratio is larger than 1.75 and
the Cauchy pressure is positive. For Cu2CdGeSe4,

the B-to-G ratio = 2.74 and C12–C44 = 33.6 GPa; it
confirms high ductility of the Cu2CdGeSe4 com-
pound. The ductility of Cu2CdGeSe4 also satisfies
the criterion by Frantsevich46 for Poisson’s ratio of
t> 0.26.

CONCLUSIONS

A systematic study of the structural, electronic,
optical and elastic properties of Cu2CdGeSe4 was
performed using the APW + lo method with differ-
ent approximation functionals. Calculated results
are compared to available experimental results and
theoretical data.

Among the many different functionals used in the
calculations (GGA, GGA + U, mBJ, mBJ + U),
mBJ + U gives the best fit of calculated electron
properties to the experimental data. This statement
is supported by correspondence of the energy posi-
tions of the DOS energy peaks to the peak positions
on the XPS valence band spectrum. Also, the band
gap calculated in this study is Eg = 1.297 eV which
is in good agreement with the experimental value
[Eg(exp) = 1.29 eV]. The valence and conduction
band extrema are located at the BZ C point (0.0,
0.0, 0.0) indicating that the Cu2CdGeSe4 compound
is a direct gap material.

Typical optical constants such as the real e1(x)
and imaginary e2(x) parts of the dielectric function,
absorption coefficient a(x), refractive index n(x),
extinction coefficient k(x), electron energy loss
spectrum L(x) and optical reflectivity R(x) were
calculated and discussed. The wide spectrum of
absorbed photon energy (1.3–27.2 eV), high absorp-
tion coefficient (above 104 cm�1) and optical

Fig. 9. (a) Real and (b) imaginary parts of the dielectric function [e1(x) and e2(x), respectively] of Cu2CdGeSe4 (calculated with mBJ + U). Note:
two principal diagonal non-zero components of the second-rank dielectric tensor along the a

!
and c

!
axes are marked as xx and zz, respectively.
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anisotropy suggest useful application of Cu2CdG-
eSe4 in solar cell design. Furthermore, the com-
pound can be applied in optoelectronic devices.

The elastic constants and moduli and the Pois-
son’s ratio of Cu2CdGeSe4 were calculated using the
Elastic software package. The results show that

Fig. 10. (a) Refractive index n(x), (b) extinction coefficient k(x), (c) electron energy loss spectrum L(x) and (d) optical reflectivity R(x) of
Cu2CdGeSe4 (calculated with mBJ + U). Note: two principal diagonal non-zero components of the secon- rank dielectric tensor along the a

!
and

c
!

axes are marked as xx and zz, respectively.

Table III. Calculated values (on GPa) of elastic constants (C11, C12, C13, C33, C44, C66), bulk modulus (B), shear
modulus (G), Young’s modulus (E), Cauchy’s pressure (C12–C44) and Poisson’s ratio (t) of Cu2CdGeSe4

C11 C12 C13 C33 C44 C12–C44 C66 B G E t

99.9 67.6 56.8 82.9 34.0 33.6 34.9 70.9
77a10

60b10

25.8 68.9 0.34

aCalculated using LDA. bCalculated using GGA.
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Cu2CdGeSe4 is a highly ductile material with the B-
to-G ratio of 2.74 and Poisson’s ratio of 0.34. The
elastic constants (C11, C12, C13,C33, C44, C66), elastic
moduli (G, E) and Poisson’s ratio of Cu2CdGeSe4

were theoretically derived for the first time in this
study.
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