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Summary

Ternary semiconductors ABsCg (A = Cu/Ag, B=In and C = S, Se or Te) have
been investigated. The CulnsSg and AglnsSg have been synthesize in cubic spi-
nel structure with space group (Fd3m), whereas CulnsSeg, AglnsSeg, CulnsTeg
and AglnsTeg have tetragonal structures with space group P-42m. The relaxed
crystal geometry, electrical properties such as electronic band structure and
optoelectronic properties are predicted by using full potential method in this
work. For the determination of relaxed crystal geometry, the gradient approxi-
mation (PBE-GGA) is used. All the studied compounds are semiconductors
based on their band structures in agreement with the experimental results,
and their bulk moduli are in the range 35 to 69 GPa. Wide absorption peaks
appeared in the visible to ultraviolet energy region indicating good absorption
ability of these compounds. Therefore, these semiconductors are an excellent
choice for optical devices, electrochemical and photovoltaic cells. These com-
pounds have remarkable characteristics such as direct as well as indirect band
gaps with very slight difference between the two, high absorption coefficient,
good photo-stability, easy inter-conversion between n- and p-type semiconduc-
tors and in manufacturing of comparatively cheap homo and hetero junction
structures.

ABsCg (A = Cu/Ag; B =1In and C = S, Se, Te) compounds have shown high
absorption and optical conductivity in the visible region. These compounds
have therefore high potential to be used as solar energy harvesting. Also these
systems are optical active in the ultraviolet region too therefore can be used for
high frequency optoelectronics applications.
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1 | INTRODUCTION

Recently with the decrease of fossil reserves and the
increase of greenhouse gas emissions due to the burning
of these fossil fuels, theoretically and experimentally pho-
tovoltaic industry has taken very importance.* Due to
strong absorption above the band gap, ternary semi- con-
ductors attracted considerable attention in device tech-
nology and are used in quantum electronic devices and
solar cells.>® Presence of three different elements changes
their measurable properties.” Here, in this study, the ter-
nary semiconductors are the combination of group I, III
and VI elements which may be in stoichiometric as well
as in non-stoichiometric proportions.® This ternary semi-
conductors family due to their flexibility in electrical and
optical properties can be used as photo-absorbing mate-
rials in optoelectronic devices.” It was investigated in Ref-
erences 10-13 that these semiconductors having suitable
band gaps matching with solar spectrum, are considered
to be an ideal choice for photo-electrochemical and pho-
tovoltaic cells due to its high absorption coefficient and
good photo-stability.'*

The ternary semi-conductor family ABsCg (A = Cu or
Ag, B =1In and C =S, Se or Te) is one of the most impor-
tant representative among the ternary semi-conductors.
These ternary semiconductors are mostly visible-light
active materials which have recently gained significant
interest due to appropriate band gaps, high absorption
coefficients, inter-conversion between P- and N-type car-
rier types as well as in manufacturing of comparatively
cheap homo and hetero junction structures.®'>'¢ Gener-
ally composition of elements in these compounds as well
as its synthesis method can suggest either it is N-type or
P-type semi-conductor having band gaps appropriate for
light absorption in solar or photo-electrochemical
cells.'”'® These compounds have wide range applications
in different fields, for example, manufacturing of light
emitting diodes, photovoltaic and photo-electrochemical
cells and in other optical devices®'>'”'?* also having
applications in ferro-electricity and super conductiv-
ity.”>?%* As these are environment friendly compounds,
so these can be used as absorbers.'® CulnsSg>**
AglnsSg *** CulnsSeg, AglnsSes, CulnsTeg and AglnsTeg
belong to this family, have gained considerable attention.
Silver based materials ABsCg (A = Ag, B=In, C=S, Se or
Te) with the high concentration of silver, indicates that
these compounds are highly sensitive to light and ther-
mal stress making these compounds useful in the device
applications.*® That is why the ternary silver chalcogen-
ides AgInsBg become valuable having applications in
solar cells and nonlinear optics.*”**

Ternary semi-conductors ABsCg with (A = Cu/Ag,
B = In, C = S) have cubic spinel crystal structure with

space group Fd3m.* Since CulnsSg are free of toxic ele-
ments like Se and Ga and are cheap, easy to manufacture
by various thin film deposition techniques, so these com-
pounds can be used instead of the frequently used photo-
electrochemical and photovoltaic cell absorbers CulnSe,
and CuGa(In)Se,**** The compounds ABsCg with
(A = Agor Cu, B=1In, C = Se or Te) are of tetragonal
crystal structures with space group P-42 m.*®*** It was
cleared from Reference 34 as well as Reference 28 that
compounds CulnsSg and AglnsSg are iso-structural®!
while the last four compounds of this family as cleared
from References 35-37, are also iso-structural.

Hernandez et al*® investigated that CulnsSg show n-
type conductivity with energy band gap of 1.25eV.
Usujima et al®® prepared the crystals of CulnsSg and
AglInsSg and studied their optoelectronic properties.
Gasanly et al*® prepared AgInsSg crystals by modified
Bridgman method. Qasrawi et al*’ studied various phys-
ical properties of AglnsSg. Thin films of CulnsSg and
AgInsSg were synthesized by Liudmila et al.** Leon
et al, synthesized CulnsSeg films by Bridgman method.*®
Thin films of AglnsSg and CulnsSg were also synthe-
sized by Makhova et al,* using sequential evaporation
method. Thin films of CulnsSg were prepared by
Gannouni et al,>'® using thermal evaporation method.
Later, single crystals of CulnsSg were prepared by
Bodnar*® using Bridgman method. In 2013, Shuijin
et al’® synthesized CulnsSg and AglnsSg through
solvothermal route. Sinaoui et al*® synthesized CulnsSg
single crystal in 2013 by horizontal Bridgman method
and investigated that it crystallizes in spinel structure.
Isik et al prepared single crystals of AglnsSg in 2015 by
Bridgman method."’

Tham et al and Kohara et al have reported that the
CulnsSeg can have tetragonal as well as hexagonal crystal
structure.”>* Tetragonal is a meta-stable phase of
CulnsSe; while hexagonal is its stable phase.”
Hernandez et al performed electrical resistivity and opti-
cal absorption measurements for CulnsSeg in the temper-
ature 240 to 450 K, the band gap energy was calculated to
be 1.13 eV. Synthetization of CulnsTeg crystals was done
by the conventional vertical Bridgman method in 2001 by
Rincon et al.> It has been found that the CulnsTeg band
gap decreases from 1.10 to 1.02 eV as temperature rises
from 10 to 300 K.>> Mora et al synthesized AgInsTeg in
2004 by the melt and annealing technique.*’ Benoit et al
compared the crystal systems, cell parameters and chemi-
cal compositions of AglnsSeg and AglnsTeg, showing that
both have same structures.>* Tripathy® studied semicon-
ductors refractive index verses band gap values to find
their mutual relationship and then applied this model to
ternary as well as binary semiconductors over a broad
energy range.
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It is evident from literature that so far no comprehen-
sive theoretical work performed on the AB;Cg
(A = Cu/Ag, B=1In and C = S, Se or Te) compounds. It
is therefore timely to study ABsCg compounds using den-
sity functional theory. In this work, the structural param-
eters, electronic band profiles and optical spectra are
studied in details.

2 | THEORY AND
COMPUTATIONAL DETAILS

Kohn-Sham (K-S) formulation® helped density func-
tional theory to apply for complex problems with moder-
ate computational efforts. In K-S method, ground state
density, n(r), used as a main variable to determine the
ground state energy. The K-S equation (Equation 1) con-
tain all the non-interacting terms of energies while the
interaction is described by exchange-correlation poten-
tial, Vxc. The ground state energy described by K-S is
given as,

Eln(r)] = Ts[n(r)] + Jveff(r)n(r)d%, (1)

where, E[n(r)], Ts[n(r)], Veg(r) and n(r) are the total gro-
und state energy, kinetic energy of non interacting parti-
cles, effective potential and electron density, respectively.

K-S equations take the following form like single-
particle Schrodinger equation

2
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where, V, ¢(r) are the momentum operator and single
particle wave function.

Solving Schrodinger equation leads to the Kohn-
Sham Eigen values. n(r) is computed by following
expression:

n(r) =3 lo ()l ()

The effective external potential, have the following
expression;

Vet (r) = Vu(r) + Vext(r) + Vxc(r), (4)

where first term (Vy(r)) denotes classical (Hartree) poten-
tial, second term (V.(r) shows electron-nuclei interac-
tion and the last one term represents exchange-
correlation potential describing quantum mechanical
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effects. Proper definition of Vxc(r)is that it is a functional
derivative of Exc with respect to n(r)

Vae(r)= "2 )

For the prediction of materials properties through
K-S equations, all the non-interacting terms can be cal-
culated exactly except for the exchange correlation inter-
actions. Therefore, this energy is approximated with the
help of different exchange-correlation potentials. Gener-
alized gradient approximation (GGA)* is suitable to
obtain the structural properties. Whereas modified
Becke-Johnson exchange potential (mBJ)*’ is suitable
for the band structure calculations. The expression for
the mBJ is give as

1 /5 |2t
mBI (. — . BR _o) 2.2 o(r)
WP =+ G2y 5 55 (6)

GGA and mBJ are utilized in the Wien2K package.>®
The Wien2K is based on Fortran 90 and full potential lin-
earized augmented plane wave method (FP-LAPW)* is
used for the modeling of the real crystal structure. The
important parameter R,;, X Kyax that control the size of
matrices was set to seven. The plane-wave expansion cut-
off Gmax Was set to 12 bohr™. 1000 K-points were used
for the Brilluion Zone integration.

3 | RESULTS AND DISCUSSION

3.1 | Structural properties

In order to study crystal structure of ABsCg, energy mini-
mization is applied. To explore properties, the ternary
semiconductors ABsCg, volume optimization is obtained
using experimental lattice constants. The unit cell vol-
ume is changed and corresponding variation is calculated
using the energy equation and fitted by the equation of
state (Birch-Murnaghan). Energy optimization was per-
formed for all the compounds and presented for AglnsSg
as a prototype see Figure 1. The obtained structural
parameters for the ABsCg compounds are presented in
Table 1. CulnsSg, AglnsSg, CulnsSes, AglnsSeg, CulnsTeg
and AglnsTeg have bulk moduli of 68.922, 66.839, 48.466,
54.558, 35.498 and 36.415 GPa, respectively. Thus, the
bulk modulus decreases with the increase of atomic radii
in going from S to Se to Te. The unit cell volume and the
lattice constants increases inversely to the bulk modulus.
Total ground state energies of the compounds also
increase down the table.
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3.2 | Electronic band gap

The electronic band structure is crucial to study for the
accurate prediction of optical properties. Therefore, using
the mBJ potential we have investigated the electronic
band structure dispersions of ABsCg compounds along
the higher symmetry directions in the first BZ as shown
in Figure 2. We set the Fermi level at 0 eV. It is clear that
these compounds possess direct energy band gap as the
valence band (VB) maxima and the conduction band
(CB) minima are located at I symmetry points of first
BZ. The calculated values of the energy gaps of the
AB;sCg compounds are shown in Table 2. Overall, the
energy band gaps of the compounds are underestimated

T T T T T T T T T T T T
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. 3
Unit cell volume (a.u’)

FIGURE 1 The volume optimization plot of AgInsSg as a
function of unit cell volume (as a prototype) [Colour figure can be
viewed at wileyonlinelibrary.com]|

TABLE 1
Lattice parameters
Compounds A) b (A) c(A)
CulnsSg Exp. 8 10.674 10.674 10.674
Computational 10.851 10.851 10.851
AglnsSg Exp. 17 10.827 10.827 10.827
Computational 11.015 11.015 11.015
CulnsSeg Exp. 60 5.883 5.883 11.769
Computational 5.892 5.892 11.764
AglnsSeg Exp. 59 5.901 5.901 12.049
Computational 5.981 5.981 12.066
Culn;Teg Exp. 53 6.159 6.159 12.331
Computational 6.354 6.354 12.644
AglnsTeg Exp. 43 6.195 6.195 12.419
Computational 6.381 6.381 12.957

in comparison to the experimental value, which is a natu-
ral result of the DFT calculations. However, the band
gaps are underestimated than the experimental results
but it accurately describes the semiconductor nature of
all the compounds.

3.3 | Density of states

Band structure of a material can also be explained by
its density of states. Therefore, the dispersions of the
total and partial density of states are calculated and
presented in Figure 3. In case of CulnsSg, the VB max-
ima is mostly due to Cu-d state with small amount of
S1,2-p state and the highest peak is due to Cu-d state.
While, in the CB minima the most contribution is due
to Inl,2-s, S1,2-p with negligible contribution from
S2-d state, the highest peak is belonging to In2-p state.
The VB maxima of AglnsSg is mostly due to S1-p state
with a small contribution from Ag-d state and negligi-
ble amount from S2-p state, the highest peak is due to
S1,2-p states. While, the CB minima is mostly com-
posed of In1,2-s, S2-p mixed with small amount of S2-d
and S1-p states and the highest peak is due to In2-p
state.

For CulnsSeg, the VB maxima is mostly due to Cu-d
state mixed with small contribution of Sel-p and negligi-
ble contribution of Se2-d and Se2-p states and highest
peak is due to In2-s state. While the CB minima is due to
Sel-p, Se2-d, Inl,2-s, mixed with small distribution of
Sel-p state and the highest peak comes from Se2-d, Sel-p
and In2-p states. The highest VB peak of AglnsSeg is due
to In2-s state and near Fermi level the major contribution

Experimental and calculated lattice parameter values, ground state energy and bulk modulus of ABsCg

Volume (a.u)? Bulk modulus (GPa) Energy (Ry.)
2155.273 68.922 —68 530.809

2254.551 66.839 —75 855.339

2757.020 48.466 —101 027.277
2695.310 54.558 —108 293.715
3445.322 35.498 —170 893.910
3484.973 36.415 —178 218.462
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FIGURE 2 Electronic band structure for AB;sCg along the high symmetry directions. The Fermi level is set at 0 eV [Colour figure can
be viewed at wileyonlinelibrary.com]
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TABLE 2 The computational and

Band gaps (eV) .
experimental energy band gaps of

Compounds Experimental This work Other works ABsCg
CulnsSg 1.5 0.4
AglInsSg 1.84,%' 1.7, 1.80 (300 K), 1.90 (96 K) 0.7
CulnsSeg 1.23-1.31 (10-300 K) 0.6 1.23%!
AglnsSeg 1.1%° 0.95 1.04%°
CulnsTeg 1.10-1.02 (10-300 K) 0.7
AglInsTeg 1.0% 0.75

is due to Se2-p mixed with small contribution of Ag-d
and Sel-p states. On the other hand, the highest CB
peak is due to Se2-p, Sel-p, Inl-s and In2-p sates while
minima near Fermi level is due to Se2-p, Sel-p, Inl-s
and In2-s mixed with very small amount of Sel-d and
Se2-d states. For CulnsTeg, the highest peak in the VB is
due to In2-s state and maxima near Fermi level is almost
due to the contribution of Tel-p mixed with Cu-d and
Te2-p states. Whereas, the highest CB peak is due to
In2-s state mixed with Tel-p, Te2-p and Inl-s states and
the CB minima near is due to major contribution of
Tel,2-p, and In1,2-s states with very small contribution
of Te2-d state.

In AglnsTeg, the VB maxima near is due to major
contribution of Te2-p state mixed with small contribu-
tion of Tel-p and Ag-d states and the highest peak
comes from In2-s state. The CB minima is almost due
to In2-s, Tel-p, Te2-p, In 2-s mixed with very small dis-
tribution of Tel-d and Te2-d states and the highest
peak is due to In2-s, Tel-p, Te2-p and In2-s sates.
Strong mixing of the states indicates the covalent bond-
ing nature in these compounds. The Ag containing
compounds have higher covalent nature compared to
Cu compounds.

3.4 | Optoelectronic properties

The optical nature of ABsCg compounds is investigated.
Since CulnsSg and AgInsSg are cubic therefore, their
optical properties are isotropic. The other four com-
pounds have tetragonal structure, therefore the com-
plete optical response is provided by the parallel and
perpendicular parts of the optical spectra along x axis
and z axis. To overcome the band gap underestimation a
scissors operator is also applied. Form the calculated
imaginary and real parts of the optical dielectric func-
tions the other related optical properties are obtained as
follow;

3.41 | Refractive index
The optical properties of a material can be explored by
having the knowledge of its refractive index, n(w). In
Figure 4, n(w) have been plotted against the variation
of the energy. In the low frequency response, the
refractive index remains smooth with increasing the
energy. At the energy near to the energy gap of the
materials n(o) starts increasing with some oscillations
it goes below unity, where the phase velocity of the
photons in the medium become higher than the veloc-
ity of light in the free space. It is seen that the refrac-
tive index humps shifted toward lower energies and its
value increases. In Figure 5, refractive index is shown
after applying the scissors operator to overcome the
energy band gap underestimations from the experi-
mental value. Overall, the characteristics peaks
slightly shifted toward higher energy and become
more prominent. The refractive index of the com-
pounds varies in the range 2 to 5 indicate the semi
conductivity nature of the compounds and their use-
fulness for the optoelectronic devices. Noticeable
anisotropy is seen in the tetragonal compounds. Calcu-
lated refractive index is in good agreement with the
reported experimental results.*®°

The optical energy absorbed in the optical medium
during the propagation of light is characterized by the
extinction coefficient, x(w).*> From Figure 6 and 7, it can
be seen that x(w) has significant values in the visible
energy and ultraviolet regions. The highest loss of photon
energy is in the ultraviolet range 3 to 10 eV. Therefore,
these compounds are very important for the optoelec-
tronic devices. The scissors operator is applied to the cal-
culated optical spectra. The threshold points obviously
shifted to lower energy and the peaks become high in
magnitude by changing the cations from S to Se to
Te. Perpendicular part of the extinction coefficient is
higher in magnitude compared to parallel part in the low
energy range.
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3.4.2 | Optical conductivity

The optical conductivity o(w) (Q cm™) is an important
optical parameter to investigate. The spectrum of optical
conductivity for ABsCg compounds are shown in
Figure 8A,B. This spectrum represents the electrons con-
duction due to the incidence of electromagnetic radia-
tions. Figure shows that maximum peaks of o(w) for the
compounds appear in the visible to ultraviolet range

(from 2.50 to 10 eV). The highest optical conductivity is
observed for CulnsSg; however, in the visible region,
AlnsTeg (A = Cu/Ag) compounds show highest conduc-
tion comparatively. We applied the scissor operator as
shown in Figure 9. The down shifting of the optical spec-
tra by changing the cations from S to Se to Te is due to
the smaller width of the VB in moving from S to Se to Te
in ABsCg. Optical conductivity shows significant anisot-
ropy for the AlnsTeg (A = Cu/Ag).
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FIGURE 8 Optical conductivity vs energy plot for (A) CulnsCg and (B) AglnsCg with C = S, Se or Te [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 9 Optical conductivity of (A) CulnsCg and (B) AgInsCg with C = S, Se or Te with scissor operator [Colour figure can be

viewed at wileyonlinelibrary.com]|

4 | CONCLUSION

The structural parameters calculated within PBE-GGA
are matching the experimental results. The calculated
energy band gap reveals that all the compounds are semi-
conductors in nature. However, the energy band gaps are
underestimated in comparison with the experimental
results. Therefore, scissor operator applied for the accu-
rate description of the optical properties. Compounds

show strong covalent bonding due to the p-d hybridiza-
tion in the valence band. The refractive index of the com-
pounds is in the range 2 to 5, making these materials
important for the optoelectronic applications. Extinction
coefficient show that photons energy loss is high in the
ultraviolet region. Optical conductivity of the compounds
is also very high in the ultraviolet region. The best optical
characteristics are observed for AlnsTeg (A = Cu/Ag) in
the visible energy region. As the structure of these
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compounds except CulnsSg and AglnsSg is tetragonal so
anisotropy is discussed in refractive index and it is differ-
ent for different directions. Also AlnsTeg (A = Cu/Ag)
compounds show high optical anisotropy among the
compounds.
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