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The structure, electronic and optical properties of chalcopyrite-type semiconductor material AgTiXs (X = S, Se,
Te) are investigated invoking Density Functional Theory (DFT). The computed Highest Occupied Molecular
Orbital (HOMO)-Lowest Unoccupied Molecular Orbital (LUMO) energy gap of AgTiX; molecule with and without
4f function on Ag is in the range of 2.319 eV — 3.211 eV and 2.092 eV - 3.056 eV respectively. It establishes that
AgTiX, can be used as potential candidate for optoelectronic and photovoltaic applications, especially in solar
cells. Result analysis reveals that AgTiSy, having a rectangular geometry with Cyy, point group and doublet spin

multiplicity, is the most stable system with maximum HOMO-LUMO gap. Our calculated DFT based global de-
scriptors and spectral analysis transpires that HOMO-LUMO energy gap, harmonic frequency and intensity of IR
and Raman spectra decreases from AgTiS, to AgTiSe, to AgTiTes. A strong correlation is established between
DFT based global descriptors and HOMO-LUMO gap from this analysis.

1. Introduction

In recent years, the study of chalcopyrite semiconductor materials
has received a significant attention due to its potential applications in
thin film solar cells, optical emitter and optical absorber and photo-
catalysts [1-9]. The main feature of chalcopyrite semiconductor is that
they have unique electronic and optical properties and large trans-
parency range of visible and infrared spectra [10]. Ternary compounds
of A'B'CY! semiconductor group have a direct band gap and high
adsorption coefficient under sunlight [11-13]. Chalcopyrite semi-
conductors are suitable for the realization of p-n hetero-junction with
semiconductor group II-VI due to their similarity in structure [14].
Chalcopyrite semiconductors are divided into two classes, Cu-based and
Ag-based chalcopyrite compounds. Cu-based chalcopyrite materials are
studied extensively due to its interesting physico-chemical properties
like high absorption coefficient and appropriate optical band gap which
is suitable for the construction of thin film solar cells [15]. Recently, we
have also studied Cu-based chalcopyrite-type materials, CuTiXy (X = S,
Se, Te) by using Density Functional Theory (DFT) approach and found
that the energy gap of these compounds are in the range of 2.40 eV to

* Corresponding authors.

3.19 eV [16].

The Ag-based chalcopyrite-type materials have potential techno-
logical applications in non-linear optical devices, photonic sensors, light
emitting diode and photovoltaics [1,15,17-20]. The silver-based chal-
copyrite compound has a particular valence band structure which dis-
plays different polarization-dependent optical property than the
Cu-based chalcopyrite-type materials [21]. It indicates that Ag-based
chalcopyrite materials may be suitable for detection of linearly polar-
ized lights [1]. The compound AgGaSe, and AgGaS; have a direct band
gap of 1.82 eV to 2.7 eV respectively and good transparency over
500-1200 nm wavelength [17-19]. Ho et al. [1] found that
chalcopyrite-type material AgAlS; has a direct band-edge transition
close to 3.186 eV and the optical properties are similar with the
Cu-based chalcopyrite-type materials. Ullah et al. [22] studied the
Ag-based chalcopyrite-type material AgXY> (X = Al, Ga,Inand Y =S, Se,
Te) by using DFT technique. The result reveals that energy gap reduces
from S to Se to Te and from Al to Ga to In. Liu et al. [23] reported that
chalcopyrite-type material AgInS; is a direct band gap semiconductor
with energy gap of 2.09 eV. Salehi et al. [15] stated that AgGaX, (X =S,
Se, Te) chalcopyrite-type materials are direct band gap semiconductors
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and non-magnetic in nature. Kim et al. [24] reported that
chalcopyrite-type material AgInSe, can be alloyed with Cu(In,Ga)Se;
(CIGS) to enhance the energy gap and efficacy of CIGS thin-film
photovoltaic materials.

The continuous efforts have been made by researchers in the domain
of photovoltaic materials to improve its physico-chemical properties and
efficiency. The Intermediate Band Solar Cell (IBSC) concept in
chalcopyrite-type semiconductor has attracted a lot of attention because
it helps in achieving high band gap, optical absorption and accuracy of
photovoltaic cells [25-31]. In the process of IBSC, an intermediate band
is sandwiched between the valence band and the conduction band.
Therefore, the flow of electrons will be either from valence band to
conduction band directly or from the valence band to intermediate band
and then intermediate band to the conduction band. From the concept of
IBSC, the performance of third generation photovoltaic cell is found
nearly 87 % by placing appropriate number of intermediate bands be-
tween valence and conduction band, which is very high as compared to
single-junction solar cells [28,32,33]. There are a number of reports in
which it is established that titanium is the suitable transition metal to
influence the realization of an intermediate band in the chalcopyrite
semiconductor compound [26-29, 34-41]. Palacios et al. [38] reported
that performance of photovoltaic cells is enhanced when titanium sub-
stitutes gallium in chalcopyrite-type material CuGaSs. Marti et al. [29]
revealed that efficiency of chalcopyrite-type material CuGaSy is
enhanced after addition of Ti or Fe atom in the formation of interme-
diate band. The incorporation of transition metals, titanium and chro-
mium, helps in the generation of high amount of charge carriers, which
results in reduction of photon absorption energy and high accuracy for
photovoltaic cells [27,35]. The solar cells with Ti-material shows the
high open-circuit electric potential as well as excellent accuracy in
comparison to the solar cells not having titanium material [36]. Xue
et al. [42] reported that replacement of gallium by silver in compound
CuGaTe; improves the performance and physicochemical properties of
CuGaTe; material. The inclusion of Ag increases the carrier concentra-
tion and decreases lattice thermal conductivity which intensifies the
power factor.

In this report, structure, optical and electronic properties of
chalcopyrite-type material AgTiX; (X = S, Se and Te) is performed by
using DFT technique. The lowest energy structure and low-lying isomers
are investigated for individual clusters. The optimized lowest energy
structure and low-lying isomers have real vibrational frequencies. The
DFT based global descriptors viz. Highest Occupied Molecular orbital
(HOMO)-Lowest Unoccupied Molecular Orbital (LUMO) energy gap,
Molecular Hardness, Molecular Softness, Electronegativity, Electrophi-
licity Index and Dipole Moment of these materials are also studied.

2. Computational details

Density Functional Theory is considered as a computational friendly
approach to solve many body problems. It has emerged as one of the
most successful approaches to study aromaticity, stability and chemical
reactivity of molecular systems [43-48]. We have investigated the
physicochemical properties of nanoalloy clusters and chalcopyrite-type
semiconductor by using DFT technique [16,49-54]. In this article,
Ag-based chalcopyrite-type material AgTiXs (X = S, Se, Te) is investi-
gated by using DFT technique. Geometry optimization and modeling for
individual cluster have been done using Gaussian 03 within DFT
framework [55]. Recently, Generalized Gradient Approximation (GGA)
exchange correlational is reported to investigate Cu-based and Ag-based
chalcopyrite-type materials [15,22,23,25,36-38]. In this study, GGA
functional B3pw91 and basis set LANL2DZ are used for geometry opti-
mization with and without 4f function on Ag with exponent of 0.45.

With the help of Koopman’s Approximation, we have computed the
Ionization Energy (I) and Electron Affinity (A) for chalcopyrite-type
material AgTiXy (X = S, Se, Te) by using the following approach [43] -
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The Conceptual Density Functional Theory based global descriptors
viz. HOMO-LUMO energy gap, molecular hardness (1), molecular soft-
ness (S), electronegativity (y) and electrophilicity index (o) are also
computed by using the following equations-

X=—p= % 3
Where, p represents the chemical potential of the system.
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3. Results and discussion
3.1. Geometrical structures

The lowest energy structures and isomers of AgTiXy (X =S, Se, Te)
are discussed in this section and presented in Fig. 1. We have optimized
various low-lying isomers during the quest for the initial structure,
however six low-lying isomers optimized in the energy range of 0-2.5
eV, are presented in Fig. 1 for each cluster. For AgTiSy, the lowest energy
structures and its isomers are observed in the energy range of 0-2.230
eV. The rectangular structure with Cy, symmetry and doublet spin
multiplicity is found the most suitable isomer as compared to other
structures for AgTiS,. The second isomer (1-b) has Y-shaped pattern
with C; symmetry and doublet spin state. The isomer 1-b has titanium
atom at the center which forms a triangle with sulfur and silver atoms
and another sulfur atom is connected to this triangle. The isomer 1-b is
energetically less stable than the lowest energy structure 1-a by 0.409
eV. The isomer 1-c is obtained by exchanging the position of silver and
sulfur atom in isomer 1-b. The structure 1-c with C; symmetry and spin
state doublet is of higher energy than the lowest energy isomer (1-a) by
0.833 eV. The isomer 1-d has one Ag atom located at center and other
atoms are attached to it, which look-alike a star-shape configuration.
The isomer 1-d with Cy, symmetry and doublet spin is 1.250 eV less
stable than the most stable structure 1-a. There is an energy difference of
0.417 eV between isomers 1-c and 1-d. The isomer 1-e is obtained by
shifting Ag and Ti atom in the structure 1-b. The structure 1-e is opti-
mized with sextet spin state and C; symmetry. It is 1.729 eV higher in
energy than the ground state configuration 1-a. The structure 1-f is
found by changing the position of Ag and Ti atoms in structure 1-c. The
structure 1-f with doublet spin and Cg; symmetry is less stable by 2.230
eV than the most stable structure 1-a. However, the difference in energy
between structures 1-e and 1-f is 0.501 eV.

For chalcopyrite-type material AgTiSe,, the lowest energy structure
and its isomers are computed in the range of 0-2.416 eV. The star-shape
structure with doublet spin multiplicity along with Cy, symmetry group
is the most stable isomer (2-a). The second most stable isomer (2-b) with
doublet spin state and Cy, symmetry has a rectangular geometry in
which both the selenium atoms are lying at contrary ends. Energetically
isomer 2-b is close to structure 2-a, the difference in their energy is only
0.133 eV. The isomer 2-c has a Y-shaped structure in which Ti atom is
located at the center forming a triangle with both Se atoms and Ag atom
is connected with the Ti atom. The isomer 2-c with Cg symmetry and spin
state doublet is higher in energy (0.705 eV) than the most stable isomer
(2-a). The isomers 2-d and 2-e are optimized by changing the position of
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Fig. 1. Optimized structures of chalcopyrite-type material AgTiX, (X = S, Se, Te); Color legend for atoms: Ti-gray, Ag-light blue, S- yellow, Se-light yellow, Te-dark
yellow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

atoms in isomer 2-c. The isomers 2-d and 2-e are energetically higher by
1.667 eV and 2.142 eV respectively as compared to the isomer 2-a. The
structure 2-f is optimized from structure 2-b by changing the position of
sulfur and titanium atoms. The structure 2-f with Cs symmetry and spin
state doublet is less stable than the lowest energy structure (2-a) by
2.416 eV. The isomer 2-f is 0.274 eV higher in energy only than the
isomer 2-e.

For AgTiTey, the lowest energy structure and its isomers are opti-
mized in the range of 0-2.335 eV. The rectangular shape geometry with
doublet spin multiplicity and Co, symmetry is the most stable isomer (3-
a). The second isomer (3-b) has one Ag atom at the center and other
atoms are directly joined to silver atom, which form a star-like config-
uration. The isomer 3-b with Cy; symmetry group and doublet spin
multiplicity is energetically higher by 0.241 eV in comparison to the
lowest energy isomer (3-a). The structure 3-c with Y-shaped structure
has a Ti atom at the center which forms a triangle with Te and Ag atoms.
The isomer 3-c with sextet spin state and C; symmetry is less stable by

0.968 eV than the isomer 3-a. The isomer 3-d is optimized from structure
3-b by swapping the position of silver and titanium atom. The structure
3-d with symmetry group Cgy and quartet spin multiplicity is 1.392 eV
higher in energy than the most stable structure 3-a. The difference in
energy between isomers 3-c and 3-d is found as 0.424 eV. The isomers 3-
e and 3-f are optimized from structures 3-c and 3-a respectively. Both the
isomers have Cs symmetry group and octet spin multiplicity. The
structures 3-e and 3-f are energetically less stable than the initial
structure of compound AgTiTe, by 1.831 eV and 2.335 eV respectively.
However, difference in energy found between isomers 3-e and 3-f are
0.504 eV.

3.2. Optical properties

In this section, harmonic frequencies, IR activities and Raman scat-
tering activities of chalcopyrite-type material AgTiX, (X =S, Se, Te) are
computed through B3pw91/LANL2DZ within DFT framework. The
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Raman and IR spectra of these materials are shown in Figs. 2 and 3
respectively. For AgTiSy, several IR and the Raman peaks are observed in
the frequency range of 0-493.26 cm™! (wave number unit). The highest
value of IR spectra (122.255 km/mole) is located at the maximum fre-
quency, whereas the peak at Raman spectra (48.945 a.u.) is found at
harmonic frequency 447.509 cm™*. The lowest intensity of IR (0.55 km/
mole) and Raman (4.224 a.u.) spectra is observed at frequencies
178.973 cm™! and 493.265 cm™! respectively.

The Raman and IR spectra for chalcopyrite-type material AgTiSe, are
found in the range of 0-371.99 cm™!. At the maximum vibrational fre-
quency, we have observed the peak value of IR spectra i.e. 75.132 km/
mole, whereas the IR spectra with lowest intensity is found at 128.688
cm~ . The peak value of Raman spectra (44.660 a.u.) is observed at
310.251 cm™ L. The Raman spectra with very less intensity (0.227 a.u.) is
found at frequency 70.9992 cm™ L.

The Raman and IR spectra for AgTiTe; are observed in the range of O-
248.796 cm . The maximum value of IR spectra (12.520 km/mole) and
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Fig. 2. The Raman activity of chalcopyrite-type material AgTiX, (X =S, Se, Te)
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Fig. 3. The IR activity of chalcopyrite-type material AgTiX; (X = S, Se, Te)

Raman spectra (34.953 a.u.) is found at harmonic frequency 248.796
em™! and 179.387 cm™! respectively. However, at frequency 19.391
cm ™}, the least value of Raman and IR intensity is marked.

The Raman and IR spectra shows that the maximum range of har-
monic frequencies and peak intensities of IR and Raman spectra are
observed for compound AgTiS,, whereas AgTiTe, have the least value.
The harmonic frequency and intensity of IR and Raman spectra de-
creases from compound AgTiS, to AgTiSe, to AgTiTe,. It is based on the
concept that these properties are related to the flow of electrons as band
gap of these chalcopyrite-type materials deceases when it moves from S
to Se to Te [22].

3.3. Electronic properties and DFT based descriptors

The electronic properties and density functional theory based global
descriptors of Ag-based chalcopyrite compounds AgTiX; (X = S, Se, Te)
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are studied in this section. In his seminal work, Fukui established that
the source of charge transfers and technique of dealings of molecular
orbitals of donor and acceptor become distinct and clear in the elec-
tronic structure method of donor-acceptor system [56,57]. The study
suggests that the frontier orbitals, the Highest Occupied Molecular
orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO)
of donor and acceptor, have significant involvement in transfer of charge
and bonding in the establishment of donor-acceptor molecular system
[56-59]. There is a concurrent method of contribution from the donor
HOMO to the acceptor LUMO and then afterwards reverse contribution
to the LUMO of the donor from the acceptor HOMO. It shows the entire
process for the development of donor-acceptor in a molecular system
[56,57]. The energy difference between HOMO and LUMO is a signifi-
cant tool to investigate the electronic stability of chalcopyrite semi-
conductors. It signifies the required lowest energy to excite the electrons
from valence band to conduction band [58].

The DFT based global descriptors and dipole moment of
chalcopyrite-type material AgTiXs (X = S, Se, Te) computed using
B3pw91/LANL2DZ with and without 4f function on Ag with exponent of
0.45 are presented in Tables 1 and 2 respectively. The result shows that
HOMO-LUMO energy gap with 4f function on Ag varies from 2.319 eV-
3.211 eV whereas without 4f function on Ag varies between 2.092 eV-
3.056 eV. This value is in well agreement with the energy gap required
for optoelectronic and photovoltaic devices especially for solar cell ap-
plications. Karaagac et al. [59] reported that energy gap for compound
AgGaS; is in the range of 2.30-2.75 eV. Previous studies also show that
band gaps for Ag-based chalcopyrite-type materials like AgAlXs,
AgGaXy, AgInXs (X =S, Se, Te) vary from 2.35 eV to 3.60 eV, 1.1 eV to
2.70 eV and 0.93 eV to 1.9 eV respectively [15,22,58]. The calculated
HOMO-LUMO energy gap is in agreement with the available experi-
mental data for Ag-based chalcopyrite compounds [58,59]. The previ-
ous data shows that energy gap along with performance of photovoltaic
cell is enhanced after incorporation of titanium in chalcopyrite com-
pound [25-27,29,34-41]. The system without 4f function on Ag display
less value of HOMO-LUMO energy gap as compared to the system with
4f function on Ag. It is noted from Tables 1 and 2 that HOMO-LUMO
energy gap follow the order as AgTiSy > AgTiSes > AgTiTes. It shows
that HOMO-LUMO gap decreases in the order of S to Se to Te, which is in
line with the previous studies reported by Ullah et al. [22] and Xiao et al.
[58] for Ag-based chalcopyrite-type materials and Zhou et al. [60] for
Cu-based chalcopyrite-type material. Importance of the band gap to
determine the resultant transfer of charge through the interface between
donor and acceptor of any molecular system is already distinct through
previous scientific reports [61-63].

From the computed data, we can observe that DFT based global
descriptors molecular hardness, electronegativity and electrophilicity
index have a linear relationship with HOMO-LUMO energy gap. Simi-
larly, HOMO-LUMO energy gap of these compounds have an inverse
relationship with molecular softness. It means that chalcopyrite

Table 1
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compound with maximum energy gap is more stable and vice-versa. The
result shows that system with 4f function on Ag have larger value of
molecular hardness as compared to the system without 4f function on
Ag. The molecular hardness for both the system follows the trend i.e.
AgTiS; > AgTiSe; > AgTiTe,. It shows that molecular hardness de-
creases from S to Se to Te. For system with 4f function on Ag, AgTiSs
displays the maximum value of molecular hardness (1.606 eV) whereas
AgTiTe; shows the minimum value (1.159 eV). Similarly, for system
without 4f function on Ag, AgTiS, and AgTiTe, exhibits the maximum
and minimum hardness value respectively. From the above result, it is
clear that chalcopyrite-material AgTiSy is the most stable whereas
AgTiTe, is the least stable system.

The result shows that system with 4f function on Ag have smaller
value of molecular softness as compared to the system without 4f
function on Ag. Molecular softness for chalcopyrite-type material
AgTiX, exhibits trend i.e. AgTiTey > AgTiSep > AgTiS». It indicates that
molecular softness increases from S to Se to Te. For system with 4f
function on Ag, AgTiTe; shows the maximum softness value as 0.431 eV
whereas AgTiS; displays the minimum value as 0.311 eV. Similarly, for
system without 4f function on Ag, AgTiTe, and AgTiS; shows the
maximum and minimum value of molecular softness as 0.478 eV and
0.327 eV respectively.

Sanderson [64] defined electronegativity equalization as “When two
species come together, electrons start moving from lower electronega-
tivity to higher electronegativity species. This process will continue until
electronegativity of all the systems i.e. donor, acceptor and adduct will
become static at some level [56].” Chalcopyrite-type material AgTiXs
with 4f function on Ag have larger value of electronegativity as
compared to the system without 4f function on Ag. The electronegativity
follows the order i.e. AgTiSy > AgTiSey > AgTiTes.

The electrophilicity index of compound is dependent on the ioniza-
tion energy and electron affinity [44]. It specifies the amount of energy
lowering for a compound due to extensive flow of electron during the
interaction between donor and acceptor. The electrophilicity index for
chalcopyrite-type material AgTiX, without 4f function on Ag is found
more as compared to the system without 4f function on Ag. The elec-
trophilicity index follows the order i. e. AgTiS, > AgTiSey > AgTiTey. It
indicates that value of electrophilicity index decreases from S to Se to Te.
For system without 4f function on Ag, the maximum value of electro-
philicity index is observed for compound AgTiS; i.e. 9.577 eV whereas,
AgTiTey has the lowest value i.e. 7.466 eV. However, for system without
4f function on Ag, AgTiS; and AgTiTe, exhibits the maximum and
minimum value of electrophilicity index as 0.335 eV and 0.260 eV
respectively.

The dipole moment (in Debye) for AgTiX; follows the trend i.e.
AgTiTe, > AgTiSey > AgTiS,. For system with 4f function on Ag, AgTiS,
and AgTiTey exhibits the minimum and maximum value i.e. 0.477
Debye and 1.988 Debye respectively. Similarly, for system without 4f
function on Ag, minimum and maximum values are obtained for AgTiS

DFT based descriptors of chalcopyrite-type material AgTiX, (X = S, Se, Te) with 4f function on Ag.

Compound HOMO-LUMO Energy Gap (eV) Hardness (eV) Softness (eV) Electronegativity (eV) Electrophilicity Index (eV) Dipole Moment (Debye)
AgTiS, 3.211 1.606 0.311 0.914 0.335 0.477
AgTiSe, 2.477 1.239 0.404 0.887 0.318 1.885
AgTiTe, 2.319 1.159 0.431 0.881 0.260 1.988
Table 2

DFT based descriptors of chalcopyrite-type material AgTiX, (X =S, Se, Te) without 4f function on Ag.

Compound HOMO-LUMO Energy Gap (eV) Hardness (eV) Softness (eV) Electronegativity (eV) Electrophilicity Index (eV) Dipole Moment (Debye)
AgTiS, 3.056 1.528 0.327 4.777 9.577 0.945
AgTiSe, 2.411 1.205 0.415 4.751 9.365 0.949
AgTiTe, 2.092 1.046 0.478 4.476 7.466 5.295
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and AgTiTe; i.e. 0.945 Debye and 5.295 Debye respectively.

For chalcopyrite-type material AgTiS,, our calculated bond lengths
between Ti-S, Ag-Ti and Ag-S are 2.21 A, 2.89 A, 2.602 A respectively.
Liu et al. [23] investigated that for chalcopyrite-type material AgInS,,
the experimental and theoretical bond length between Ag-S is 2.56 A
and 2.58 A respectively. For compound AgTiSey, the calculated bond
lengths between Ti-Se, Ag-Ti and Ag-Se are 2.36 A, 2.862 A, 2.695 A
respectively. In the case of AgTiTe,, the computed bond lengths between
Ti-Te, Ag-Ti, Ag-Te are 2.72 A, 2.715 A, 3.121 A respectively. Salehi
et al. [15] reported that for chalcopyrite-type material AgGaXy (X = S,
Se, Te), the bond lengths are in the order of Ag-Te > Ag-Se > Ag-S. Our
computed bond lengths for AgTiXz (X=S, Se, Te) also follow the same
order.

4. Conclusion

Structures along with electronic and optical properties of Ag-based
chalcopyrite-type semiconductor material AgTiXs (X = S, Se, Te) are
studied in terms of density functional theory methodology. The lowest
energy structure shows that HOMO-LUMO energy gap of AgTiX, with
and without 4f function on Ag is in the range of 2.319 eV — 3.211 eV and
2.092 eV - 3.056 eV respectively. This particular energy level is suitable
for optoelectronic and photovoltaic devices especially for solar cell ap-
plications. The chalcopyrite-type material AgTiS,, with Cy, symmetry
group and doublet spin multiplicity, is energetically more stable than
the other similar type of molecules. Our computed result reveals that
HOMO-LUMO energy gap, harmonic frequency and intensity of IR and
Raman spectra decreases from compound AgTiS, to AgTiSes to AgTiTe;.
DFT based global descriptors of these chalcopyrite-type materials es-
tablishes a strong relationship with HOMO-LUMO energy gap of the
respective molecules.
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