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Using all electron based density functional theory calculations, within full
potential linearized augmented plane wave plus local orbitals, electronic,
structural, optical and thermoelectric properties of the B-phase spinel compound
have been investigated. Tetragonal B-phase spinel indium (111) sulfide is the most
stable and promising phase for various applications, in particular, photovoltaic
devices, and, therefore, it can be use to replace CdS for environmental issues. The
unit cell volume and atomic positions are optimized with the PBE energy
functional and our calculated optical band gap for the indirect transition is in good
agreement with the experimental value. The peaks of the real part of optical
conductivity a(w) correspond to the peak of the imaginary part of dielectric
function ¢; (w) for the two polarization axes, which perfectly agree with the Drude
theory. Charge carrier concentration are observed to attain the maximum value at
about 2.8899 eV at fixed temperature, and drops at high energies, which indicates
less photon excitation to the conduction bands at energies greater than 2.8899 eV.
The electrical and thermal conductivity that depends on the sulfur concentration
show a similar trend for variable and fixed temperature. Large amount of
thermopower S occurs at low temperature, which agrees with the requirement to
improve performance of photovoltaic materials, that is high voltage output at
small amount of heat.
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1. Introduction

Spinel indium sulfide (In,S3) exists in three phases. The tetragonal B-phase transforms to
the cubic a-phase at 420 °C, which further transforms to the y-phase at 750 °C. Due to wide energy
bandgap, the phases of indium sulfide have possibilities of applications in photo-electrochemical
solar cells devices [1]. However, the B-phase Indium sulphide is the only stable crystallized spinel
among the existing three phases that shows potential photovoltaic properties [2-4], It is used as an
absorber material [5], and as buffer layer in C-In-Ga-S (CIGS) based thin film solar cells, due to
its exceptional photoelectric properties [6].

The B-In,Ss (IneS24 primitive unit cell) crystal lattice can be considered as a defect
structure of the Mgln,Sg spinel with Mg vacancies and with a ¥ of Indiums at tetrahedral sites and
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the rest at the octahedral ones. Furthermore, the p-phase has a defect spinel structure with indium
vacancies ordered in the tetrahedral sites with space group: 14,/amd. The In atoms located at three
different lattice positions, In1(8c), In2(16h), and In3(8e), and thus there are three kinds of In-S
polyhedral structures. The In1-S and In2-S have distorted octahedrons, which linked with each
other by a shared edge. This defect slightly affects the properties of this compound [2]. The
electrical and optical properties of beta phase In,S; are stable at normal temperature. It has energy
band gap ranging from 1.90 eV to 2.10 eV [7]. Another interest in this compound arises in the
study of defect engineering [8], and in intermediate band material [9-12] for the high efficiency
solar cell as buffers [1, 13]. Chemical salvo-thermal methods have been used to successfully
synthesize Vgslny75Ss that has strong sub-bandgap absorption and an inherent partially filled
intermediate band [14]. Moreover, it also has potential applications in the preparation of green and
red phosphors, in the manufacture of picture tubes for color television, and in infrared optical
technology [15]. It also has application in various aspect of thin film technology [16-18], in which
optical spectroscopy analysis was used to tune the annealing condition for transmittance study.

The present work is an attempt to study the ground state and transport properties of -In,S;
(In16S,4 primitive unit cell), by using one of the most accurate all electron density functional theory
and Boltztrap code respectively. Therefore, structural, electronic, optical, and thermoelectric
properties are calculated and analyzed based on it suitability for the photovoltaic application.

2. Methodology

We have carried out detail study of structural, electronic, and optical properties using
density functional theory [19], within full potential linearized augmented plane wave plus local
orbitals (FP-LAPW+lo) as implemented in one of the most accurate methods in WIEN2K code
[20]. The exchange correlation potential is treated using the generalized gradient approximation
[21]. In this approach, the unit cell is partitioned into non-overlapping muffin-tin spheres around
the atomic sites and an interstitial region. In these two types of region, different basis sets are used
inside the atomic sphere (t) of radius (R;), the other inside the interstitial region. In this scheme,
the basis set is energy independent, and possesses two functions augmented to obtain a good
description of the wave functions. Tetrahedron method of integration is used on a grid of 159 k-
point in the irreducible Brillouin zone, which gives the minimum ground state energy, as depicted
in Figure 1(c). This value is far better than -207,392.42 eV [3], this could be due denser mesh used
in this calculation. For optimum accuracy we set Ry Kmax = 8, and L4, = 10, these are energy
cut-off of the plane wave expansion and upper limit of the angular momentum expansions of the
wave functions inside the non-overlapping spheres surrounding the atomic sites respectively. The
matrix size and local orbital used are 6,896 and 408 respectively. Here, we have used X-ray
diffraction experiment data to generate Crystallographic Information File to use for this study [22].
Table 1 shows the precise lattice vectors of the tetragonal body centered B-In2S3 structure and the
general position vectors of the space Group 141/amd in the given setting (0, 0, 0), (1/2, 1/2, 1/2).
Both optical and transport properties are calculated using Kramers-Kronig relation [23], and semi-
classical Boltzmann transport equation, [24]. In transport equation the electronic thermal
conductivity, ke, at zero electrical current is defined as:

ko = k° — ToS2 (1)

Where k° is given by

kep(Ts) = 7o [ oap ()6 — )? {12} de @

Where T is the temperature, o electrical conductivity, S the Seebeck coefficient, assuming
the electronic thermal conductivity is independent of the relaxation time z. The carrier
concentration n, thermopower S, electrical and electronic thermal conductivity at fixed and
variable temperature is calculated.



3. Results and discussion

3.1 Structural and Electronic Properties

The crystal structure of B-In,S; is optimized, the lowest ground state energy and the corresponding
volumes of unit cell that agree with experimental values are determined as shown in Figure 1(a and b). This
was achieved by using energy versus volume curve fitted to the Birch-Murnaghan equation of state [25]. Our
calculated volume of the optimized unit cell is 1875.89 A® which is in good agreement with the experimental
values of 1875.86 A® [15]. This infers that our method and the results are good. The relaxed structure is
obtained when the variations in energies with the change in c/a ratio is calculated and plotted as in Figure
1(b). This is further used for all the calculations.
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Fig. 1 (a) the optimized volume curve as a total energy versus unit cell volume of the -
In,S; crystal within GGA (b) variation of total energy versus c/a ratio (c) Band gap as a
function of ground state energy. The inset shows the corresponding kmesh in the
irreducible Brillouin zone.



Table 1 Position vector and General Positions of the Space Group of the $-In,S;

Position vector

General Positions of the Space Group

X,Y,Z
x+1/2,y+1/2,z+1/2
X,~Y,-Z
X+1/2,-y+1/2,-z+1/2
-X,y+1/2,-z
-X+1/2,y,-z+1/2
-X,-y+1/2,z
-X+1/2,-y,z+1/2
-y+1/4,-x+1/4,-2+3/4
-y+3/4,-x+3/4,-z+1/4
-y+1/4 x+3/4,2+1/4
-y+3/4,x+1/4,2+3/4
y+3/4,-x+3/4,z+1/4
y+1/4,-x+1/4,2+3/4
y+3/4,x+1/4,-z+3/4
y+1/4,x+3/4,-z+1/4
-X,-Y,-Z
-X+1/2,-y+1/2,-z+1/2
-X,Y,Z
-X+1/2,y+1/2,2+1/2
X,-y+1/2,z
x+1/2,-y,z+1/2
X,y+1/2,-z
x+1/2,y,-z+1/2
y+3/4,x+3/4,2+1/4
y+1/4 x+1/4,2+3/4
y+3/4,-x+1/4,-z+3/4
y+1/4,-x+3/4,-z+1/4
-y+1/4,x+1/4,-z+3/4
-y+3/4,x+3/4,-z+1/4
-y+1/4,-x+3/4,z+1/4

X,Y,Z
-X+1/2,-y,z+1/2
-y+1/4,x+3/4,2+1/4
y+1/4,-x+1/4,2+3/4
-X+1/2,y,-z+1/2
X,-Y,-Z
y+1/4,x+3/4,-z+1/4
-y+1/4,-x+1/4,-z+3/4
-X,"Y,-Z
x+1/2,y,-z+1/2
y+3/4,-x+1/4,-2+3/4
-y+3/4,x+3/4,-z+1/4
x+1/2,-y,z+1/2
-X,Y,Z
-y+3/4,-x+1/4,z+3/4
y+3/4,x+3/4,z+1/4
X,Y,Z
-X+1/2,-y,z+1/2
-y+1/4,x+3/4,z+1/4
y+1/4,-x+1/4,z+3/4
-X+1/2,y,-z+1/2
X,~Y,-Z
y+1/4 x+3/4,-z+1/4
-y+1/4,-x+1/4,-z+3/4
-X,"Y,-Z
x+1/2,y,-z+1/2
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Fig. 2 (a) Primitive unit cell of body centered -In,S; structure (b) BAR Graph showing
the band widths and bands that intersect the Fermi level.
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The lowest ground state energy obtained for GGA energy functional is about -2.8 MeV.
However, the ground state energy is shown to vary with energy gap and mesh of k-point inside the
irreducible BZ as shown in (Figure 1(c)), band gap increases with the rise of k-points. A bandgap
of about 1.523 eV is observed for the lowest mesh of 500, which is reasonable due to the band gap
underestimation by GGA functional. In Figure 2(a), a primitive unit cell of the tetragonal body
centered B-In,S; crystal with two sets of 2.68 A° and 2.60 A° as coordination between Indium and
Sulfur atoms agrees with experiment [15]. The energy level density for two dimensional Fermi
surface is plotted using Wien2K package as shown in Figure 3(a). This was achieved by using
BARGraph (Figure 2(b)) created with xcrysden [26] to identify bands that cross the Fermi level.
These bands are 216 to 224 (as pointed by the arrow) out of 485 total bands.

3.2 Optical and Thermoelectric Properties

The compounds with tetragonal symmetry have two non-zero components of the dielectric
tensor. Real ¢,.(w) and imaginary ¢;(w) dielectric functions help in understanding the optical
behavior of the material; these are plotted, together with optical absorption and conductivity as a
function of frequency in Figure 3(b). The peaks from ¢,(w) occur at 5.087 eV for E,, and 6.276 eV
for E, this indicates considerable anisotropy between the two spectra corresponding to the
different polarization of this compound. Furthermore, this phase shows birefringence stronger than
some reported solar cell material [27], which means that it refractive index depends on the
polarization and propagation direction of light. Hence, -In,S; is an anisotropic material.

.....
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Fig. 3 (a) Left calculated 2D Fermi surface with energy label density (b) from bottom to top
calculated real dielectric function &, (w) imaginary dielectric function ¢;(w) real part of optical
conductivity o(w) and absorption coefficient a(w).

Static dielectric constants at zero frequency are nearly same for the two polarization axes.

It is about 6.85 and the index of refraction is about 1.85 as calculated using
+(52+s2)1/2)1/2 . . i S -

n(w) = G 1ﬁ2 . The absorption coefficient and optical conductivity is shown in Figure

3(b)). The two plots show similar trend for both polarization axes, so that, high absorption and

optical conductivity occur at about 6.32 eV and 6.54 eV for E,, respectively. The peaks of the real

part of the optical conductivity a(w) correspond to the peak of the imaginary part of dielectric

function for the two polarization axes. These peaks are known as the Drude peaks, the width of the
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peaks is equal to the inverse relaxation time of electrons. According to Drude theory, the real part
of optical conductivity and the imaginary part of dielectric function has a peak at low frequency.
For the x-polarization axis, this peak occurs at about 5.07 eV as highlighted by the circle in figure
3(b). Another way of predicting electrical, optical, and thermal properties of crystal is by analyzing
the periodicity and symmetry of crystalline lattice derived from Fermi surface and occupation of
electronic energy bands. Figure 3(a) shows 2D Fermi surface plotted in reciprocal space with
energy label density, the solid lines represent the Fermi surfaces.

The calculated absorption coefficients is in agreement with the experimental ones [14].
The absorption spectra rise steeply at the absorption edge; peaks are observed to be around 5.20
eV, and 6.63 eV for the xx, and zz polarization directions respectively. There is a steady increase
within the visible range of the solar spectrum, and becomes high at the violet part of the
wavelength.

The optical band gap shown in Figure 4 is far greater than the band gap; this might be
because the absorption at the gap edge is forbidden due to the matrix
element (vk|p;|ck){ck|p;|vk), which determines the probability of electron jumping between the
single particle states. It produces oscillation and renders absorption possible when these matrices
are zero. The B-In,S; possess direct and indirect electronic transition, as such both direct and
indirect optical energy gaps are calculated as shown in Figure 4(a and b). The direct and indirect
optical energy band gap is calculated by using the relation (edhvn)™ = A(hv — Eg), where hv is
the incident photon energy and « is the, optical absorption coefficient calculated near the
fundamental absorption edge. The value of (ahvn)™ (where n=2 or % for direct and indirect
optical energy gap respectively) is plotted as a function of incident photon energy (hv) as shown in
Figure 4(a and b). Our calculated direct optical gap is about 3.395 eV, the experimental one is
2.639 eV, while the indirect optical gap is 2.265eV and the experiment is 2.240 eV [28]. This
shows a good agreement with the experiment, but the discrepancy between direct optical gaps with
the experiment may be due to high quantum efficiency of direct transition for the emission of light.
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Fig 4 (a) Plot of the linear part of the absorbance spectrum for indirect optical energy
band gap (b) linear part of the absorbance spectrum for direct optical energy band gap

Figure 5(a and b), show the calculated thermoelectric parameters, carrier concentration n,
thermopower S, electrical and thermal conductivity at 420 K and variable temperature. Charge
carrier concentration as a function of chemical potential x attains its maximum value at about 3.0
eV for fixed temperature, and it drops at high energies. This indicates low photon excitation to the
conduction bands at energies > 3.0 eV. This would not be a problem since the maximum reported
energy gap for this compound is < 2.8899 eV [28]. At very low value of u carrier concentration is



7

about 984 e/uc, which implies that B-In,S; crystal cannot have insulating properties at 420 K.
Similar trend is observed in figure 5(b), in which the peak for the carrier concentration as a
function of temperature occurs at about 240 K. Both electrical and thermal conductivity depends
on the sulfur concentration [1], showing a similar trend for variable and fixed temperature.
However, a gradual decrease in the two values of conductivities as it approaches 2.8899 eV is
observed and rises steadily at higher energies.
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Fig. 5. (a) Calculated thermoelectric properties, n, S, o, k,, as function of temperature
variation (b) thermoelectric properties n, S, o, k, at constant temperature

However, the thermal conductivity k, has no appreciable responses at low temperature,
whereas, at the lowest value of chemical potential k, is observed to be greater than the low
temperature case. Thermoelectric voltage is induced due to the temperature difference in material.
Higher thermoelectric voltage for a given temperature gradient may lead to improve efficiency
because high Seebeck coefficient is required to convert the maximum heat to electrical power.
Ideally, large thermopower is required since only a small amount of heat is needed to produce a
large voltage. This situation is depicted in (Figure 5(a)) in which the highest Seebeck coefficient
about 6.0 uV K™ occurs at low temperature. This further confirms the stability of the beta phase
Indium sulfide as solar cell material.

4. Conclusion

In summary, this paper presents a detailed study of the B-phase Indium sulfide with
reference to solar energy conversion properties. It is shown that when the temperature is varied,
high thermopower might be achieved at reasonably low energy, which may enhance heat to
electric power conversion. The results show that variation of ahv as a function of photon energy
for indirect transition is in good comparison with the experimental results.
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