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ABSTRACT

Influence the transition metals atom(s) on the optoelectronic features of the Sni.xInxA (A= S and
Se) is explored theoretically. The electronic and optoelectronic features are explored within the
DFT based FP-LAPW method. Additionally, PBE-GGA is applied for computing of their
structural properties. The electronic and optical features are calculated using GGA. We have
discovered that both the compounds are metallic. We explore in details atomic/orbital origin of
electronic states in the band structure for the Se/S and Sn containing materials from the spectra of
electronic density of states. The optical properties are evaluated following the spectra of optical
function along with the other related optical properties like energy loss function, reflectivity,
refractive index, extinction coefficient, and conductivity dispersion. The study of optical properties
of the In based material confirms that these materials can be promising for the design of

optoelectronic devices with the desired properties.

INTRODUCTION

Materials with intermediate band attracted the attention of scientists for applications in
solar cells over last few decades [1]. The concept of intermediate band was proposed by developing
the IB photovoltaic materials in order to overcome the problem of efficiency in the next generation

solar cells. The working model of these solar cells is shown in Fig. 1.



Fig. 1: Model of intermediate band solar cell

Possible transitions of electrons are specified by the arrows. This Transitions of electrons
by traditional process also takes place from VB to CB. In the above figure, £g1, €92 and &3 are
the energy gaps between VB-CB, VB-IB and IB-CB, respectively, and Fermi energy is shown by
Er. It can also be noted that electrons with lower energy than &7 can stay in this intermediate
band while traveling from VB to CB. While utilizing the partially filled MIB, electrons can travel
to IB from VB and then to CB from IB.

Several characteristics of MIB based solar cells are shown in Fig. 1. Presence of an isolated
IB between VB and CB can be focused among these characteristics. If this condition is not
satisfied, thermal relaxations can be produced as a result of the interaction among the phonons
coming from the crystal lattice and the electrons. Furthermore, the IB should have a specified
thickness in order to avoid the phenomenon of non-radiative recombination as much as possible.
The 1B should be partially empty so that it must be able to accommodate the electrons coming

from VB to IB by absorbing the photons with lower energies and then travel to CB from this one.

Solar cells with this structure shows higher efficiencies as compared to those established
by the Shockley limit [2], as revealed in the earlier study of Luque and Marti [1]. They show the
increase in efficiency through the operation of these solar cells and the thermodynamic arguments.
Materials with intermediate band can be prepared by introducing quantum dots in the geometry
[3] or by using 11-V1 diluted oxides [4].



To study the electronic and optical properties of SnixInxA (A= S and Se) having
intermediate band by using quantum mechanical methodology is the main focus of this study.
Furthermore, this methodology will also be used for calculations of electronic and optical
properties of the aforementioned compound. First of all, we will present the methodology

(approximation) that we will use to calculate electronic properties and then optical properties.

METHODOLOGY

Full potential linearized augmented plane wave (FP-LAPW) [5] method was used to solve
Kohn-Sham equations in order to calculate physical properties of the compounds under study using
self-consistent approach within the frame work of DFT [6, 7] (density functional theory) as
implemented in WIEN2k code [8, 9]. GGA (generalized gradient approximation) approach was
used to treat Exc (exchange correlation energy) while calculating electronic and optical properties
of SnixInxA (A= S and Se). Theoretical studies of aforementioned compound were carried out by

using optimized geometry achieved by minimizing forces on the atoms of the unit cell.

There are two regions in the unit cell of the crystal while using FP-LAPW method i.e.
interstitial region (IR) and muffin-tin (atomic spheres). Here, valance and core electrons are the
two groups of electron that are treated separately. Muffin-tin (MT) model is used to specify crystal
potential in this technique. Interstitial region is formed by valance electrons whereas non-
overlapping atomic spheres having radius Rmt (smallest muffin-tin radius). Spherical harmonics
(Yim) times the radial solution of Schrodinger wave equation (SWE) for single particle at fixed

energy (Vim).
V(r) = Zl,m Vim (m)Yim (1) 1)

On the other hand, basis of plane wave is used to expand wave function in IR of the unit cell by

using following relation:

V(r) = X Viek )

The calculations were performed by taking 500 k-points and Rmtkmax = 7 (RmT and Kmax
are smallest value of muffin-tin radius and cut-of wave vector of the plane wave basis,
respectively). Value of maximum angular momentum was taken as Imax =10. Step size of the charge

density is set as 0.00001eay? to terminate iterations and is known as convergence criterion.



Separation between core and valance states (core cut-off energy) is taken as -8Ry. Unit cell of Sn;.

xInxSe is shown in Fig. 1.
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Fig. 1: Unit cell of Sn1xInxSe and SnyxInxS

RESULTS AND DISCUSSION
ELECTRONIC PROPERTIES

We calculated the electronic properties of SnixInxA (A= S and Se) in this section; namely
the band structure, the band gap and the density of states. Density of states are plotted a continuous
energy range (-5 to 6 eV) to determine different electronic contributions in conduction and valance
bands. Electronic band structure is also plotted for continuous energy range (-5 to 5 eV) along high

symmetric points of Brillouin zone.

BAND STRUCTURE

Band structure of the supercell of SnixInxA (A= S and Se) is discussed in this section.
Calculated electronic band structure for SnixInxA (A= S and Se) along high symmetry points of
the Brillouin zone is shown in Fig. 2. In the plotted band structure, Fermi energy level is set at 0.0
eV. An extra band known as intermediate band can be seen in the band gap. Completely isolated
intermediate band (IB) in the band structure of SnixInxA (A= S and Se)is shown in Fig. 2 with
blue box. We can see that Fermi energy level cross this intermediate band. There are three different

types of intermediate bands depending on the number of electrons in the IB: (i) type | (completely



empty), (ii) type Il (partially filled) and (iii) type Il (completely empty), as shown in Fig. 3. Type
I11 and I of the IB can be used as charge storage as they can store electronic charge in the form of
electrons or holes, respectively [10]. Numerous materials have been reported that possess
intermediate band for applications in Li-ion batteries like LiMn20s, LiCoO; etc [11]. Due to
partially filled 1B, SnixInxA (A= S and Se) is an appropriate material for solar cells with

intermediate band. In this article, main focus is on the compound having type Il intermediate band.
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Fig. 2: Electronic band structure of (a) SnixInxSe and (b) SnixInkS
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Fig. 2: Types of intermediate band w.r.t. position of Fermi level
DENSITY OF STATES

Total density of states (TDOS) and partial density of states (PDOS) are also calculated in
order to describe contributions of different orbitals in the material. Plotted TDOS and PDOS are
shown in Fig. 3. It can be noticed that major contributions in valance band come from Se atoms
and some minor contributions from Sn atoms. However, an intermediate band of In and Se atoms
is present around Fermi level (-0.25 to 0.25 eV). In conduction band, major contributions come

from Sn and Se atoms. However, In atoms also have minor contributions in conduction band.

From the plots of PDQOS, it can be noted that valance band can be divided into three section
i.e. first section (-5 to -4 eV), second section (-4 to -2 eV) and third section (-2 to 0.25 eV). In first
section, major contributions come from In(s), Sn(p) and Se/S(p) orbitals. Second section of valance
band mainly consists of Sn(p) and Se(p) orbitals, however, some minor contributions from In(p)
orbitals. And major contributions in third section of valance band come from Se/S(p), Sn(p), Sn(p),
however, strong contributions of In(s) and In(p) are present around Fermi level (above and below
0 eV). From the plots of PDOS, it can be noted that major contributions in conduction band come
from In(p), Sn(p) and Se/S(p) orbitals, however, Sn (s) and In(s) orbitals also have some minor

contributions in conduction band of SnixInSe.



—S-s

A

—Sn-s
—Sn-p
—Sn-d

TDOS

N
(

T
X =
s o

AISNRIS) SOAd

3 o

-

4
(-3

o

4 1d
x @
(=] (=]

(AI/s9®18) SOAd

T
0

QpD nun ..a..\,na::ww sodaL
(A¥SM®IS) SOAd

Energy (eV)



12 r T
4 — Se-S
< 0.94 —_—Sep| ————
S gep [Sn,In Se]
5 < — S|
i
:f 0.3
S ool —
g 00
§ 0.34
b el
5 02
2
2
g 0.1
L o r A‘—A
=
WV
303
=
a
%
2
A 0.0 N\ e L.__A__h-'
% = Se-TOT]
> 24 - In-TOT
kY - Sn-TOT)|
3
@
NS
14
g
&
o 0
2
2 164
=
> 124
o]
3 84 —TDOS
=
2 44
1o
S 0 T T
S 5 4 3 2 -1 0 1 2 3 4 5 6
Energy (eV)

Fig. 3: Total and partial density of states for Sni.xInxSe

Fermi Surface

Fermi surface (FS) is calculated for the reachable electronic orbital of SnixInxSe due to its
metallic nature. Near Fermi band configuration of SnixInsSe along the high-symmetry lines
selected in first Brillion zone of the tetragonal crystal is shown in Fig. 4 along high symmetry
points of the first Brillouin zone. Vital role in conductivity is played by the electrons present near
the Fermi level. Fermi Surface (FS) of the any metallic material can be used to understand its
electronic structure (density of states and band structure). Fermi surface is calculated in order to
get comprehensive information of the electronic states at the Fermi level. Fermi surface of Sn;.
xInxSe is shown in this article to get better description of the electronic states crossing the Er. We
have shown There are two regions in the plot of FS i.e. colored region and empty spaces which

shows electronic sheets and holes, respectively. There is only one band crossing the Fermi level



(Er) in the investigated compound. Different electrons in the system are defined by Fermi surface
whose topography is directly related to the thermoelectric properties of the materials like electrical
conductivity. Layers with different colors shows electrons with different velocities. Electrons in
red layers have higher velocities as compared to the electrons in blue layers.

Fig. 4: Fermi surface for SnixInxSe

Optical Properties

In this section, we investigated optical properties of SnixInxA (A= S and Se) in order to
explore potential applications of aforementioned compound in telecommunication, solar cell and
optoelectronic technologies. Following relations are used to calculate optical conductivity o(w),
extinction coefficient k(w), refractive index n(w), energy loss function L(w), absorption
coefficient I (w) and dielectric function e(w) [12, 13].

El(w) =1+4+- P fOO w’,gZZ(ZZ) dw ! (3)
eZhs 3
82((‘)) T2 w? ZvchZ |Mcv(k)| S[wcv(k) - ]d k (4)
- \/7 1/2
e2(w)+€3(w)
n(w) = glgw) F3 > : ®)
] 1/2
’sz(w)+£2(w)
k(o) = [~ 22— (6)
R((l)) _ (n—1)%+k? (7)

(n+1)2+k?



a(w) = 4mk(w)/A (8
o(w) = 2Wyh'w)/Ey 9)
L(w) = Im(-1/&(w)) (8)
Where transition rate per unit time is specified by Woy.

Complex dielectric function can be used to discuss the type of interaction between Sni.
xInxSe and the incoming photons. Following relation can be used to calculate complex dielectric

function:

e(w) = &(w) + ig(w) 9)

Where &, (w) is known as real part of dielectric function and it describes the dispersion of
light as a result of interaction between photons and host lattice. And &, (w) is known as imaginary
part of complex dielectric function and it can be used to explain the absorption of photons as a
result of electronic transitions between different bands of the material. Kramer-Kronig relation can
be used to relate these parameters [14, 15] and these parameters are used to calculate all other

optical parameters over photon energy range of 0-14 eV.

Real part £, (w) and imaginary part &, (w) of complex dielectric function is shown in Fig.
5 (@) and (b), respectively. Chalcogenide compound (ShixInxA (A= S and Se)) belongs to
tetragonal crystal system and the three main components of complex dielectric function are
e (w) = €”Y(w) and e (w). Highest peaks in the spectra of £7*(w) and e7*(w) are present in
infrared and visible region. After 2.0 eV, both curves of £;*(w) and €% (w) decrease continuously
and becomes negative at approximately 5.7 and 2.6 eV, respectively. These negative values of both
components of real part &, (w) shows metal like reflecting nature of Sni.xInxSe. Computed spectra
can also be used to determine an important quantity known as static values of real part £, (0) of
complex dielectric function. Values of static dielectric constant for £{*(0) and €#%(0) of Sni.
xInxSe are approximately 9.8 and 19.9, respectively. Penn’s model can be used to explain this
property by the following relation [16] and one can conclude that materials having larger value of

E, have lower values of £;(0):

hwp

g0) =1+ (—)2 (10)

Eg



Imaginary part &,(w) of complex dielectric is used to explain absorption of incoming
photons by the interacting material. A unique parameter in the spectra of &, (w) is its critical value
that is directly related to threshold energy above and below which SnixInkA (A= S and Se) shows
absorption and transmission of photons, respectively. One can notice that critical value in the
spectra of compound under study lie below 0 eV which shows that all the photons are absorbed by
this material and no transmission is present. Highest peaks in the spectra of €3*(w) and &% (w)
are present at approximately 2.4 and 2.0 eV, respectively. After that both curves start reducing and
other smaller peaks are present around 5.4 and 6.7 eV in the spectra of &*(w) and &#*(w),
respectively. After these minor peaks due to different electronic transitions, &, (w) becomes zero
at13.5eV.
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Fig. 5: () Real part &, (w) and (b) imaginary part &, (w) of complex dielectric function for Sn-

xINxSe

Calculated spectra of refractive index n(w) and extinction coefficient k(w) for Sni.xInxA
(A= S and Se) are shown in Fig. 6 (a) and (b). Following relations can also be used to calculate
extinction coefficient (k(w)) and refractive index (n(w)) from the calculated values of real part

&1 (w) and imaginary part &, (w) of complex dielectric function:

& (w) =n? — k? (11)
&(w) = 2nk (12)

Dispersion and transparency characteristics of the material can be explained by refractive
index n(w). Highest peaks in the spectra of n**(w) and n**(w) are present in infrared and visible
region at approximately 1.7 and 0.5 eV, respectively. After 2.5 eV, both curves of n**(w) and
n“?(w) decrease continuously and becomes less than one at approximately 7.1 and 6.9 eV,
respectively, which shows that group velocity (I{g =c /n) becomes greater than speed of light [17]
and polarization of SnixInxA (A= S and Se) opposes these energies of photons. Computed spectra
of refractive index n(w) can also be used to determine an important quantity known as static
refractive index n(0). Values of static refractive index for n**(0) and n*#*(0) of SnixInyA (A= S
and Se) are approximately 3.05 and 4.45, respectively. following relation is satisfied by the static

values of real part £, (0) and refractive index n(0):

n(0) = /£,(0) (13)

Absorption of energy and other similar features to that of imaginary part &, (w) of complex
dielectric function are explained by extinction coefficient k(w). Like &, (w), extinction coefficient
k(w) also have some minor values at 0 eV which shows that all the incident photons are absorbed
by the target material. Highest peaks (k4 (®w)) in the spectra of extinction coefficient k**(w)
and k?#*(w) occurs at approximately 5.6 and 2.7 eV, respectively. There are sharp peaks in infrared
and visible region in the spectra of k??(w). There is a sharp decrease in spectra of k**(w) and

k?#*(w) after their peak values.
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Fig. 6: (a) Refractive index n(w) and (b) extinction coefficient k(w) for SnixInkSe
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Calculated spectra of absorption coefficient I (w) and reflectivity R(w) for SnixInkSe are

shown in Fig. 7 (a) and (b). The following relation can also be used to calculate absorption

coefficient [18]:

a(w) =V2w [\/el(a))z + & (w)? — sl(w)]l/z

There is no absorption of photons at both axes till 2.0 eV, inside the outlawed energy band.

One can observe highest and wide absorption bands in the spectra of absorption coefficient above

10.0 eV due to electronic transitions to conduction band from valance band. Very small absorption

of photons is observed in lower ultraviolet region i.e. between 3.0 to 8.0 eV and strong absorption

is present in high energy UV region i.e. above 10.0 eV.



Furthermore, difference of incident power and reflected power known as reflectivity R (w)
is also calculated for surface study of SnixInkSe. The value of reflectivity R(w) at zero frequency
limit known as static reflectivity R(0) can also be calculated from the spectra of reflectivity.
Calculated values of static reflectivity R**(0) and R##(0) are approximately 0.256 and 0.4,
respectively. Behavior of real part £; (w) of complex dielectric function and reflectivity is similar
to each other. Therefore, absorption coefficient I(w) and reflectivity R(w) are inversely
proportional to each other which means that reflectivity have higher values in the region where
absorption coefficient have lower values. Moreover, various small peaks are also present in the
spectra of reflectivity R(w) due to anisotropy of the material. However, reflectivity is maximum
where &; (w) is minimum due to the reason that band gap becomes zero and all the incident photons

are reflected by the material in the metallic region.
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Fig. 7: (a) Absorption coefficient I(w) and (b) reflectivity R(w) for SnixInkSe

The energy loss function L(w) and optical conductivity o(w) are shown in Fig. 8 (a) and
(b), respectively. Energy loss function L(w) is considered as an important optical parameter that
specifies the loss of energy by the fast moving electrons across the material. The peaks in the
spectra of L(w) contain characteristic behaviors that are associated with the plasma oscillations
and the corresponding frequencies are known as plasma frequencies. Major peaks in the spectra of
energy loss function L(w) appears because of plasmon excitations. It is due to the mutual
oscillations of the background atomic cores against the valance electrons in the longitudinal
fashion with plasma frequency w,. One can notice from the spectra that there is no significant loss
of energy by electrons up to 9.0 eV and then values of energy loss function L(w) becomes

maximum from 10.0 to 14.0 eV.

The optical conductivity o(w) is the measure of charge carriers produced as a result of
breaking of bonds between the atoms of the material due to incoming photons that gives moderate
forward current. We can see form Fig. 8 (b) that variations in the calculated spectra of optical
conductivity o(w) shows similar behavior as that of imaginary part €, (w), extinction coefficient
k(w) and absorption coefficient a(w), which illustrate that peaks in the spectra of optical
conductivity o(w) arise due to absorption of incoming photons. Highest peaks in the spectra of

optical conductivity **(w) and o%*(w) are present in near UV region and visible region.
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Conclusion

The exploration of the effects of the transition metals on structural and optical function dispersion
of In doped SnS and SnSe materials have been performed using DFT based FP-LAPW approach
within the GGA potential schemes. The electronic properties have shown the metallic nature. For
the accurate calculations of the electronic structures i.e., band structures and density (Total and
Partial) of states have been performed by employing the GGA functional. As we are interested in
the optical properties of these materials, here we have discussed the results of spectral maxima

positions.

The optical responses of are studied in terms of dielectric function dispersions  (

glw)=g(w) + &, (w)) and other related optical properties (I (ew),



L(w),

R(w),n(w), K(w)and o(ew)). The main peaks in the =, (), are due to electronic transitions

from Sn/Se/S and In atoms.
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