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In recent research double perovskites have become the burning topic for solar cells because of lead free nature,
stability, and exceptional performance. Therefore, here we have explained the optical and transport properties of
K2AgInXe (X = Cl, Br) for solar cells and thermoelectric generators. The confirmation of thermodynamic stability
been reported by formation energy and structural existence by tolerance factor. The band gaps of 2.34 eV, 1.37
eV, and 0.0 eV are computed from the band structures for KoAgInCls, K2AgInBrg, and KoAgInlg respectively. The

band gap of KxAgInBrg is found ideal for solar cells having large absorption band (376-612 nm) in the visible
region. The optical characteristics of KoAgInCls, and KoAgInBre are argued in terms of dielectric constants,
refractive index, optical loss, and reflection of light. Finally, the thermoelectric behavior has been described by
power factor and figure of merit in terms of carrier's concentration and temperature. The large Seebeck coefficient
and remarkably small lattice conductivity increases their significance for thermoelectric generators.

1. Introduction

From the last few decades, the researchers have been struggling to
find sustainable clean and green energy alternatives to rapidly dying
conventional sources of energy. Because energy production cost and
usage has been increasing day by day along with causing adverse envi-
ronmental pollution [1-3]. Sunlight and heat being easily available in the
most part of the world through-out the year are the cheaper alternatives
to the energy resources like fossil fuels [4]. At present, one of the
important green energy sources is the solar cell. It has been considered an
efficient alternative to fossil fuels having low production costs and high
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performance [5]. Solar cell technology depends mainly on the material
used for the manufacturing of solar cells, because different materials
have shown different energy conversion efficiencies [6]. Therefore,
advanced systematic attempts are required to find efficient, cost-effective
and stable, as well as sustainable solar cells. Perovskite solar cells (PSCs)
have been developed and extensively tested by many researchers [6-11]
to study environmental effects (like moisture and heat, etc.) on the per-
formance of PSC [9-11]. Poor stability and toxic nature of Pb-based
perovskites have been the major hindrance in the large-scale produc-
tion, as reported by many researchers [12]. Perovskites have shown
absorption of visible light energy, which undoubtedly proposes their
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future usage in solar cell technology [13].

Double perovskites have appeared as an important alternative to
many other solar cell materials due to efforts of researchers for growth of
Pb-free perovskite solar cells for their usage in photovoltaics on com-
mercial scale. Double-perovskites having formula AB'B"X¢ (A, B/, and B”
are metal cations and X is an anion) have helped researchers in devel-
opment of research fields of photovoltaics, photocatalysis, optoelec-
tronics and thermoelectrics [14]. Liu et al., in 2015 [15] reported that
lead-based organic perovskites have shown high efficiency 22.1% but
due to toxicity of Pb and instability of structure, their applications are
limited. Nevertheless, many other Pb-free perovskites, for example,
Murtaza et al. [16,17], has investigated double perovskites, i.e.,
RbyAgTIClg and CspAgTIClg, and reported to have high stability along
with high absorption. In Refs. [18,19], RbyTeA¢ (A = Cl, Br, I) have been
studied using first-principle approach. Also, Mahmood et al. [20] has
reported promising optoelectronic and thermoelectric properties of cubic
Rb,PtYe (Y = Cl, Br) double perovskite. There have been efforts made by
various researchers [21-23] to develop organic-inorganic hybrid perov-
skites of the form CH3sNH3PbX3 (X = Cl, Br, I) due to their less weight and
easy fabrication. These hybrid perovskites have shown critical toxicity
and stability issue and are in use currently for limited solar systems [24,
25]. Consequently, researchers have been focusing on the development
of Pb-free double perovskites. Recently, many researchers [26-28] have
reported many lead-free non-toxic and stable materials for renewable
energy applications, i.e., solar cells, photovoltaics, and light emitting
diodes (LED's), as well as thermoelectric (TE) generators.

In Ref. [29], Cs2InAgClg was studied and reported direct bandgap of
3.3 eV and ZT value of 0.94 suitable for thermoelectric devices. Tariq
et al. [30] has studied CspAgInYs (Y = Cl, Br, I, F) and emphasized on
semiconducting nature and direct bandgap of these materials. Khan et al.
[31] has investigated the opto-electronic and transport properties of
CspScAgYs (Y = Cl, Br, I). These compounds have shown indirect
bandgap value of 1.9 eV and 1.55 eV, along with figure of merit value of
0.74 at 300 K. Nawaz et al. [32] has reported DFT studies of Rb,YInAg (A
= [, Br, Cl) and highlighted their potential usage in optoelectronic and
cooling thermal devices. Nazir et al. [33] has studied X;,LiInBrg (X = Rb,
Cs) for solar cell applications. Anbarasan et al. [34] reported structural,
mechanical, and optoelectronic characteristics of Cs;AgInYg (Y = Cl, Br,
D) using first-principle calculations. Mukhtar et al. [35] studied XoNalnlg
(X = Cs, Rb) double perovskite and found them to be suitable for solar
cell fabrication. Noor et al. [36] has analyzed X,ScInlg (X = Rb, Cs) using
DFT and found them useful for optoelectronic devices. Igbal et al. [37]
studied opto-electronic and thermoelectric properties of RboAllnXg (X =
CL, Br, I) using DFT. The studied DPs K>AgInXg (X = Cl, Br) are highly
stable, and have direct band gap which is important for inter-band
transitions and recombination's. The KyAgInBrg has ideal band gap
(1.30 eV) for solar cells with large absorption energy band in the visible
region. Therefore, KoAgInBrg is very much important for high perfor-
mance inorganic materials to fabricate solar cells. Furthermore, the large
values of Seebeck coefficient and ultralow thermal conductivity increases
the figure of merit at low and room temperature. Therefore, our findings
will provide deep knowledge and excellent materials to experimental
researchers to realize them for renewable energy.

In light of above literature, we have addressed the structural, elec-
tronic, optical, and thermoelectric characteristics of DPs KoAgInXe (X =
CL, Br, I) for solar cells and energy harvesting applications which increase
their importance. The tunning of band gaps by varying anions Cl to I
shifts the absoption regions from ultraviolet to visible region. Therefore,
our findings provides evidences to researchers to realize them for solar
cells applications.

2. Method of calculations
Computations have been performed for KyAgInXg (X = Cl, Br) DPs by

using Wien2K code with employing FP-LAPW method [38,39]. The
PBE-GGA functional was used for calculating precise lattice constants,
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ground state energy and bulk modulus though Murnaghan's equations of
states for studied DPs [40-42]. This approximation helps in computing
the structural parameters; however, it underestimates the electronic pa-
rameters specially band gap. The TB-mBJ potential is versatile and take
less time for calculation as compared to Hybrid functional HSE06, even
though, these two potentials have equivalent accuracy [43]. Therefore, to
accurate the band gap, the TB-mBJ potential is applied over PBE-GGA.
Furthermore, the SOC coupling has also been included because it af-
fects the band gap materials of heavy elements. For calculations, the
following input values of £max = 10, Gmax = 14 and Ryt X Knax = 8 are
inserted in the software. To obtain converged parameters, the k-mesh of
15 x 15 x 15 was used and convergence is set at 10~ Ry. The BoltzTrap
code is used for calculation of thermoelectric properties and lattice
thermal conductivity by ShengBTE code [44].

3. Results and discussion
3.1. Structural properties

The crystal structures of cubic phase DPs KoAgInXg (X = Cl, Br, I) with
space group Fm 3 m (225) are plotted in Fig. 1 whose lift side has atomic
view and right-side polyhedral form. The region among the octahedra
AgXe and InXg is occupied by the base element K which is represented by
blue balls. The octahedra separate each other by 6-fold of coordination of
X atoms. Therefore, the 12 and 6 atoms of anions (Cl, Br, I) covers the
central atoms (Ag, In) and K atoms, respectively. The each octahedra has
Ag (dark blue) and In (purple) atoms at the center surrounded by halide
ions (Cl, Br, I) in green color. In this way the 4a, 4b, 8c and 24e Wyckoff
sites are associated with Ag, In, K and X atoms, respectively [45]. These
Wyckoff sites have the coordination positions (0, 0, 0), (0.25, 0.25, 0.25),
and (0.2, 0, 0) which illustrate the atomic existence.

The crystal structures in cubic phase are optimized to get the lattice
constant (ap), energy released (E), and bulk modulus (B) though Mur-
naghan's equation of states. The calculated values are given in Table 1,
which instigate the ay increases from Cl to I due to increasing size of
halogen atoms. Furthermore, B decreases from Cl to I due to increasing ap
reduces the ability of the materials to bear stress. For the calculations of
formation energy, the individual elements, and compounds structures are
optimized, and their energies are fitted in the chemical relation

AH] :EToml(K[AngnnXo) —Ex — mEAg —nky, — oEx )

Here Eryqi(KiAgnmIn,X,) is the total energy of KoAgInXe while Ex, Eag, Ein
and Ex are the energies of K, Ag, In and X atoms [46]. The negative values
of AHg for the studied DPs confirm their thermodynamic stability (See
Table 1). It decreases from Cl to I which shows the decrease in thermo-
dynamic stability. Furthermore, the structural stability has also been
calculated from

rx +rx

tr=
rg+ry

(2)

Here rg, rg and rx are the radii of K, B = Ag + In/2, and X atoms. The
value of B is calculated by taking the average of Ag and In atoms atomic
radii. The radii of the elements are calculated from the Xcrysden software
by taking the optimized structures. The stable compounds have the range
of tg from 0.90 to 1.0 [47]. The computed values are 0.94 and 0.95 for
KoAgInClg and KpAgInBrg, respectively. Therefore, the studied DPs
structures are stable (See Table 1) and can be used for characterization to
explore their applications.

3.2. Electronic properties

The electronic characteristics of these studied DPs are analyzed from
BS as highlighted in Fig. 2 (a-c). It is clear that the valence band (VB) uper
edge and conduction band (CB) lower edge lie at I" direction that show
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Fig. 1. Crystal structure of KoAgInXe (X = Cl, Br, I) in atomic (left side) and polyhedral form (right side).

Table 1

The lattice and optical parameters of K;AgInXs (X = Cl, Br, ).
Parameter K»AgInClg KoAgInBrg KoAgInlg
a, (;\) 10.32 10.86 11.79
B, (GPa) 36.90 27.63 23.14
Hg¢ (eV) —-1.66 —1.08 —0.86
T¢ 0.94 0.95 0.97
Eg (eV) 2.37 1.34 0.0
£1(0) 2.61 3.20 6.22
n(0) 1.61 1.79 2.49
R (0) 0.055 0.079 0.183
m: 0.23mg 0.25mg 0.34m,
m,, 0.18m, 0.20 mg 0.27 mg

the direct band gap. The direct band gap is essential for optoelectronics
and solar cells. The values of band gaps for KoAgInCls, KoAgInBrg, and
KoAgInlg are 2.37 eV, 1.34 eV, and 0.0 eV, respectively. The band gap
2.37 eV for KyAgInClg ensure the absoprtion from visible to ultravioet
region, 1.34 eV for K;AgInBrg has ideal range which lies in visible region
and zero band gap for KoAglInlg shows the metallic behavior. Moreover,
the states are flat and dense at VB and states at CB are curved and very
less which show the holes are effective masess are larger and moble
carriers are electrons in the studied DPs. The calculated effective masses
of electrons (m:) and holes (m;) at conduction and valence band edges
are shown in Table 1 which show the holes have large values of m;, as
compared to electrons m,. Therefore, our calculated results are consistent
with discription of band structures.

For the comprehensive analysis of contribution of carriers, transitions
and recombination, the DOS of individual elements are essential.
Therefore, the DOS of K, Ag, In and X atoms are drawn in Fig. 3 (a-c). The
s, p states of K lies in energy range of —1.5 to —3.0 eV, —1.0 to —2.0 eV,
and Ep to —1.5 eV for KoAgInClg, K2AgInBrg, KoAgInle, respectively in the
VB. In the CB, the states exist from 7.0 to 8.0 eV for KoAgIn (Cl/Br)g, and
4.0-8.0 eV for KoAgInl. These are deep level states and their impact on
the physical characteristics of materials is negligible. Furthermore, the s,
p; d states of Ag falls in the range —3.0 to —3.5 eV, —2.0 to —3.0 eV, and
zero to —3.5 eV in VB while in CB, the states exists 5.5-7.0 eV, 2.5-4.0
eV, and at Ep for KyAgInCls, KoAgInBrg, and KpAglnlg, respectively.
Furthermore, the p, d states of In lie from Eg to —3.5 eV in VB and in CB
their contribution is ignorable. Finally, the X (Cl, Br, I) atoms’ p states
exists from Ep to —3 eV in the VB and some portion from 2.0 to 3.0 eV in
CB. However, its s states across the Ep level for K;Aglnlg. Therefore, the
analysis reveals that the favorable transitions occur from d states of Ag, p,
d states of In and p states of X atoms to d states of Ag and p states of X
atoms for KyAgInClg and KoAgInBrg. For KoAglnlg the states show the
intra-band transitions and metallic character. Therefore, we have only
elaborated the optical and thermoelectric properties of KoAgInCle and
KoAgInBre.

3.3. Optical properties

The optical characteristics of K;AgInXs (X = Cl, Br) are discussed by
dielectric constants e(0) = €1(®) + iez(®) and their dependent parame-
ters. Here €1(®0) and e;(w) are real and imaginary portions which inves-
tigate the polarization/dispersion, and absorption of light energy. The
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Fig. 2. The band structures of (a) KoAgInCle, (b) K2AgInBrg, (¢) KoAgInl.
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Fig. 3. Density of states of K, Ag, In and Cl/Br/I for (a) K»AgInClg, (b) KoAgInBre, () KoAgInle.

refractive index n (®), absorption a (w) and reflection R (») are computed
through the relation as calculated in refs [48-50]. The computed optical
parameters are enclosed in Fig. 4(a—d) and Fig. 5 (a, b). The static &; (0)
have values 2.61 and 3.20 for KyAgInCle and KyAgInBrg, respectively.
These static values are related to band gaps according to Penn's relation
g1 (0) =1+ (h(op/Eg)2 [51]. Its value increases and reaches to peak at 3.6
eV and 2.5 eV for K;AgInClg and K>AgInBrg, respectively. At resonance,
the dispersion of incoming light energy is maximum and then drops to
lowest values as energy slightly increase from resonance values.
Furthermore, the variation in dispersion of light occurs with increase in
energy. The insertion of Br-ion shows more dispersion as compare to
Cl-ion. Hence, variation of anion has great importance to enhance optical
applications.

Another important aspect for optical applications is refractive index
n(m), which tells about transparency of the materials. The findings of
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Fig. 4. The calculated (a) &; (®), (b) n (), (c) &; (®) and (d) a (®) for KoAgInXe
(X = Cl, Br).
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Fig. 5. The calculated (a) R (»), and (b) L (®) for K2AgInXs (X = Cl, Br).

n(w) reveal that its static values have relation with static dielectric con-
stant ng = £1(0) [52] as shown in Table 1. The increase in incident energy
increases dispersion up to 3.5 and 2.5 for KyAgInClg and KpAgInBrg,
respectively, as presented in Fig. 4b.

The e3(w) measures the absorption of light energy whose obtained
values are drawn in Fig. 4 (c). The g5(») is computed from &;(») through
Kramer-Kronig relation [53]. Its threshold values show the optical band
gap which is determined by drawing tangent to the curves. These optical
band gaps 2.37 eV and 1.35 eV are consistent with band gaps computed
from BS which ensure the reliability of the theoretical calculations of BS
and optical analysis. It is noticed that the maximum absorption bands fall
in the energy range from 3.0 eV to 4.5 eV and 2.0 eV-3.5 eV for
KoAgInCle, and KyAgInBrg, respectively. Therefore, the KAgInClg is
suitable for optoelectronic devices in ultraviolet regions whereas
KoAgInBrs is significantly important for solar cells in working in visible
region. Similarly, a (®) also show the absorption of light energy as
depicted in Fig. 4 (d). It is clear from the graphs the absorption bands are
consistent with the absorption bands found in g5(®).

Like above discussion of optical parameters reflectivity R(®) and
optical loss L(w) are also important factors whose values should be
minimum for best optical materials. The R(w) illustrate the surface
morphology of studied compounds. Computed values of R(w) are shown
in Fig. 5a. Its values at zero energy are 0.055 and 0.079 for K>AgInCls,
and KyAgInBrg, respectively. It increases with rising the energy of pho-
tons and becomes maximum at 3 eV (0.10) and 3.6 eV (0.14). The L(w) is



N.A. Kattan et al.

demonstrate the dispersion and scattering of light as presented in Fig. 5b.
KoAgInBrg and KyAgInClg are good materials in the energy range 1
eV-1.7 eVand 1 eV-2.2 eV, respectively. The increase in energy, loss also
increases and gain maximum loss at 3.2 eV and 4.2 eV for KyAgInBrg and
K>AgInClg, respectively. The above discussion ensure that the K;AgInBrg
is more important for solar cells than K>AgInClg because of least energy
loss and large values of absorption in the visible region.

3.4. Thermoelectric properties

We have characterized our studied compounds for their thermoelec-
tric performance from figure of merit (ZT) as given by ZT = (6S%/k)
[54-56]. An efficient thermoelectric material has high Seebeck coeffi-
cient (S), high electrical conductivity (c), and low thermal conductivity
(x). We have utilized BoltzTrap code to compute thermoelectric prop-
erties of KoAgInClg and KoAgInBrg with respect to temperature T (K) and
chemical potential p (eV). The p- and n-type characters have been cate-
gorized by carrier's concentration. The p tells us about the energy needed
for the addition or removal of electrons from the materials. The p is
positive when electrons are added to the system and it is negative when
electrons are removed from the system. When electrons are added in the
system, it acts as n-type material and removal of electrons increase holes
which shows the studied materials are p-type [57]. Furthermore, the DOS
are largely occupied at the valence band than at the conduction band
(Fig. 3) that confirm the presence of holes as dominant charge carriers
and p-type nature. The density of states represents the probability of
existence of carriers. The valence band has large number of closely
spaced density of states as compared to conduction band which shows the
more carriers are available at valence band than conduction band. In
semiconductors if the holes are majority carriers VB than electrons in the
CB the behaviors become the p-type. The computed values of ¢ and k.
against p and T are drawn in Fig. 6(a-d). The calculated ¢ values are
shown in Fig. 6a that includes the carrier's concentration for p ranges
from —0.15 eV to 0.30 eV. The first peaks of ¢ for KoAgIn(Cl/Br)¢ are
found at —0.03/0/-0.04 eV with intensity of carriers 5.0/6.0 x 10°
(@ 'm™) in p-type and at 0.24/0.18 eV with intensity of carriers
7.5/7.8 x 10° (@ 'm™!) in n-type region. In the core side from —0.1 eV
to —0.15 eV the intensity of carriers reaches to 5.0/6.0 x 10° (@ 'm™H)
but these carriers are not actively contributed to the . The computed 6
values at 100 K is about 0.30/0.26 x 10° (Q_lm_l) and reaches to
1.0/1.1 x 10° (@ 'm™1) at 500 K for KyAgIn(Cl/Br)s (c.f., Fig. 6b),
because high kinetic energy electrons break bonds at high temperature.
The 6 of KoAgInClg is relatively more than K;AgInBrg at each point due to
electrons of K»AgInClg facing less collision.

The thermal conductivity (k) has two parts, i.e., electronic (ke and
phonon (kpy) part. The impact of phonons has been ignored because of
high computational cost and restrictions of BoltzTraP code. The obtained
Ke values are plotted for p and T in Fig. 6(c and d) that show analogous
results to ¢ but having extremely low intensities. The k. rises from 0.15/
0.14 (W/mK) at 100 K up to 2.40/2.45 (W/mK) at 500 k for both KyAgIn
(Cl/Br)s. However, the k. is 10° smaller than o that highlights potential of
studied materials for solar cells applications [58].

The S is measured from ratio of potential difference (AV) to tem-
perature gradient (AT) amid the contacts of two metals. The computed S
are drawn in Fig. 7 (a, b). Its values vary from 0.04 eV to 0.15 eV for
K2AgInClg, and 0.03 eV-0.10 eV for K5AgInBre. These values show that S
has larger in n-type region due to less 6. The S for KoAgIn (Cl/Br)e first
increases slightly up to 200 K and then decreases gradually to 500 K,
respectively. The values of S are larger for KoAgInBrg than KyAgInClg
because of small ¢ values as already addressed in Fig. 6 (a, b). Further-
more, the S% has been plotted to guess the thermoelectric strength of
studied DPs whose values reaches to peak at 0.02 eV and in the periphery
of —0.010 eV in p-type side while in n-type side the values exist at 0.27
eV and 0.21 eV for KoAgIn(Cl/Br)e. Furthermore, the PF is 1.0 W/mK? at
100 K and increases to 3.5 W/mK? which show at higher T the strength is
higher due to large c.
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ZT values against p and T has been presented in Fig. 8 (a, b). The
KoAgInClg values are unity at 0.15 eV and 0.30 eV, whereas KoAgInBrg
value is unity at 0.07 eV and 0.2 eV, and at Fermi level. Hence for the n-
type region is important because of large value of S. For both K>AgIn(Cl/
Br)e, value of S decreases from 2.1/2.0 to 0.49 with increasing temper-
ature from 100 K to 500 K. Therefore, the studied DPs have large of ZT at
room temperature. The above discussion reveals the studied DPs are
important for thermoelectric generators and other thermoelectric
applications.

Furthermore, the specific heat capacity C, is computed to guarantee
the stability of studied DPs as shown in Fig. 8 (c, d). The contribution to
Cy in the p-type region from zero to —0.15 eV is reaches to 24/29 J/mol.K
while in the n-type region contribution is negligible. Therefore, holes
absorb more heat as compared to electrons because of their heavy
weight. Its trends against T increases from 100 K to 500 K which shows
with increasing T heat capacity also increases.

The contribution of lattice thermal conductivity (kx,) is a very
important parameter to determine the performance of thermoelectric
materials. The computed k. has been plotted in Fig. 9 versus T. For best
thermoelectric materials, its value should be least to enhance the ZT. Its
values are 2.9 W/mK and 2.5 W/mK at 100 K for KyAgInCle, and
KoAgInBrg, respectively which decreases to almost zero values at 400 K.
These ultralow values are comparable with thermoelectric players as
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Fig. 9. Lattice thermal conductivity versus T of K>AgInXs (X = Cl, Br).

0.15 W/mK [59], 1.24 W/mK [60], and 2.60 W/mK [61]. for CsoPdle
BiyTes and GeTe, respectively.

4. Conclusion

In brief, the KoAgInXe (X = Cl, Br, I) are elaborated for structural and
electronic properties by DFT approach which show the K>AgInCle and
KoAgInBrg are direct band gap semiconductors while KoAglnlg is metal.
The values of tg show the structural existence and values of AH; show
thermodynamic stability. The band gaps of 2.37 eV and 1.34 eV for
KoAgInClg and K2AgInBrg ensures their applications for ultraviolet and
visible light applications. The absorption band from 376 to 612 nm for
KoAgInBrg makes it an excellent candidate for solar cells. The least values
of optical loss and reflection with large attenuation of light in the visible
region which favor the solar cells. The large values of ZT and PF in at low
temperature and 300 K along with ultralow value of lattice vibration are
outstanding parameters for thermoelectric generators applications.
Therefore, the above conclusions of studied DPs will offer deep insight to
the experimental community to realize them for boosting the solar cells
and thermoelectric generators industry.
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