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The next-generation indium-based lead-free halide material Cs,InAgClg is promising for photovoltaic
applications due to its good air stability and non-toxic behavior. However, its wide bandgap (>3 eV) is
not suitable for the solar spectrum and hence reduces its photoelectronic efficiency for device
applications. Here we report a significant bandgap reduction from 2.85 eV to 0.65 eV via substitutional
doping and its effects on the optoelectronic and opto-thermoelectric properties from a first-principles
study. The results predict that Sn/Pb and Ga and Cu co-doping will enhance the density of states
significantly near the valence band maximum (VBM) and thus reduce the bandgap via shifting the VBM
upward, while alkali metals (K/Rb) slightly increase the bandgap. A strong absorption peak near the
Shockley—Queisser limit is observed in the co-doped case, while in the Sn/Pb-doped case, we notice

a peak in the middle of the visible region of the solar spectrum. The nature of the bandgap is indirect
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Accepted 6th January 2021 with Cu-Ga/Pb/Sn doping, and a significant reduction in the bandgap, from 2.85 eV to 0.65 eV, is

observed in the case of Ga—Cu co-doping. We observe a significant increase in the power factor (PF)
(2.03 mW m~1 K™2) for the n-type carrier after Pb-doping, which is ~3.5 times higher than in the pristine
case (0.6 mW m ~1 K~2) at 500 K.
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1. Introduction

The expeditious increase in the worldwide energy demand has
accelerated the quest for alternative fuels based on renewable
energy sources, which has emerged as a global challenge." Solar
light is considered to be a viable alternative to traditional fossil
fuels, as it can be regarded as a clean and inexhaustible source
of energy, which effectively benefits the environment and the
future. Over the last few decades, large-scale efforts to develop
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environment-friendly and cost-effective energy technologies
that utilize the solar spectrum using solar cells and waste heat
due via the Seebeck and Peltier effects have steadily increased.”
Therefore, scientists have invested enormous efforts into
discovering efficient and low-cost materials that effectively
utilize the UV-visible region of the solar spectrum.

Halide perovskites have been studied for the last few decades
as potential candidates for solar energy harvesting.® After the
first successful photovoltaic application by Kojima et al.,* the
organolead halide perovskites, CH;NH;PbBr;, (OHP) have
gained significant scientific attention and have emerged as
a star material in solid-state solar cells since 2012, but exhibit
stability issues .*> The available experimental®” and theoretical
studies®** on halide perovskites mainly focus on their opto-
electronic and thermoelectric applications."** OHPs have been
proposed to be economical and efficient materials like silicon
and SnSe for optoelectronic and thermoelectric applications,
respectively. Under practical operating conditions, ie., in the
presence of moisture and air and at typical temperatures,
organometal halide perovskites decompose into secondary
phases.*>' Their long-term stability and toxicity due to Pb still
lag behind their high efficiency, and improving these draw-
backs remains an ultimate challenge.” There have been efforts
to replace CH3;NH; with metal cations to improve their stability
and to replace Pb with non-toxic cations.'®?’ Recently, double
perovskites have emerged as a green alternative to poisonous
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lead halide perovskites. They also offer a viable engineering
route for bandgap tuning via various cation and anion
choices.’*>¢ A successful attempt to use inorganic halide
perovskites was made in 2016, in which the first double halide
perovskite, Cs,AgBiXs (X = Br, Cl), was synthesized and tested
for photovoltaic applications by Slavney et al.** and McClure
et al* Later, Xiao et al* reported that the weak coupling
between the 6s and 6p orbitals of Bi and Br, respectively, makes
Cs,AgBiX; less stable than OHPs. The bandgap of Cs,AgBiX; is
also above the Shockley-Queisser limit required for a single-
junction solar cell.*® Theoretical studies by Han et al.** based
on density functional theory (DFT) contradict the experimental
results regarding structural stability reported by Slavney et al.*®
and McClure et al.*® and predict that its decomposition into
binary and ternary compounds occurs above 700 K.

Volonakis et al.* reported Cs,InAgCl as a direct band gap
(3.3 eV) material with air stability, non-toxicity, and Earth
abundance. This double perovskite possesses a highly tuneable
direct bandgap in the visible range. However, the measured
direct bandgap of Cs,InAgClg is too far from the optimum value
of the Shockley-Queisser limit required for high-performance
solar cells. The large bandgap of Cs,InAgCl limits effective
carrier transport between the valence band maximum and
conduction band minimum, thus limiting the efficiency of the
thermoelectric devices.** However, it could be a suitable alter-
native to OHPs if the bandgap could be reduced by bandgap
engineering. Double perovskites have the peculiar feature of
wide compositional tunability. They offer the ability to alter
their atomic composition by doping or alloying, which are
straightforward approaches to engineer their bandgaps. Here,
we attempt to tune the bandgap and hence the optoelectronic
and opto-thermoelectric properties of Cs,InAgCls by substitu-
tional doping.

2. Crystal structure and
computational methods

The lead-free halide double perovskite Cs,InAgCl, crystallizes in
the face-centered cubic structure with the space group Fm3m
(225)*° as shown in the left panel of Fig. SI-1 (ESIT). The Cs/In/
Ag/Cl occupies the 8c/4a/4b/24e Wyckoff positions. The opti-
mized lattice parameters of Cs,InAgCl, are listed in Table SI-1,T
along with other available data for comparison, and they are in
good agreement with previous reports.*® To model the 25%
substitutional doping at different atomic sites, two Cs atoms
located at the (3,2, %) and (, 1, 1) positions are substituted by Rb
or K. In the Pb and Sn-doped cases, In at (0, 0, 0) and Ag at (3,1,
are substituted by Pb and Sn. For co-doping, we replaced In at
(0, 0, 0) with Ga, and Ag at (%, 1, 1) with Cu, resulting in 25%
effective doping of the parent system. The doped systems adopt
different space groups, as mentioned in Table SI-1.f Further
crystallographic details can be obtained in ref. 30.

We performed all the first principle calculations using the
full potential augmented plane wave method (FP-LAPW) as
implemented in the WIEN2k code.**** We used the generalized

gradient approximation (GGA) with the Perdew-Burke-
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Ernzerhof (PBE) functional for the description of electron
exchange and correlation.*** To calculate the electronic prop-
erties with an improved band gap, we employed the Becke and
Johnson potential®® and its modified versions.’”*® Table SI-1t
demonstrates that the modified Beck and Johnson potential
(mB]) proposed by Koller et al.*® (hereafter referred to as KTB-
mB]J) gives a better estimate of bandgap than other mBjJs.
Recently, Jishi et al.* reported that, with the appropriate tuning
of the parameter ¢ (eqn (1) in ref. 36), the experimental band gap
of perovskites can be reproduced. However, in the present
investigation, we found that the bandgap was overestimated
compared to the experimental bandgap, and hence we do not
report the results calculated using Jishi's mBJ potential.
Therefore, all the relevant properties of interest were computed
using KTB-mBJ in this study. We set the size of the k-mesh to be
12 x 12 x 12, the product of the smallest of all the atomic
sphere radii (Ry,) and the plane wave cut-off (K., to 8.5, the
magnitude of the largest vector (Gpax) t0 12, lynsmax to 6, and the
energy, charge, and force convergence criteria to 107> Ry,
0.0001e and 0.05 mRy per a.u., respectively. The self-consistent
field calculations were performed using 10 x 10 x 10and 5 X 5
x 5 k-meshes for the pristine and doped cases while all other
parameters were kept at the values described above and
mentioned in Table SI-1.1 For the computation of the electronic
and optical properties, 14 x 14 x 14 and 7 x 7 x 7 shifted k-
mesh grids were used for pristine and doped systems. We
calculated the optical properties using the method described in
ref. 41. Thermoelectric (TE) properties, such as the Seebeck
coefficient («), electrical conductivity (o), electronic thermal
conductivity (k.), power factor (PF) and thermoelectric figure of
merit (ZT), were computed using Boltzmann transport theory
within the constant relaxation time approximation (CRTA) and
rigid band approximation (RBA).*"*** Convergence was ach-
ieved in the TE coefficients (change of less than 1%) with dense
k-grids of 28 x 28 x 28 and 14 x 14 x 14 for the pristine and
the doped cases, respectively.

3. Results and discussion

3.1. Electronic structure

Fig. la-c depicts the band structure of pristine Cs,InAgClg
computed using PBE (Fig. 1a), PBE + SOC (Fig. 1b) and KTB-mBJ
+ SOC (Fig. 1c). The overall features of the band structure of
Cs,InAgClg are similar to those in the previous reports such as
in ref. 44. It is to be noted that the band gap (2.85 eV) computed
using TB-mB]J agrees well with the values (2.53 eV; TB-mB]) re-
ported by some of the co-authors** but still underestimates the
experimental band gap (3.3 eV) owing to the difference in the
mBJ potentials used. Additionally, it is clear from Fig. 1c that
KBT-mBJ + SOC (E, = 2.85 eV) improved the PBE band gap
(1.0 ev; Fig. 1a), and we observe that the inclusion of SOC
(Fig. 1b) slightly changes the band dispersion in the valence
band.

Further information about the density of states (DOS) and
projected DOS for the studied systems is given in Fig. SI-(2).t

To engineer the bandgap, we employed dual substitutional
doping at different atomic sites, i.e., isoelectronic (K/Rb at the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Electronic dispersion relations of Cs,InAgClg using: (a) PBE, (b) PBE + SOC, and (c) PBE with KTB-mBJ + SOC. The blue dashed lines

represent the Fermi level (E).

Cs site) and non-isoelectronic (Sn, Pb; Cu and Ga co-doping
(CGCD)) doping.

For the isoelectronic doping we observed that, for the fully
relaxed system, the lattice parameters changed less than 0.5%
compared to the pristine case. Since K/Rb is doped in the cage
of the octahedra (Cs-site) of AgCls and InCl,, their valence
electron (ns') is not expected to contribute near the VB/CB edges
because it is located at the deep valence states near ~6 eV. This
was confirmed from the electronic structure calculations shown
in Fig. SI-(3 and 4).1 K(Rb) doping increases the bandgap by 0.18
(0.16 eV) compared to the pristine case due to the size effect of
the dopant,* and the band dispersion remains intact.

It has been reported*® that the band dispersion near the
Fermi level can be altered significantly by alloying the octahedra
cation site (Ag/In) to enhance the optoelectronic and opto-
thermoelectric properties of the material. Therefore, we chose
the Ag/In site for non-isoelectronic doping.

Fig. 2a and b depict the Pb- and Sn-doped band structures,
respectively. Our findings reveal that Sn is a better dopant
candidate compared to Pb for optoelectronic applications. A
detailed description can be found in the next section.

The doped system becomes an indirect semiconductor with
a bandgap of 2.40 (2.08) eV after Pb(Sn) doping. The different
reduction in the bandgap with Pb doping compared to Sn
doping can be understood from the location of In-s states
(Fig. 3), which is shifted by ~0.3 eV when the system is doped
with Pb rather than Sn. The VBM occurs at the I" point, whereas

in the conduction band there are two minima present at M and
R. The minima in the conduction band are separated by
~0.07 eV, which gives rise to the valley degeneracy responsible
for the high figure of merit [ZT] for n-type carriers.*”

Interestingly, we observed the presence of Sn/Pb-s states in
the proximity of the Fermi level, giving rise to increased charge
carriers, which are especially advantageous in the context of
thermoelectrics.

Fig. 2c illustrates the band structure of the CGCD system.
The top of the valence band is mainly composed of the Cu-
d state with slight contributions from the In-s/p states. In the
conduction band, the In-s state is shifted towards the Fermi
level by ~2.2 eV, reducing the bandgap value to 0.65 eV which is
the lowest bandgap found among the various systems in the
present study. The bandgap is indirect, which prevents fast
electron-hole recombination, giving a high exciton lifetime.

The calculated total density of states of the studied alloys are
illustrated in Fig. SI-(4 and 5; for K/Rb and CGCDt). In the next
sections, we focus on the effects of the reduction of the bandgap
on the optical and thermoelectric properties.

3.2. Optical properties

After calculating the Kohn-Sham (KS) electronic states using
the k-grids mentioned in the crystal structure and computation
methods section, we computed the optical absorption spectra
using KTB-mBJ + SOC for pristine Cs,InAgCls along with its
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Fig. 3 Calculated total, atom, and orbital decomposed densities of states of Sn- (left panel) and Pb- (right panel) doped Cs,InAgCle obtained

using the PBE functional with the KTB-mBJ potential.

doped derivatives, which are shown in Fig. 4. A full description
of the method and equations used in computing the optical
properties is provided in ref. 41. The changes in the bandgap
due to the substitutional dopants are clearly reflected in the
optical spectra. For photovoltaic applications, a material must
show high optical absorbance in the visible region of the solar
spectrum.*®* The optical absorption edge was calculated by
extrapolation to be ~2.80 eV for the pristine case, and gradually
shifted towards lower energy with doping. For the CGCD
system, the shift was drastic (See Fig. SI-67).

Our results show that doping with a suitable candidate can
significantly improve the optical absorption over the ultraviolet
(UV) to IR (infrared) region. The optical absorption strength of
the co-doped system in the IR solar spectrum region is stronger
than that of the other doped systems, while in the visible region

Cs,AgInCl,
Cu & Ga-doped (12.5% each)
25% K-doped N
25% Pb-doped
25% Rb-doped
25% Sn-doped

[
>
T

[y
>
T

Absorption Coefficient (m)(104/cm)

4 5 6

0 1 2 3
Energy (eV)

Fig. 4 The absorption coefficient of Cs,InAgClg along with those of
the doped cases as a function of the photon energy.
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the Sn-doped system is dominant. The present findings may
serve as a guide for experimental studies on these non-
isoelectronic doped systems.

3.3. Thermoelectric properties

The thermoelectric (TE) transport properties were calculated
using the linearized Boltzmann transport equation (BTE), as
implemented in the BoltzTraP code,** which solves the BTE
within the constant relaxation time approximation (CRTA). The
BoltzTraP code interpolates the band structure obtained from
the DFT calculations, carries out the necessary integrations
(Fermi integrals) at different temperatures and Fermi levels and
provides the required transport coefficients as a function of
temperature and carrier concentration (for both p-type and n-
type); the results are shown in Fig. 5-7.

The performance of a thermoelectric material is governed by
the dimensionless figure of merit (Z7T), which is given by***!

0(20'

T = —T
K
where o is electrical conductivity, «®c is the power factor, T is
absolute temperature, and « is the total thermal conductivity,
which is composed of an electronic («.) and a lattice part (k;). We
do not consider the lattice part of the thermal conductivity here.

Tuning the bandgap by substitutional doping changed the
dispersion of the electronic bands around the Fermi level. This
in turn governed the behavior of |«| and ¢, and hence, the
power factor was affected.

Fig. 5 depicts the Seebeck coefficient (|«|) for p-type and n-
type pristine and doped systems. The isoelectronic doping
(with K and Rb) (Fig. 5c¢ and e) does not alter the |«| value, as
there is no change in the dispersion of bands. We found that
shows typical with decreasing carrier

[ex] behavior

© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentration, and also computed that the |«| value for the hole
is higher than that for the electrons. Since || is directly
proportional to the effective mass of the charge carriers, the flat
band dispersion (I'-X) at the valence band edges gives rise to
a large hole effective mass (m;,). On the other hand, a parabolic
band dispersion is observed for the conduction bands, leading
to a lighter electron effective mass (m;). For the Pb/Sn-doped
(Fig. 5d/f) system, the behavior of |a| can be interpreted
based on the band gaps and band dispersion. For all tempera-
tures, the |«| value of the electrons with the Pb-doped system is ~3
times higher than that observed in the pristine case at n = 10>
cm ?, which was due to the downward shift of the In-s state. It was
found that the Pb-doped system is more favorable than the pristine
one. Moreover, we found that the |«| for the electrons exceeds that
for the holes at higher carrier concentrations, the effect of which is
reflected in the power factor (PF). In the case of CGCD, the narrow
band gap triggers bipolar conduction at lower carrier concentra-
tions, and due to the flat band, the electrical conductivity is too low
compared to those of the other cases.

For all the cases, we obtained the electronic conductivity (o)
and PF by multiplying by = = 10~ s; this approach has also
been adopted by others.*>**> The results are displayed in Fig. 6
and 7. We found that ¢ increases with increasing carrier
concentration. In all the cases, ¢ was found to be greater for
electrons than for holes due to the parabolic dispersion of the
bands. However, in the Pb-doped system, the ¢ values for the
electrons and holes were found to be of similar order, which is
advantageous to boost performance with n-type doping.

5526 | RSC Adv, 2021, 1, 5521-5528

The temperature-dependent power factor, which is the
product of «® and o, is plotted as a function of carrier concen-
tration in Fig. 7. Because of the isoelectronic doping (Fig. 7c and
e), the behavior of the power factor for the K-/Rb-doped cases is
nearly the same as that for the pristine case with p-type doping,
and slightly higher than that for the pristine case for n-type
doping. For the co-doped case (Fig. 7b), the optimized value
of the power factor with n-type doping is 0.6 mW m ' K 2. A
remarkable feature in our study is the significantly enhanced PF
(2.03 mW m~* K ?) for n-type carrier concentration for the Pb-
doped case, in which the PF is ~3.5 times higher than in the
pristine case (0.6 mW m~* K~ ?) at 500 K.

4. Conclusions

In summary, we studied the effects of K, Rb, and Cu-Ga/Pb/Sn
substitution on the electronic, optical, and thermoelectric
transport properties of Cs,InAglg using first-principles calcula-
tions. We found that K/Rb-substitution increases the bandgap
slightly, while Cu-Ga/Pb/Sn-substitution decreases the band
gap significantly. The studied K/Rb-based systems are direct
bandgap semiconductors, while an indirect bandgap nature is
observed for the other doped systems. The absorption peak is
shifted from the ultraviolet region to the visible spectrum for
the indirect bandgap compounds, but remains similar for the
direct bandgap compounds. The optical absorption strength of
the co-doped (Cu-Ga-based) system is stronger than that of the
other doped systems in the IR solar region, while in the visible

© 2021 The Author(s). Published by the Royal Society of Chemistry
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region, the Sn-doped system shows dominant absorption.
Significant changes in thermoelectric properties were noted in
the Pb- and co-doped cases. The flat valence bands are
responsible for the poor thermoelectric performance of the co-
doped system. The downward shift of the In-s state in the Pb-
doped system enhances the PF ~3.5-fold compared to the
pristine case (0.6 mW m~' K ?) at 500 K with n-type doping.
Thus, our investigation reveals that the Pb-doped system is
a promising candidate for thermoelectric applications.
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