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Summary

Recently, the unique double perovskites are continuously being used for solar

cells and thermoelectric applications because of stable structures and high

energy conversion efficiency. We addressed the optical and transport charac-

teristics of X2GeI6 (X = K, Rb, Cs) by first-principle calculations. The tolerance

factor confirms the structural stability. The computed band gaps 1.27 eV

(K2GeI6), 1.24 eV (Rb2GeI6), and 1.13 eV (Cs2GeI6) plunge the maximum

absorption in visible light zone. The first absorption bands 459 to 826 nm for

K2GeI6, 477 to 885 nm for Rb2GeI6, and 653 to 992 nm for Cs2GeI6 are out-

standing for visible light solar cells. While the second absorption bands are for

other optoelectronic devices like surgical equipment. The optical characteris-

tics are debated by frequency-dependent dielectric constants (ε1, ε2), refractive
index, and absorption coefficient. Thermoelectric performance is evaluated by

large values of power factor and ultralow values of thermal conductivity for

both n- and p-type of charge carriers.

Highlights

• An alternative of organic-inorganic and Pb based perovskites

• Ideal band gaps 1.27 eV, 1.24 eV, and 1.13 eV of K2GeI6, Rb2GeI6, and

Cs2GeI6 for solar cells

• Absorption in the visible region increases their potential for solar cells.

• Observation of ultralow lattice thermal conductivity.
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1 | INTRODUCTION

The exponential growth of the global population and
extensive use of a variety of novel electronic devices is
resulting in ever-rising energy needs, which cannot be

fulfilled by the existing energy sources. Therefore, various
renewable energy sources are being explored for extracting
energy with high efficiency,1-4 for example, solar cells and
thermoelectric devices are being widely studied. Such
types of devices can be optimized to perform best by tuning
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the material properties.5-9 The perovskite based photovoltaic
(PV) technology has emerged as the most reliable and effi-
cient.10,11 The perovskite halides, which may be composed of
organic-inorganic hybrids and only inorganic constituents,
have attracted immense attention of the material scientists.12

Halide based organic-inorganic hybrids were at first used in
fabrication of dye sensitized solar cells (DSSC), but their
wide-spread commercial use was impeded due to limited effi-
ciency.13,14 Later, the use of only inorganic variant of the
perovskite halide resulted in improved efficiency as well as
the stability. For example, recently reported efficiency of such
perovskite halide based solar cell approaches to that for the
commercial Si based solar cell.15 Similarly, another renew-
able energy technology that reuses wasted heat produced in
a variety of commercial electronic or mechanical equip-
ment's, can also employ perovskite halides.

For improving the stability and efficiency in halide
perovskites, lead (Pb) cations are most important. However,
the toxic nature of Pb impedes broad commercial utilities
due to human health and environment related issues.16

Therefore, toxic Pb cations in perovskites have been tried to
be replaced with Sn+2 and Ge+2 cations, however, these cat-
ions are susceptible to the oxidation that reduces stability of
such perovskites.17,18 Similarly, perovskites with Bi+3 and
Sb+3 cations as Pb+2 substitutes exhibited limited perfor-
mance.19,20 Later, bivalent21 and heterovalent22 doping
resulted in improved stability and efficiency.

Mostly, perovskites appear with direct band gap with
the ability to be regulated by modifying the relative com-
positional arrangement of the constituent ions. Such com-
positional variations improve stability of the respective
phase that is quite appropriate for device applications.23-25

To achieve improved stability and efficiency, compounds
offering more choices for a variety of cationic substitutions
are required. Such requirements can be satisfied using
double perovskites, such as vacancy-ordered double perov-
skites, which can be produced when half of the B cations
in ABO3 perovskites are removed.26-28 For example, phase
transition temperature in K2SnX6 (X = I, Br, Cl) double
perovskite halides have been explored using phonon calcu-
lations to predict the materials properties under varying
environmental conditions.29 Similarly, CsSnI3 has been
studied as cubic photoactive double perovskite, it exhibits
poor light conversion capability.30-32 Therefore, for design-
ing novel optical and thermoelectric devices efficient and
stable materials are needed, which requires not only opti-
mizing the known materials but also to explore and inves-
tigate novel materials. To our best knowledge, no
experimental or theoretical report exists about X2GeI6
(X = K, Rb, CS). Herein, we present DFT-based computa-
tions of X2GeI6 (X = K, Rb, CS) double perovskite halides
to evaluate optical and thermoelectric properties for com-
mercial device applications. The computed band gaps

1.27 eV for K2GeI6, 1.24 eV for Rb2GeI6, and 1.13 eV for
Cs2GeI6 are novel for solar cells due to their ability for
highest visible light absorption.

2 | METHODOLOGY

The Wien2k code has been manipulated by full potential
linearized augmented plane wave (FP-LAPW). In brief,
FP-LAPW method was used to determine the optical, and
electronic attributes of X2GeI6 (X = K, Rb, Cs) DPs.33 Fur-
ther, the Perdew-Burke-Ernzerhof Generalized-Gradient
Approximation (PBE-GGA) is applied to optimize the crys-
tal structures for the accurate depiction of lattice constant.
This approximation explores crystal structure, and lattice
constant properly but deviate values of band gap from
experimental values. Therefore, TB-mBJ potential modified
by Becke and Johnson incorporated whose accuracy is close
to actual values. The comparison of Hybrid functional
HSE06, GGA + U with TB-mBJ potential ensures the calcu-
lations of HSE06, and TB-mBJ potential is consistent. The
TB-mBJ potential advantage of HSE06 because of its low
computational cost, easy to run, and friendly.34 Therefore,
TB-mBJ potential is explained mathematically as

VmBJ
x,σ rð Þ¼ cVBR

x,σ rð Þþ 3c�2ð Þ1
π

ffiffiffi
5

p

12

ffiffiffiffiffiffiffiffiffiffiffiffi
2tσ rð Þp
ρσ rð Þ : ð1Þ

The charge convergence can be calculated as

c¼ αþ β
1

V cell

ð
d3r

rρ rð Þj j
ρ rð Þ

� �12

: ð2Þ

The α = �0.012 and β =1.023 Bohr1/2 are computa-
tional constants. Moreover, Rb, Cs, and I are heavy ele-
ments in spin orbit coupling (SOC), and therefore, can
substantially affect the band gap. For this reason, we
have operated computational analysis using potential TB-
mBJ + SOC. The factors RMTxKmax (product of muffin-
tin sphere radius and the wave vector maxima), Gmax

(Gaussian parameter), and Imax (angular momentum)
have given values 8, 16, and 10, respectively. The conver-
sion of change has been ensured up to 0.00001 Ry. The
Monk Horst-Pack is particularly important for conver-
gence, and accuracy is adjusted as 20 � 20 � 20 for opti-
cal and electronic properties, while for thermoelectric
properties it increased to 30 � 30 � because denser
k-mesh is required. The bandgap-dependent optical prop-
erties have been explored by Kramer-Kronge relation35

and the corresponding real ε1(ω), and imaginary ε2(ω)
parts of dielectric constant are formulated as
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ε1 ωð Þ¼ 1þ 2
π
P
ð
∞
0
ω0ε2 ω0ð Þ
ω02�ω2

dω0, ð3Þ

ε2 ωð Þ¼ e2h0

πm2ω2

X
v,c

ð
∞
BZ Mcv kð Þj j2δ ωcv kð Þ�ω½ �d3k: ð4Þ

The refractive index, and absorption coefficient were
elaborated by ε1(ω), and ε2(ω).

Furthermore, BoltzTraP code has been used to analyze
the Seebeck coefficient (S), thermal conductivity (κ), and
electrical conductivity (σ) through mathematical relation.36

Sαβ T,μð Þ¼ 1
eTVσαβ T,μð Þ

ð
σαβ ϵð Þ μ�ϵð Þ ∂f μ T,ϵð Þ

∂ϵ

� �
dϵ,

ð5Þ

σαβ T,μð Þ¼
ð
σαβ ϵð Þ � ∂f μ T,ϵð Þ

∂ϵ

� �
dϵ, ð6Þ

καβ T,μð Þ¼ 1
e2TV

ð
σαβ ϵð Þ ϵ�μð Þ2 �∂f μ T,ϵð Þ

∂ϵ

� �
dϵ, ð7Þ

where α, β, μ, V, f are parameters on which transport
properties are dependent. The BoltzTraP code is founded
on classical Boltzmann transport theory, which illustrates
that the average relaxation has been fixed for type of car-
riers whose value is τ = 10�14 seconds.

3 | RESULTS AND DISCUSSION

3.1 | Structural and electronic properties

The X2GeI6 (X = K, Rb, Cs) are analyzed in cubic crystal
phase exhibiting the space group (221) Fm3m by DFT
based Wien2k code. The crystal structure of studied com-
pounds is depicted in Figure 1.

The structure of studied DPs is the back-to-back com-
bination of two XGeI3 type perovskite structure, which
contains tetrahedral and octahedral positions. The X
atoms are located at the edges of tetrahedrons while atoms
of Ge are present at the middle of octahedrons. Therefore,
coordination of I (12-fold) separate the octahedrons (GeI6)
and empty space among them is occupied by X atoms. It is
also depicted in Figure 1, the X and Ge atoms are
enveloped by 6-fold and 12-folds of I atoms, respectively.
The efficient bonding in Ge and I decrease the bonding
distances. Furthermore, every GeI6 is present at the center
of the cubic phase and at the corners. The 8c, 4a, and 24e
Wyckoff site have the coordinates (1/4, 1/4, 1/4), (0, 0, 0),
and (x, 0, 0), respectively.37 The cubic crystal geometries
are optimized to relax the structures, and computing lat-
tice constants are 12.34 Å, 12.37 Å, and 12.44 Å while bulk
moduli 14.41Gpa, 14.02Gpa, and 13.72Gpa for K2GeI6,
Rb2GeI6, and Cs2GeI6, respectively. The lattice constant
rises, however, the bulk modulus decreases. This is attrib-
uted to increase in atomic size from K to Cs. Further, to
evaluate structural stability of under-studied perovskite
materials, their Goldschmidt's tolerance factor was evalu-
ated using following mathematical expression,

tG ¼ rX þ rI
rGeþ rI

, ð8Þ

where rX , rGe, and rI represent the ionic radii of
corresponding ions of X, Ge, and I. Its values ranging
between 0.99 and 0.80 for DPs iodides are considered out-
standing for stability of cubic phase.5 The reported values
of tG for K2GeI6, Rb2GeI6, and Cs2GeI6 are 0.93, 0.90, and
0.89, respectively, which certifies the studied compounds
have stable structures and can be employed for practical
applications. Moreover, to understand thermodynamic
stability, following balanced chemical equation was used
to evaluate formation energy.

FIGURE 1 The crystal

geometry of X2GeI6 (X = K, Rb, Cs).

Purple, green, and light pink spheres

indicate X, Ge, and I atoms,

respectively. The graphic of the

Brillouin zone (BZ) was employed in

evaluating the electronic band

structure [Colour figure can be

viewed at wileyonlinelibrary.com]
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ΔHf ¼ETotal XlGemInð Þ� lEX �mEGe�nEI , ð9Þ

where ETotal XlGemInð Þ, EX , EGe, and EI are energies of
compounds and elements. The energy difference between
compounds and sum of energies of elements is negative,
which ensures the release of energy during compounds
formation.38 The computed values are �2.3 eV for K2GeI6,
�2.5 eV for Rb2GeI6, and �2.7 eV for Cs2GeI6, which con-
form the studied materials are thermodynamically favor-
able. The thermodynamic stability increases from K to Cs
because energy releases increased from K to Cs.

The studied DPs are direct band gap materials as an evi-
dent from the computed band structures at high symmetry
direction Γ as illustrated in Figure 2A-C. The band gaps are
computed by TB-mBJ potential without SOC and with SOC
calculations because of large atomic number of I atoms,
which may produce the degenerate states at the band edges.
From Figure 3A-C, illustrating the density of states, it is evi-
dent that the major participation arises from the I p states
of valence bands along with the minor contribution of Ge
p states. On other side, conduction band contains a domi-
nant contribution of Ge p states with less contribution of I
p states. The contribution of K/Rb/Cs s states is ignorable
because s levels are very deep and affect the characteristics
at large. Figure 2A-C also depict the population of holes,
which is large as compared to electrons, which instigate the
p-type character in X2GeI6 because the valence band edge
has dense states as compared to conduction band edge.

3.2 | Optical properties

The light photons interaction with matter is accountable
for optical behavior of the X2GeI6 (X = K, Rb, Cs). The
inter-band transitions are comparatively more important
than intra-band transitions because their contribution is
significant to absorption or emission of photons energy.
The direct band gap and inter-band transitions associated
with semiconductors have key importance for optical

device fabrication.39-41 The computed optical properties
in terms of real dielectric constant ε1 (ω), imaginary
dielectric constant ε2 (ω), refractive index n (ω), and
absorption coefficient α (ω) as a function of energy are
presented in Figure 4A-D. The above said properties
are elaborated from the relations taken from the Refer-
ences 42–44. The ε1 (ω) determine the linear polarization
and distribution of light energy when moves through the
materials of varying n (ω) as shown in Figure 4A.

The phase velocity of light is responded by maximum
dispersion at resonance frequency. In the spectra of ε1
(ω), we have found two resonance peaks; at 1.5 eV and
4.0 eV, which shifted to lower energy by the replacement
of K with Rb and Cs. Therefore, polarization is large in
ultraviolet region than in visible region. The ε1 (0) values
(3.3, 3.4 and 3.5) are related to the optical band gap
(1.3 eV, 1.2 eV, and 1.1 eV) through Penn's relation ε1
(0) ≈ 1+ (ħωp/Eg)

2.45 The n (ω) is in direct relation to ε1
(ω) and it evaluate the opacity and transparency of stud-
ied materials as depicted in Figure 4B. Its zero frequency
values (1.81, 1.85, 1.89) are equivalent to ε1 (0) values
(3.3, 3.4, and 3.5), which signify the relation n20 ¼ ε1 0ð Þ.
Its values in the ranges from 1.5 to 3 are usually consid-
ered finest for optoelectronic devices. Therefore, these
DPs are important for solar cells and optical devices
fabrications.

The ε2 (ω) is the measure of attenuation of photons
when they pass through material whose computed values
are given in Figure 4C. For ε2 (ω), the critical value is a
unique parameter, which reveals threshold energy (optical

FIGURE 2 The band structures of A, K2GeI6, B, Rb2GeI6,

and C, Cs2GeI6 [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 3 The density of states of A, K2GeI6, B, Rb2GeI6,

and C, Cs2GeI6 [Colour figure can be viewed at

wileyonlinelibrary.com]
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band gap) below and above which the materials show trans-
mission and absorption, respectively. The optical band gaps
for K2GeI6, Rb2GeI6, and Cs2GeI6 agree well with band gaps
determined from Figure 2A-C. The two absorption bands
are noted in visible and ultraviolet regions of energies. The
first absorption band (visible) exists from 1.5 eV to 2.5 eV
for K2GeI6, Rb2GeI6 and 1.3 eV to 2.0 eV for Cs2GeI6 while
second absorption band (ultraviolet) exists from 3.8 to
4.5 eV for K2GeI6, Rb2GeI6 and 3.5 to 4.2 eV for Cs2GeI6.
The first absorption region is important for visible light
solar cells and second region for other optoelectronics
like surgical equipment's. The absorption of light in the
material before decaying per unit centimeter is quanti-
fied by α (ω). The α (ω) is like a ε2 (ω) and similar
absorption peaks as depicted in Figure 4D, which shows
the correctness of theoretical calculations. Therefore,
from the above analysis of dispersion, absorption, and
transition of light, the studied materials are considered
the most appropriate alternative to organic base and
lead-containing solar cells and optoelectronics.

3.3 | Thermoelectric properties

The computed thermoelectric properties (S, σ, S2σ, and κe)
against the carrier's concentration are depicted in
Figure 5A-C for K2GeI6, Rb2GeI6, and Cs2GeI6 at tempera-
tures 300 K, 500 K, and 700 K. These thermoelectric
parameters are Seebeck coefficient (S), electrical conduc-
tivity (σ), and electronic part of thermal conductivity (κe).

The top of valence band is less dispersive as compared to
bottom of the conduction band (high hole effective masses,
see Table 1), which robustly increases the S for electrons
and decreases for holes. At concentration 1020 cm�3, value
of S, in n-type region reaches to �0.08 mV/K, �1.0 mV/K,
and �1.1 mV/K whereas, in p-type region S decreases to
values 0.61 mV/K, 0.63 mV/K, and 0.64 mV/K for K2GeI6,
Rb2GeI6, and Cs2GeI6, respectively. Therefore, p-type S has
higher values than n-type for complete range of con-
certation, which is credited to the greater effective mass of
holes as depicted in Pisarenko relation.46,47

S¼ 8π2kBm�T 3eh2� ��1 π=3nð Þ2=3, ð10Þ

where kB denotes Boltzmann constant, m* presents effec-
tive mass, T is the absolute temperature, e shows charge
carriers, h indicates Planck's constant, and n means car-
rier concentration. In the proximity of the valence band,
the closely disintegrated bands appeal extraordinary
DOS, and large values of p-type S are received.

For excellent thermoelectric materials, S should be
≥200 μV/K. In case of our studied compounds, the values
of S are varying from 630 μV/K to 220 μV/K with increas-
ing carriers' concentration from 1018 cm�1 to 1020 cm�1.
These values are extraordinarily large as compared to
existing thermoelectric player Bi2Te3.

48 Moreover, with
the increasing temperature from 300 K to 700 K, the S
decreases for n-type carriers and increases for p-type
carriers because electrons have less effective mass as

FIGURE 4 The computed A, ε1 (ω), B,
n (ω), C, ε2 (ω), and D, α (ω) of X2GeI6
(X = K, Rb, Cs) [Colour figure can be

viewed at wileyonlinelibrary.com]

AL-MUHIMEED ET AL. 5

http://wileyonlinelibrary.com


compared to holes. Therefore, the increasing temperature
provides more kinetic energy to electrons than holes,
hence potential reduces for n-type carriers. The trends of
S for all the studied compounds are similar because s
shell does not affect the electronic contribution at large
scale. The σ increases parabolically and reaches to values
0.6 � 105 1/Ωm, 0.5 � 105 1/Ωm, and 0.4 � 105 1/Ωm for
K2GeI6, Rb2GeI6, and Cs2GeI6 at carriers' concentrations
1020 cm�1 for n-type region. On the other hand, in p-type
region, the σ is found to be increasing up to 0.25 � 105

1/Ωm, 0.23 � 105 1/Ωm, and 0.22 � 105 1/Ωm at
1020 cm�1. Therefore, it is noticed the σ has large contri-
bution of electrons than holes. It is noted that the σ
reduces with increasing temperature for both type of charge

carriers because increasing temperature increases the lattice
vibrations that slowdown the movement of carriers. The
performance of thermoelectric device can be evaluated by
S2σ (power factor), which depends on S2 and σ is obvious
for n-type than p-type doping. The highest values of power
factor are noted as 0.3/0.6/0.7 mW/mK2 at 300 K/
500 K/700 K in n-type region and 1.55/1.53/1.42 mW/mK2

at 300 K/500 K/700 K in p-type region of X2GeI6. In n-type
region, the peaks are found between the carriers' concentra-
tion of 1019cm�1to 1020 cm�1. Moreover, the increases in
power factor are parabolic for n-type carriers and linear for
p-type carriers.

Signifying the important thermoelectric features of stud-
ied materials, further we discuss the heat conduction by the
lattice vibration. The lattice vibration energy moves through
crystal in the form of transverse waves (phonons). In our
study, we have evaluated and investigated only “κe” and
overlooked the lattice contribution as it is beyond the scope
of BoltzTraP code. No doubt the efficiency is overestimated
up to some extent, but we can predict trends for experimen-
tal community. The values of κe rise with increasing the
carrier's concentration for both charge carriers (n, p-types).
The increasing rate is more in p-type than n-type region.

The increasing temperature increases the κe as 0.40 W/
mK, 0.58 W/mK, and 0.65 W/mK in n-type region and

FIGURE 5 The computed S, σ, σS2, and κe, at 300 K, 500 K, and 700 K for (a) K2GeI6, (b) Rb2GeI6, and (c) Cs2GeI6, respectively [Colour

figure can be viewed at wileyonlinelibrary.com]

TABLE 1 The directional effective masses of electrons and

holes for X2GeI6 (X = K, Rb, Cs)

Compounds Directions mh me

K2GeI6 G-L 3.944 1.378

G-X >10 1.019

Rb2GeI6 G-L 4.004 1.399

G-X >10 1.033

Cs2GeI6 G-L 4.227 1.419

C-X >10 1.092
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0.65 W/mK, 0.80 W/mK, and 1.10 W/mK in p-type region
at 300 K, 500 K, and 700 K, respectively. The increasing
rate of phonon collisions with growing temperature,
lessens the values of lattice thermal conductivity κl. The
small aberrations of our calculated values from κl / T�1

demonstrate the authenticity of anharmonic phonon-
phonon interactions. At 300 K, the reported values of κl
are 0.11 W/mK, 0.13 W/mK, and 0.17 W/mK, which is
extremely low and consistent with already reported
Cs2PdI6 (0.15 W/mK).48 These values are ultralow as com-
pared to existing thermoelectric players, for example,
1.24 W/mK (Bi2Te3),

49 2.60 W/mK (GeTe), 1.50 W/mK
(PbSe0.5Te0.5), 1.60 W/mK (Sb2Te3),

50 1.19 W/mK (SnSe),
2.20 W/mK (PbSe),51 1.20 W/mK (Ge2Sb2Te5), 2.00 W/mK
(PbTe),52 etc. Therefore, the studied materials our consid-
ered promising materials for thermoelectric applications.

4 | CONCLUSION

Herein, we have thoroughly computed and discussed the
optical and thermoelectric characteristics of Z2GeI6 (Z = K,
Rb, Cs) by first-principle calculations. The tolerance factor
criteria confirm the structural stability. Whereas the calcu-
lated value of formation energy ensures its thermodynamic
stability. The band gaps (1.27 eV, 1.24 eV, and 1.13 eV)
enclose the absorptions bands in visible region making
these materials exceptionally suitable for solar cells and
optoelectronic applications. Transport characteristics are
elaborated with increasing n-type and p-type carriers' con-
centration at 300 K, 500 K, and 700 K. Seebeck coefficient
changes its values for both type of charge carriers specifi-
cally it decreases for n-type and increases for p-type by ele-
vating temperature due to large effective masses of holes
than electrons. The ultralow low values of thermal conduc-
tivity as compared to existing thermoelectric materials and
large values of power factor increases the thermoelectric
performance of these materials.
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