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Here, we report the first principles studies of the mechanical, dynamical, electronic and thermal conductivity in
the orthorhombic phase of CH3NH3Snl3, which belong to perovskite family. The mechanical and dynamical
properties ensure the stability of the investigated system. The electronic structure properties reveal the semi-
conducting nature with narrow band gap of 0.5 eV. The detailed analysis of other phonon based properties like

phonon lifetime, mean free path along with phonon spectrum reveal the enhanced phonon-phonon interactions,
which are responsible for ultra low value of lattice thermal conductivity, which is the main highlights of the

present work.

1. Introduction

Perovskite halides (ABX3) of group 14 elements like Ge, Sn and Pb
have been studied vastly because of the presence of phase transformation
and diversity in electrical properties like ferroelectricity, ionic and
electronic conductivity. The main attractive part of such materials are the
presence of low oxidation state elements with a lone pair of s-electron
[1-8]. These are responsible for their attractive structural and electrical
properties. Another frontier part of this material’s attraction is possessing
the organic-inorganic framework which has drawn a great attention of
researchers because of their low cost and cheaper processing techniques
[9-11]. Lots of studies on CH3NH3PbI3 have been reported because of its
solar cell efficiency being better than silicon solar cells. These studies
report that the power conversion efficiency of this compound has been
enhanced from 3.8% [12] to 22.1% [13]. These Pb-based perovskites,
CH3NH;3PbX3 (X = Cl, Br, I) have been reported as highly efficient solar
cell materials as well as good thermoelctrics with high Seebeck co-
efficients [14-19]. Since, this material possesses high Seebeck co-
efficients [20], it might be applicable in solar thermoelectric generators
[21], utilizing sunlight and converting it into electricity in terms of
Seebeck effect [22,23].

Although these materials possess the highly efficient applications,
they are Pb-based materials which are toxic in nature. This toxic nature is
not fruitful for wide applications and finding another material to replace
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lead based perovskite with such applications was a difficult task. A lot of
research has been done in the past years in search of good alternative for
CH3NH;3PbX3 (X = Cl, Br, I). In that approach, two other perovskites
CH3NH3SnX3 and CH3NH3GeX3 where, (X = Cl, Br and I) have been
found which are good for solar cell applications in addition to being
environment friendly [24-27]. These Pb free perovskites have been
explored for their electrical, photo-responsive properties and for device
simulation with high efficiency. First principles study of elctronic struc-
ture and charge carrier mobility of CH3NH3SnI3 has been explored by
Li-Juan Wu and his group. They reported that this material could be a
solar cell absorber and p-type semiconductor because of huge anisotropy
in hole and electron mobilities [26]. Other studies on CH3NH3Snl3 by
Feng et al. reported that the band gap engineering under the low hy-
drostatic pressure is a good tool to match visible light spectrum [28]. In
the recent work, the second order non-linear optical properties on
inorganic-organic perovskites has been explored, and further adds more
flavour to the utility of these halide based perovskites for their the optical
applications [29]. In addition to that, the optical properties of
CH3NH3Snl3 are reported in triclinic phase, which is a low-temperature
phase. This study opens the channel of utilizing a single source in its
different structural phase.

Large Seebeck coefficients and possible solar thermolectric applica-
tions serve as motivation for further computational studies on
CH3NH3Snl3 [30-33]. CH3NH3Snl3 has been reported in different
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Table 1

Optimized parameters using different schemes of CH3NH3SnI3 compared with earlier reported parameters by Feng et al.
Parameters/Methods Feng et al. work [28] Becke 05 [47] DFT - D2 [48] DFT - D3 [49] MK [50] OR [50] RE [51] PBE [52] LDA [53]
a() 8.55 8.43 8.50 8.49 8.39 8.52 8.67 8.50 8.16
b0 12.42 12.61 12.71 12.72 12.52 12.72 12.94 12.70 12.26
cQ 8.32 8.97 9.19 9.19 8.93 9.09 9.25 9.19 8.75
Volume () 885.34 953.43 993.13 993.03 940.59 985.76 1038.67 993.19 876.52

structural phases as a function of tempertaure in earlier studies [13,
34-38]. Rahul singh et al. [40] studied the transport properties like
thermopower etc. of CHsNH3PbI3 and CH3NH3Snl3 in their cubic phase
and band gap engineering were also reported using superlattice
approach. Thermopower of CHsNHs3Snls reported in orthorhombic,
tetragonal and cubic phases in another previous work, and found the
thermopower positive which was evident to claim that the thermopower
is due to holes only [41]. The previous studies on CH3NH3SnI3 confirm
that the lattice thermal conductivity of CH3NH3Snl3 is not reported till
now both experimentally as well as theoretically in any structural phase.
The thermal conductivity is a key parameter in deciding the dimen-
sionless figure of merit ZT, which charecterise the efficiency of any
thermoelectric material.

_So

K

zZr )
where, k is sum of the electronic part of thermal conductivity x, and
lattice thermal conductivity ;. Its value must be low for good thermo-
electric material. One should choose a material with low lattice thermal
conductivity for better thermoelectric performance as can be seen from
the above relation. This justifies the importance of the present work. The
earlier studies on CH3NH3PbX3 reported it as good thermoelectric ma-
terial and possess ultra-low value of lattice thermal conductivity [42],
which serve as a reference for opting this lead free system. The present
work is organised as follows. Firstly, the methodology has been discussed
in section 2. Section 3 reports the results and discussions and finally,
conclusions are given in section 4.

2. Computational methods

Full geometry optimization has been carried out using pseudopo-
tential method implemented in Vienna Ab-initio Simulation Package
(VASP) [43-46] within the framework of density functional theory to get
optimized parameters. We have chosen different functionals [47-53] to
get optimized ground state of this system. We have used DFT-D2 [48] and
DFT-D3 [49] methods to include vander Waal’s correction to ground
state energy. The energy convergence and force tolerance are set as 105
Ry and —10~2 eV/A respectively. Out of all the chosen functionals, the

optimized parameters with LDA exchange correlation functional are in
good accord with experimental parameters [28]. The special k-mesh in
the Irreducible Brillouin Zone (IBZ) was 16 x 16 x 16 according to
Monkhorst-Pack scheme [54]. Tetrahedron method [55] was used to
integrate the Brillouin zone. The plane wave cut-off energy is set to 900
eV to get good converged ground state properties. The elastic tensor
calculations has been done using second order derivative of forces
generated through VASP.

The phonon dispersion calculations has been performed using com-
bination of VASP and Phonopy [56] with frozen phonon technique. We
have computed the electronic structure properties using optimized
ground state eigenvalues. Next, the Boltzmann theory has been employed
on our converged calculations as implemented in BoltzTraP code [57],
within the constant scattering time approximation (CSTA) and rigid band
approximation (RBA) [58-60] to calculate the electrical conductivity
scaled by relaxation time.The lattice thermal conductivity «; of the
investigated compound is being calculated using force constant method
within relaxation time approximation in combination with phono3py
[61] and VASP. Second and third-order force constants were obtained
through supercell approach with finite displacements of 0.03 A.

3. Results and discussions
3.1. Structural and electronic structure properties

CH3NH3SnXs (X = Br and I) exist in different phases as a function of
temperature similar to CHsNH3PbX3 and undergoes structural transition
from cubic, tetragonal, orthorhombic and monoclinic phases to triclinic
phase on lowering the temperature [13,34-38]. The disordering of
(CH3NH3)" and the distortions of (SnX3)~ octahedra at finite tempera-
ture are the cause of such complicated phase transitions in CHsNH3SnX3
[13,34-37]. The orientation of (CH3NHs3)" cations are completely
disordered while the SnXg structural units possess cubic symmetry in
high temperature cubic phase. As we reduce the temperature, the dis-
ordering of these cations suppresses due to tilting and distortion of SnXg
octahedras. The low temperature phase show more ordered orientation
of (CH3NH3) ™ cations. From the earlier reported work, it is found that the
unit cell of monoclinic phase deviates very slightly from orthorhombic

(b)

Fig. 1. Crystal structure of CH3NH;3Snl3. (a) The conventional unit cell and (b) Polyhedral view (Sn - Blue, I - Purple, N - Green, C - Brown and H - Red). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Electronic structure properties of CH3NH;3Snl3, (a) band structure and (b) Total Density of states and projected density of states.

phase which is another low temperature phase [38,39]. So, one can take
orthorhombic unit cell to approximate the real structure.

The low-temperature orthorhombic phase of CH3NH3SnlI3 with space
group Pnma (62) has been chosen for present study as reported earlier by
Feng et al. [28]. Different exchange-correlation functionals have been
used for geometry optimization. The optimized parameters using
different schemes along with reported by Feng et. work are given in
Table 1. Out of all exchange-correlation functionals LDA gives better
results with least volume change. The crystal structure is shown in Fig. 1.
Well converged optimized values have been taken as inputs for further
investigation. Self-consistent calculations have been done to get the en-
ergy eigenvalues. The electronic structure properties have been calcu-
lated using the same eigenvalues and are given in Fig. 2. From the band
plots, it is found that this system is a direct band gap semiconductor with
narrow band gap of nearly 0.5 eV at I'-point. The band plot is given in
Fig. 2(a). In the earlier work [62], Li-Juan Wu et al. reported the elec-
tronic properties of CH3NH3SnI3 using other exchange-correlation func-
tional like DFT-D2 and HSE-06. The reported band gaps are 0.74 eV and
1.27 eV respectively [62]. The detailed analysis of band plots suggest that
the bands are highly dispersive in valence band region compared to that
lying in conduction band. The band dispersion plays a very important
role in quantifying the thermoelectric properties of a material, because
this dispersion is related to the effective mass of the charge carriers. The
effective mass is inversely proportional to the curvature of bands which is
nothing but second order derivative of band dispersion. In the present
work, the bands are less dispersive in conduction band which results into
higher value of thermopower for electrons than that of holes in valence
band. The higher dispersivity of bands present in valence band region
shows the possibility of high value of the electrical conductivity for holes.

The information of the states lying near Fermi level in both valence
and conduction band can be obtained through the projected density of
states and we have calculated total density of states along with projected
density of states which are given in Fig. 2(b). The density of states also
reflects the semiconducting nature as reported in band dispersion. Sn and
I atoms are dominating near Fermi level in both band regions. The pro-
jected density of states analysis shows that Sn-s and I-p states are
dominating in valence band near Fermi level, while Sn-p states are lying
in conduction band near Fermi level. We can connect this orbital occu-
pancy to band dispersion. The trend of band profile closest to Fermi level
in valence band is parabolic which matches with s-orbital character.

3.2. Mechanical properties

The elastic constants have been calculated through second order de-
rivative of energy per unit area using VASP and as a result nine inde-
pendent elastic constants are generated through elastic tensor analysis
for the orthorhombic symmetry of the system. The minimum criteria for
stability of the system is that the elastic constants are positive which is

Table 2
Elastic properties of CH3NH;3SnlI;.

Compound,/Elastic properties Present work

Cy; (GPa) 35.83
Ci2 (GPa) 13.54
Ci3 (GPa) 17.13
Ca, (GPa) 44.88
Ca3 (GPa) 14.12
Cs3 (GPa) 28.73
Cus (GPa) 5.85
Css (GPa) 15.72
Cee (GPa) 5.03
Bulk Modulus (GPa) 21.89
Shear Modulus (GPa) 8.71
Young’s modulus (GPa) 23.07
Poisson’s ratio(v) 0.32
p(gm/cc) 4.03
v; (Km/s) 2.88
v (Km/s) 1.47
Vi (Km/s) 1.64
Op(K) 186.34

not the necessary and sufficient condition. The Born’s mechanical sta-
bility criteria is to be fulfilled to confirm its mechanical stability and the
same for orthorhombic system is given as,

Ci>0;C Cp > C|22
C11CnCs33 +2C1C13C3 — C11C§3 - szc%g - C33C122 >0

C44 > 0, C55 > 07 C{,f, >0

Using these elastic constants, we have computed other mechanical
properties under Voigt [63] and Reuss [64] and Voigt-Reuss-Hill [65]
approximations using following relations.

1 2
Bv:§[C11+C22+C33] +§[C12+C13+C23] 2
1 3
Gy =15 [Cii+Cpn+C33 — Ciy — Ci3 — C3] + 5 [Cas + Css + Co) 3
B! 4
1A+ 28]
15
" =Ga-Braq) ®

where, A =511 + 522 + 533, B =512 + 513 + 523and C = 544 + S55 + Se6. S are
the inversion of the elastic constant matrix. According to Hill
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Fig. 3. The phonon dispersion in full range (a) and low frequency range (b), The phonon density of states in full range (c) and low frequency range (d), and (e)

Thermal Properties.

approximation, the mechanical properties can be calculated using the
following relations.

1 1
BHZE(BR+BV)§GH:§(GR+GV) (6)
9B,Gy (3B —2Gy)
Ey= V= 7
" 3By + Gy 2(By + Gy) )

All the calculated mechanical properties are given in Table 2. These
mechanical properties play a major role to convey the information about
the resistance to fracture and their mechanical strength. How much
strain, a system can bear before breaking? This can be understood from

the elasticity of the system. Elasticity depends on Young’s modulus.
Higher the Young’s modulus, higher the elasticity. The shear modulus
shows the resistance to fracture of the material. The value of bulk
modulus is related to compressibility of the material. Poisson ’s ratio is
very important property of a material because its value decides the
ductile and brittle nature of the materials. If the value of Poisson’s ratio is
more than 0.17GPa, it implies that the investigated system is ductile in
nature. We have done comparative analysis of mechanical properties
with earlier reported work. Ali et al. [66] analysed the mechanical
properties under 0.7GPa, while J. Feng [67] reported at ambient using
GGA-PBE functional. We have calculated mechanical properties using
LDA functional and our values can be compared with ambient results
reported by Feng et al. The calculated mechanical properties are in good
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Fig. 4. Thermal conductivity of CH3NH3SnI3.

accord with the value reported by Feng et al. except for few minor dif-
ferences. These differences are due to the exchange-correlation func-
tional being different.

We have calculated Debye temperature which is very important
parameter for any material, and not reported in any previous studies
done so far for the investigated compound. The importance of Debye
temperature 0p is that it is highly connected to the lattice thermal con-
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Fig. 5. (a, b) Electronic part of thermal conductivity of CH3NH3SnI3 at 10%cm 2 and (c, d) at 10%%cm 3.
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ductivity of the system. The Debye temperature 6, is the temperature
which corresponds to crystal’s highest normal mode of vibration which
connects the elastic properties to the thermodynamic and thermal
properties such as phonons, thermal expansion, thermal conductivity,
specific heat, and lattice enthalpy [68]. In general, the Debye tempera-
ture of most crystals are lying between 200 K-400 K [69]. The value of
Debye temperature affects the thermal conductivity of the materials.
Higher the value of 0p, higher would be the «;. In the present work, the
reported value of Debye temperature is very low which means that the
lower value of k; could be expected in the investigated compound which
has been verified in the present work.

3.3. Dynamical properties

The phonon dispersion has been calculated to check dynamical sta-
bility of the investigated compound at ambient. The phonon dispersion
plots are given in Fig. 3(a and b). The phonon dispersion has been plotted
in full range up to 96 THz [Fig. 3(a)]. The low frequency range is dis-
played in Fig. 3(b). The absence of negative frequencies in phonon
dispersion ensures its stability which can be seen from Fig. 3(a). From the
phonon dispersion, we found that the optical modes lying in low fre-
quency region are highly interacting. These interactions would be
responsible for phonon scattering. The contribution to these phonon
modes arises mainly from Sn and I ions. These ions are almost equal in
atomic weights and this is responsible for highly interactive optical
modes. There is a gap arising between the low frequency and the high
frequency optical modes and this gap is due to huge difference in atomic
weights between ions and it can be seen in Fig. 3(a). The high frequency
optical modes are dominated by C, H and N ions which are very lighter
than Sn and I ions. We have done the comparative analysis of the phonon
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Fig. 6. (a) The cumulative lattice thermal conductivity x; as a function of mean free path of CH3NH;3Snl; and (b) Phonon lifetime as a function of phonon frequency

0.4
x -
E
= o3 —
© =—a b
Q_ =
53
v 0.2
D
= -
=
=
= 0.1}
£
S s
(&7
0 | M 1 | | 2 1
(4] 5 10 15 20 25 30 35
Mean free path (Angstrom)
(a)
of CH3NH3Snls.
Table 3

Comparative study of thermoelectric properties at 300 K (Here,

’a’, ’b” and ¢’ correspond to crystallographic directions ’x’, 'y’
and 'z’ respectively).
Material k (W/mK)
SnSe 0.46(a),0.7(b),0.68(c)
Sns 1.25
PbTe 1.7
CH3NH3Snl3 0.17(a),0.35(b),0.17(c)

dispersion of present study with earlier reported work [66]. The earlier
study reports that the dynamical properties of CH3NH3Snl3 are unstable
at ambient condition, while stable at 0.7GPa using GGA-PBE functional.
In the present work, the phonons are positive at ambient itself using LDA
exchange-correlation functional. The total phonon density of states along
with partial phonon density of states calculated as a function of phonon
frequencies are given in Fig. 3(c) and (d). The phonon gap observed in
phonon dispersion can be seen from phonon density of states plotted in
full range [Fig. 3(c)]. The detailed analysis of phonon density of states
infer that Sn and I atoms are dominating in low-frequency region while
lighter entities like C, H and N are in high frequency region.

To correlate low frequency highly interacting modes observed in
phonon dispersion, the phonon density of states are also plotted till 6 THz
[Fig. 3(d)]. From Fig. 3(c and d), it is found that the contribution of Sn
and I atoms to the total density of states in low frequency region is more
and higher than the total density of states. The reason behind this
contribution is that the atomic partial phonon density of states is

2
! e—e Exp. (CH,NH,Pbl,)
e—e Present work
1.5}
e
< -
£
= 1
- I
0.5} i
u p
" 1 1 1 2 1
%o 100 150 200 250 300
Temperature (K)
(a)

normalized to unity and the total phonon density of states is sum of
weighted average of individual atoms. It infers that the lighter atoms are
dominating up to full range while Sn and I are lying in lower range. Apart
from the phonon dispersion, we have calculated other thermal properties
like Helmholtz free energy, entropy and specific heat to show the ther-
modynamic stability and are given in Fig. 3(e). These properties have
been calculated at constant volume using phonon density of states as a
function of frequencies. The free energy is found to decrease gradually as
a function of temperature and becomes negative. This behavior in free
energy is normal under any natural process. The entropy of the system is
increasing as function of temperature due to thermal agitation. The
thermal agitation adds the disorder which enhances the entropy of the
system. How does a material behave under different thermodynamic
constraints? It can be understood through the specific heat which sig-
nifies the heat capacity of any system. From Fig. 3(e), we found that C, is
increasing sharply in low temperature region and finally approaching to a
saturation point and beyond that it remains constant. This kind of nature
of specific heat is very well-known in solids.

3.4. Thermal conductivity

The lattice thermal conductivity «; can be calculated using following
empirical relation through phono3py [70],

1
K1 ZMZ:CAVA ® VT, (8)

o—e K
0.5 o—e K,
—. 0.4
4 s
£
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~ 3
* 0.2} i
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Fig. 7. (a)The comparative study of the lattice thermal conductivity with experimental results of the prototype compounds and (b) The variation of ; along with «,

calculated for electron concentration 10'® em ™2 as a function of temperature.
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where, N and V are the number of unit cells in the system and volume of
the unit cell, respectively. C, is phonon mode heat capacity. v, is group
velocity. The third order force displacements has been generated with
supercell size of 2 x 1 x 2 using Phono3py and as a result, 10843 third
order displacements along with 46 s order force displacements have been
generated. The K-mesh sampling of 4x 2x 4 and 2x 2x 2 in reciprocal
space has been used for third order and second order forces respectively.
Computing this large no. of data is computationally expensive. The mesh-
sampling of 5x 5x 5 has been used to compute converged ;. This is a key
parameter in the area of thermoelectrics which must be low for feasible
thermoelectric applications. The lattice thermal conductivity is given by
Fig. 4. Here, the lattice thermal conductivity along the three crystallo-
graphic directions has been calculated to see the possibility of anisotropic
behavior. From the plots, the lattice thermal conductivity is found to
have anisotropy. The anisotropic factor between ’a’ and ¢’ axes is found
to decrease with temperature. Thermal conductivity «; along ’b’ axis is
higher than remaining two axes. The lattice part of thermal conductivity
is characterized through lattice information which is connected to pho-
nons. This anisotropy is due to the phonon-phonon interactions being
different along different crystallographic axes as displayed in Fig. 3(b).
From the low frequency phonon dispersion, it can be seen that the
phonon dispersion along ’a’ and ’c’ axes are almost similar and soften
than that along ’b’ axis. The group velocity is a slope of both the acoustic
and optical phonon modes. As dispersion differs along *b’ axis than that
along remaining two axes, same effect will be reflected in group veloc-
ities too. The anisotropic nature in group velocities along with phonon
dispersion are responsible for anisotropic nature of the lattice thermal
conductivity. One earlier study on Td-WTe; [71] also report the same.
The average thermal conductivity is being calculated using relation (x, +
kp + kc)/3 and is given in Fig. 4. The minimal thermal conductivity has
been calculated using Cahill’s model [72] to correlate analytical results
with computational approach. The minimal thermal conductivity is 1.15
W/mK.

The elctronic part of thermal conductivity has been calculated using
Wieldman Frenz law given by following formula,

k., =LoT 9

where, L is Lorentz number (L = 2.45 x 1078 WQ/K?). The calculated
electrical conductivity scaled by relaxation time has been taken into
account to compute «.. Here, we have assumed the relaxation time 7 as
10715 s for getting o alone. The electronic thermal conductivity at
different carrier concentration are given in Fig. 5. From the plots, we
have observed the lattice thermal conductivity dominating below room
temperature, while the electronic thermal conductivity is more pro-
nounced above room temperature as expected. An anisotropy in k., has
been found specially, in case of electrons similar to ;. Fig. 6(a) displays
the cumulative lattice thermal conductivity as a function of phonon mean
free path. From the figure, it is found that the «; along ’a’ and ¢’ axis is
mainly dominated by the phonons whose mean free path (MFP) are lesser
than 13. On the other hand, x; along ’b’ axis is dominated by the phonons
with MFP lower than 30.

Next, we have computed phonon lifetime as a function of phonon
frequency which is given in Fig. 6(b). The color bar values depict the
density of phonon modes. These density of phonon modes infer that the
low frequency phonon modes are having shorter lifetime ranging from
0 to 13 ps? In the low frequency region, we could see that there is a
considerable interaction between the acoustic and the optical phonon
modes, which would certainly result in larger phonon scattering [73],
which would eventually reduce the phonon mean free path. The lattice
thermal conductivity is also linked to the mean free path through the
relation [74],

"
Kaccum = Z A gCMFP(l)V(l)ldl (10)

Journal of Solid State Chemistry 290 (2020) 121541

where, | is the phonon MFP, v is the phonon group velocity, Cygp is the
volumetric heat capacity per unit phonon MFP, and s indexes the po-
larization of phonons. Since the integral is taken from 0 to 1*, kgccum
quantifies the contribution to bulk thermal conductivity of phonons with
a MFP less than or equal to 1*. Here as the system is anisotropic, we need
to use the mean free path along the respective direction. The cumulative
thermal conductivity as a function of mean free path displays that major
contribution is arising from the shorter mean free path. This scattering is
the main cause of low lattice thermal conductivity in the investigated
system. We have compared our values of the lattice thermal conductivity
with earlier reported work on lead based halide perovskite CH3NH3Pbl3
[66], as there is no earlier experimental study available for the present
compound. From the comparative analysis, we conclude that our values
are in good accord wih earlier work in low temperature range. Thermal
conductivity of the investigated organic compound is very low and in
good accord with other studies on thermoelectrics with low thermal
conductivity [75-77] (see Table 3). Next, we have plotted the experi-
mental data of «; reported for CH3NH3Pbl3 [42] along with lattice ther-
mal conductivity of CH3NH3SnI3 ranging from 50 K to 300 K [Fig. 7(a)].
Here, this comparative analysis has been done for two reasons, one is to
match up the trend of the calculated x; with experimentally reported for
prototype compound and other is to see the variation in x; from Sn to Pb.
The comparative analysis suggests that CHgNH3Snl3 has lower «; with
difference of 0.4 W/mK than CH3NH3Pbls. Fig. 7(b) displays both the
electronic and lattice part of thermal conductivity. From the plots, it can
be said that «; is dominating in low temperature region while x, in high
tempertaure region. . has been calculated for electron concentration
around 10'° em 3.

4. Conclusion

First principles studies suggest that the investigated compound is
mechanically, thermodynamically and dynamically stable. The electronic
properties reveal that it is a direct band gap semiconductor. The lattice
thermal conductivity has been calculated using third and second order
force constants. The ultra-low value of the lattice thermal conductivity
has been reported. The phonon lifetime shows the low frequency
phonon-phonon interactions which results in lowering of lattice thermal
conductivity. The anisotropy in the lattice thermal conductivity could be
due to group velocities being different along different crystallographic
axes. The present study reveals that CH3NH3Snl3 possess very low ther-
mal conductivity.
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