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1. Introduction

Lead and tin trihalides, i.e. compounds of the DMG3
form, where D being a doping ion with charge +1, most
often it is a methyl ammonium ion (CH3;CN;3)!* or a
cesium ion, M =Pb or Sn, and G=Cl, Br or I, are
being intensively studied due to the prospects of their
use as efficient materials in solar cells, see reviews [1-4].
The attention of researchers is also attracted by their
thermoelectric properties [5-17]. In [16], polycrystalline
films of the CH3NH;3Snl; compound (hereinafter referred
to as CH3CN3 = MA) were synthesized, their conductivity
and Seebeck coefficient were measured, and the thermo-
electric power factor was estimated. In [11], films of the
MAPbDI;_4Cly group of compounds were synthesized, their
thermoelectric properties (TEP) were studied: conductivity,
Seebeck coefficient, and thermal conductivity, power factor,
and thermoelectric figure of merit. A number of theoretical
studies of the properties of such compounds have also been
carried out using computational methods of electron density
functional theory (DFT) [7,12,13,15,18,19]. Thus, in [12]
the characteristics of the band structure, TEP and mechan-
ical properties of the MAPbI; compound were assessed,
its power factor and figure of merit were calculated, and
in [13], TEP and optical propertics were assessed. For
this compound, in [14] TEP were modeled in the dark
and under light. In [6], TEP, power and figure of merit
functions were calculated for MAPbI; on the basis of the
Boltzmann-Onsager theory and computational methods of
the DFT theory. It was predicted that at temperatures above

500K, the figure of merit could probably be higher than 1.5,
which is inherent with the most efficient semiconductor
thermoelectrics. Also, high values of the figure of merit,
up to 0.9 at high temperatures, were predicted for this
compound in [13]. However, such predictions are cause
for concern because they were obtained using outdated
software based on approximations that are not entirely
justified, for example, the approximation of a fixed electron-
phonon relaxation time [20].

Recently, more attention has been paid to the study of
tin halides, which, due to the absence of lead, have a less
harmful effect on the environment. In [9,21,22], TEP of
the MASnI; compound were studied in the temperature
range from 325 to 350K [9] and from 10 to 300K [22].
It was shown that with the chosen synthesis methods,
the conductivity is of the hole nature. In [9], based on
thermoelectric measurements for the carrier concentration
of the order of 1023 cm™3, the power factor was estimated
depending on the details of the synthesis. In [23], it
was shown that at a low concentration of carriers, of the
order of 10'%, and a temperature from 10 to 300K, the
conductivity is of electronic nature with a very low figure
of merit, from 1071 to 10~7. A number of studies
have also been carried out focused on the thermoelectric
properties of the CsSnlz compound doped with various
elements — see review [5] and [24], which showed that
almost all the materials at temperatures up to 500K have
hole conductivity with a figure of merit not higher than 0.14.
However, the number of theoretical studies devoted to tin
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halides is small [17,25-28], and it is unclear whether the
optimistic predictions of [7,13] are valid for this class of
compounds. In particular, in [6,13,26-28] the dubious
approximation of a fixed relaxation time was also used to
estimate the figure of merit.

The prospect of creating highly efficient photovoltaics
that are both good thermoelectrics and environmentally
inert looks very attractive.  The disadvantage of the
available experimental data sets on TEP is that they often
refer to temperatures below 400K and do not show the
dependence of TEP on carrier concentration, i.e. they
are of little use for searching for dopant concentrations
corresponding to the optimal values of the power and
figure of merit functions. In this context, we have
carried out modeling of the thermoelectric properties of
a number of lead and tin compounds in a wide range of
temperatures and carrier concentrations using new software
based on the DFT theory [29]. The MAPDI;, CsSnls
and MASnI; iodides, which were most fully studied
experimentally, were chosen as objects of the study. It
is known, in particular, that they have a decomposition
temperature of 600, 750, and 600K, respectively [30,31].
The modeling made it possible to evaluate the prospects
for using such compounds as thermoelectrics, to clarify
the role of doping ions in the formation of thermoelectric
properties, to clarify the nature of the effect of temper-
ature changes in their structure on the properties and
the causes for the differences between experimental and
theoretical data.

2. Method for calculating the band
structure and thermoelectric
properties

Probably the most promising method for modeling ther-
moelectric properties is the AMSET software package [29],
which is an add-on to the VASP package [32], which
implements the method of projected augmented waves
(PAW) of the electron density functional theory. The
calculation method implemented in AMSET is based on
the Boltzmann-Onsager theory of thermoelectric proper-
ties, described both in a number of textbooks [33,34]
and in previous publications devoted to TEP calculation
methods [20,35,36]. The characteristics of electron transport
in crystals can be obtained using the spectral conductivity
function X4, which is calculated on the basis of the
relaxation time approximation as

dk
Zep(e) = Zn/ P VikaVrk pTrkd (€ — enk), (1)

where @ and § are Cartesian coordinates (X, Y, z), enx and
Vnko are energy and group velocity of the band state with
number n and wave vector k, and 7y is the corresponding
relaxation time of the band state. In the Boltzmann—
Onsager theory, auxiliary functions z’;'ﬁ depending on X
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are defined:

e? e—ep\] 7 N
g’;‘ﬁ = T /Zaﬁ [cosh( KT )} (e —ep) de, (2)

where e is electron charge, and kg is the Boltz-
mann constant. It follows from the form of the
[cosh[(e — er)/(2kpT)]] 2 expression that these functions
depend mainly on band states near the Fermi level er. Then
using z’;'ﬁ the following electron transport coefficients can
be obtained:

O'aﬁ = 550 . (3)
1 2y
Saﬁ = |e|2-|— ggﬁ’ (4)

1 gl ( gl )2
b = TepT ?ﬂ @
o B
Here o044 is specific conductivity, Sy is Seebeck coefficient,
and kqs is electronic contribution to the thermal conduc-
tivity. It is known that a significant contribution to the
thermal conductivity comes from the phonon subsystem.
This contribution, Kphon, must be calculated separately, and
then the total thermal conductivity can be calculated as

- ggﬁ} (5)

ktot = kel + kphon- (6)

Here it is assumed that the values are averaged over
Cartesian coordinates.

The main problem, the accuracy and time of calculations
depends on, is the calculation of the electron relaxation time
Tnk- It is assumed that Matthiessen’s rule is valid, according
to which the relaxation rate is calculated as

1/tk = Xl /7000, (7)

where 7, are contributions from various electron scattering
mechanisms. The AMSET software package implements
the most complete, although not comprehensive, set of
methods for calculating relaxation times. Namely, these are
calculations of the time of inelastic relaxation of electrons on
acoustic and optical phonons, elastic piezoelectric relaxation
on phonons and elastic relaxation on point defects —
see [29]. At the same time, a number of approximations are
used that significantly speed up calculations in comparison
with previous methods [20,35,36]. In our case, effective
are the use of the Christoffel method in calculations of
scattering on acoustic phonons [37] and the Frohlich method
in calculations of scattering on optical phonons. The
Christoffel method requires the calculation of a complete
set of elastic constants, and the Frohlich method requires
the calculation of the deformation potentials of band states
in the presence of phonons and dielectric constants of
the crystal, which can be done using the PAW method
implemented in the VASP software package. The calculation
procedure is described in [29].
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In the calculations of the band structure using the VASP
method, we represented wave functions and electron density
in the form of an expansion in plane waves with an energy
of up to 300 eV and for 170 wave vectors in the irreducible
part of the Brillouin zone. Self-consistency of the energy of
band states was carried out with an accuracy of 10~8eV.
Due to the fact that TEP calculations require the calculation
of elastic constants and deformation potentials, the crystal
structure was relaxed in accordance with the forces acting
on the atoms. The relaxation process was considered
complete when the variations in the total cell energy
at the last five relaxation steps did not exceed 107°eV.
A functional of the PBEsol type [38] was used as an
exchange-correlation functional.

When calculating TEP, contributions during the relaxation
of band states from their interaction with acoustic and
optical phonons were taken into account. Calculations
of elastic scattering on oxygen vacancies with charge +2
were also carried out using the method implemented in
AMSET, proposed by Brooks and Herring [34]. It was
shown that with the concentrations of current carriers
under consideration, in this case holes, the contributions of
such scattering to the relaxation rate 1/7n are negligible
in comparison with the contributions of other scattering
mechanisms.

The AMSET software package provides for refinement of
calculations of the band structure near the Fermi level by
interpolating the results over a dense grid of wave vectors
using the method described in [20]. We provided a 40-fold
compaction of the set of wave vectors along each coordinate,
i.e. transition to 1088000 wave vectors in the irreducible
part of the Brillouin zone.

The only experimental parameter in the calculations is
the band gap. For MAPbI;, the experimental value of
Eg P (MAPbL;) = 1.5¢V [39] was adopted. For other
compounds, due to uncertainties in the experimental data,
the band gap was calculated according to the following rule:

Eg(comp) = Eg®*'(MAPbI3)E™ (comp)/Eg™ (MAPbI3),

where Egalc(comp) being band gap of the ,comp”“ com-
pound from the calculations with relaxation of the crystal
structure.

In the thermal conductivity calculations, a major problem
is the calculation of the phonon subsystem contribution.
The method for ,ab initio* calculating the phonon part
of thermal conductivity is implemented in the Phono3py
software package, compatible with the VASP computational
method. However, the duration of such calculations is
so long that they are feasible for structures with only
a few atoms per cell. Therefore, we used a model
approach developed by Slack [40-44] and based on the
Debye approximation for phonon states of acoustic modes.
The physical basis of the approach is presented in [44],
and the method of ab initio calculations on this basis is
demonstrated in [45]. In [42], it was shown that at a
temperature not very different from the Debye temperature

the phonon thermal conductivity can be represented in the
following form:

3531/3

kphon —A m. (8)
T

Here M, is average atomic mass, 6 is the Debye tempera-

ture, 83 is average atomic volume, Ny, is number of atoms in

a primitive cell, y is Gruneisen parameter, T is temperature.
The A constant was defined in [46]:

2.43-1078

A= .
1—0.514/y + 0.228/>

©)

The acoustic Debye temperature can be expressed in
terms of the sound velocity v in the form [47]:

1/3
0= ﬂ[&} vn=1/3 (10)

where h is Planck’s constant, kg is Boltzmann’s constant,
Ne is number of atoms in the cell, V; is volume of the
cell. The sound velocity can be obtained ab initio using
its expression in terms of the bulk modulus of elasticity B
and the shear modulus G. The form of these expressions for
longitudinal and transverse acoustic waves is as follows [45]:

NN CEZTES) ”SZ\E’ )
P P

where p is compound density, and averaging can be
performed according to the following rule:

LGl w

The moduli B, G are calculated from the complete set of
elastic constants. For a number of structures, including
simple cubic ones, the corresponding relations are given
in [48]. The Griineisen parameter in equations (9) and (10)
can be obtained if the Poisson modulus IT is known:

3/14+11
V‘E(z—m)’ (13)

which, in turn, can be obtained if the velocities of
longitudinal v and transverse vs acoustic modes are known

2(vs/vi)?

1—
H= ———"—=.
2 —2(vs/v)?

(14)

To obtain elastic constants with high accuracy, the
number of plane waves used in the charge density rep-
resentation in the VASP code was increased eightfold in
our calculations. In addition, due to the fact that localized
states of the methylammonium ion do not contribute to
acoustic phonons, the atoms of this ion were omitted in
the calculations of N and M,.
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Based on the calculated values of conductivity, Seebeck
coefficient, and thermal conductivity coefficient, we calcu-
lated the thermoelectric power function

P=Sc (15)
and figure of merit
82
zT=2%1, (16)
ktot

3. Band structure of MAPbI;, CsSnl;,
MASnNI; compounds

Figure 1 shows a lattice cell of a simple cubic structure,
typical for compounds doped with the MA ion at temper-
atures above 500 K. It was assumed that the C—N-bond is
directed along the a axis, although it is known from expe-
riments that the direction of this bond is disoriented [49].
Due to the relaxation in the process of calculation, the
structure acquires an orthorhombic distortion with periods
along a, b, ¢ axes equal to 6.20, 6.15, and 6.14 A instead
of 627 A for a simple cubic structure. In the following, we
will show that neglecting the disorientation does not lead
to a noticeable deterioration in the results of thermoelectric
properties calculations.

Figure 2 shows the total and partial densities of states
(DoS) for MAPbDI;. The basis of atomic orbitals here
includes 6s- and 6p-orbitals of lead, 5s- and S5p-orbitals
of iodine and valence orbitals of nitrogen and carbon. The
5s-orbitals of iodine are responsible for the formation of
a group of band states near —12¢eV, and the 5p states
of iodine are responsible for the group from—4¢eV to the
Fermi level. The 6s-lead orbitals form a group of band
states around —8 eV, which have noticeable dispersion, and
are also included in the group from —4eV to the Fermi
level. It follows from the presence of dispersion and
mixing of lead and iodine DoSs that their orbitals are
hybridized and form a framework of chemical bonds in

Figure 1. Lattice cell of a simple cubic structure of MAPbDI;,
MASnI;.
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Figure 2. Total (per lattice cell) and partial densities of states
(DS), calculated per 1 atom, for MAPbI3. The Fermi level is taken
as zero energy, equal to the top of the valence band in this case.

octahedra of Pbls. Band states with almost no dispersion,
marked on the complete DoS with numbers from /7 to 3,
belong to carbon, nitrogen, and hydrogen atoms. They
are hybridized with each other but not with the orbitals
of lead and iodine, i.e. they correspond to the molecular
orbitals of the methylammonium ion. The localized nature
of the states of the MA ion is confirmed by the form of
isosurfaces of the wave functions for the I'-point shown in
Figure 3. When the wave function value is 4 - 106 A3,
there are no contributions from lead and iodine; their small
contributions to the isosurface are manifested when the
wave function is 10times smaller. This means that the
electron density outside the isosurfaces shown in Figure 3
is almost 100times less than inside them, i.e. the bond
between the octahedra Pblg and the MA ion is weak. In
the following, we will consider the consequences of this
effect for the thermoelectric properties.

For the CsSnlz compound with a perovskite structure,
where a cesium ion is present instead of the MA ion
(Figure 4), the calculation results are shown in Figure 5.

Calculations were carried out with the basis of 5s-,
Sp-orbitals of tin and iodine atoms and the extended set
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Figure 3. Isosurfaces of wave functions at the I'-point of localized states of the MA ion in CH3NH3Snl;. Calculated for values on
isosurfaces equal to 4 - 10~% units A=" (yellow lobes) and —4 - 10™° (blue lobes) units A~>.

Figure 4. Lattice cell of CsSnls.

of 5s-, 5p-, 6s-orbitals of cesium atoms. Band states
near —12.5¢eV are formed from 5s-orbitals of iodine atoms
and small impurities of 5s-orbitals of tin. Near —9eV
there is a peak of dispersionless states formed from 5s-
and Sp-orbitals of cesium atoms. In the energy range
from —8.2 to —6.2¢V, there is a band composed mainly
from Ss-orbitals of tin atoms, which are hybridized with
5s-orbitals of iodine atoms. In the range from —4.4 to
—1.1¢eV, there are band states formed from 5p-orbitals of

iodine and 5p-orbitals of tin, and above this band, up to the
Fermi level, there are unhybridized bands of 5p-orbitals of
iodine.

Figure 6 shows the total and partial DoSs of the MASnI3
compound.

In general terms, the band structure of MASnCl; is
similar to the structure of MAPDI;: similar types of hybrid
and localized states are present.

4. Thermoelectric properties of MAPbDI;,
CsSnl;, MASnl;compounds

The results of our ab initio calculations of TEP and the
power function in the temperature range from room tem-
perature to T of about 600 and 750K, i.e. decomposition
temperatures of compounds, are shown in Figures 7—10 for
a wide range of hole concentrations.

It can be seen that changes in TEP with an increase
in both temperature and hole concentration n, for all
compounds differ very little. As the temperature increases,
a significant decrease in the Seebeck coefficient is observed,
while the conductivity increases by several orders of mag-
nitude. These trends have opposite effects on the power
function P = S?c, but at all temperatures P increases with
increasing Ny, although the details of the change in P for

Physics of the Solid State, 2023, Vol. 65, No. 11
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Figure 5. Total and partial densities of states of CsSnl;.

different compounds differ due to subtle details of the
change in S and o. The calculated values of P turn
out to be significantly higher than the experimental ones,
0.03mW/(m-K?) for MaPbl; [13] and 0.13mW/(m-K?)
for CsSnl; [5]. The results of calculations of the depen-
dences of the figure of merit ZT on temperature are shown
in Figure 11; they reach a value of ~ 1 comparable to the
figure of merit values for the most efficient thermoelectrics,
~ 2 [50]. The dependences of ZT on the hole concentration
at different temperatures are almost the same; Figure 12
shows them as examples for a temperature of 300 K. It can
be seen that for all compounds the maximum ZT is achieved
at the optimal carrier concentration of ~ 10 cm=3. It
should be noted that the extreme form of the dependences
of figure of merit on concentration occurs for a fairly wide
class of thermoelectrics [51,52).

Figure 13 shows the temperature dependences of the
total thermal conductivity coefficient ki and its terms,
i.e. electronic Ky and phonon Kgne, contributions calcu-
lated using the Slack model. It can be seen that the
dominant contribution determining the value of ki is the
phonon contribution, as is the case for other classes of
thermoelectrics [53-55]. The results are in reasonable
agreement with the data obtained for MaPbl; [6] from
the ab initio approach implemented in the Phono3py

Physics of the Solid State, 2023, Vol. 65, No. 11

software package [56]: both the low value of thermal
conductivity, ~ 0.5 at 300K, and its temperature decrease
are reproduced.

It is noteworthy that both the TEP graphs and the
values of P and ZT for CsSnl; and MASnI; are almost
the same. Due to the lack of the problem of doping
ion orientation relative to the crystallographic axes for
CsSnl;, it follows that for MASnl;, and probably for
MAPbDI;, the orientation of the ion MA = (CH;CNj)!*
affects the thermoelectric properties negligibly, as do small
deviations of the crystal symmetry from the cubic one.
That is, the role of the MA ion in the formation of TEP
consists mainly in the introduction of electrons into the
Pbl;, Snl; subsystems, which determines the emergence of
semiconductor properties. It should be noted that this result
contradicts the conclusions of [57] about the effect of the
MA ion orientation, made without TEP modeling only on
the basis of analysis of changes in the band structure with
varying orientation.

It can be seen from the consideration of the graphs of
ZT for the hole concentration of np = 10'® cm~3 that at
temperatures above room temperature, within the limits of
structure stability, the calculated value of ZT for MaPbl; is
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Figure 6. Total and partial DoS of the MaSnl; compound.

DoSs are given in 1/eV.
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Figure 12. Calculated values of the figure of merit ZT depending
on the hole concentration for compounds of CH3NH3Snl3, CsSnls
and CH3NH3Snl; at a temperature of 300 K.

at a level of 0.6. For CsSnl; and MASnI; (the results differ
very little) this value increases to the level of 1.1, i.e. the
calculations predict higher efficiency for these compounds.
The calculated values of conductivity, power and figure
of merit functions significantly exceed the experimentally
obtained values [9,16,18,22,23]. One of the causes for it is
that the modeling refers to a bulk single crystal, whereas
the experimental data is usually obtained for polycrystals
or nanostructures. The higher values of conductivity, and
therefore the higher values of P and ZT, are explained
by the fact that its calculations do not take into account
the contribution during relaxation from the scattering of
current carriers that occurs at grain boundaries. Modeling
such scattering is still an unsolved problem in the theory of
thermoelectric properties.

However, it can be shown that for thermoelectrics with
methylammonium ion there is also another cause for the
low experimental values of P and ZT. One of the
advantages of the Boltzmann-Onsager theory is the ability
to calculate the Seebeck coefficient on its basis with a
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fairly high accuracy. It follows from equation (4) that a
mutual reduction in the relaxation time included in both
the numerator and the denominator can be expected, and,
consequently, the insensitivity of the calculation results to
the relaxation time, which determines the high accuracy.
Good agreement of the Seebeck coefficient values with
experiment for a large number of compounds is confirmed

—— MAPbI,
SR —— CsSnly
A —— MaASn,

300 400 500 600
T,K

>

ko, W/mK

0.2 : ! ! :

300 400 500 600
Figure 13. Calculated dependences of the thermal conductivity
coefficients of the compounds of CH3;NH;Snl;, CsSnls and
CH;NH;Snl; at a carrier concentration of 10 em™3. Here
Kphon, Ko and Kyt are, respectively, the phonon contribution, the

electronic contribution and the total thermal conductivity.
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by literature data [29,52], i.e. if the carrier concentration
is unknown, then calculations of the Seebeck coefficient
can be used to estimate it. For MASnl; and MAPDbDI;
in [9,22,58] in the temperature range from 300 to 400K,
very low values of the Seebeck coefficient were obtained,
from 5 to 100uV/K, but without indicating the carrier
concentration. According to our estimates of the See-
beck coefficient, Figures 8—10, this should correspond
to a hole concentration from 10%° to 10*'cm™3, i.e.
from ~ 0.025 to ~ 0.25holes per cell. The explanation
is that during the process of synthesis, apparently, non-
stoichiometric compounds of the (CH3;NH;3);_xSn(Pb)l;
type were formed, where X = 0.025—0.25, i.e. with a
deficiency of methylammonium ion. This is consistent with
the idea that the electronic states of the methylammonium
ion are localized, i.e. this ion is weakly bound to the rest
of the crystal structure and can be easily removed from
it. This can be confirmed by the results of [59], showing
that a small decrease in weight upon heating the MAPDI;
begins at 500K, i.e. noticeably below the decomposition
temperature. Based on calorimetric measurements, it was
also shown in [60] that MAPbI; is thermodynamically
unstable, along with similar compounds with chlorine
and bromine.

5. Conclusion

Previously performed experimental studies of lead and
tin trihalides, which have hole conductivity when methy-
lammonium or cesium ions are implanted in their struc-
ture, previously led to the conclusions about very modest
prospects for using their thermoelectric properties, because
studies at temperatures below 100°C showed low figures of
merit. However, theoretical estimates of the figure of merit
previously carried out for the MAPbI; compound showed
that for MAPDI; single crystals at higher temperatures much
higher values of the figure of merit can be expected. Using a
more advanced theoretical approach, we concluded that high
figures of merit can be expected for all three compounds
considered, i.e. MAPDbDI3;, CsSnls;, and MASnl;. However,
the analysis of the electronic structure of MAPb(Sn)l;
compounds shows a weak bond between the MA ion
and the framework of interconnected octahedra of Pblg,
i.e. the possibility of easy removal of the MA ion with
a corresponding decrease in the Seebeck coefficient. Due
to the fact that the CsSnl; compound is free from such a
defect and has the highest decomposition temperature, it
appears to be probably the most promising thermoelectric
of all the compounds considered.
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