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Impeding phonon transport through superlattices
of organic—inorganic halide perovskites

*

Superlattice structures present a strategy to impede lattice thermal transport through organic—inorganic

halide perovskites and improve their potential for thermoelectric applications. We investigate the phonon
characteristics of such novel configurations and compare against predictions of the simple perovskite
lattices using first principle calculations. Our results show the existence of structural instabilities due to
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distortions in the octahedral cage surrounding the methylammonium ion. In the superlattices, a strong

phonon incoherence reduces the group velocities while interfacial resistance enhances scattering and
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Introduction

Organic-inorganic halide perovskites have received significant
attention over the past half a decade because of their excellent
photovoltaic conversion efficiencies.”” One of the building
blocks of these hybrid chemistries is the central cation. Amongst
the perovskites, methylammonium lead iodide (MAPbI;), where
MA representing the CH;NH;' cation is a molecular ion, has
demonstrated a very high potential for solar cells as well ther-
moelectric applications.*** Reducing the thermal conductivity
(k), especially that due to lattice vibrations (phonons), with
minimal or no deterioration to electrical properties is considered
the key to improving the thermoelectric figure of merit. Intro-
ducing interfaces through superlattice structural forms for
increased interfacial thermal resistance is a strategy to decrease
k.***® The decrease in « is achieved with the destruction of the
lattice periodicity, as described previously in numerous studies
on different types of superlattices such as those of Si/Ge'”**** and
Bi,Te;/Sb,Te;.>>* These efforts have shown considerable
decrease in « relative to the parent materials with simple lattices.
In superlattices, thermal transport is predominantly governed by
the scattering of long and short wavelength phonons, and hence
the thermal conductivity can be controlled by both the period
and the total thickness of the structures.>?® Therefore, thermal
transport can be potentially modified by manipulating these two
characteristic geometric properties of superlattice structures.
Here, we employ the same concept of introducing interfaces
by creating superlattice structures of organic-inorganic halide
perovskites. Materials with perovskite type lattices assume
complex structural landscapes because the atoms arrange
accordingly for the ABX; representation, where the cation A is at
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limits the phonons impeding heat conduction. Although heat transfer is anisotropic in these perovskites,
the interfaces in the superlattice obstruct phonon transport along all directions.

the center of BXg octahedra located at the corners of the cubic
lattice. Hybrid organic-inorganic perovskites have a very high
Seebeck coefficient and low thermal conductivity,>”° the latter
being attributed to a number of factors. Some studies have
suggested the cause to be the rotational motion of the organic
cation,” due to the inorganic atoms*® as well as by the coupling
between the organic and inorganic parts of the molecule.” Here,
we show that the thermal transport is further reduced in
heterogeneous structures (superlattices) of hybrid organic-inor-
ganic halide perovskites. We have already proved that electrical
conductivity and Seebeck coefficient persists with values in
superlattice structures similar to those determined for simple
lattice configurations.** Hence, the objective of this paper is to
understand the phonon transport mechanisms in the super-
lattices and suggest opportunities to engineer these materials for
energy applications. The limited literature only provides «
predictions of MAPDI; and suggests of the transitional states due
to instabilities arising from certain soft modes.”***% We
investigate the phonon dynamics through dispersion curves,
density of states (DOS) and group velocities, and predict the
specific heats for a set of superlattice structures of MAPbI; and
methylammonium tin iodide (MASnI;) relative to the simple
perovskite forms. The presence of interfaces decreases the
phonon group velocities, creating localized regions of phonons
that contribute to increased scattering and reduced .

Computational methods

We employ density functional theory (DFT) calculations for
optimizing the geometry of the perovskite and superlattice
structures followed by computations of phonon properties. Self-
consistent pseudo-potential plane wave approximation, as
implemented in the Vienna Ab initio Simulation Package
(VASP),*** is used. The exchange correlation functional is
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approximated using Perdew-Burke-Ernzerhof (PBE) General-
ized Gradient Approximation (GGA).** The five structures (I
through V) investigated here are illustrated in Fig. 1(a—e). We
choose pseudo-cubic phases for these structures while the MA
molecules are arranged in (1 1 1) direction. We choose an
800 eV cut-off for the energy minimization with a plane wave
basis set and considera 4 x 4 x 4,4 x 4 X 4,5 X5 x 2,5 X 5 X
3and 5 x 5 x 3 Monkhorst-Pack k-point mesh for the different
structures, respectively. An optimization criterion for the
computed force on each atom of less than 0.01 eV A" is used in
all the calculations. The details about the structure and the &
mesh convergence tests are provided in Table 1. The experi-
mental demonstration of the superlattices has been provided in
our earlier work where scanning electron microscopy images
and characterization of the energy dispersion validate the
successful creation of these superlattice structures.*

Phonon dispersion is obtained from Phonopy* within the
harmonic approximation and with the force constants derived
from DFT. The calculations are performed by the supercell
approach within the framework of density functional pertur-
bation theory*® and frozen cell method.** The supercell chosen
for our study is 2 x 2 x 2 for structures I, II, IlTand 1 x 1 x 1 for
structures IV and V. In both cases, the second order derivative of
total energy required to calculate the force constants is
computed relative to atomic displacements. Using these force
constants, phonon frequencies are obtained that subsequently
provide us with the phonon dispersion and the DOS. Specific
heat* (©) is evaluated from

2
(ha)q,,>
C= <<LE> =Yk <hqu)2 € kT
NG Vi qn B kBT <7’l(x)qn)2
e ksT -1

Boltzmann constant, n the band index, g the reciprocal lattice
vector, w the phonon frequency, T the temperature and E the

5, where kg is the

total energy. Likewise, group velocity*
1 oD . . .
Vg = €qn ﬂ eqn ), where D is the dynamical matrix,
20gn dq

and e the eigenvector at the band index n and reciprocal point g.

Results and discussion

The phonon dispersion curves for the different perovskites,
presented in Fig. 1(f-j), show that all the structures have nega-
tive frequencies (soft modes) indicative of their respective
transitional states. Comparable results for MAPbI; have been
reported elsewhere that show negative frequencies at the
boundary k points and similar phonon dispersion curves.***
Perovskite structures assume different crystalline phases at
different temperatures and minimal distortion in the structure
induces a transitional state causing instability. MAPbI; and
MASNI; exist in three structural phases at different tempera-
tures — below 162 K MAPbI; assumes the orthorhombic phase,
transforms to the tetragonal phase at higher temperatures and
transitions from tetragonal to cubic at 327 K.** Similarly,
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MASnNI; undergoes three temperature dependent phase transi-
tions - it is in a monoclinic form at low temperatures, changes
to rhombohedral at 331 K and subsequently to cubic phase
beyond 463 K.***” These instabilities are more pronounced in
superlattice structures with greater number of negative
frequencies noted in structures IV and V. The per-atom negative
frequencies for structures I, II, III, IV and V at k-point R are 1/6,
1/6, 1/6, 1/5, and 1/4 respectively. Likewise, at 1" point the per-
atom negative frequencies observed are 0, 0, 1/12, 1/6 and 1/5.
As different perovskite structures are introduced in the primi-
tive cell, these instabilities increase because the various layers
independently show dissimilar lattice dynamics behavior under
the same thermodynamic conditions. The relative stability of
these structures is analyzed based on the binding energies Ej,
derived using the free energies of structures I and II, as

Ey, = Ey — (nE; + mEyy)

where Ej is the free energy of MAPbI;, Ey is the free energy of
MASnI;, n and m are the number of layers of MAPbI; and
MASnNI; respectively. Ej, for structures III, IV and V are 0.287 eV,
0.118 eV and 0.067 eV respectively. The positive values are
reflective of the instability in the structure because of the lattice
mismatch, which also lead to the soft modes in these structures.
Although the presence of these soft modes implies that these
structures are in the transitional phase, the absolute values of
these negative frequencies are small. The low frequencies imply
that the difference in energies between the two stable structures
while negligible, impede the structure from reaching a partic-
ular stable configuration. The effect of the soft modes on the
overall superlattice is enhanced because a distortion in one
layer creates instability in the entire perovskite structure. In
structures I and II (Fig. 1(f and g)), the phonon modes with
negative frequency are observed at the boundaries (R and M
points) and zero frequency occurs at the ) point. This result
suggests the two pure structures are susceptible to small
perturbations and the soft modes at R(111) and M(100) are
characteristic of the rotational tendency of MA" ion and the
distortion of the octahedra.** The dispersion behavior for
structures III, IV and V suggest instabilities at both the )" point
and the boundaries.

Next, we investigate the phonon DOS for the different
structures and present in Fig. 1(k-o) the contributions of
different atoms in the lattice. The DOS for all the structures
reveal the presence of three distinct sub-domains of high,
intermediate and low frequencies. The high and intermediate
frequencies are due to the phonons arising from the MA" ion
with a minor contribution of the Pb atom in structures IVand V,
while the predominant low frequency contributions are from
Pb-I and Sn-1 pairs. As shown in Fig. 1(m-o), for structures III,
IV and V the effect of Sn and Pb atoms are identical. We predict
that characteristic vibrational frequencies due to the metal
atoms are similar and thus might permit energy transfer across
the interfaces of dissimilar perovskites in the superlattice using
two-phonon scattering processes. Hence, interfacial thermal
resistance within the superlattice structure is weakly influenced
by the characteristic phonon modes of the metal atoms in these

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Molecular representation, phonon spectrum, density of states and group velocity of the different organic—inorganic perovskite structures.
The molecular structures are (a) methylammonium lead iodide (MAPbIs, structure 1), (b) methylammonium tin iodide (MASnls, structure Il), (c)
structure Ill with a layer of MASnI3 sandwiched between two layers of MAPbI, (d) structure IV with two layers of MAShI3 sandwiched between four
MAPDI3 layers, and (e) structure V with two layers of MAPDbIs sandwiched between four MASnls layers. The phonon spectra for the different structures
are correspondingly presented in figures (f)—(j). The dispersion curves predict negative frequencies representing a transitional state for structures |
and Il only at the boundary points while a stable configuration is located at the gamma point. However, for the superlattice structures Ill, IV and V,
phonon modes with negative frequencies (soft modes) are observed throughout the (k) spectrum. Soft modes increase from structure | through V
reflecting an increase in the instabilities of the lattice configurations. Figures (k)—(o) shows the partial and total density of states (DOS) of the
perovskite structures. The contributions of the MA™ ion, Pb, and | have been illustrated in the DOS. Similar contributions from Pb and Sn atoms are
noted for the superlattice structures implying that vibration at the corresponding lattice sites facilities phonons of similar frequencies. The velocity
distribution over the frequency domain is presented in figures (p)—(t) for structures I, Il, lll, IV and V respectively. Phonons with non-zero group
velocities are predominant in the low frequency sub-domain of the simple perovskite structures, while those in the superlattice are recorded in the
medium and high frequency regions. At each frequency level, phonon number density is obtained as the ratio of the number of phonons at that
frequency to the number of atoms in the primitive cell of the corresponding structure. The phonon number density for the frequency range from 0—
1 THz with velocities greater than 500 m s~* are 23, 27, 8, 5 and 7 phonons per unit cell for structures |-V respectively, suggesting a lower thermal
conductivity of the superlattice perovskites due to reduced number of modes available for heat conduction.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 37015-37020 | 37017
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Table 1 Structural parameters are presented for the structure |, I, 11,
IV and V. The details include the equilibrium lattice constants, and the
number of atoms per unit cell. The table also lists the convergence test
performed in terms of energy variation with k-point meshes for the five
structures. The data is presented for two values of k-meshes, one
based on which results are analyzed and a second denser mesh

Lattice constants

No. of atoms/

Structure a (&) b (A) c(A) unit cell
1 6.432 6.515 6.445 12
I 6.302 6.428 6.303 12
II1 6.401 6.514 12.809 24
v 6.372 6.492 31.811 60
\% 6.378 6.507 31.780 60
Convergence tests for k-mesh

k-Point k-Point

mesh mesh Energy (eV) Energy (eV) %
Structure (reported) (denser) (reported k) (denser k) difference
I 4x4x4 6xX6x6 —50.85 —50.96 0.20
I 4x4x4 6X6x%X6 —50.90 —50.93 0.05
III 5xX5x2 10 x 10 x 2 —101.42 —101.85 0.40
v 5x5x%x3 10 x 10 x 4 —254.40 —254.60 0.07
\Y% 5xX5x%x3 10 x 10 x 4 —254.40 —254.60 0.07

hybrid perovskites. Fig. 1(k-o) also reveal the underlying causes
driving the structural instability in these structures. Since the
negative frequency phonons are predominantly due to MA" ion
and I, structural disorder arises in the MA" ion and Pb/Sn-I sub-
lattices. Atoms in these sub-lattices occupy more than one non-
equivalent lattice site.”* While MAPbI; and MASnI; exhibit
disorder in their structures with MA' ion occupying non-
equivalent positions in adjacent cages,* the octahedral cage
(here Pb/Sn-I sub-lattices) are known to show disorder even in
other perovskites such as CaTiOs, SrTiO; and BaTiO;.* Addi-
tionally, the extra degree of freedom in the angular orientation
of MA" ion that occurs in organic-inorganic halide perovskites
creates further hindrance to an optimal configuration for an
overall stable structure with suitable positioning of the MA" ion
and Pb/Sn-I sub-lattices.

The lattice contribution to « is directly proportional to the
average group velocity of phonons. Fig. 1(p-t) present the vari-
ation of the group velocity with frequency for the five structures.
The group velocities in this figure are reported for every g and n,
where n is the band index, g is the reciprocal lattice vector. The
phonons in the low frequency range of 0-4 THz that have non-
zero group velocities predominantly contribute to heat
conduction. The number density (ratio of the number of
phonons at each frequency level to the number of atoms in the
primitive cell of the structure) of such phonons with finite
group velocities is highest in structures I and II relative to the
superlattices. The phonon number density in the frequency
range from 0-1 THz for group velocities greater than 500 m s ™"
is 23, 27, 8, 5 and 7 phonons per unit cell for I, II, III, IV and V
respectively. These phonons with low scattering rates and
relatively longer mean free paths conduct thermal energy across
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extended distances in the perovskite lattice. There is a strong
decrease in the number of these phonons in the superlattice
structures. The presence of different layers in the superlattice
imposes dissimilar behavior of the phonons across the adjacent
layers, effectively reducing the number density. Thus, the total
energy transport by phonons is reduced including the fraction
of lattice vibrations with long mean free path, and this impedes
heat conduction. So, the reduction in phonon number density is
still observed even after considering that different metal toms
(Pb and Sn) show similar frequencies as per the density of states
(Fig. 1(k-0)). Therefore, we corroborate that phonon contribu-
tion to « in superlattices is significantly diminished relative to
that in the simple perovskite lattices represented by structures I
and II. Similar predictions derived in the frequencies between 1
and 2 THz are 26, 24, 8, 3 and 4 phonons per unit cell and
between 2 and 3 THz are 24, 25, 0, 2 and 3 phonons per unit cell
for the five structures, I through V, respectively.

The frequency dependence of the mean in-plane (v4,) and
cross-plane (vg;) group velocities are presented in Fig. 2. The
average group velocities represent the mean over all the band
indices calculated by dividing the sum of group velocities at
each frequency with the number of bands. The superlattice
structures have low group velocities over the entire frequency
domain. Lattice « is related to the group velocity as (k = Cv,°1),
where 7 is the average relaxation time and v, is the phonon
group velocity averaged over all polarizations and directions.
being directly proportional to the square of the group velocity,
superlattice structures have poor heat conduction through
them. Together with the interfacial thermal resistance, super-
lattices break the phonon coherence and reduce « in a direction

R
oll
e | (@ |
| oV
>D§ ov
= l
()]
o
Q °
z . B B . . cadind
20 40 60 80 100 120

Frequency (THz)

%T r . . ") .
o | (b) |
2 al[}
x .|V :
36 .V |
(]
(=]
g ]
[ s °
> =
< 20 40 60 80 100 120
Frequency (THz)

Fig. 2 Variation of average phonon group velocities with frequency
for the different structures. The figures show that for both (a) cross-
plane (z-direction) and (b) in-plane (x-direction) group velocities,
superlattices have lower predictions relative to structures | and Il due
to phonon incoherence and interfacial thermal resistance. Since these
velocities are directly proportional to thermal conductivities, the
dissimilar predictions along the two directions as shown in the figures
are reflective of the anisotropic heat conduction in the longitudinal
and transverse directions of all the perovskite structures.

This journal is © The Royal Society of Chemistry 2017
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normal to the interacting surfaces between dissimilar perov-
skites. Fig. 2 shows that structure I has the highest vy,, while vg,
is maximum for structure II. Structure III has the minimum vy,
suggesting a strong phonon incoherence relative to the other
structures. Previous experiments® and theoretical modeling™*
show that in superlattices heat conduction is diminished in
both the in-plane and cross-plane directions. Our calculations
reveal that group velocities along the in-plane direction are
significantly lower than that perpendicular to the interfaces,
especially in the low frequency range for the superlattice
structures IV and V. The reduction in in-plane group velocities
as observed in superlattices is due to the change in phonon
spectrum with the introduction of interfaces. Fig. 1 shows the
spectrum of structures 1 to 5 and the value of frequency at
various k points. Especially the spectrum between I’ - M — X
is responsible for in-plane properties. The spectrum becomes
flat in the superlattice structures at boundary k-points and
results in the low group velocities. Among the structures
considered in this study, structure IV is predicted to have the
lowest group velocity and is hence predicted to have the lowest
thermal conductance. On one hand, we predict that super-
lattices have reduced « relative to structures I and II, on the
other hand the distribution of the group velocities reveal
a strong anisotropic feature of thermal transport for all the
perovskites considered. Although interfaces are present normal
to the longitudinal z-direction, group velocities and hence heat
conduction along the transverse directions are also reduced in
the superlattices relative to the simple perovskite structures.
The variation of specific heat C with temperature for the five
structures in presented in Fig. 3. While C of structure II is
highest and that of structure I is lowest among the perovskites
investigated, the predictions for the superlattices lie in between.
In accord with the simple Debye model, we observe that at low
temperatures C is proportional to T°. Also, as the density of
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Fig. 3 Variation of specific heat of the different perovskite structures
with temperature. The figure illustrates that the specific heat, C, (i)
varies as T° at low temperatures and (i) is inversely proportional to the
density of the corresponding perovskite structure. These predictions
are in agreement with the simple Debye model for specific heat.
Specific heat of the different superlattices, especially at higher
temperatures, are lower than the average of the specific heat of the
simple perovskite lattices. The specific heat variations are shown up to
600 K, which is approximately the melting point for halide perovskites.
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a material is inversely proportional to the C and the density
order of the investigated perovskite structures being I>1V >V >
11, we find the order for the specific heat to be I < IV <V < 1L
Structures with an average lighter mass require relatively lesser
amount of energy than those with heavier atoms for excitation
at the lattice sites and facilitate heat conduction by phonons
across the material. This amount of energy reflects in the C
predictions for the different perovskites investigated here.
While our predictions differ from some corresponding
measurements in the literature,* the results do compare well
with recent experimental reports.® For instance, the computed
C of 301.62 ] kg K~ compares well with the measured result
of 241.94 J kg ' K ' at 150 K.

Conclusions

In summary, we investigate the lattice dynamics of superlattice
structures of organic-inorganic halide perovskites and compare
their phonon dispersion, density of states, group velocities and
specific heat against the corresponding predictions for the
simple lattice forms using first principle calculations. The
phonon vibrational spectra of the superlattices reveals the pres-
ence of negative frequencies or soft modes indicating transitional
states in the structural configurations. Through the partial
density of states, we find that the I and MA" ion predominantly
contribute to these soft modes. Our results suggest that these
perovskite lattices are sensitive to the distortions in the octahe-
dral cage surrounding the MA" ion and rotations of the MA" ion,
and the future need for methods beyond the harmonic approxi-
mation for an accurate treatment of phonons. We predict that
a strong phonon incoherence causes significant reductions in the
group velocities of the superlattice configurations, both parallel
to and perpendicular to the interfaces, relative to the simple
forms. Similar results noted for the number density of phonons
implies that an enhanced scattering and interfacial resistance to
energy transport by lattice vibrations impedes heat conduction
and diminishes thermal conductivity. While the frequency
dependence of mean group velocities ascertains the anisotropic
heat transfer characteristics of these structures, the interfaces
between dissimilar perovskites obstruct phonon transport in
both the in-plane and cross-plane directions. The specific heat of
the structures agrees with the Debye model at low temperatures
as well as inverse dependence on the material density. Overall,
our investigation highlights that superlattice perovskite struc-
tures reduce lattice thermal transport that could contribute
towards employing organic-inorganic halide perovskites as
potential thermoelectrics.
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