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ABSTRACT: The power conversion efliciency for solar cells fabricated using
organometal halide perovskites (OMHPs) has risen to more than 20% in a short 0.04 ..
span of time, making OMHPs promising solar materials for harnessing energy from 0.03 =

0.05
. 0 Mv/cm "4 Mv/cm !

sunlight. The hybrid perovskite architecture that consists of organic molecular cations X 0.02 J
and an inorganic lattice could also potentially serve as a robust platform for materials 0otk s .\
design to realize functionalities beyond photovoltaic applications. Taking methyl- 0.00 , }
ammonium lead iodide (MAPbI;) as an example, we explore the response of T2 -1 o0 1 2
organometal halide perovskites to various stimuli, using all-atom molecular dynamics # (D)

simulations with a first-principles-based interatomic potential. We find that a large

electric field is necessary to introduce a sizable molecular ordering at room temperature in unstrained MAPbI;. Molecular dipoles
in epitaxially strained MAPDI; are more susceptible to an electric field. We also report various caloric effects in MAPbI;. The
adiabatic thermal change is estimated directly by introducing different driving fields in the simulations. We find that MAPDI;
exhibits both electrocaloric and mechanocaloric effects at room temperature. Local structural analysis reveals that the
rearrangement of molecular cations in response to electric and stress fields is responsible for the caloric effects. The enhancement
of caloric response could be realized through strain engineering and chemical doping.

B INTRODUCTION

Organometal halide perovskites (OMHPs) are promising
candidates for low-cost-to-power photovoltaic technologies.
They are now at the frontier of renewable energy research for
their record speed of increasing power conversion efficiency.' ™
The sharp rise in conversion efficiency from 3.8%" in 2009 to
22.1% in 2016 (KRICT, South Korea)® is unmatched by any
other solar-cell technologies. Since OMHP crystals are easily
grown,” they could serve as a robust platform for active materials
beyond photovoltaic applications. Represented by methylam-
monium lead iodide (MAPbL;), these materials have the ABX,
perovskite structure with an organic monovalent cation at A-site,
a divalent metal at B-site, and a halide anion at X-site. The
molecular cation has a permanent dipole and interacts with the
inorganic BX; scaffold mostly through van der Waals interactions
and hydrogen bonding.”” Further functionalities of OMHPs
have been proposed, ranging from thermoelectrics®” and
spintronics'”'" to light-emitting diodes and lasers.'”"
Compared to inorganic perovkites, one unique structural
feature of OMHPs comes from the A-site organic molecules that
may undergo significant rearrangement at room temperature due
to their small rotational barrier.'#'> The ordering and rotations
of organic cations are suggested to be relevant to the superior
photovoltaic performance of OMHPs.'"'*~"* Several micro-
scopic mechanisms have been proposed. Local alignment of
molecular dipoles could give rise to spontaneous polarization and
polar domains at the nanoscale; the internal electric field at
domain boundaries of the polarization gradient may facilitate
electron—hole separation and suppress recombination,'®'”
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which are potentially responsible for the slow charge
recombination and long charge diffusion lengths.”~*' Driven
by the strong spin—orbit coupling of Pb atoms, the Rashba eftect
in locally polarized domains could result in spin-allowed and
spin-forbidden recombination channels, with the spin-forbidden
path exhibiting a slow recombination rate because of the
mismatch of spin and momentum.'' The fluctuating electrostatic
potential resulting from the randomly oriented molecular dipoles
causes the spatial separation of charge densities of the conduction
band minimum and the valence band maximum, thus reducing
the carrier recombination rate.'"® The dynamics of molecular
cations that directly influence the length/time scale of polar
domains therefore will affect the significance of those polar-
domain-based microscopic models for carrier dynamics.”>*?
Ionic conduction is another mechanism that can influence the
photovoltaic performance. The diffusion of charged defects leads
to space charge regions close to the contacts.””*” First-principles
calculations show that iodine vacancy (Vi) is the dominate
diffuser in MAPbL, with low diffusion barrier”® and high hopping
rate at 300 K.’ The ionic diffusion could serve as another source
of polarization, likely to be responsible for the current—voltage
hysteresis in MAPbI, solar cells.”*~*°

The rotational dynamics of MA" cations in MAPbI; are
intimately related to a question that is under active debate:
whether MAPDbI; possess long-range/time-scale ferroelectric
ordering due to orientational aligment of MA" cations at room
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temperature. Though the presence of switchable polar domains
in MAPDbI; is indicated by several piezoresponse force
microscopy/atomic force microscopy ez>(periments,31_3’3
number of works also suggest the absence of ferroelectricity at
room temperature%34 or poor polarization retention after
switching.” Neutron powder diffraction studies reveal that
MA? cations at room temperature are rotationally disordered,
and could direct toward the face of the distorted cubic Pbl,
framework,*® which is consistent with elastic and quasi-elastic
neutron scattering results: MA" cations exhibit 4-fold rotational
symmetry of the C—N axis in tetragonal phase.””> Both ab
initio®>*"** and classical molecular dynamics simulations®
reveal the fast reorientational dynamics of molecular cations at
room temperature with relaxation times in the range of 1-5 ps,
consistent with experimental works with NMR,* millimeter-
wave spectroscopy,  and neutron diffraction.””** Recent DFT
calculations demonstrate a large number of structural local
minima with differently orientated polarization directions for
orthorhombic MAPbI,.* This supports a disordered super-
paraelectric-like behavior, being spontaneously polarized at the
nanoscale but polar-compensated (zero-polarization) at the
macroscale. As a ferroelectric is characterized by an electric-field-
switchable spontaneous polarization, one goal of this work is to
understand the molecular ordering in response to an external
electric field.

There has been a surge of interest in using caloric materials to
develop environmentally friendly solid-state cooling technology
as an alternative to traditional vapor-compression technology
that relies on refrigerants with high global-warming potential
(hydrofluorocarbons and hydrochlorofluorocarbons).**~**
Caloric effects refer to the phenomena in which the temperature
of the materials changes in response to the change of an external
driving field.*® There are different types of caloric effects,
depending on the nature of the driving field. The electrocaloric
effect (ECE) is driven by an applied electric field, whereas the
mechanocaloric effect is induced by an applied mechanical stress
(the elastocaloric effect is driven by a uniaxial stress, and the
barocaloric effect is driven by an isotropic stress). Magneto-
caloric materials will have reversible thermal changes in response
to changes in the applied magnetic field.** A cooling cycle is
realized through two constant-entropy (adiabatic) transitions
and two constant-driving-force transitions (Figure 1).** Tt is
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Figure 1. Schematic of a caloric cooling cycle involving two adiabatic
processes (steps 1 and 3) and two constant-driving-field (E, electric
field; o, stress field) processes (steps 2 and 4).

known that the ECE could occur in any insulator with a large,
temperature-dependent, dielectric susceptibility.** Relaxor ferro-
electrics characterized by disordered fluctuating polarization
entities and polar nanoregions are suggested to have high ECE.*
Experiments have demonstrated that organic poly(vinylidene
fluoride-trifluoroethylene) relaxor copolymer and inorganic La-

doped Pb(Zr, Ti)O; have giant ECEs in comparison to their
normal ferroelectric counterparts.’® The intrinsic dipoles
afforded by the molecular cations may give rise to ECE in
OMHPs. Motivitated by the similarity of OMHPs with relaxor
ferroelectrics that have many applications ranging from trans-
ducers to caloric applications,”' we explore the intrinsic response
of MAPDI, to various external stimuli and the associated caloric
effects with all-atom molecular dynamics (MD) simulations. We
study both electrocaloric and mechanocaloric effects under
different temperatures. The temperature change is estimated
directly by adiabatically applying driving fields in MD
simulations.

B COMPUTATIONAL METHODS

We used a classical model potential (MYP) derived from first
principles, recently developed by Mattoni et al.** The
interatomic potential of MAPDbI; consists of organic—organic,
organic—inorganic, and inorganic—inorganic interactions. The
organic—organic interaction includes both the intramolecular
and intermolecular interactions described by the standard
AMBER force field. The interactions within the inorganic Pb—
I scaffold are described by a Buckingham potential. The
interactions between the MA" cation and the Pbl; sublattice
are described as the sum of Buckingham, electrostatic, and
Lennard-Jones potentials (see details in ref 39). The force field
parameters are fitted to a data set obtained by density functional
theory calculations with the PBE exchange—correlation func-
tional. The MYP potential is able to reproduce the DFT cohesive
energy curve under hydrostatic deformations (bulk modulus =
18 GPa) and the rotational barrier for molecules in the cubic
phase at 0 K, and it also captures experimental orthorhombic—
tetragonal and tetragonal—cubic phase transitions. The relaxa-
tion times of reorientational dynamics of MA" cations estimated
using the MD trajectories obtained with this potential also agree
with experiments”**~* and recent ab initio MD calcula-
tions.”””* Though the model potential is not directly optimized
with regard to the vibrational properties, a recent study showed
that it could qualitatively reproduce DFT vibrational spectrum.”
The MYP classical potential is also successfully applied to study
jonic transport in crystalline MAPbL,.”” The success of this first-
principle-derived ionic model potential is partly due to the strong
ionic bonding character in MAPbI;>® and the weak electronic
coupling between the organic molecules and the inorganic Pbl;
scaffold.' >+

We carried out MD simulations on a 20 X 20 X 20
pseudocubic supercell (96 000 atoms and one formula unit for
each pseudocubic unit cell). The temperature is controlled by a
Nosé—Hoover thermostat, and the pressure is maintained at 0.0
MPa by the Parrinello—Rahman barostat implemented in
LAMMPS.*® A 0.5 fs time step is used and the system is
equilibrated for more than 2 ns before turning on the external
driving field. During the application of the driving field, a large
inertial parameter, M, is used for the thermostat (Tdamp = S ns
in LAMMPS) to prevent heat transfer between the system and
the thermostat, simulating an adiabatic process. The original
model potential is developed on the basis of DLPOLY code’”
with standard Ewald summation for computing Coulombic
interactions. We benchmarked the thermal evolution of
pseudocubic lattice constant with LAMMPS using a particle—
particle particle—mesh solver’® for the long-range interactions
(with desired relative error of 0.22 X 107 eV/A in forces) and
obtained the same results (see the Supporting Information)
reported in ref 39. We do not consider the orthorhombic phase
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Figure 2. Structure of MAPbI, at zero field and 300 K. (a) Schematic of a pseudocubic unit cell of MAPbI,. Probability distribution functions for (b)
component-resolved molecular dipoles, (c) angles between molecular dipoles and Cartesian axes, and (d) Pb displacements from the center of their 16
cages. Directional maps (¢, cos 0) for (e) molecular dipoles and (f) dipoles due to Pb displacements. The maps are obtained by recording the
orientations of all the 8000 MA" cations and 8000 Pb atoms, sampled every 0.5 ps from a 10 ps trajectory at 300 K obtained in constant-temperature
constant-pressure simulations. (g) The snapshot of molecular dipoles (red arrows) and Pb-displacement dipoles (green arrows) in the xy plane.
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Figure 3. Structural changes of MAPbI, in response to electric field under (a) zero stress and (b) 2% compressive epitaxial stress in the yz plane. The
electric field is applied along the +x direction. The changes in structure are captured by the changes in probability distribution functions of x-component
molecular dipoles (u,), the angle between the molecular dipole and +x axis (6,), and Pb displacement along x (A,

that occurs below 160 K, as we are focused on possible room-
temperature applications.

B RESULTS AND DISCUSSIONS

Structure of MAPbI; at Zero Field. We first examine the
structural features of MAPDI; at 300 K in the absence of an

17276

electric field (Figure 2), by calculating the probability
distribution functions (P) of molecular dipoles along the
Cartesian axes (4, p,, and p1,), angles between the molecular
dipole and Cartesian axes (0, 6, and 6,), and displacements of
Pb atoms with respect to the center of I6 cages (A, A, and
A,). We find that both P(y;) and P(6,) (i = «x, y, z) exhibit
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broad and symmetric distributions, leading to a zero macroscopic
polarization. The instantanous molecular orientation # can be
described by (sin 8, cos ¢, sin 6, sin ¢, cos 6,), where ¢ is the
azimuthal angle with respect to the z axis. Following the scheme
in ref 39, the equilibrium distribution of # is visualized by plotting
(¢, cos(8,)), which reveals a nearly uniform distribution of
molecular directions (Figure 2e). These indicate that molecules
can rotate easily and sample a wide range of orientations at room
temperature, consistent with previous studies.””*’~** We find
that a significant amount of Pb atoms are displaced substantially
(>0.1 A) away from the center of 16 octahedra, while the
distribution remains symmetric and is centered at zero
displacement (Figure 2d). This is a signature of dynamical
disorder.” Similarly, the orientations of local dipoles due to Pb
displacement also exhibit nearly uniform distribution in the (¢,
cos(6,)) map (Figure 2f).

Structural Response of MAPbDI; to Electric and Stress
Field. Structural changes due to an electric field applied along
the +x direction are captured by the changes in P(y,)), P(6,), and
P(AP) (Figure 3). Molecular dipole alignment driven by electric
field is observed: a higher electric field shifts the peak of P(u,) to
higher values and the peak of P(6,) to lower values. The average
value of AP also becomes positive with increasing electric field.
However, a relatively large electric field is required to introduce
sizable ordering in MAPDbI; at room temperature. For example, a
large 1.0 MV/cm electric field, which is much larger than the
coercive field of typical ferroelectric materials, such as BaTiO; or
PbTiOs3, only increases the average value of Pb displacement,
(A™), to 0.036 A, and P(u,) and P(6,) still have broad
distributions, suggesting the absence of perfect dipole alignment.
This agrees with recent ab initio MD simulations in which no
observable response of molecular dipoles within 20 ps for a field
of magnitude 0.2 V/A or lower is found.”* Using a polarization
value of 4.4 X 107 C/m? for MAPbL,,*” the energy gain (2P.E,
where P, is the polarization) for 180° switching under 1 MV/cm
electric field is ~14 meV (a lattice constant of 6.29 A is used),
which is comparable to the energy scale of the molecular
rotational barrier (MYP value, 36 meV; experimental value, 27
meV)*”* and thermal fluctuation (26 meV) at room temper-
ature. Therefore, even under a relatively high electric field,
molecules can still rotate to sample different configurations. The
large configurational entropy thus suppresses the presence of
long-range molecular ordering at room temperature.” This is in
sharp contrast to polarization switching in ferroelectric PbTiO;,
where the polarization is an order of magnitude higher and the
barrier height of the double well potential (>0.1 eV) is much
larger, preventing thermal fluctuation-induced reverse switching.
Describing MAPDI; as an Ising-like model assuming molecules
can easily reorientate is likely to be oversimplified.”* We further
find that applying a 2% compressive epitaxial strain (17 = 0.02) in
the yz plane makes the molecules easier to align by electric field.
A field of 1 MV/cm is enough to enhance substantially the
probability for P(u,>0) and P(6,<90°) and to increase the value
of (A to 0.067 A, a 2-fold enhancement compared to the
stress-free case.

Electrocaloric Effect in MAPbIl;. We estimated the
adiabatic thermal changes upon the application of electric fields
of different magnitudes along the x direction (Figure 4). The
electric field is turned on gradually over a 10 ps period. With a
high electric field (1 MV/cm), the induced change in
temperature (AT) is relatively small (~0.27 K), compared to
AT =12 K observed for PbZr ¢sTij ¢sO; thin films on application
of electric fields of 0.48 MV/cm.® Increasing the magnitude of
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Figure 4. Electrocaloric effect in MAPbL,. (a) Adiabatic thermal change
in response to electric fields of different magnitudes. (b) Temperature
and field dependence of the electrocaloric effect.

electric field to 4 MV/cm results in a larger AT of 4.1 K. Though
higher fields up to 1.4 GV/m have been achieved in ultrathin
crystal of barium titanate,’® it is likely to be a challenge for
MAPDI;, which has a small band gap, to withstand ultrahigh
electric fields. We further investigate the temperature depend-
ence of AT from 250 to 350 K. As shown in Figure 4b, the AT
remains almost constant for a given applied field. It is known that,
for normal ferroelectrics, AT in general will peak around the
phase transition temperature (T.) and will shift toward a higher
temperature as the electric field increases.”® The weak temper-
ature degendence of AT is usually found in relaxor ferro-
electrics.”” This hints at the structural similarity between MAPbI,
and relaxor ferroelectrics with polar nanoscale domains.

To provide an atomistic description of the ECE in MAPbI;, we
analyze the distributions of molecular dipoles before and after
adiabatically applying the field. The molecules initially have an
isotropic distribution of orientations (Figure S inset, E = 0 MV/
cm). By applying an electric field along the +x direction, the
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Figure S. Probability distribution functions of molecular dipoles under E
=0and 4 MV/cm. The inset shows the orientations of molecular dipoles
obtained from molecular dynamics simulations at 300 K.
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distribution of u, is heavily skewed in that direction. This
corresponds to the formation of a more ordered structure, with
dipoles aligning with the external electric field (Figure S inset, E =
4 MV/cm). Due to the conservation of total entropy in an
adiabatic reversible process, the decrease of the configurational
entropy (that characterizes the degree of order of atomic
positions) is compensated by the increase of thermal entropy
(that characterizes lattice vibrations), thus giving rise to the
increase of temperature.

Strain Effect on Electrocaloric Effect. Previous studies
have demonstrated that the epitaxial misfit strain can si§niﬁcanﬂy
affect the phase boundaries in ferroelectric thin films,**~"° which
could be used to tune the electrocaloric response.”"””> We thus
explore the effect of epitaxial strain on the ECE of MAPbI,. In our
MD simulations, a 2% and 4% compressive strain is applied in the
yz plane, respectively, with the electric field applied along the x
axis (the x-dimension of the supercell is allowed to relax). We
find that the compressive epitaxial strain enhances the ECE by at
least 2—3 times. For instance, AT(7=4%) for E = 2 MV/cm at
300 K is about 5.2 K, which is about 4 times larger than that (1.3
K) in the free-standing case. Similarly, with a higher field (4 MV/
cm), the temperature change can go up to 8.6 K under a 4%
compressive epitaxial strain. Figure 6b shows the effect of
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Figure 6. Influence of epitaxial strain on (a) electrocaloric effect and (b)
probability distribution function of u, in MAPbI;.

epitaxial strain on the probability distribution of y¢,. We find that,
in the strained MAPbI, (17 = 4%, E = 0 MV/cm), there are more
molecular dipoles aligning along the x axis, as revealed by the
enhanced peaks at both y, = —1.0 and 1.0 D and the suppressed
peak at y, = 0 D. Furthermore, compared to the freestanding
MAPDI; under the same electric field, the epitaxially strained
MAPDbI, is closer to a single domain, as indicated by the nearly
zero probability of y, < 0 D. Therefore, the change of local
polarization is significantly larger in strained MAPDI;, which is
responsible for the larger adiabatic thermal change.
Mechanocaloric Effect in MAPbI;. The chemical bonds
(Pb—I) in MAPbI, are not stiff,”* because of the large lattice
constants (5.7—6.3 vs 3.8—4.2 A common for oxide perovskites)

and low oxidation state of halide anions (—1 vs —2 in oxide
perovskites). The bulk modulus (10—25 GPa) is much smaller
(at least tens of GPa) than values of typical oxide perovskites.”*”*
This suggests that MAPbI; is a “soft” solid and could be
stretched/compressed with even a moderate stress. We examine
the mechanocaloric response of MAPbI, to both uniaxial (Aa,)
and isotropic stress (Ao;). In MD simulations, the uniaxial stress
is applied by slowly increasing the cell dimension along the x axis
while the dimensions along y and z directions are free to relax
with stress maintained at 0 GPa. Figure 7a presents the
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Figure 7. Mechanocaloric effect in MAPbI,. (a) Adiabatic thermal
change in response to uniaxial stress. (b) Time-resolved probability
distribution functions of molecular dipoles for Ac, = 0.45 GPa. (c)
Adiabatic thermal change in response to an isotropic stress. (b) Time-
resolved probability distribution functions of molecular dipoles for Ag;
=0.57 GPa.

temperature profiles in response to the uniaxial stress of different
loading speed and final magnitudes. It is found that stretching
MAPbI, by the same amount with two different speeds (blue and
orange lines in Figure Sa) results in similar changes in
temperature (%3.5 K for Ac, = 045 GPa). Most notably, AT
for Ao, = 0.55 GPa is about 10.7 K, which is almost comparable
to shape-memory alloys of Ni—Ti.**’® The evolution of the
probability distribution functions of y,, y,, and yi, under Ag, =
0.45 GPa is shown in Figure 7b. We find that the rotation and
alignment of molecular dipoles along the x axis, as characterized
by the decreasing P(,=0D) and increasing P(y,=+1.0D), is
responsible for the temperature change. We also evaluate the
values of AT for Ao, = 0.45 GPa at temperatures 250, 280, 300,
320, and 350 K and find that the thermal changes vary from 3.3 to
3.8 K, showing weak temperature dependence. The heating
caused by the isotropic compression is also significant (Figure
7c) in that the temperature increases by 4.5 K for Ac; = 0.57 GPa,
which corresponds to a 1% change in lattice constants. Under an
isotropic stress, the probability distribution functions of
molecular dipoles (Figure 7d) remain almost unchanged. This
suggests that the increase in temperature is mainly due to the
reduction of configuration entropy of a smaller volume.

Finally, we show the cooling steps upon the removal of various
driving forces in Figure 8. Before removing the driving force, the
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Figure 8. Simulated adiabatic cooling during the removal of (a) electric field, (b) uniaxial stress, and (c) isotropic stress.

supercell is first equilibrated to 300 K (heat ejection step). When
the electric/stress field is gradually removed, the temperature
goes down, eventually reaching a state with lower temperature,
which could be used to load heat for cooling. Though previous
studies show that MAPDI, has large dielectric loss,”® which may
lead to heating during charging/discharging, recent experiments
demonstrate that crystallized MAPDbI; can be optimized to a
small dielectric loss of 0.02 at 1 MHz.””

B CONCLUSION

In summary, our molecular dynamics simulations demonstrate
that MAPDI,; exhibits many typical caloric effects, which are due
to the rearrangement of A-site molecular cations in response to
electric and stress fields. The molecular dipoles have weak
response to electric fields due to the small energy gain for dipole
alignment and large configurational entropy at room temper-
ature. Given the soft chemical bonds in MAPbI;, we expect that
the mechanocaloric effect is more likely to be observed
experimentally. Organometal halide perovskites have demon-
strated structural flexibility with varying atomic compositions
and phase dimensionality.”® The caloric response in these
materials could be further enhanced through chemical doping.
For example, replacing the CH;NH;* with a more polar cation is
likely to increase the electrocaloric effect.
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