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Entropy in halide perovskites

Claudine Katan, Aditya D. Mohite and Jacky Even discuss the possible impact of various
entropy contributions (stochastic structural fluctuations, anharmonicity and lattice

softness) on the optoelectronic properties of halide perovskite materials and devices.

Halide perovskites have undeniably remarkable characteristics, which are interesting for
next-generation technologies. Yet, moderate carrier diffusion lengths and mobilities are hard to
reconcile with other experimental observations pointing towards long carrier lifetimes, low
carrier effective masses or short Urbach tails in the absorption spectrum. Moreover, exciton
screening at room temperature, hot carrier effects and the relaxation of carriers toward the band
edges, are other important microscopic processes that are yet poorly understood. Providing a
clear picture of the behaviour of these materials has proven challenging, also due to the fact that
all the above-mentioned optoelectronic properties are affected by the unusually strong structural

fluctuations undergone by halide perovskites.

In classic semiconductors, structural fluctuations are usually represented by a thermal
bath of phonons, an ensemble of quasiparticles each representing a quantized vibration at a
specific frequency. In these systems atomic displacements away from equilibrium are small, thus
the vibrational density of states is described within the harmonic approximation, with the energy
potential function showing a single minimum around the equilibrium position (Fig. 1a, blue line).
Small departures from this ideal behaviour, known as weak anharmonicity (Fig.la, red line),
result in phonon-phonon collisions that lead to temperature-dependent phonon linewidths and

non-zero thermal conductivity.



In contrast, charge carriers moving in hybrid perovskite compounds find a highly
perturbed electrostatic landscape, due to stochastic (random) structural fluctuations of the
organic and inorganic components and, more broadly, to all the sources of lattice softness' .
These phenomena and their impact on the optoelectronic properties of halide perovskites have
received little scrutiny. Stochastic structural fluctuations have two origins: (i) the energy
potential of the halide-perovskite lattice shows a double-well, strongly anharmonic shape
(Fig.1a, green line, and Fig.1b), leading to disordered motion of the halides perpendicular to the
metal-metal axis;>® (i) the charge anisotropy of the organic cations (for instance
methylammonium, MA" or formamidinium FA") lead them to move in a disordered tumbling
fashion within the cuboctahedral lattice cavities (Fig. Ic). Frozen at low temperature, these
organic dipoles keep disordered orientations, a glassy behaviour that has been predicted
theoretically' and observed through dielectric and thermodynamic experiments.® These
unconventional features are reminiscent of atomic disorder observed in two other well-known

classes of materials: plastic crystals® and oxide perovskites.®

At a basic level, the direct impact of stochastic cation reorientations on the carrier
transport processes can be gauged in the framework of the so-called dipolar scattering
mechanism. This specific microscopic mechanism, rarely considered for classical
semiconductors, provides a crude description of carrier scattering by uncorrelated random
dipolar fluctuations (Fig. 1b,c).” Its direct influence on carrier transport can be evaluated by

computing the dipolar scattering relaxation time (tq4) in the effective mass (m) approximation,
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where E is the carrier energy, g a function describing

the screening of the electrostatic interaction, 6,p the angle between the fluctuating electric dipole



P and vector ¢ defining the elastic change in wavevector (Fig. 1c), Np the dipole concentration, /
is the reduced Planck constant, k5 is Boltzmann constant, 7 is temperature, ¢ is the dielectric

constant and e is the electric charge.®

The carrier mobility is then obtained by numerically integrating over the thermal
distribution of carriers. For low carrier concentrations (such as 10**cm™3 in the weak screening
regime) a computed maximum mobility as high as ~900 cm®V's™ for MAPbI; (considering
m=0.21, e=6 and P=2.85D) can be reached by taking into account MA" disordered
reorientations. This value is significantly higher than the mobilities experimentally measured in
this material, suggesting that the dipolar scattering of charge carriers induced by the organic
cations is unlikely the limiting factor in MA-based perovskites — and will similarly have no role

in FAPDI; or CsPbls, whose cations have small or vanishing electric dipole.

The most remarkable differences between halide perovskites and classic semiconductors
are related to the phonon bath itself, mostly related to the fluctuations of the halide perovskite
lattice. This exhibits a very low stiffness’ and large anharmonicity,” and more generally the
phonon vibrational density of states lies at a lower energy, thus promoting electron-phonon
collision processes (Fig. 1b and Figs.1d-e). In such cases, perturbative approaches break down
and more complex theoretical strategies, such as the stochastic self-consistent harmonic
approximation, must be considered. For example, in CsSnl; perovskite, a proper treatment of
phonon-phonon interactions using such method revealed huge modifications of the vibrational
density of states and in turn sizeable renormalization of the electronic band gap.” Yet, insights
into these effects on monoelectronic states close to the band gap and more generally on the
optoelectronic properties of halide perovskites deserve further theoretical and experimental

investigations.'® Alternatively, a more basic understanding of the impact on carrier mobility of
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large ionic displacements can be gained from the dipolar scattering model by considering the
dipole induced by the motion of the halide atoms (Fig. 1b). For instance, an iodine displacement
of 0.4 A’ leads to a significant decrease in the maximum allowed carrier mobility (~160 cm*V™'s"
"; this suggests that dipolar fluctuations due to the anharmonicity of the halides motion have a
stronger impact on charges behavior with respect to those due to the organic cations. Yet it is
important to mention that the latters may also have an additional indirect impact: indeed, in
hybrid perovskites molecular rotations couple with the lattice strain renormalizing the elastic

constants, as evidenced by optical spectroscopy,’ and can thus possibly affect the halides motion.

The understanding of the effects of lattice softness can also benefit from earlier work on
oxide perovskites, where order-disorder effects coexist with displacive dynamics,” and low-
frequency polar optical modes, corresponding to the above-mentioned halide vibrations (Fig.
1b), strongly interact through nonlinear local coupling with acoustic modes (Fig.1d,e). Organic
and inorganic halide perovskites undergo similar coupling mechanisms.” Additional
investigations are needed to better monitor the importance of the acoustic phonon anharmonicity
and of the extreme lattice softness on carrier scattering processes. The presence of unusual
phonon bottlenecks may be another consequence of sizeable anharmonicity and low lying
vibrational density of states of the perovskite lattice.'' Its impact on hot carrier effects and on

carrier mobilities requires further elucidation.

The same holds for the strong coupling regime associated to non-polar interactions
between local distortions and charge carriers, which leads to the formation of small polarons.'
This phenomenon may lead to the formation of two types of charge carriers having different

lifetimes, effective masses and other characteristics. Organic cations seem to favour formation of



small polarons. They may also contribute to the ultralow heat conductivities of hybrid

. 11
perovskites.

It is actually the study of heat conduction, as well as of other macroscopic material
properties depending on low-energy relaxation processes and the vibrational density of states —
such as specific heat, mechanical stiffness or dielectric susceptibility —, that can improve the
microscopic understanding of halide perovskites and provide guidance to optimize their use in
optoelectronic devices. Among the recent experimental attempts along this path, one may
mention detailed studies on the light-induced emergence and activation of molecular rotation,

electron-phonon interactions and polaron formation.” "

The building-up of such interactions in
the context of operating devices shall provide further insight on metastability and non-

equilibrium phenomena in perovskites.
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Fig. 1. Sources of dynamic disorder in halide perovskites. a, Various energy potentials
shapes, from harmonic to strongly anharmonic. The violet sphere represents an atom moving in
the potential around its equilibrium position. b-e, Scattering events leading a charge (electron or
hole, black sphere) to change its wavevector from k; to ks due to the interaction with: b, the
anharmonic motion of a halide atom (in the example shown, the violet sphere represents an
iodine atom, the dashed line is a guide to the eye to locate the equilibrium position on the axis
connecting the two lead atoms); ¢, the stochastic motion of the organic cation (a MA- cation is
shown in the example, with carbon, nitrogen and hydrogen atoms shown as grey, light-blue and
green spheres, respectively); d, transverse and e, longitudinal acoustic phonon modes,
respectively represented as shear and compression waves moving the perovskite lattice planes
(green-shaded regions with grey spheres representing atoms positions). P is the electric dipole,

q=k-k. the elastic change in wavevector, 0, the angle between vectors P and ¢, O the angle
between k, and k..
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