Understanding Cation dynamics in Caesium Substituted Organohalide Perovskites
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Introduction

Organohalide perovskites (OHPs) are presently enjoying
considerable academic and industrial interest3. Since their first
use as light harvesting materials. in 2009, their photovoltaic
power conversion efficiencies of perovskite photovoltaics have
climbed as high as 25%* (as of May 2020), the highest of any
emerging PV technology. These record efficiencies, combined
with their ease and low cost of production, broad material
tuneability, and potential use in flexible PV modules, have
resulted in an explosion in research?, in applications as diverse as
thermoelectric materials®, LEDsY®7 and lasers®, and as media for
nonvolatile  memory®.  Consequently,  developing a
comprehensive understanding of their macroscopic and
microscopic behaviours is essential. In particular, OHPs,
typically feature an organic cation within the crystal lattice!®, As
can be seen in Fig. 1, an inorganic lattice—consisting of
covalently bound PbXs octahedra (here, X refers to any
combination of halide ions)—creates a ‘cage’, whose cavity is
occupied by the organic (or occasionally in the case of perovskite
photovoltaics, an inorganic) A-site cation. Interestingly, the
organic cations have been shown to be highly rotationally mobile
at conditions relevant to device operation. Unsurprisingly, this
has sparked considerable interest as researchers aim to develop a
comprehensive understanding of the molecular origins of the
remarkable optoelectronic properties of OHPs!-%4, As such, the
rotational properties of the A-site cations have been extensively
studied using a battery of experimental techniques, including
steady state IR®™ and millimeter wave'® spectroscopy,
calorimetry®S, solid-state NMR7-%9, neutron scattering?®-%??, and
most recently time-resolved ultrafast spectroscopy?0:1423-25,

From these extensive investigations, a picture of the rotational
dynamics of the A-site cation within OHPs has emerged. In the
case of the common organic cation methylammonium (MA) two
regimes of rotational motion exist: a rapid (but low angle)
‘wobbling in a cone’ motion, and a large angle (but slower)
thermally activated reorientational ‘jump’i0142324 petween
adjacent equilibrium positions. These ‘wobble’ and ‘jump’
timescales dominate at timescales of 300—600 ps, and >2 ps
respectively. Conversely, for the popular inorganic cation
formamidinium (FA), the lack of axial symmetry means that
whilst coexisting fast and slow rotational processes occur, they
cannot be easily ascribed to a single rotational mode???>.
Regardless of the A-site species however, these rotational
dynamics have been found to be highly sensitive to the chemical
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Figure 1 Generalized crystal structure of a metal-halide perovskite

structure, phase, and other factors intrinsic to the material.
Studies on mixed-halide perovskites have found that partial
substitution of the X-site anions results in a substantial slowdown
in the rotational dynamics of the MA ion and has been ascribed
to the formation of an anisotropic potential within the octahedral
cavity. Here, the potential anisotropy can be understood as
arising from variations in the hydrogen bonds between the
ammonium group of MA, and the halide ions themselves.
However, it has been noted that such a static picture would
severely underestimate the ease with which organic cations rotate
within OHPs. An alternative (and potentially complementary)
explanation has been put forward, in which the PbX3 phonon
frequencies—which will change with differing halide
composition—dictate the rotational mobility of the cation. Here,
the dynamic fluctuations in the PbXs lattice are understood as
modulating the energy barriers between adjacent equilibrium
sites, in a way that provides the organic cation with ‘windows of
opportunity’ in which they can reorient themselves.
Understanding the interplay of these two effects is essential to
developing a more unified model of cation dynamics in MHPs.

To this end, we made use of the facilities of the LIFETime
experimental setup at the Central Laser Facility to study the
rotational dynamics of four MHPs: MAPbI3, MAo.9Cso.1Pbls,
MAosCso2Pbls, and MAo7CsosPbls. More specifically, we
utilized the 2DIR capabilities of the LIFETime setup, to obtain
the time-resolved rotational anisotropy curves for our four
samples. This approach has been reported extensively elsewhere
within the literature'®24-28, Briefly, the sample is pumped with a
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Figure 2 Rotational anisotropy decays of MALCs:1.«Pbl; (X = 0.0—0.3). The solid points represent averages across all runs (semitranspatent points),
whilst the solid lines represent a fit of this data using Eqn. 2. The shaded region denotes the standard error of the measurements.

Linearly polarized IR pulse resonant with the ~1470 cm™ N-H
stretching mode of methylammonium, whose vibrational
transition dipole moment is collinear with the C-N bond of the
molecule. Because absorption is related to the angle formed by
the pump field and the transition dipole of the cation, the pump
pulse selects a sub ensemble of MA ions whose C-N axes are
oriented in a common direction. As time goes on, the rotation of
the organic cation will cause their dipoles to become scrambled,
which may be monitored via a set of probe IR pulses whose
polarizations are either parallel or orthogonal to that of the pump.
This enables the time-dependent rotational anisotropy of the
material to be sampled as:

Aa” - Aal

k@ = Aa, + 20a;

@
Where R(t) is the rotational anisotropy, and Ae; and Aa;
represent the pump-induced absorbance change for the parallel
and orthogonally polarized probe pulse, respectively. R(t) will
typically start from a value of 0.4 (all cations aligned along a
common direction), and decay over time as their rotational
orientations become scrambled. The resulting curves for the four
samples are given in Fig. 2. In each case, between 7 and 10
averages were taken at different points across two separately
fabricated films. Differences in the films’ surface characteristics
result in varying levels of scattering, and thus variation in the
uncertainty in each set of 2DIR traces. Nevertheless, significant
differences in their rotational dynamics can be seen across the
series. For example, for MAPDIs (i.e.: no caesium addition), the
transient anisotropy response has effectively decayed to 0 within
the total measurement time, whilst in the same time, the transient
anisotropy decays of all other perovskites have only decreased
by approximately 75%. To quantify these timescales, we fit the
anisotropy decays using the following model?425:

R(t) = ;[Sze_t/ffump + (1 - s o | (2)
Where Tj,mp and T,,,p, are respectively the timescales of the two
rotational processes within the perovskite: a high-amplitude,
low-frequency ‘jump’ between adjacent equilibrium positions,
and a low-amplitude, high-frequency ‘wobbling’ within the
equilibrium position, and S is a dimensionless constant related to
the solid angle associated with the wobbling motion.
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Figure 3 Extracted wobbling and jump time parameters, obtained by
fitting the four anisotropy decays in Fig. 2 to Eqn. 2. The black line in
(B) is digitally extracted from Ref. 2

These extracted values of Tj,mp, and T,,0p are also plotted in Fig.
3.Whilst no significant trend is seen for t,,,p, interestingly, a

more than 6 ps increase in Tj,,;,, occurs as the caesium content
is increased from 0 to >10%. Also notable is the rapid saturation
of this effect, with Ty, remaining constant (within the
experimental uncertainty) for a caesium content of >10%. This is
suggestive of a picture in which caesium inhibits the frequency
of large amplitude reorientational jumps, whilst leaving the
organic cations largely free to rattle around their local
equilibrium positions.

We now consider the likely mechanisms behind this slowing of
cation dynamics. Importantly, as the X-site ionic species remains
unchanged across our chosen materials, we expect other effects
besides hydrogen bonding to dictate their dynamics. Ab initio
studies by Ghosh et al. on FA«Csi«Pbls suggest that the
octahedral cavity distorts in response to caesium addition?’,
whilst Raman studies on MAxCs1-xPbls suggest that the inorganic
cage rigidizes in response to caesium?®. We also note that the
trend in lattice distortion obtained by Ghosh et al. (black
points/line in Fig. 3(B)) correlate extremely well with our
observed trend in jump times, although we cannot necessarily
rule out the nucleation of pure CsPbls domains, which may
prevent further caesium incorporation above substitution ratios
of 10%%. Regardless, we believe that this octahedral cavity
distortion, works in synergy with the rigidisation of the Pbls
lattice—the distortions result in an anisotropic electrostatic
potential that will favour certain cation orientations, whilst the
rigidized lattice precludes modulations of the energetic barrier
which would otherwise facilitate reorientation. Furthermore, we
note that the (~6 ps) increase in jump time upon addition of 10%
Cs is dramatic in comparison to previous reports, in which the X-
site ions within the perovskite are substituted (1.5—1.8 ps)?,
further suggesting that, even if hydrogen bonding plays a role in
dictating the dynamics of the organic cation, alterations to the
octahedral cavity shape and flexibility are more significant. Most
importantly, our results point towards an interplay between the
static and dynamic disorder in these materials, which may have
implications for their stability and optoelectronic performance in
future.

Conclusions

In Conclusion, we utilized 2DIR spectroscopy to interrogate the
rotational dynamics of caesium doped MAPbIs. We find a 2.5-
fold increase in the reorientation of the MA cation upon as little
as 10% caesium addition. Comparison of our result with
previously reported ab initio calculations and Raman studies
implicate rigidisation of the inorganic lattice, coupled with
distortion of the octahedral cavity as the underlying cause of this
effect.
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