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sium alloying on the ultrafast
structural dynamics of hybrid organic–inorganic
halide perovskites†

Nathaniel P. Gallop, *a Junzhi Ye, bc Gregory M. Greetham,d

Thomas L. C. Jansen, e Linjie Dai, b Szymon J. Zelewski, bf Rakesh Arul, b

Jeremy J. Baumberg, b Robert L. Z. Hoye ‡c and Artem A. Bakulin a

Hybrid inorganic–organic perovskites have attracted considerable attention over recent years as promising

processable electronic materials. In particular, the rich structural dynamics of these ‘soft’ materials has

become a subject of investigation and debate due to their direct influence on the perovskites'

optoelectronic properties. Significant effort has focused on understanding the role and behaviour of the

organic cations within the perovskite, as their rotational dynamics may be linked to material stability,

heterogeneity and performance in (opto)electronic devices. To this end, we use two-dimensional IR

spectroscopy (2DIR) to understand the effect of partial caesium alloying on the rotational dynamics of

the methylammonium cation in the archetypal hybrid perovskite CH3NH3PbI3. We find that caesium

incorporation primarily inhibits the slower ‘reorientational jump’ modes of the organic cation, whilst

a smaller effect on the fast ‘wobbling time’ may be due to distortions and rigidisation of the inorganic

cuboctahedral cage. 2DIR centre-line-slope analysis further reveals that while static disorder increases

with caesium substitution, the dynamic disorder (reflected in the phase memory of the N–H stretching

mode of methylammonium) is largely independent of caesium addition. Our results contribute to the

development of a unified model of cation dynamics within organohalide perovskites.
1. Introduction

Hybrid inorganic-organic perovskites (HOIPs) are presently
attracting considerable academic and industrial interest.1–3

Since their rst use as light-harvesting materials in 2009, the
certied photovoltaic power conversion efficiencies of HOIPs
have climbed to in excess of 25%,4 the highest for any emerging
PV technology. These record efficiencies, combined with their
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ease and low cost of production, broadmaterial tuneability, and
potential use in exible PV modules, have resulted in applica-
tions as diverse as thermoelectric materials,5 LEDs,1,6,7 lasers,8

media for non-volatile memory,9 and many others. Conse-
quently, developing a comprehensive understanding of their
macroscopic and microscopic structural behaviours is essential
for understanding the unique optoelectronic properties of
HOIPs. In particular, HOIPs typically comprise an ensemble of
organic cations within the cuboctahedral voids of an inorganic
crystal lattice,10 as can be seen in Fig. 1(a). The inorganic
lattice—consisting of covalently bonded PbX6 octahedra (here,
X refers to any combination of halide ions)—creates a cage
whose cavities are occupied by the organic (or inorganic) so-
called A-site cations. These organic A-site cations have been
shown to be highly rotationally mobile at conditions relevant to
device operation. Moreover, their motions and interplay with
the electronic dynamics of their parent material is a point of
considerable interest as researchers aim to develop a compre-
hensive understanding of the molecular origins of the
remarkable optoelectronic properties of HOIPs.11–16 As such, the
rotational properties of the A-site cations have been extensively
studied using a battery of experimental techniques, including
steady-state IR17 and millimetre wave18 spectroscopy, calorim-
etry,17 solid-state NMR,19–21 neutron scattering,22–24 and most
recently time-resolved ultrafast spectroscopy.10,14,25–27
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Generalized crystal structure of a metal-halide perovskite; (b) and (c) illustration of wobbling (b) and jump (c) motions of methyl-
ammonium in a lead halide perovskite.
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From these extensive investigations, a picture of the rota-
tional dynamics of the A-site cation within HOIPs has
emerged.10,28 In the case of the common organic cation meth-
ylammonium (MA), the long (C–N) axis of the molecule is
known to preferentially orient itself towards the ‘faces’ of the
unit cell (see Fig. 1(b)). Within this preferential orientation, we
distinguish two regimes of rotational motion: a rapid (but small
angle) ‘wobbling in a cone’ motion in which the organic cation
rapidly librates around its local equilibrium but does not
change its gross orientation (Fig. 1(b)), and wide angle (but
slower) thermally activated reorientational ‘jumps’, where the
organic cation rotates towards a different face of its inorganic
cage.10,14,25,26 These wobble and jump mechanisms dominate at
timescales of 300–600 fs, and �1–2 ps respectively. Conversely,
for the popular organic formamidinium (FA) cation, 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.24,27 Regardless of the A-site species
however, these rotational dynamics have been found to be
highly sensitive to the chemical structure, phase, and other
factors intrinsic to the material.10

Studies on mixed-halide perovskites have found that partial
substitution of the X-site anions results in a substantial slow-
down in the rotational dynamics of the MA ion and has been
ascribed to the formation of an anisotropic potential within the
octahedral cavity.10,29,30 Here, the potential anisotropy could be
understood as arising from variations in the hydrogen bonds
between the ammonium group of MA and the halide ions.
However, it has been noted that such a static picture would
severely underestimate the ease with which organic cations
rotate within HOIPs.10 An alternative (and potentially comple-
mentary) explanation has been put forward, in which the
[PbX6]

4− phonon frequencies—which will change with differing
halide composition—dictate the rotational mobility of the
cation.26,31 Here, the dynamic uctuations in the PbX3 sub-
lattice could be 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 unied model of cation
dynamics in MHPs.

Recent experimental work has focused on the effect of cation
rotations upon changing the halide content of the perovskite.
This journal is © The Royal Society of Chemistry 2022
This makes it difficult to distinguish the effect of cation–halide
interactions from other effects (e.g.: rigidisation of the inor-
ganic lattice, changing symmetry of the material unit cell)
which could give rise to changes in cation dynamics. In this
paper we aim to understand the effect of partial caesium
substitution on the rotational dynamics of methylammonium
in the popular organohalide perovskite MAPbI3. This approach
allows introduction of distortions in the perovskite lattice
without directly affecting the cation–halide interactions. Using
2DIR transient anisotropy, we monitor the rotational dynamics
of methylammonium in CsxMA1−xPbI3 (x ¼ 0–0.3) with sub-ps
time resolution. We nd that addition of caesium strongly
inhibits the slower reorientation process of the organic cation,
with this inhibition becoming more pronounced as the
proportion of caesium increases; the corresponding effect on
the angular orientation and fast ‘wobbling time’ of MA is
signicantly less pronounced. Centre–Line–Slope (CLS) analysis
of the 2DIR data suggests that the phase memory of the
perovskite is on the order of 300–600 fs, similar in magnitude to
the ‘wobbling time’ of the organic cation. We suggest therefore
that the observed memory loss is driven by the fast librational
motion of the organic cation, and that the slower reorientation
is driven instead by other processes. Our results implicate the
dynamical motion of the inorganic sublattice as responsible for
the change in jump time of the organic cations within the
perovskite.

2. Experimental
2.1 Material synthesis

All lms were prepared on either pre-cleaned quartz or CaF2
substrates. Prior to lm deposition, the substrates were soni-
cated for 15 min, rst in acetone and then subsequently in IPA.
The substrates were then dried with compressed N2 and plasma
treated with O2 under vacuum for 10 min. The MAPbI3 precur-
sors were prepared by dissolving 158.97 mg MAI (GreatCell
Solar, >99.99%) and 461.01 mg PbI2 (TCI, 99.99%, trace metals
basis) in 200 mL DMSO and 800 mL DMF under 60 �C at
1000 rpm for 1 hour inside an N2 lled glovebox. The CsPbI3
precursors were prepared by dissolving 259.81 mg CsI (Sigma-
Aldrich, 99.999% trace metals basis) and 461.01 mg PbI2 (TCI)
in 200 mL DMSO and 800 mL DMF under 60 �C at 1000 rpm for 1
hour inside the N2 lled glovebox. Thereaer, the two precursor
J. Mater. Chem. A, 2022, 10, 22408–22418 | 22409
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solutions were le under room temperature for 30min and were
then separately passed through 0.45 mm PTFE lters. The two
precursors were then mixed according to the required volume
ratio to achieve desirable MA1−xCsxPbI3 compositions. Aer
mixing the two precursor solutions, the perovskite lms were
prepared by spin-coating (40 mL of solution was dropped on the
substrates and spun, initially at 1000 rpm for 30 s and thereaer
at 4000 rpm for 60 s, with 75 mL of chlorobenzene added 30 s
before the spin nished). The substrates were then annealed
initially at 60 �C for 2 s and thereaer at 100 �C for 30 min.
2.2 2DIR transient anisotropy

For our 2DIR experiments, we employed MAPbI3 alongside
three other derivatives (MA0.9Cs0.1PbI3, MA0.8Cs0.2PbI3, and
MA0.7Cs0.3PbI3). The four perovskite samples were synthesised
according to the protocol outlined above and subsequently
spin-cast from solution onto 1 mm thick CaF2 windows (EKSMA
Optics). The resulting thin lms were then dried, annealed and
stored in the dark under vacuum until needed.

Tomonitor the rotational dynamics of the organic cation in our
perovskites, we employed the 2DIR transient anisotropy approach,
which has been applied previously to study the rotational
dynamics of the organic cation in other perovskites.10,26,27,32 To
acquire the 2DIR spectra, we made use of the LIFETime experi-
mental system at the Central Laser Facility (Rutherford Appleton
Laboratory).33 Detailed descriptions of the system, its capabilities,
and its applications to the study of rotational dynamics in perov-
skites have been described elsewhere.27 Briey, a 100 kHz Yb:KGW
pulsed laser (PHAROS, Light Conversion Ltd.) was used to pump
two separate OPAs capable of operation in the mid-IR to produce
pump and probe pulse trains both centred at �1470 cm−1, which
are resonant with the N–H stretching mode of methyl-
ammonium.10,25,26,31 The N–H stretching mode of methyl-
ammonium was chosen as its transition dipole is collinear with
the molecule's C–N axis.10,23,24 To produce pairs of phase-locked,
collinear pump pulses, a programmable acousto-optic modulator
(Phasetech Spectroscopy Inc.) was employed. The polarisation of
the pump and probe pulses were set separately using a combina-
tion half waveplate and linear polariser. The polarisation of the
pump pulse was kept constant throughout the experiments. The
probe pulse was polarised at an angle of 45� relative to the pump.
The pump and probe pulses were thereaer focused to a single
point on the sample in a partially collinear geometry. The delay
between the pump and probe pulses (i.e.: the population time, t3)
was achieved via a mechanical delay stage. At each population
time, the probe spectrum was measured as a function of the time
delay between the pump pulse pairs (t1). At each value of t1, the
probe spectrum was averaged over 10 seconds, with phase cycling
employed to remove background pump-probe scatter signals. Aer
passing through the sample, the probe beamwas recollimated, the
parallel and orthogonally polarised components separated and,
and the two resulting beams dispersed spectrally and imaged side-
by-side onto a 128 element HgCdTemid-IR array detector (Infrared
Associates Inc.).

Analysis of the 2DIR spectra was performed using a suite of
custom analysis soware. In all experiments, both the pump
22410 | J. Mater. Chem. A, 2022, 10, 22408–22418
and probe pulse centroid frequencies are identical, meaning
that it is possible for any scattered light from the pump pulse to
contaminate the probe spectrum, resulting in a broad and
strongly negative feature localised to the diagonal of the
resulting 2DIR spectrum (Fig. S4†). Prior to all subsequent
analysis, these scattering effects were suppressed as much as
possible by averaging the 2DIR data obtained prior to the time-
zero of the t3 axis and subtracting this from all subsequent
spectra. Moreover, the off-diagonal excited state absorption
(ESA) bands were used for calculation of the transient anisot-
ropy and the centre line slope. For the transient anisotropy
measurements, the intensities of the ESA bands were estimated
by averaging the amplitudes of the 9 pixels of the peak and its
immediate neighbours (i.e.: the peak and the 8 neighbouring
pixels). The 1/e population lifetime of the ESA signals for all
samples ranged from 2 to 3 ps, with detectable signal observed
over the full 50 ps measurement range (see ESI, Fig. S5†).
2.3 Structural/optical characterization

In addition to the 2DIR measurements outlined above, the
perovskite lms were characterised using X-Ray Diffraction
(XRD), Steady-State and Time Resolved Photoluminescence,
and Raman spectroscopy. Details of these experimental tech-
niques can be found in the ESI.†

To characterise the absorption of the perovskite at the band
edge, we employed Photothermal Deection Spectroscopy (PDS),
which enables the detection of absorbance signals that are 5–6
orders of magnitude weaker than the band edge absorption.34,35

For themeasurements, the samples (lm on quartz substrate) were
illuminated with a monochromatic pump beam that is modulated
mechanically at 13 Hz. Light absorption then leads to a thermal
gradient near the sample surface via non-radiative relaxation
induced heating, resulting in a refractive index gradient in the area
surrounding the sample surface. This is further enhanced by
immersing the sample in the inert liquid FC-72 Fluorinert® (3M
Inc.) which has a high refractive index change per unit change in
temperature. A xed wavelength CW laser probe beam was passed
through the refractive index gradient close to the sample surface
(i.e.: in a transverse conguration), producing a deection
proportional to the absorbed light at a particular wavelength,
which is detected using a quadrant photodiode and lock-in
amplier. Scanning through different wavelengths yields the
complete absorption spectra. Because this technique makes use of
the intrinsic non-radiative relaxation processes in the sample, it is
immune to other optical effects, such as interference and
scattering.
3. Results
3.1 Characterisation of CsxMA1−xPbI3 lms

CsxMA1−xPbI3 (x ¼ 0–30%) thin lms were prepared using
methods described in the experimental section. X-Ray Diffrac-
tion (XRD) patterns of the lms in Fig. 2(a) show that the lms
remain purely in their black, photoactive alpha (a) phase for Cs
substitution ratios of #30%. For Cs ratios above 30%, photo-
inactive delta (d) phase and PbI2 peaks are observed, in
This journal is © The Royal Society of Chemistry 2022
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agreement with previous studies.36–39 We therefore consider
only substitution ratios of 0–30% in this study. Successful
doping of Cs into the MAPbI3 matrix is evidenced by the shi in
2q values, as well as by the shi in the photoluminescence peak
positions and UV-Vis absorption spectra (ESI, Fig. S1†). The 2q
value shis from 14.13� for pure MAPbI3 to 14.18� for Cs0.3
MA0.7PbI3 (Fig. 2(a)), indicating a reduction in the lattice
parameter as smaller A-site cations (Cs) partially substitute MA
cations. Concomitantly, the PL emission maxima and absorp-
tion onsets are blue shied as the Cs content is increased from
10% to 30%.

To understand the effect of Cs doping on the optical prop-
erties of MAPbI3, photoluminescence decay and photo-
luminescence quantum yield (PLQY) measurements were taken
(Fig. 2(c) and (e), ESI, Fig. S1, and Table S2†). The PLQY of the
lm increases from 0.30% for pure MAPbI3 to a maximum of
0.43% for Cs0.1MA0.9MAPbI3; further increasing the Cs content
to 20% and 30% decreases the PLQY to 0.27% and 0.21%,
respectively. The average PL lifetime—obtained using an
amplitude-weighted average of lifetimes from a bi-exponential
t40 (see ESI, Section 1.1.2†)—yields a similar trend (Fig. 2(c)),
with the average carrier lifetime increasing from 6 ns to
a maximum of 8 ns at a Cs content of 10% before decreasing
again. The decrease in the PLQY and lifetime at Cs contents of
>10% can be attributed to the increase in the sub-bandgap
absorption and Urbach energy (EU), shown in Fig. 2(d) (see
Fig. 2 Optical and structural characterization of MA1−xCsxPbI3. (a) X-
substrates; the 2q¼ 12.5–15.5� region is expanded for clarity. (b) Characte
with increasing Cs content. (c) and (d) Time-resolved photoluminescenc
30%) films. (e) Effect of caesium alloying on the optical and photolumin

This journal is © The Royal Society of Chemistry 2022
ESI, Section 1.2.1† for a description of the tting method and
results). The increase in the sub-bandgap absorption measured
using PDS indicates an increase in sub-bandgap/defect states
when increasing the Cs content beyond 10% (Fig. 2(d)); these
states act as non-radiative recombination centres which reduce
the carrier lifetime via trapping. Moreover, the increase in EU
also suggests that a higher doping concentration increases the
system's disorder, which is detrimental to carrier lifetime.
However, we do observe an increase in PLQY and PL lifetime at
low Cs doping concentration (10%), and a decrease in Urbach
energy (Fig. 2(d) and (e)). This observation is consistent with
previous studies, which demonstrate that incorporating small
(�10%) amounts of Cs into MAPbI3 increases the carrier life-
time and the power conversion efficiency of the corresponding
solar cell.36–38,41,42

To further understand the reason behind the improvement
in optical properties when doping smaller amount of Cs, we
performed Raman spectral mapping on pure MAPbI3, as well as
on Cs0.1MA0.9MAPbI3 and Cs0.3MA0.7MAPbI3. The resulting
spectra are shown in Fig. S3,† in which two clear peaks can be
identied at�150 cm−1 and�218 cm−1. The tted average peak
positions and peak full width at half maxima (FWHM) are listed
in Table S3.† The Raman band at 150 cm−1 can be assigned to
a librational mode of the MA cations (nlib) and the band at�218
cm−1 can be assigned to a torsional mode of MA (ntor).37,43 Upon
addition of caesium, we observe a red shi in the position of nlib,
Ray Diffraction (XRD) of CsxMA1−xPbI3 (x ¼ 0–30%) films on quartz
ristics of the Raman peaks of the torsional and librational modes of MA
e (c) and photothermal deflection spectra (d) of MA1−xCsxPbI3 (x ¼ 0–
escence properties of MA1−xCsxPbI3.

J. Mater. Chem. A, 2022, 10, 22408–22418 | 22411
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Fig. 3 Exemplar 2DIR spectra for the four MA1−xCsxPbI3 systems studied, obtained at a population time of 300 fs. Red (blue) regions are given in
bins of 20% of the positive (negative) maxima at 300 fs.
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from 152 � 2 cm−1 (0% Cs) to 151 � 0.6 cm−1 (10% Cs) and 148
� 3 cm−1 (30% Cs), indicating a continuous tilting of PbI2
octahedral framework and lattice shrinking.43 This is consistent
with the blue-shied PL peaks and increasing XRD 2q value,
which are also indicating the lattice or unit cell size is shrinking
upon Cs doping. The incorporation of the smaller Cs cations
also increases the rigidity of the lattice, which constrains the
libration of the MA ions, in agreement with previous reports.43

In particular, the large increase in the nlib and ntor linewidth at
30% Cs substitution, compared with those at 0% and 10%
indicates an increase in lattice distortion, which matches our
observations in Fig. 2(a). In contrast, the position of ntor

redshis upon Cs doping, and the linewidth ntor decreases rst
when adding 10% Cs, and then increases when more Cs is
added. The sharpening of ntor upon addition of 10 mol% Cs
suggests that the torsional vibrations are rst suppressed then
recovers upon further addition of Cs. The initial reduction in
the torsional mode could potentially reduce the degree of
carrier-phonon coupling, thus explaining the increase in PLQY
and charge-carrier lifetime44 when adding a tiny amount of Cs,
as observed in Fig. 2(c) and (e).
3.2 Rotational dynamics of methylammonium in
CsxMA1−xPbI3

To further investigate the relationship between MA cation re-
orientation and the optical properties of our lms, we employed
2DIR transient anisotropy, which has been used previously to
understand the rotational dynamics of organic A-site cations in
other hybrid perovskite materials.10,26,27,32

Representative 2DIR spectra of the four material systems
under study are displayed in Fig. 3. In all cases, we observe
a well-separated ground state bleach and excited state absorp-
tion (ESA) bands with minimal on-diagonal broadening. The
degree of on-diagonal broadening and its change over time
provides useful information about the local structural dynamics
of the cation's surroundings and will be discussed quantita-
tively in subsequent sections. To extract the transient anisot-
ropy decay curve for each perovskite, we rst obtain the
intensity of the 2DIR ESA band for both parallel and orthogonal
polarisations of the probe pulse. For each of the four samples,
between 7 and 10 individual 2DIR spectra were obtained for
22412 | J. Mater. Chem. A, 2022, 10, 22408–22418
different points across two separately fabricated lms. For each
individual spectrum, the intensities of ESA bands for both the
parallel and orthogonally polarised pump/probe combination
were extracted and converted to the dimensionless transient
rotational anisotropy via:

RðtÞ ¼ Dak � Dat

Dak þ 2Dat

(1)

where R(t) is the rotational anisotropy, and Dak and Dat
represent the pump-induced absorbance change for the parallel
and orthogonally polarized probe pulse, respectively. For
a random 3D distribution of dipoles excited by a linearly
polarised pulse, R(t) starts from a value of 0.4 and decays over
time as their orientations become scrambled as a result of
molecular rotations. The time dependence of this process
provides crucial information about the rotational dynamics of
the material.

The resulting transient anisotropy traces of the four samples
are given in Fig. 4. Pulse-induced heating of samples is known
to generate highly persistent 2DIR features through modica-
tion of the 0 / 1, 1 / 2 etc. vibrational transitions and so may
result in erroneous decay characteristics. However, previous
studies on MAPbI3 and other perovskite systems have demon-
strated that the transient anisotropy response of the ESA signal
for our chosen mode is insensitive to thermal effects and can
thus be wholly ascribed to differing rotational dynamics across
the material series.25,27 In all cases, addition of caesium results
in a slowing of the anisotropy decay: for example, the transient
anisotropy of MAPbI3 (i.e.: no caesium addition) effectively
decays to 0 within the total measurement time, whilst at the
same time range the transient anisotropy decays of all other
perovskites in the series have only decreased by �75%. We
quantify the differences in these anisotropy dynamics using the
2-timescale model put forward by the Fayer group:26,32

RðtÞ ¼ 2

5

�
S2e�t=sjump þ �

1� S2
�
e�t=swob�t=sjump

�
(2)

where sjump and swob are respectively the timescales of the
two rotational processes within the perovskite: a high-
amplitude, low-frequency ‘jump’ between adjacent equilib-
rium positions, and a low-amplitude, high-frequency ‘wobbling’
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Rotational anisotropy decays of CsxMA1−xPbI3 (x ¼ 0.0–0.3). The solid points represent averages across all runs whilst the solid lines
represent a fit of this data using eqn (2).
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around the local equilibrium position. The parameter S denotes
a dimensionless constant related to the solid angle associated
with the wobbling motion. The extracted values of sjump and
swob are plotted in Fig. 5. Across all samples, the addition of
caesium is associated with an increase in both sjump and swob.
However, the sensitivity of sjump and swob to the caesium content
of the perovskite varies substantially; for example, across the
range of samples studied, sjump increases by a factor of 3, whilst
only increasing by roughly 30% for swob in the same range.
Moreover, whilst no signicant trend is seen for swob, sjump

increases approximately linearly with the degree of caesium
alloying, with this increase occurring in concert with an
increase in the cone half-angle. This is suggestive of a picture in
Fig. 5 Extracted wobbling and jump time parameters, obtained by
fitting the four anisotropy decays in Fig. 4 to eqn (2). The orange line in
(a) is digitally extracted from ref. 45.

This journal is © The Royal Society of Chemistry 2022
which the organic cation is freer to move around its local
equilibrium position, whilst its ability to move between adja-
cent equilibria is inhibited. This is consistent with the relative
insensitivity of swob to the caesium content within the perov-
skite, as well as with other studies which demonstrated the
insensitivity of swob to the halide content of differing perov-
skites.26 Interestingly however, we note that the (�4–12 ps)
increase in jump time upon addition of caesium is dramatic in
comparison to previous reports (1.5–1.8 ps).26 The structural
characterisation data discussed previously—as well as ab initio
studies by Ghosh et al. on FAxCs1−xPbI3—suggest that the
octahedral cavity distorts in response to caesium addition,45,46

whilst Raman spectra of our samples suggest that the inorganic
cage rigidizes in response to caesium. Interestingly, the trend in
lattice distortion obtained by Ghosh et al. is similar to that
observed for swob, but differs substantially from the observed
values of sjump. Notably however, both distortion of the cuboc-
tahedral cavity and rigidisation of the inorganic sub-lattice
contribute to the slowdown of the organic cation's rotational
behaviour. This would suggest that the two rotational processes
within the perovskite are controlled by different properties of
the material that nevertheless work in tandem: distortions of
the octahedral cavity create an anisotropic electrostatic poten-
tial that will favour certain cation orientations, whilst the rigi-
dized lattice precludes modulations of the energetic barrier
which would otherwise facilitate reorientation.

We now attempt to better rationalise the effect of caesium
alloying on MAPbI3. Initially, to better link our 2DIR results to
the atomic-scale dynamics of the A-site cations' surroundings,
we performed classical molecular dynamics simulations on a 6
� 6 � 6 MAxCs1−xPbI3 supercell containing a total of 216 A-site
cations (194 MA cations and 22 Cs cations), corresponding to
a total caesium content of approximately 10%. The polarizable
force eld employed for these simulations is identical to that
used previously in ref. 10; further details of the molecular
dynamics simulations are given in ESI, Section 4.† Two separate
simulations were considered: one in which the a, b, and c lattice
parameters were kept xed and equal (here termed “isotropic”),
and another in which the a/c lattice ratio was allowed to vary
(“anisotropic”). The average rotational anisotropy is obtained
through application of the ensemble averaged rotational auto-
correlation function:
J. Mater. Chem. A, 2022, 10, 22408–22418 | 22413
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Fig. 6 Effect of constraining lattice constants on the rotational
dynamics of the organic cation, obtained from molecular dynamics
simulations.
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R(t) ¼ 2/5hL2(m⃑(0)$m⃑(t))i (3)

The two transient anisotropy curves obtained from the
simulation are given in Fig. 6. Allowing the a/c lattice ratio to
vary has a dramatic effect of the dynamics of the organic cations
within the perovskite, resulting in a slowdown of the transient
anisotropy decay that becomes particularly pronounced at later
times. The simulated transient anisotropy curves are poorly
modelled by the 2-timescale model expressed in eqn (2),
potentially due to the relatively low number of organic cations
included in the simulation and the use of a classical forceeld.
Therefore, whilst it is not possible to link the distortion of the
inorganic lattice to a specic regime of motion of the organic
cation, we are nevertheless able to demonstrate that distortion
Fig. 7 Results of CLS analysis. (a–d) CLS values of the four perovskite
average CLS at each population time, whilst the solid lines correspond to t
fitting parameters for the CLS curves given in (a–d).

22414 | J. Mater. Chem. A, 2022, 10, 22408–22418
of the octahedral cage is of crucial importance in determining
the dynamics of the organic cation in caesium substituted
perovskites.

Another important means of gleaning atomistic insight from
2DIR data is through analysis of the 2D spectral lineshape.
Whilst anisotropy dynamics provide information about the
molecular rotations, 2DIR spectral lineshapes are linked to the
dynamics of the local environment. In the hybrid perovskites
studied herein, the A-site organic ions are surrounded by the
inorganic PbI6 octahedral framework, and thus the obtained
2DIR spectral lineshapes should exhibit a dependence on the
interaction between the organic cations and the surrounding
inorganic sublattice. Of particular interest is the time depen-
dence of changes to the spectral lineshape, which provides
a measure of the speed with which uctuations of the organic
cations' surroundings cause the cations to ‘forget’ their initial
local congurations (the so-called phase memory). Thus,
through analysis of the dynamics of the 2DIR spectral line-
shapes, we can better understand the coupling between the
organic cation and its surrounding inorganic cage, and thus
elucidate the effect that this has on their rotational dynamics.
Analysis of 2DIR spectral lineshapes is typically conducted
through calculation and analysis of the so-called frequency–
frequency correlation function (FFCF).52 Whilst direct extraction
of the FFCF from experimental data is known to be computa-
tionally intensive and sensitive to instrumental artefacts, there
now exist several computationally simple techniques to esti-
mate the FFCF, including nodal line analysis, lineshape ellip-
ticity, 2D Gaussian correlation, and centre–line–slope (CLS)47,53

analysis. Of these techniques, CLS analysis is both relatively
straightforward to implement and has been shown to be robust
systems along with the corresponding fits. Solid points represent the
he fit of the CLS using a single exponential function; (e) and (f) extracted

This journal is © The Royal Society of Chemistry 2022
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against a variety of experimental imperfections in comparison
to other methods, including phase twisting, anharmonicity,
apodization, and low signal-to-noise ratios.47

The extracted CLS dynamics for the four perovskite systems
are given in Fig. 7(a)–(d). As with the transient anisotropy
experiments discussed above, the CLS of the ESA band is taken
to minimise any artefacts from pump-induced scattering. In all
cases, the CLS attains a maximum value of 0.2–0.5, before
decaying away within 2–3 ps. In keeping with previous reports,
we quantify these timescales by tting the data with a simple
single exponential decay (sr). The values of sr for our four
samples, along with the initial CLS values (CLS0) are given in
Fig. 7(e) and (f). Considering rst the CLS0 values, a clear
positive correlation between the caesium content and CLS0 can
be seen. Importantly, whilst absolute FFCF amplitudes esti-
mated using CLS analysis are sensitive to apodization, relative
amplitudes are not,47 meaning that the observed trend can be
directly ascribed to the effect of caesium addition. Moreover,
the observed positive trend—in which CLS0 increases with
increasing Cs substitution—is broadly consistent with the ex-
pected increase in structural inhomogeneity brought about by
A-site ion alloying. By contrast, no clear trend can be observed
for the relaxation time sr. However, of particular interest is the
fact that the range of extracted relaxation times (0.2–0.6 ps) are
between 1 and 2 orders of magnitude smaller than the ‘jump
times’ of the four perovskites but are similar in magnitude to
the vales of swob extracted from the transient anisotropy
response (Fig. 4). This is most striking for pure MAPbI3 and
MA0.7Cs0.3PbI3, where quantitative agreement between sr (0.49
� 0.13 and 0.57 � 0.13 respectively), and swob (0.52 � 0.06 and
0.65 � 0.07 respectively) is obtained. Such a result suggests that
the fast ‘wobbling’ motion of the organic cation determines the
phase memory of the N–H ion. Regardless of the observed
origin, our results suggest that the phase memory of the
perovskite is too short for sjump to exhibit a dependence on local
effects, such as hydrogen bonding and further implies that
sjump and swob are dependent on different factors within the
material.

4. Discussion

Despite the considerable amount of effort that has been
directed to understanding cation rotations in perovskites, there
still exists a signicant amount of ambiguity regarding the
physical origins of differences in the rotational dynamics of the
organic cations. To date, several phenomena have been
proposed to explain the experimental observations, particularly
the observed slowdown in cation dynamics upon alteration of
the halide and cation composition of the perovskite. Firstly, the
alteration of the hydrogen bonding should directly affect the
rotational mobility of the cation.10,26 Secondly, changes to
frequencies of the inorganic cage modes may affect both
wobbling amplitude and rotational-jump motions.22,26,48

Thirdly, ab initio calculations on a variety of perovskite systems
have suggested that distortion of the octahedral cage plays
a substantial role. Finally, the structural dynamics may be
affected by the inorganic cage rigidising in response to caesium
This journal is © The Royal Society of Chemistry 2022
(or other cation) addition.43 Developing a comprehensive and
unied picture that accounts for these varied phenomena is
important for the future development of HOIPs as both solar
absorbers, as well as in other applications.

The results of our 2DIR studies presented herein, alongside
the ndings of previous studies, suggest that the contributions
discussed above can build up a comprehensive picture of cation
behaviour in HOIPs. As we use a single halide species in this
study, the hydrogen bond strengths between the ammonium
group and the halide atoms only vary as a result of distortions of
the cuboctahedral cavity. Previous ab initio studies—as well as
some experimental evidence—have demonstrated that caesium
alloying both deforms and shrinks the cuboctahedral cavity in
which the organic cations are located. The effect that these
distortions have on the interactions between the organic cations
and the inorganic sublattice can be seen through the increase in
the inhomogeneous linewidth broadening (quantied by the
CLS0 values given in Fig. 7(e)) with increasing caesium content.
Increased inhomogeneous broadening implies stronger static
disorder originating from a stronger degree of distortion in the
octahedral cavities and a greater distribution of octahedral
cavity environments. It also indicates that these changes
signicantly affect the interactions between the organic cation
and the inorganic sublattice. As a result, the anisotropy curves
of caesium doped MAPbI3 represent an ensemble average of
octahedral cavity dynamics with differing degrees of lattice–
cation interactions, depending on both distortion and
contraction of the local inorganic lattice.49

Also of interest is the substantial difference in the response
of the two regimes of organic cation motion to caesium addi-
tion. In particular, the close agreement between distortion of
the inorganic lattice and the fast dynamics of the organic cation
strongly implies a correlation between them. This also accounts
for the larger effect of caesium substitution on the fast rota-
tional dynamics of MA+ versus halide substitution: whilst the
difference in ionic radii between I− (220 pm) and Br− (196 pm)
is signicant, it is substantially smaller than between Cs+ (167
pm) and MA+ (217 pm).49–51 By contrast, the observed trend for
the ‘jump’ process is entirely different and does not correlate
with changes to the distortion of the octahedral cage. To explain
the trends seen for this slower rotational regime of the organic
cation, we consider instead the dynamics of the inorganic
sublattice. The Raman studies provided herein identied two
important changes upon addition of caesium: a rigidisation of
the inorganic sub-lattice and a slowdown in the lattice
dynamics, respectively. Thus, alongside distortion of the octa-
hedral cavity, changes to the phonon structure and rigidity of
the organic lattice also occur in response to caesium alloying.
Both phenomena could be expected to have a signicant effect
on the rotational dynamics of the organic cation. This is best
understood by considering the reorientation of the organic
cation as being an activated process whose energetic barrier is
dictated by cation–lattice interactions. Here, the low-frequency
uctuations of the inorganic lattice dynamically modulate the
energetic barrier between adjacent equilibrium positions,
effectively providing ‘windows of opportunity’, during which the
energetic barrier is sufficiently low for large-angle rotational
J. Mater. Chem. A, 2022, 10, 22408–22418 | 22415
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diffusion to become facile. In this case, caesium incorporation
reduces both the amplitude (through rigidisation of the inor-
ganic cage) and frequency of inorganic cage uctuations, in
effect creating both fewer and smaller ‘windows’ of opportunity
for the cation to reorient itself within the octahedral cavity.
Within the two-timescale model used to rationalise cation
rotations, we would expect this to most strongly affect the large-
angle, low-frequency jumps (quantied by the ‘jump time’
sjump) of the cation. This is supported by the relatively close
agreement between the timescales of spectral diffusion (quan-
tied by sr, see Fig. 7(f)) and the ‘wobbling time’ of the organic
cation (swob, Fig. 5(b)), which suggests that the organic cations
are relatively free to move around their local equilibrium
orientations. Conversely, if one imagines a scenario in which
the organic cation was tightly bound to the inorganic lattice,
one expects the rigidisation and slowdown of the lattice
dynamics to result in slower relaxation of the inhomogeneous
linewidth, yet no such trend is observed. This suggests that
rather than a single dominant phenomenon inuencing the
dynamics of the organic cation, the two timescales of motion
are instead affected by a conuence of differing phenomena:
the fast ‘wobbling’ dynamics of the organic cation are dictated
by the size and shape of the octahedral cavity, whilst the slower
‘jump’ process is primarily dependent on lattice dynamics.

5. Conclusions

We have applied 2DIR spectroscopy to explicate the relationship
between the interaction of the inorganic lattices and the
dynamics of the organic A-site ions in HIOPs. In contrast to
previous 2DIR experiments, we have focused on the effect of A-
site cation alloying on the HOIPs, which has not previously been
experimentally studied in this manner. In particular, we have
supplemented our 2DIR transient anisotropy methods with
2DIR spectral lineshape analysis, which enables the interaction
between the organic A-site ion and its surroundings to be more
clearly ascertained. Collectively, our results suggest that the two
regimes of motion of the organic cation exhibit dependencies
on different aspects of the material; the fast ‘wobbling’ motion
is weakly dependent on the shape of the octahedral cavity,
whilst the slower reorientation of the cation depends on uc-
tuations of the inorganic lattice, in particular the rigidity of the
inorganic cage and the inorganic lattice modes. Our ndings
will help to further guide the rational design of mixed-cation
perovskite solar cells.
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J. S. Park, Y. K. Jung, C. E. Petoukhoff, G. Divitini,
M. K. L. Man, C. Ducati, A. Walsh, P. A. Midgley,
K. M. Dani and S. D. Stranks, Performance-Limiting
Nanoscale Trap Clusters at Grain Junctions in Halide
Perovskites, Nature, 2020, 580(7803), 360–366, DOI:
10.1038/s41586-020-2184-1.

35 A. Sadhanala, F. Deschler, T. H. Thomas, S. E. Dutton,
K. C. Goedel, F. C. Hanusch, M. L. Lai, U. Steiner, T. Bein,
P. Docampo, D. Cahen and R. H. Friend, Preparation of
Single-Phase Films of CH3NH3Pb(I1−xBrx)3 with Sharp
Optical Band Edges, J. Phys. Chem. Lett., 2014, 5(15), 2501–
2505, DOI: 10.1021/jz501332v.

36 M. Wang, F. Cao, K. Deng and L. Li, Adduct Phases Induced
Controlled Crystallization for Mixed-Cation Perovskite Solar
Cells with Efficiency over 21, Nano Energy, 2019, 63, 103867,
DOI: 10.1016/j.nanoen.2019.10.

37 V. Pawar, M. Kumar, P. A. Jha, S. K. Gupta, P. K. Jha and
P. Singh, Cs/MAPbI3 Composite Formation and Its
Inuence on Optical Properties, J. Alloys Compd., 2019,
783, 935–942, DOI: 10.1016/j.jallcom.2018.12.333.

38 G. Murugadoss, R. Thangamuthu, S. Vijayaraghavan,
H. Kanda and S. Ito, Caesium−Methyl Ammonium Mixed-
Cation Lead Iodide Perovskite Crystals: Analysis and
Application for Perovskite Solar Cells, Electrochim. Acta,
2017, 257, 267–280, DOI: 10.1016/j.electacta.2017.10.092.

39 X. Guo, C. McCleese, C. Kolodziej, A. C. S. Samia, Y. Zhao
and C. Burda, Identication and Characterization of the
Intermediate Phase in Hybrid Organic-Inorganic MAPbI3
Perovskite, Dalton Trans., 2016, 45(9), 3806–3813, DOI:
10.1039/c5dt04420k.

40 G. Zatryb and M. M. Klak, On the Choice of Proper Average
Lifetime Formula for an Ensemble of Emitters Showing
Non-Single Exponential Photoluminescence Decay, J. Phys.:
Condens. Matter, 2020, 32(41), 11, DOI: 10.1088/1361-648X/
ab9bcc.

41 M. Imran, A. Saleem, N. A. Khan and A. H. Kamboh,
Enhanced Efficiency and Stability of Perovskite Solar Cells
by Partial Replacement of CH3NH3

+ with Inorganic Cs+ in
CH3NH3PbI3 Perovskite Absorber Layer, Phys. Rev. B:
Condens. Matter Mater. Phys., 2019, 572, 1–11, DOI:
10.1016/J.PHYSB.2019.07.041.
22418 | J. Mater. Chem. A, 2022, 10, 22408–22418
42 X. Liu, M. Chen, Y. Zhang, J. Xia, J. Yin, M. Li, K. G. Brooks,
R. Hu, X. Gao, Y. H. Kim, A. Züttel, J. M. Luther, S. Kinge,
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