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ABSTRACT:Engineering the composition of perovskite active layers has been
critical in increasing the e� ciency of perovskite solar cells (PSCs) to more than
25% in the latest reports. Partial substitutions of the monovalent cation and the
halogen have been adopted in the highest-performing devices, but the precise role
of bromine incorporation remains incompletely explained. Here we use quasi-
elastic neutron scattering (QENS) to study, as a function of the degree of bromine
incorporation, the dynamics of organic cations in triple-cation lead mixed-halide
perovskites. We� nd that the inclusion of bromine suppresses low-energy rotations
of formamidinium (FA), and we� nd that inhibiting FA rotation correlates with a
longer-lived carrier lifetime. When the fraction of bromine approaches 0.15 on the
halogen site� a composition used extensively in the PSC literature� the fraction
of actively rotating FA molecules is minimized: indeed, the fraction of rotating FA
is suppressed by more than 25% compared to the bromine-free perovskite.
KEYWORDS:perovskites, perovskite solar cells, quasi-elastic neutron scattering, cation dynamics, energy materials

Metal halide perovskites have emerged in recent years
as materials for solar cells; the AM1.5 power
conversion e� ciency of perovskite solar cells

(PSCs) has risen to exceed 25% in only a decade.1� 6 Among
the strategies employed to improve the solar conversion
e� ciency of PSCs, compositional engineering of the perovskite
active layer has proven particularly successful.2,7� 9 Beginning
with the archetypal MAPbI3perovskite, researchers modi� ed the
composition on both the A-site and X-site ions, partially
substituting methylammonium (MA) with Cs and form-
amidinium (FA), and partially substituting I with Br.

Notably, incorporation of 15% Br on X-sites� approximately
one of every six X-sites� results in an optimum solar
performance for mixed FA-MA solar cells.2 State-of-the-art
PSCs reported in the past several years have recon� rmed the
15% Br incorporation, even as other aspects of the active layer
have evolved.2,6,7,10 The approach runs counter to purely
bandgap considerations: bromine moves the bandgap farther
from the ideal bandgap for a single-junction solar cell. In
addition, the mobility of CsFA perovskites decreases with
increasing bromine content.11 Halide segregation introduces
stability issues,12� 14so understanding the physical origins of the
improved PCE, and ultimately using these insights to� nd more
stable results to high performance, is an important goal for the
� eld. The precise role of bromine� and the optimum at 15%
incorporation� in mixed-halide devices remains unanswered
despite its wide use.

When 15% bromine is incorporated,� 1/6th of the iodine
atoms are substituted with bromine. We hypothesized that
interactions of the cation and the PbX6 octahedron in the
perovskite structure are ampli� ed under such conditions. Iodine
and bromine have di� erent electronegativities and di� erent
hydrogen-bonding strengths,15,16 and therefore the positively
charged A-site cation can reasonably be expected to have a
preferred orientation toward one of the halides. We suspected
that if only one di� erent halogen was present, on average, this
e� ect would be more noticeable.

The role organic cations play in photocarrier dynamics has
been the subject of debate.15� 23 It is speculated that carriers in
organic� inorganic halide perovskites travel as polarons.19 The
MA cations have also been proposed to create ferroelectric
domains, which screen free carriers.18,23� 25 However, other
studies have shown that the reorientation of MA has negligible
impact on the exciton binding energy15,26and the charge carrier
dynamics.15,16 The improved charge transport at lower temper-
atures observed in organic� inorganic halide perovskites has
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instead been ascribed principally to a decrease in the intensity of
longitudinal optical phonons, which were shown to couple
strongly with free carriers in organic lead halide perovskites.15,27

It has also been shown that the organic and inorganic sublattices
are coupled, indicating the phonons of the inorganic lattice may
be in� uenced by the motion of the organic cations.28 While
there have been studies that directly probe the in� uence of MA
rotation on carrier dynamics, the in� uence of FA rotations on
charge carriers has not been studied.16

Quasi-elastic neutron scattering (QENS) is a technique that
has been employed previously to explore the dynamics of MA in
MAPbI3.

29� 33 QENS o� ers a route to directly investigate the
organic cation rotation: neutron scattering is sensitive to
hydrogen, and the signal obtained from QENS can thus be
attributed to motion of the hydrogen atoms, which allows us to

follow, with high speci� city, the dynamics of the organic cations
in the mixed-halide perovskite systems.

To eliminate the impact of variations in the crystallinity of
� lms as a function of perovskite composition, we use single-
crystal powders of triple-cation mixed-halide perovskites in
which we vary Br incorporation. We found that the perovskite
exhibiting the strongest suppression of FA rotation exhibits the
longest carrier lifetime. We propose that FA rotation in mixed-
halide perovskites contributes to the electron� phonon coupling
in perovskites that is known to quench carriers.

RESULTS AND DISCUSSION
To investigate the e� ects of Br incorporation on organic cation
dynamics in perovskites used in state-of-the-art solar cell
architectures, we prepared four perovskite samples for analysis:
Cs0.05FA0.8MA0.15Pb(I1� xBrx)3, wherex = 0, 0.1, 0.15, and 0.2.

Figure 1. Photophysical and structural characterization of crushed single crystals. (a) Normalized absorption and PL spectrum of each sample.
(b) XRD pro� les obtained for each sample. (c) Transient PL traces of each sample measured at the peak emission wavelength. (d) Average
lifetime obtained from a bi-exponential� t of each transient PL trace, as a function of Br incorporation.
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We chose this composition because the triple-cation, 15% Br
system provides the most consistent baseline composition for
single-junction solar cells and is used extensively in the
literature.2,6,7,10 We grew single crystals of each material (see
Experimental Methodsfor details) and ground the sample into a
powder before measuring.

Photophysical and Structural Characterization. We
� rst measured the photophysical and structural properties of the
ground single crystals (Figure 1) at room temperature. As the
bromine content increases, the absorption and emission spectra
blue shift (Figure 1a) as expected. The main peaks in the X-ray
di� raction (XRD) pro� le shift to higher angles (Figure 1b); this
is due to the incorporation of the smaller Br� ion into the lattice,
which decreases the lattice size. Each of the samples shows
characteristic perovskite peaks at� 14°, � 20°, and� 28°; we also
note the absence of the characteristic� -phase of FAPbI3, which
has peaks at 11.6° and 12.7°, indicating that each sample
crystallized purely in the cubic phase.7

The powder XRD peak corresponding to the (100)
crystallographic plane of the perovskite shifts from 13.98° to
14.20° when the bromine incorporation is increased from 0% to
20%. This corresponds to a change in lattice spacing of 0.098 Å,
which is a di� erence of� 1.54%. As a result of the very small
lattice shift, we expect that the phonon modes supported by the
inorganic framework of each sample are similar.Figure S1shows
that the calculated lattice constant decreases linearly with
increased bromine incorporation, indicating that the crystals
were successfully doped with bromine.

The transient PL signal was measured at the peak emission
wavelength for each sample (Figure 1c). The signals were� t
using a bi-exponential decay, and the average lifetime for each
sample was calculated (Figure 1d). The average lifetime of the
15% Br sample was at least� 2 times longer those that of the
others. Both the slow and the fast components of the� t are
longer in the samples containing bromine, and the 15% Br
sample shows a greatly decreased fast trapping rate (Figure S2).

Figure 2. QENS� ndings for perovskite samples. (a) Mean-squared displacement of the perovskite lattice of each sample. (b� d) Intensity of the
QENS signal, plotted as a function of energy transfer and momentum (Q), at (b) 80, (c) 120, and (d) 160 K for the 15% Br sample. As the
temperature is increased, the signal is broadened due to increased rotations of the organic cations.
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Increased carrier lifetime correlates with better solar cell
performance,34 since the non-radiative recombination rate has
been suppressed.

Quasi-elastic Neutron Scattering Results.We employed
QENS to identify the cation rotation in each sample. For each
sample, we estimated the mean-squared displacement (MSD) of
the lattice as a function of temperature, and the results are shown
in Figure 2a. The MSD provides information relating to the
rigidity possessed by the cations,35and the slope of the MSD as a
function of temperature provides a mean force constant that
describes the motion of the organic cations relative to their
equilibrium positions.36

Below 100 K, the FAPbI3 perovskite is in a hexagonal phase
(space groupP63/ mmc), whereas above this temperature the
perovskite is in a di� erent hexagonal phase (space groupP63/ m,
Figure S3).37The phase transition is seen in the MSD: the slope
of each sample changes perceptibly after 100 K, indicating that
the force holding the cations in place increases at lower
temperatures.36 After 270 K another transition begins, likely to
the cubic phase. The onset temperature for phase transitions in
FAPbI3 has a strong thermal hysteresis: we note here that the
samples were cooled rather than heated, and so the temperature
at which transitions of cubic to hexagonal phases occur is 290
K.37The incorporation of MA should serve to stabilize the cubic
phase at room temperature.38 The MSD decreases as the
bromine concentration increases, and the discrepancy becomes
more prominent at higher temperatures. This indicates that the
lattice becomes more rigid with increasing bromine. The MSD
can be extracted from short measurements, as only the elastic
peak intensity is extracted (Experimental Methods). To
understand the cation dynamics in detail for each sample,

longer measurements with su� cient statistics to model the
entire QENS spectra were collected at di� erent temperatures.

For this purpose, we collected QENS spectra at four
temperatures: 80, 100, 120, and 160 K. We sought to probe
the dynamics of both hexagonal phases of the perovskite, but the
cubic phase was at a temperature at which the QENS signal
would be outside of the measured energy window. We note that
the analysis at room temperature would be similar to the analysis
at low temperature, with the cubic space group (Pm3�m) being
used rather than the hexagonal.39

The intensity obtained for the 15% Br sample is shown in
Figure 2b� d for 80, 120, and 160 K. The intensity decreases at
higher temperatures, and likewise decreases with increasing
momentum transfer. The data were� t to a sum of a Gaussian
function, two Lorentzian functions, and a baseline, each of which
was convolved with the resolution of the instrument, obtained
by measuring each sample at 10 K (Figure S4andExperimental
Methods).

The spatial and energetic dependence of the signal from
QENS can be mapped to the dynamics of molecules using the
elastic incoherent structure factor (EISF). Experimentally, the
EISF can be calculated for each Lorentzian� t to the data. For
each momentum (Q), the relative area of the Gaussian function
(corresponding to the elastic signal) is divided by the total sum
of the Gaussian function and the Lorentzian function
(corresponding to the quasi-elastic signal). The shape of this
EISF can be compared to the theoretical ones given by the
symmetry of the molecule and the crystal in which it resides
(Experimental Methods).29,40

As a result, the shape of the EISF can be used to identify the
type of motion that an organic molecule undergoes in a crystal
lattice; the magnitude of the EISF can be used to determine the

Figure 3. Calculated EISF for each sample at each temperature. (a� d) EISF calculated for the LF1 at di� erent temperatures. (e� h) EISF for
LF2. As the temperature is increased, the value of the EISF decreases as the organic cations become more energetic. The sample with 15%
bromine has the highest EISF values for both LF1 and LF2. This corresponds to the smallest quasi-elastic signal and least organic cation
rotation.
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fraction of organic molecules that undergo the motion it
describes.

Ideally, each separate Lorentzian function should correspond
to a single motion: here, the� tting of additional Lorentzian
functions did not improve the overall� t, two were found to be
su� cient to model the spectra. As we discuss further below,
there are more than two distinct rotations that are possible in
this crystal structure. We expected that with better experimental
resolution and longer collection times the addition of more
Lorentzian functions would improve the� t. To account for the
additional motions present, we also allowed each Lorentzian to
represent a combination of motions in our models.

We extracted the EISF for each sample at each temperature
(Figure 3). For each sample, the data were� t with two
Lorentzian functions (Figure S4), in which one Lorentzian was
narrow (LF1, Figure 3a� d), and one Lorentzian was broad
(LF2, Figure 3e� h). The EISFs have similar magnitudes, which
indicates that the motions described by the two Lorentzian
functions contribute similarly to the total incoherent scattering.
The EISFs have di� erent shapes, which indicate that they
describe distinct motions.

The EISF decreases� i.e., there is a larger quasi-elastic signal
and more dynamics become observable� with increasing
temperature. The relative increase in the amount of quasi-
elastic scattering is most pronounced when the temperature
changes from 100 to 120 K, especially for theLF1(Figure 3b,c).
In MAPbI3, the phase change from orthorhombic to tetragonal

results in activation of the C4 rotation of the MA;29 here, the
phase change from one hexagonal phase to another that each
samples undergoes at� 100 K results in a similar phenomenon,
although it is less pronounced.

At each temperature, the 15% Br sample exhibits the highest
EISF. This indicates that the sample with 15% Br has the lowest
amount of quasi-elastic scattering and thus has the least active
cations. The suppression of organic cation motion, as a function
of bromine incorporation, corresponds with the reported trend
of PSC performance as a function of bromine incorporation.
This becomes more prominent at higher temperatures and at
higherQ.

To understand which type of motion is suppressed, we sought
to � t the measured EISFs with the theoretical EISFs for each
molecule.

Analysis of Dynamics. The possible rotations of the
hydrogens in the two organic molecules, FA and MA, are given
in Figure 4a,b. The hydrogens in MA may rotate about the C� N
bond, and the entire molecule may rotate within the crystal
structure. The dynamics of MA have been studied with QENS
previously.29� 31 We note that here, the symmetry of the local
crystal environment is hexagonal rather than tetragonal at the
measured temperatures due to the presence of FA, and so the
rotations are characterized by the C6 point group rather than the
C4 point group. The resonant double bond in the FA ion
prevents the rotation of hydrogen atoms about either C� N
bonds, and as such the only possible rotation of hydrogen atoms

Figure 4. Possible rotations of (a) FA and (b) MA molecules. The green arrow indicates a C3 rotation. The red arrows indicate a C6 rotation. The
gray dashed line represents the possible centers for the C6 rotation of the FA molecule. The calculated EISF modes for (c) FA and (d) MA. We
considered that each FA molecule was only undergoing one possible rotation, although di� erent FA molecules may be undergoing di� erent
motions.
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is that of the entire molecule. We identi� ed four di� erent
rotations that the FA molecule is most likely to undergo: the
molecule can� ip about the carbon atom; the molecule can� ip
about the N� N axis; the molecule can� ip about its center of
mass; or the molecule can rotate about the carbon� hydrogen
bond. The dynamics of pure FAPbI3 were recently investigated
with ultrafast spectroscopy, and the� ipping mode of FA about
the N� N axis was found to be dominant.41

We used jump models29,40 to calculate the di� erent modes of
the EISF based on the rotations of each molecule. The EISF for a
given molecule can be described by

� � � �=
�

� | Š |�
�

� �
�
��

� �

� �

A
g

j Q R C M R( )
Ee

C M
0

(1)

in whichj0 is the zeroth-order Bessel function and|R� C� M� R| is
the distance traveled for a given rotation.� runs over all the
irreducible representations of the direct product of the local
crystal environment,C, and that of the molecule,M. g is the
order of� and the sums over� and� run over all the classes ofC
and M, respectively. The sums ofC� and M� run over all
rotations that belong to the crystal class,� , and the molecular
class,� , respectively.29 � �

�� are the products of the products of
the characters ofC� C andM� M, � � C

� and� � M
� , respectively:� �

�� =

Figure 5. Fraction of cations active at each temperature. (a, b) Relative fractions of MA and FA that contribute to LF1. (c, d) Relative fractions of
MA and FA that contribute to LF2. Interestingly, the 15% Br sample shows the greatest reduction in the fraction of cations undergoing the FA.
The fraction of inactive FA correlates with the PL lifetimes, indicating that FA rotation may quench photoexcited carriers.
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� � C
� � � M

� .29,40 We note that the jump models do not depend on
temperature.

We calculated the distance each hydrogen in the molecule
travels for both FA and MA under each of their respective
rotations, and the distances are tabulated inTables S1 and S2,
respectively. The atomic positions were obtained from CIF� les
of FAI (CCDC: 1538402)42and MAPbI3 (CCDC: 1470054).43

Two-dimensional projections of each molecule under each
rotation are depicted in theFigures S5(FA) andS6(MA). The
resulting EISF modes for each type of rotation under
consideration are depicted for FA inFigure 4c and for MA in
Figure 4d. Interestingly, the MA molecule exhibits the most
quasi-elastic scattering under its combined rotations; despite
only having 15% MA, it is possible that the total signal of each
sample will be greatly in� uenced by the motion of MA.

We � t the experimental EISF according to the following
equation:

�Š Š
=

x A Q1 (1 ( ))
i

N

i i
1

,0
(2)

in whichAi,0(Q) is the theoretical EISF for a given type of
rotationi, xi is the fraction of hydrogens active for a particular
EISF, andN is the number of rotations considered.32 We � t
every combination of an FA mode and either C3 or C3� C6 MA
modes for each sample at each temperature. We constrained the
fraction of hydrogens that were available to rotate in each case
based on the stoichiometry of the perovskite: 18.3% of the
hydrogens are MA, and 81.6% are FA. The results of the� ts,
obtained using a least-squares method, are given inTables S3
(LF1) and S4(LF2). For LF1, excellent� ts are given when
considering the FA C6 � ip about the N� N axis, considering no
MA rotations at all. This is the dominant mode of rotation, and
agrees with previous reports.41

ForLF2, the best� ts are obtained when considering both MA
and FA. The best� ts are obtained when the MA C3 mode and
the FA C6 rotation about the carbon mode are combined: in
MAPbI3 the C4 rotation only activates at 165 K when the phase
changes,29 and as transitions to higher symmetry phases do not
occur until higher temperatures in FA-perovskites,37 it is
expected that the C6 rotation of MA is inhibited at the
temperatures studied in this report.

We obtained higher temperature QENS data on pure FAPbBr
and MAPbBr and estimated the activation energy of the di� erent
motions by� tting the full width at half-maximum (fwhm) of the
Lorentzians to an Arrhenius equation (Figure S7).32 We
calculate the activation energy of the FA rotation to be 47
meV, while the MA activation energies are 15 and 76 meV for
the two di� erent motions, respectively.LF1 has a narrower
fwhm thanLF2, indicating that it describes a motion with higher
energy,29 which is consistent with it only being associated with
the FA motion, rather than both MA C3 and FA.

The fraction of each cation that isinactiveis shown inFigure 5:
the top row shows the fraction that corresponds toLF1, and the
bottom row corresponds toLF2. As expected from the EISFs,
the 15% Br sample has the lowest active fraction of rotating
cation.

We sought to determine if the suppressed cation motion was
correlated with the photophysical properties of the perovskite at
the temperatures at which we performed the measurement, and
so we measured the PL and transient PL at each of the
temperatures at which we collected QENS data. The data are
shown inFigures S8(PL) and S9 (PL lifetimes) and are

summarized inTable 1and visualized inFigures S10� S12. To
measure the PL and PL decay in the cryostat requires coupling

the excitation and detection sources back to the detector,
resulting in a signi� cant decrease in the S/N ratio. When
measuring lifetimes, a lower repetition rate of laser pulses is
necessary, and as such we were unable to measure lifetimes for
any of the samples at 160 K. At 120 K, the signal from the 0% Br
sample was too weak to be measured with the same laser
repetition rate as the rest of the measurements, and, as a result,
the data point is excluded from further discussion. The
integrated intensities of the PL spectrum are shown inFigure
S8, normalized to the PL intensity at 100 K. The normalized
intensities are also shown inTable 1.

At higher temperatures the 15% Br sample exhibits the longest
carrier lifetime and the highest relative PL intensity. We� nd that
longer lifetime generally correlates with the fraction of FA that is
immobilized in each sample. We postulate that the phonons due
to FA rotation may couple to generated electrons and increase in
non-radiative recombination. We observe no correlation
between the PL lifetimes or the PL intensities with MA
immobilization, a� nding consistent with prior reports.16 We
recently showed that MA assists in transporting charges across
grain boundaries of perovskite� lms, indicating that the e� ect of
MA incorporation is only observed in thin� lms of perovskites.44

As a result, we expect these� ndings to be applicable to pure
CsFA perovskites as well. We acknowledge that proving the
causation of FA rotation impacting carrier dynamics is a
consideration of future work; here, we only report the
correlation and speculate as to its origin.

Since bromine forms stronger hydrogen bonds than iodine,
the suppression of the rotation of cations due to bromine
incorporation can be accounted for with a plausible physical

Table 1. Summary of the Photophysical Response and Cation
Immobilization at Each Temperature

	 av (ns)
normalized PL

intensity
fraction FA
immobilized

fraction MA
immobilized

80 K
0% Br 115± 2 0.91 0.89± 0.00 0.83± 0.01
10% Br 89± 1 0.78 0.89± 0.00 0.86± 0.01
15% Br 171± 2 0.83 0.89± 0.00 0.77± 0.01
20% Br 120± 1 0.77 0.85± 0.01 0.85± 0.01

100 K
0% Br 71± 2 1.00 0.68± 0.01 0.78± 0.02
10% Br 90± 1 1.00 0.74± 0.01 0.68± 0.01
15% Br 139± 1 1.00 0.76± 0.00 0.76± 0.01
20% Br 101± 1 1.00 0.71± 0.01 0.78± 0.01

120 K
0% Br � 0.37 0.39± 0.01 0.37± 0.07
10% Br 84± 1 0.29 0.51± 0.01 0.50± 0.03
15% Br 138± 2 0.63 0.59± 0.01 0.54± 0.02
20% Br 86± 1 0.63 0.50± 0.01 0.63± 0.02

160 K
0% Br � 0.26 0.15± 0.02 0.27± 0.06
10% Br � 0.14 0.28± 0.03 0.20± 0.06
15% Br � 0.26 0.37± 0.02 0.43± 0.05
20% Br � 0.15 0.23± 0.03 0.13± 0.07
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explanation: when there exists one Br on average in each PbX6
octahedron, the FA cation has a preferred orientation.

In FA-perovskite, FA cation is in icosahedral coordination.
When more one Br atom is present in each PbX6 octahedra, the
FA icosahedra vertices consist of ten I and two Br; the two Br
atoms may anchor two FA sites available for hydrogen bonding
(two hydrogen atoms on each site). As a result, the FA has a
preferred orientation in the 15% Br system. But when more than
one Br atom is present in each PbX6 octahedra, the cation may
have no preferred orientation, and this will on average increase
its motion.

To estimate the fraction of octahedra in a perovskite crystal
that have a given number of bromine atoms incorporated, we
used statistical sampling to model perovskite structures with
di� erent bromine incorporation. As the bromine incorporation
is increased, both the powder XRD and steady-state PL spectra
show a gradual change in peak position (Figure 1), indicating
that the bromine is being distributed evenly in the lattice. If there
were domains of both Br-poor and Br-rich perovskite, we would
expect to see the emission from the Br-rich regions being
quenched by the Br-poor regions; and appreciable splitting of
the powder XRD peaks to Br- and I-perovskite. As we do not
observe either of these phenomena, we conclude that the
bromine is distributed evenly throughout the lattice.

As a result, we randomly substitute iodine with bromine in the
model perovskite structure, and count the number of bromine
atoms in each octahedron. As expected, we� nd that on average,
10% Br incorporation results in 0.6 Br/octahedron, 15% Br leads
to 0.9 Br/octahedron, and 20% leads to 1.2 Br/octahedron
(Figures S14� S16). The distributions shown inFigure S13
indicate that the 15% Br sample has the largest fraction of
octahedra with 1 Br.

Prior work from the Bakulin group has shown that when a
mixture of Br and I are incorporated into the perovskite lattice,
the rotation of organic cations is slower than when the pure
halide (either Br or I) is used.22,45Our � ndings corroborate the
conclusions from these works and further support the claim that
it is not simply the hydrogen bond strength that determines the
rotational frequency of the organic cations: if it were, simply
increasing the bromine content would decrease the average
cation rotation.

It is apparent that adding any bromine inhibits the rotation of
the FA cation (Figure 5b,d). Recent record devices incorporate
� 5% Br into the perovskite structure.6,46This likely inhibits the
FA C6 rotation substantially and to a lesser extent the FA C6
� ipping. However, the lower bandgap means that more solar
photon� uence is turned intoJsc, and the improved photocurrent
outweighs the slight increase in phonons due to the FA� ipping
rotation.

We focused here on perovskite systems in which the Br
content varied from 0 to 20%, as these compositions are relevant
to record single-junction PSCs. A subject of future work is
identifying if the same trends can be expected in systems in
which the I content is varied from 0 to 20%.

Previous studies have shown that FAPbBr3 and FAPbI3 have
similar rotational times.41,47 In single halide systems, no
preferred orientations exist in which the strength of hydrogen
bonding is greater than in the other orientations.

Carrier lifetime is also dependent on exciton binding energy,
which is a function of the dielectric screening of the generated
carriers.26 In MAPbI3 perovskites, a step-like change in the
measured exciton binding energy at the phase change boundary
indicates that the activation of the C4 reorientation of MA

impacts the electron binding energy,48,49 but due to the
associated change in bandgap with the phase transition, it is
di� cult to isolate the cause of the change in binding energy.15

While FA rotations in FAPbI3 do not form long-lived
ferroelectric domains,41 we nonetheless sought to compare the
exciton binding energies of the samples to determine if they were
the cause of the observed di� erences in PL lifetimes. We
measured the temperature-dependent absorption spectra of
each sample (Figure S13) and � t the exciton binding energies
using Elliot’s theory.48,50The exciton binding energies obtained
are very low (� 2� 5 meV,Table S6) as reported for MAPbI3
previously.48 The 15% Br has the highest exciton binding
energies over the temperature range. As noted from the
absorption spectra, there is little change with temperature,
which is consistent with the relatively small shift in PL emission
position with temperature (Figure 1a). We note that Elliot’s
theory does not model higher energies of inorganic� organic
perovskites well due to assumptions in the model,51,52 and thus
only use it to compare binding energies qualitatively. Since we
� nd no obvious trend between exciton binding energy and
lifetime or relative PL intensity, we conclude that the exciton
binding energy alone cannot completely explain the observed
trend in photoluminescence lifetime.

To determine if the trends observed in single crystals translate
to perovskite thin� lms, we fabricated thin� lms of identical
composition to the single crystals. Powder XRD indicates that
the thin� lms are predominantly in the cubic phase (Figure S17).
Using X-ray photoelectron spectroscopy (XPS), we quanti� ed
the � nal incorporation of bromine in each sample (Table S7)
and� nd that the bromine incorporation was slightly less than in
the starting precursor solution. We measured the steady-state
(Figure S18) and transient PL spectra (Figure S19) of each thin
� lm at room temperature and found that the 10% (� nal
incorporation = 9.5%) and 15% (13.5%) Br samples exhibited
the longest lifetimes, which were improved by a factor of� 2
compared to the pure I sample. This indicates that the results
obtained from the single crystals are applicable to thin� lms at
room temperature as well.

CONCLUSIONS
We used QENS to identify the dynamics of cations in state-of-
the-art triple-cation mixed-halide perovskites. In view of the
superior solar cell performance of the devices incorporating 15%
Br, we compared the photophysics of triple-cation mixed-halide
perovskite crystals with varied Br contents and noticed that the
longest lifetime was found when the Br content was 15%. We
hypothesized that this may be due to an interaction with the
organic cations that are present in the perovskite crystal; with
QENS, we identi� ed that when the Br content is 15%, the
dynamics of the cations, particularly FA, are suppressed. We
attribute this to 15% Br being the ratio at which approximately
one in every six halide sites is Br, which results in a preferred
orientation of the cation. This work studies the organic cation
dynamics of triple-cation perovskites with QENS and correlates
the dynamics with the lifetime of photogenerated carriers.

EXPERIMENTAL METHODS
Single-Crystal Growth.The single crystals were grown using the

inverse crystallization method, as reported elsewhere.53 First, 1 M
solutions of FA0.85MA0.1Cs0.05PbI3�xBrx (x = 0, 0.6) were prepared by
dissolving the constituent precursor salts in� -butyrolactone, and
portions of the resulting precursor solutions were mixed to obtain
solutions with 10% and 15% Br concentration, respectively. The
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solutions were� ltered and then heated to 120°C. The solutions were
left at this temperature for 3 h to allow crystals to fully grow. The
obtained crystals were then cleaned with isopropyl alcohol.

We attempted crystal growth using the antisolvent method but were
unsuccessful (Table S8).

Optical Characterization. Optical absorption spectra were
measured with a PerkinElmer 950 UV/vis/NIR spectrometer equipped
with an integrating sphere for thin-� lm measurements. PL spectra and
PL-decay measurements were carried out using a Horiba FluoroLog-3
spectro� uorometer in re� ection geometry under ambient conditions.
The sample was excited using monochromated light (375 nm) from a
xenon lamp. The emission was passed through a 500 nm blaze grating
monochromator (iHR320) and collected by an infrared photo-
multiplier tube. For transient-PL measurements, the sample was
excited with a 374 nm diode laser at a repetition rate of 10 MHz.

Powder XRD.The nanocrystals were drop cast onto a glass slide for
measurement. XRD measurements were conducted using a Rigaku
MiniFlex-6G 600 instrument (Bragg� Brentano geometry) equipped
with D/teX Ultra silicon strip detector and a Cu K� radiation source (

= 1.5406 Å) operating at a voltage of 40 kV and a current of 15 mA.

XPS.Perovskite� lms were prepared on an ITO substrate. The
samples were mounted on a stainless-steel mounting plate. XPS
measurements were performed with the Thermo Scienti� c K-Alpha
system. An Al K� source was used, and the takeo� angle was 90°. To
account for sample charging, the XPS spectra were calibrated to the C
1s peak at 284.8 eV.

QENS.The QENS measurements were performed at the back-
scattering spectrometer BASIS54 at the Spallation Neutron Source at
the Oak Ridge National Laboratory. Si(111) analyzers were used along
with neutron beam with 6.4 Å center wavelength and the incident
bandwidth choppers with 60 Hz frequency. With this instrument
con� guration, the elastic energy resolution is 3.6� eV (at fwhm), and
the energy transfer window of±100� eV can be used. Samples were
placed into sealed cylindrical annular aluminum containers, each one in
the amount yielding to transmission probability of about 95%. Short
measurements were taken every 10 K (between 10 and 300 K) to obtain
diagnostic information about the dynamics in the samples. Longer scans
with adequate statistics for detailed analysis of the quasi-elastic spectra
were then taken at temperatures between 80 and 160 K. To determine
the instrumental resolution function, each sample was cooled down to
10 K, where all the di� usive motions are essentially frozen. Data
reduction was done by using Mantid package.55

For each sample, the elastic incoherent neutron scattering (EINS)
contribution was extracted from the full spectra by integrating the
elastic peak. A quantity of interest, the average mean-squared
displacement (MSD or� u2� ), can be obtained by using Gaussian
approximation,

= Š � �S Q A( ) e Q u
el

/32 2

(3)

in which Sel is the scattering function integrated over the energy
resolution window (centered at� = 0).

Data Fitting. The data were reduced with Mantid package,55 and
the data were� t with DAVE software.56 For each sample at each
temperature, the data were integrated into nine Q bins. Each of the Q
spectra were� t using four functions: a� at background, a Dirac delta
function, and two Lorentzian functions (Figure S4). Each of these
functions was convolved with the instrument resolution function, which
was obtained by measuring each sample at 10 K. The functions were
chosen according to the general expression for the dynamic structure
factor:40
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The terma0 is the EISF,� u2� is the MSD, and	 i is the average jump time
for a given rotation. The elastic incoherent structure factor is a
measurable quantity, de� ned as the fraction of the total quasi-elastic
intensity contained in the purely elastic peak. Thus, for each Lorentzian
function, the EISF for the type of motion described by this Lorentzian
can be obtained by taking the ratio of the integrated intensity of the
Dirac delta function (elastic) to the sum of the integrated intensities of
the Lorentzian (inelastic) and the Dirac delta function (elastic).
Qualitatively, if there are more scattering events, the contribution of the
inelastic signal is stronger, and the EISF will decrease. Additionally, if
there is no momentum transfer (Q = 0), there can be no inelastic
contribution and the EISF must be equal to unity. With this method, the
EISF for each di� erent type of motion (represented by each disparate
Lorentzian function) is calculated. The measured EISF for each motion
may be identi� ed by comparing the shape of the EISF to the theoretical
function, given in the following section.

Jump Models. In general, inelastic neutron scattering can arise
from two types of motion, rotational and translational. Due to the
highly ionic nature of perovskites, in the absence of applied electric
� elds, there should be little long-range translational motion. We thus
focus on the rotational motion present in the perovskite lattice. In
particular, the rotation of the dynamic cations, MA and FA, will
dominate the signal. While there have been studies identifying the
dynamics of MA,29,30,32 there has to our knowledge been no work on
identifying the dynamics of FA. To calculate the modes of FA and MA,
we used the jump model, as described elsewhere.29 When considering
rotations about both the molecular axis and the crystal axis, the elastic
and inelastic structure factors can be written as shown above ineq 1.

For the purposes of this study, it is acceptable to only consider the
symmetric 1D irreducible representation of the crystal and the
molecule, the structure factor derived from this representation will
give the elastic incoherent structure factor.40 The representations
resulting from the product of higher representations of the crystal and
molecular classes respectively give the various quasi-elastic incoherent
structure factors, not discussed in this study.

There are two organic molecules under consideration: formamidi-
nium (FA) and methylammonium (MA) (Figure 4a,b). MA, the
archetypal cation for inorganic� organic halide perovskites has been
characterized with QENS previously;29,31,43 the molecule belongs to
theC3 point group: both the methyl and ammonium groups are free to
rotate about the C� N bond, with a three-site occupancy. In addition,
the local crystal symmetry of the FAPbI3 perovskite is six-fold,
belonging to theC6 point group. There are thus 18 positions that each
hydrogen atom can occupy by combining the allowed rotations under
C4 andC3 symmetry.

The resonant double bond between the nitrogen and carbon atoms
prevent hydrogen rotation about the C� N bonds in FA. As such, the
only rotation possible is of the entire molecule, allowing us to only
consider the local crystal symmetry, which belongs to theC6 point
group. We consider four possibleC6 rotations of FA:

€ Rotation about the C atom (depicted as a rotation about the C�
H bond inFigure 4a)

€ Rotation parallel to an N� N axis where the axis of rotation is
€ such that the nitrogen atoms remain� xed
€ such that the center of mass of the molecule remains� xed
€ such that the carbon atom remains� xed

For the MA atom, the EISF for the combinedC3� C6 rotation is
given byeq 1; the character tables for theC3 andC6 point groups are
given below:57

C3 Character Table

E C3 (C3)
A +1 +1 +1
E +1 +� +�

+1 +� +�

C6 Character Table

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c05179
ACS Nano2020, 14, 15107� 15118

15115

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05179/suppl_file/nn0c05179_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05179/suppl_file/nn0c05179_si_001.pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c05179?ref=pdf


E C6 C3 C2 (C3)
2 (C6)

5

A +1 +1 +1 +1 +1 +1
B +1 � 1 +1 � 1 +1 � 1
E1 +1 +� � � * � 1 � � +� *

+1 +� * � � � 1 � � * +�
E2 +1 � � � � +1 � � * � �

+1 � � * � � +1 � � � � *
To calculate the EISF, we are only concerned with the� rst 1D

irreducible representation: A� A. As the characters for all rotations for
bothC3 andC6 are 1,eq 1is simpli� ed. The resulting equation is an
average of 18 Bessel functions of the form

| Š |� �j Q R C M R( )
0 (7)

in which the distanceR � C� M� R corresponds to the total distance
traveled by the hydrogen atom. Here we note that neutron scattering
cross section of hydrogen is so much larger than any other atoms; it is
su� cient to consider only H atoms as they dominate the signal. For any
of the 18 rotations under consideration, there are six hydrogen atoms
that have moved. We thus take an average of 6 Bessel functions for each
combined rotation. The resulting structure factor for the combinedC3
andC6 rotations of the MA cation can thus be expressed as
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where the distanceRi � C� M� Ri is the distance traveled by the hydrogen
atom during the combined rotations. For the FA cation, the only
possible rotations are that of the entire molecule within the local crystal
symmetry. The local crystal symmetry hasC6 symmetry, and thus only
C6 rotations need to be considered.

For each of MA and FA, the distances traveled by each hydrogen
atom was obtained by applying a combination of standard rotation
matrices to the positions of the atom.Figures S3 and S4depict the
positions of the atoms in each of the molecules projected into theX� Z
plane for each rotation, andTables S1 and S2show the distances
traveled by each hydrogen after each rotation. We calculated the EISF
modes shown inFigure 4c,d using these distances.
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