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Engineering the composition of perovskite active layers has been
critical in increasing the eciency of perovskite solar cells (PSCs) to more tharr <*«:‘ %)
25% in the latest reports. Partial substitutions of the monovalent cation and tfie\__ <\5 -
halogen have been adopted in the highest-performing devices, but the precise role
of bromine incorporation remains incompletely explained. Here we use quéasj
elastic neutron scattering (QENS) to study, as a function of the degree of bromi
incorporation, the dynamics of organic cations in triple-cation lead mixed-hal
perovskites. Wend that the inclusion of bromine suppresses low-energy rotati@
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
halogen site a composition used extensively in the PSC literatutee 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.

perovskites, perovskite solar cells, quasi-elastic neutron scattering, cation dynamics, energy materials
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etal halide perovskites have emerged in recent yearaVhen 15% bromine is incorporatetl/6th of the iodine
as materials for solar cells; the AM1.5 powemtoms are substituted with bromine. We hypothesized
conversion eciency of perovskite solar cells interactions of the cation and the PbXtahedron in the
(PSCs) has risen to exceed 25% in only a de€adi®mong perovskite structure are anmgaliunder such conditions. lodine
the strategies employed to improve the solar conversiegihd bromine have dirent electronegativities andedént
e ciency of PSCs, compositional engineering of the perovskitgdrogen-bonding strength¥, and therefore the positively
active layer has proven particularly successfileginning  charged A-site cation can reasonably be expected to h:
with the archetypal MARIperovskite, researchers medithe  preferred orientation toward one of the halides. We suspe
composition on both the A-site and X-site ions, partiallyhat if only one dierent halogen was present, on average,
substituting methylammonium (MA) with Cs and form- g ect would be more noticeable.
amidinium (FA), and partially substituting | with Br. The role organic cations play in photocarrier dynamics
Notably, incorporation of 15% Br on X-sitapproximately  peen the subject of deb4t€” It is speculated that carriers in

one of every six X-sitesesults in ag optimum solar  grganic inorganic halide perovskites travel as poldrohe.
performance for mixed FA-MA solar ceBsate-of-the-art  \1a cations have also been proposed to create ferroele
PSCs reported in the past several years havermesahihe domains, which screen free cariéis?® However, other

15% Br incorporation, even as other aspects of the active laygjes have shown that the reorientation of MA has neglic
have evolved:"'° The approach runs counter to purely : ]

. ! . mpact on the exciton binding en&tgand the charge carrier
bandgap gon3|derat|ons: bromme_ moves the bandgap farth?ﬁamicé?lsThe improved cghargeé'?rfgnsport at IO\QI]ver tempe
from the ideal bandgap for a single-junction solar cell. |

addition, the mobility of CsFA perovskites decreases wi jures observed in organforganic halide perovskites ha
increasing bromine contéhtHalide segregation introduces

stability issué$, **so understanding the physical origins of the June 22, 2020
improved PCE, and ultimately using these insigims tore October 20, 2020
stable results to high performance, is an important goal for thé October 26, 2020

eld. The precise role of brominend the optimum at 15%
incorporation in mixed-halide devices remains unanswered
despite its wide use.
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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 of each transient PL trace, as a function of Br incorporation.

instead been ascribed principally to a decrease in the intensityatfow, with high spediity, the dynamics of the organic cations
longitudinal optical phonons, which were shown to coupli#é the mixed-halide perovskite systems.
strongly with free carriers in organic lead halide perovékites. ~ To eliminate the impact of variations in the crystallinity of
It has also been shown that the organic and inorganic sublatticB8S a@s & function of perovskite composition, we use single-
are coupled, indicating the phonons of the inorganic lattice mé%isgﬁlwgo\‘;‘;dne/rgr?;Cg'rgg;gﬁggnv\gﬁgﬂh%a{ﬁi t%eer%\g;gl\tliii tle?
be in uenced by the .motlon O.f the organic caﬁ%mhlle exhibiting the strongest suppression of FA rotation exhibits the
therg have beer_1 studies that d|rec_tly probe therice _Of MA longest carrier lifetime. We propose that FA rotation in mixed-
rotation on carrier dynamics, theuence of FA rotations on  pjide perovskites contributes to the elecgieonon coupling
charge carriers has not been stddied. in perovskites that is known to quench carriers.

Quasi-elastic neutron scattering (QENS) is a technique that

has been employed previously to explore the dynamics of MARIESULTS AND DISCUSSION

MAPb.g.29 33. QENS oers a route to directly investigate the ¢ investigate the ects of Br incorporation on organic cation
organic cation rotation: neutron scattering is sensitive t@ynamics in perovskites used in state-of-the-art solar cell
hydrogen, and the signal obtained from QENS can thus kgchitectures, we prepared four perovskite samples for analysis:
attributed to motion of the hydrogen atoms, which allows us 65 odAy MAg 1Pb(l; Br) 3, wherex = 0, 0.1, 0.15, and 0.2.
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Figure 2. QENSndings for perovskite samples. (a) Mean-squared displacement of the perovskite lattice of each saa)piee(isity of the
QENS signal, plotted as a function of energy transfer and momer@na( (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.

We chose this composition because the triple-cation, 15% Bihe powder XRD peak corresponding to the (100)
system provides the most consistent baseline composition &oystallographic plane of the perovskite shifts front 13.98
single-junction solar cells and is used extensively in thd.20 when the bromine incorporation is increased from 0% to
literature:®"° We grew single crystals of each material (seB0%. This corresponds to a change in lattice spacing of 0.098 A,
Experimental Methotr details) and ground the sample into a which is a dierence of 1.54%. As a result of the very small
powder before measuring. lattice shift, we expect that the phonon modes supported by the
Photophysical and Structural Characterization. We inorganic framework of each sample are sifiglare Sshows

rst measured the photophysical and structural properties of tthat the calculated lattice constant decreases linearly with
ground single crystalsigure } at room temperature. As the increased bromine incorporation, indicating that the crystals
bromine content increases, the absorption and emission speeteae successfully doped with bromine.
blue shift Figure &) as expected. The main peaks in the X-ray The transient PL signal was measured at the peak emission
di raction (XRD) prole shift to higher angldsigure b); this wavelength for each samplere t). The signals werée
is due to the incorporation of the smallei®rinto the lattice,  using a bi-exponential decay, and the average lifetime for each
which decreases the lattice size. Each of the samples shsaraple was calculaté&ib(ire dl). The average lifetime of the
characteristic perovskite peak44t, 2C°,and 28;wealso  15% Br sample was at leadttimes longer those that of the
note the absence of the characterigtfmse of FAPHwhich others. Both the slow and the fast components of tre

has peaks at 11.and 12.7, indicating that each sample longer in the samples containing bromine, and the 15% Br
crystallized purely in the cubic pHase. sample shows a greatly decreased fast trappifgrate $2
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Figure 3. Calculated EISF for each sample at each temperaturd. E8SF calculated for the LF1 at dérent temperatures. (eh) 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.

Increased carrier lifetime correlates with better solar cédinger measurements with signt statistics to model the
performancé’ since the non-radiative recombination rate haentire QENS spectra were collected ateint temperatures.
been suppressed. For this purpose, we collected QENS spectra at four
Quasi-elastic Neutron Scattering Resultswe employed ~ temperatures: 80, 100, 120, and 160 K. We sought to probe
QENS to identify the cation rotation in each sample. For eadhe dynamics of both hexagonal phases of the perovskite, but the
sample, we estimated the mean-squared displacement (MSD§@pic phase was at a temperature at which the QENS signal
the lattice as a function of temperature, and the results are shat@uld be outside of the measured energy window. We note that
in Figure a. The MSD provides information relating to the the analysis atroom temperature would be similar to the analysis
rigidity possessed by the catidasd the slope ofthe MSD asa at low temperature, with the cubic space gRngn{) being
function of temperature provides a mean force constant thgged rather than the hexagdhal. _ _
describes the motion of the organic cations relative to their The intensity obtained for the 15% Br sample is shown in
equilibrium positiori&. Figure b dfor 80, 120, and 160 K. The intensity decreases at
Below 100 K, the FARperovskite is in a hexagonal phaseh'gher temperatures, and likewise decreases with increasing

(space group6y mmg, whereas above this temperature theMomentum transfer._The dat_a Weto a sum Of a Gaussian
perovskite is in a dirent hexagonal phase (space Gy, function, two Lorentzian functions, and a baseline, each of which

) 20 ; Ived with the resolution of the instrument, obtained
Figure SB*' The phase transition is seen in the MSD: the slop as convo . .
of each sample changes perceptibly after 100 K, indicating t measuring each sample at TBi¢ife SandExperimental

the f holding th ti in pl i tl thody.
€ force nolding the cations in place Iincreases al 1oWerryq spatial and energetic dependence of the signal from

)ENS can be mapped to the dynamics of molecules using the

_ ic incoherent structure factor (EISF). Experimentally, the
FAPD} has a strong thermal hysteresis: we note here that th§sk can be calculated for each Lorentziarthe data. For

samples were cooled rather than heated, and so the temperagifen momentung)), the relative area of the Gaussian function
at which transitions of cubic to hexagonal phases occur is 238 rresponding to the elastic signal) is divided by the total sum
K.>"The incorporation of MA should serve to stabilize the cubigf the Gaussian function and the Lorentzian function
phase at room temperattiteThe MSD decreases as the (corresponding to the quasi-elastic signal). The shape of this
bromine concentration increases, and the discrepancy becoRESF can be compared to the theoretical ones given by the
more prominent at higher temperatures. This indicates that tRgmmetry of the molecule and the crystal in which it resides
lattice becomes more rigid with increasing bromine. The MS@Experimental Metho&**©

can be extracted from short measurements, as only the elastigs a result, the shape of the EISF can be used to identify the
peak intensity is extracte@ixperimental MethodsTo type of motion that an organic molecule undergoes in a crystal
understand the cation dynamics in detail for each samplattice; the magnitude of the EISF can be used to determine the
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Figure 4. Possible rotations of (a) FA and (b) MA molecules. The green arrow indicajestaton. The red arrows indicate g tation. The

gray dashed line represents the possible centers forghat&lion 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, althceigimdi-A molecules may be undergoingetent
motions.

fraction of organic molecules that undergo the motion itesults in activation of the @tation of the MA? here, the
describes. phase change from one hexagonal phase to another that each

Ideally, each separate Lorentzian function should corresposaimples undergoes 400 K results in a similar phenomenon,
to a single motion: here, thiing of additional Lorentzian although it is less pronounced.
functions did not improve the overglitwo were found to be At each temperature, the 15% Br sample exhibits the highest
su cient to model the spectra. As we discuss further belo®SF. This indicates that the sample with 15% Br has the lowest
there are more than two distinct rotations that are possible amount of quasi-elastic scattering and thus has the least active
this crystal structure. We expected that with better experimentations. The suppression of organic cation motion, as a function
resolution and longer collection times the addition of moref bromine incorporation, corresponds with the reported trend
Lorentzian functions would improve thd o account forthe  of PSC performance as a function of bromine incorporation.
additional motions present, we also allowed each LorentzianTbis becomes more prominent at higher temperatures and at
represent a combination of motions in our models. higherQ.

We extracted the EISF for each sample at each temperatur@o understand which type of motion is suppressed, we sought
(Figure 3. For each sample, the data wedrenith two to t the measured EISFs with the theoretical EISFs for each
Lorentzian functiong{gure Sy in which one Lorentzian was molecule.
narrow [F1, Figure @ d), and one Lorentzian was broad Analysis of Dynamics. The possible rotations of the
(LF2, Figure 8 h). The EISFs have similar magnitudes, whicthydrogens in the two organic molecules, FA and MA, are given
indicates that the motions described by the two Lorentziaim Figure 4,b. The hydrogens in MA may rotate about tie C
functions contribute similarly to the total incoherent scatteringpond, and the entire molecule may rotate within the crystal
The EISFs have dirent shapes, which indicate that theystructure. The dynamics of MA have been studied with QENS
describe distinct motions. previously? ** We note that here, the symmetry of the local

The EISF decreasese., there is a larger quasi-elastic signatrystal environment is hexagonal rather than tetragonal at the
and more dynamics become observabidh increasing measured temperatures due to the presence of FA, and so the
temperature. The relative increase in the amount of quasétations are characterized by thediht group rather than the
elastic scattering is most pronounced when the temperatu€g point group. The resonant double bond in the FA ion
changes from 100 to 120 K, especially faRh@-igure B,c). prevents the rotation of hydrogen atoms about eithidr C
In MAPDbL, the phase change from orthorhombic to tetragonabonds, and as such the only possible rotation of hydrogen atoms
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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.

is that of the entire molecule. We idetifour dierent Ee _ .
rotations that the FA molecule is most likely to undergo: the A = ? W @R CMR

. . M
molecule canip about the carbon atom; the molecule gan ¢ (1)
about the N N axis; the molecule caip about its center of  inwhichj,is the zeroth-order Bessel functiofRnC M Rjis
mass; or the molecule can rotate about the campdogen  the distance traveled for a given rotatiouns over all the
bond. The dynamics of pure FARt#re recently investigated ireducible representations of the direct product of the local
with ultrafast spectroscopy, and thping mode of FA about ~ CTYStal environmertt, and that of the molecud, gis the
the N N axis was found to be domir&nt order of andthe sums oveand run over all the classe€of

) 2140 el he g ¢ and M, respectively. The sums@fandM run over all
We used jump modefs™to calculate the derent modes of  a4ions that belong to the crystal clasand the molecular

the EISF based on the rotations of each molecule. The EISF fQﬂ&SS, , respectiveﬁ?_ are the products of the products of
given molecule can be described by the characters 6f-andM ,, cand , respectively: =
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w->¥*°We note that the jump models do not depend onsummarized ifiable 1and visualized Figures S10512 To
temperature. measure the PL and PL decay in the cryostat requires coupling
We calculated the distance each hydrogen in the molecule
travels for both FA and MA under each of their respectivEable 1. Summary of the Photophysical Response and Cation
rotations, and the distances are tabulaféabiles S1 and S2  Immobilization at Each Temperature
respectively. The atomic positions were obtained frorte€IF _ _ _
of FAI (CCDC: 15384025 and MAPbJ(CCDC: 14700545> EMIEZES BL UEGEE B RGO [

) ; L av(NS) intensity immobilized immobilized
Two-dimensional projections of each molecule under eac..
rotation are depicted in thggures SE-A) andS6(MA). The 0% B g 2 001 80K 0.89 0.00 0.83 0.01
resulting EISF modes for each type of rotation under ‘; ' : : : : :
consideration are depicted for FAigure 4 and for MA in 1OOA’ Br 8%l 0.78 0.82 0.00 0.8¢ 0.01
Figure 4. Interestingly, the MA molecule exhibits the most 150@ Br 172 0.83 0.82 0.00 0.7& 0.01
guasi-elastic scattering under its combined rotations; despiﬁeMBr l2e1 0.77 0.8% 0.01 0.8% 0.01
only having 15% MA, it is possible that the total signal of each 100K
sample will be gregtly irenced by the motion of MA.  0%Br 73 2 100 0.68 0.01 0.78 0.02
We t the experimental EISF according to the following 10%Br 96 1 1.00 0.74 001 0.68 0.01
equation: 15% Br 13 1 1.00 0.7& 0.00 0.7& 0.01
N 20% Br  10% 1 1.00 0.7% 0.01 0.7& 0.01
18 x15A(Q)
i=1 2) 120 K
0% Br 0.37 0.3% 0.01 0.3% 0.07
in whichA Q) is the theoretical EISF for a given type of 100 8r 84 1 0.29 0.5% 0.01 0.5@ 0.03
rotationi, x; is the fraction of hydrogens active for a particular 150, gr 138 2 0.63 0.5% 0.01 0.54 0.02
EISF, andN is the number of rotations considéredle t 20% Br 8& 1 0.63 0.5a 0.01 0.6% 0.02
every combination of an FA mode and either C; Cg MA
modes for each sample at each temperature. We constrained the 160 K
fraction of hydrogens that were available to rotate in each cage; gr 0.26 0.1% 0.02 0.2% 0.06
based on the stoichiometry of the perovskite: 18.3% of thagey gr 0.14 0.28 0.03 0.26 0.06
hydrogens are MA, and 81.6% are FA. The results t§,the 150, Br 0.26 0.3% 0.02 0.42 0.05
obtained using a least-squares method, are giadrida S3 20% Br 0.15 0.23 0.03 0.13 0.07

(LF1) and S4(LF2). For LF1, excellentts are given when

considering the FA;Cip about the NN axis, considering no

MA rotations at all. This is the dominant mode of rotation, and

agrees with previous rep0tts. the excitation and detection sources back to the detector,
ForLF2, the bestts are obtained when considering both MA resulting in a sigrdant decrease in the S/N ratio. When

and FA. The bests are obtained when the MAr@ode and measuring lifetimes, a lower repetition rate of laser pulses is

the FA G rotation about the carbon mode are combined: innecessary, and as such we were unable to measure lifetimes for

MAPbL the G, rotation only activates at 165 K when the phaseany of the samples at 160 K. At 120 K, the signal from the 0% Br

change$ and as transitions to higher symmetry phases do neample was too weak to be measured with the same laser

occur until higher temperatures in FA-perovskitésis repetition rate as the rest of the measurements, and, as a result,
expected that thegQotation of MA is inhibited at the the data point is excluded from further discussion. The
temperatures studied in this report. integrated intensities of the PL spectrum are shdviguire

We obtained higher temperature QENS data on pure FAPbBB normalized to the PL intensity at 100 K. The normalized
and MAPDbBr and estimated the activation energy ofeherdi intensities are also show@ble 1

motions by tting the full width at half-maximum (fwhm) of the At higher temperatures the 15% Br sample exhibits the longest
Lorentzians to an Arrhenius equatiGigre S)°? We carrier lifetime and the highest relative PL intensitynd/feat
calculate the activation energy of the FA rotation to be 4lbnger lifetime generally correlates with the fraction of FA that is
meV, while the MA activation energies are 15 and 76 meV fonmobilized in each sample. We postulate that the phonons due
the two dierent motions, respectivelf§zl has a narrower to FA rotation may couple to generated electrons and increase in
fwhm tharLF2, indicating that it describes a motion with highernon-radiative recombination. We observe no correlation
energy’ which is consistent with it only being associated wittbetween the PL lifetimes or the PL intensities with MA
the FA motion, rather than both MA&hd FA. immobilization, anding consistent with prior repdftave
The fraction of each cation thamnactives shown ifrigure 5 recently showed that MA assists in transporting charges across
the top row shows the fraction that correspondsli@and the grain boundaries of perovskitas, indicating that theect of
bottom row corresponds t&2. As expected from the EISFs, MA incorporation is only observed in thins of perovskités.
the 15% Br sample has the lowest active fraction of rotatidg a result, we expect thesdings to be applicable to pure
cation. CsFA perovskites as well. We acknowledge that proving the
We sought to determine if the suppressed cation motion waausation of FA rotation impacting carrier dynamics is a
correlated with the photophysical properties of the perovskite@insideration of future work; here, we only report the
the temperatures at which we performed the measurement, amdrelation and speculate as to its origin.
so we measured the PL and transient PL at each of theSince bromine forms stronger hydrogen bonds than iodine,
temperatures at which we collected QENS data. The data dhe suppression of the rotation of cations due to bromine
shown inFigures SEPL) and S9 (PL lifetimes) and are incorporation can be accounted for with a plausible physical
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explanation: when there exists one Br on average in each PbXpacts the electron binding enéf§y,but due to the
octahedron, the FA cation has a preferred orientation. associated change in bandgap with the phase transition, it is
In FA-perovskite, FA cation is in icosahedral coordinatiomi cult to isolate the cause of the change in binding énergy.
When more one Br atom is present in eachdthxhedra, the  While FA rotations in FARbldo not form long-lived
FA icosahedra vertices consist of ten | and two Br; the two Berroelectric domaifiSwe nonetheless sought to compare the
atoms may anchor two FA sites available for hydrogen bondiexggciton binding energies of the samples to determine if they were
(two hydrogen atoms on each site). As a result, the FA hadte cause of the observededénces in PL lifetimes. We
preferred orientation in the 15% Br system. But when more thameasured the temperature-dependent absorption spectra of
one Br atom is present in each Rixtahedra, the cation may each samplé-(gure ST3and t the exciton binding energies
have no preferred orientation, and this will on average increassing Ellids theory’®*° The exciton binding energies obtained
its motion. are very low (2 5 meV,Table Spas reported for MAPDI
To estimate the fraction of octahedra in a perovskite crystaieviouslj® The 15% Br has the highest exciton binding
that have a given number of bromine atoms incorporated, w@ergies over the temperature range. As noted from the
used statistical sampling to model perovskite structures wahsorption spectra, there is little change with temperature,
di erent bromine incorporation. As the bromine incorporationvhich is consistent with the relatively small shift in PL emission
is increased, both the powder XRD and steady-state PL speg@@aition with temperatur&igure &). We note that Ellist
show a gradual change in peak posifiguie ), indicating theory does not model higher energies of inorgmganic
that the bromine is being distributed evenly in the lattice. If thegerovskites well due to assumptions in the mddehd thus
were domains of both Br-poor and Br-rich perovskite, we woulthly use it to compare binding energies qualitatively. Since we
expect to see the emission from the Br-rich regions beinggd no obvious trend between exciton binding energy and
quenched by the Br-poor regions; and appreciable splitting lfetime or relative PL intensity, we conclude that the exciton
the powder XRD peaks to Br- and |-perovskite. As we do nbtnding energy alone cannot completely explain the observed
observe either of these phenomena, we conclude that tiend in photoluminescence lifetime.
bromine is distributed evenly throughout the lattice. To determine if the trends observed in single crystals translate
As aresult, we randomly substitute iodine with bromine in th® perovskite thinlms, we fabricated thitms of identical
model perovskite structure, and count the number of bromirg@mposition to the single crystals. Powder XRD indicates that
atoms in each octahedron. As expectedidtbat on average, thethin Ims are predominantly in the cubic phaisgi(e S1)7
10% Brincorporation results in 0.6 Br/octahedron, 15% Br leakiising X-ray photoelectron spectroscopy (XPS), we gdanti
to 0.9 Br/octahedron, and 20% leads to 1.2 Br/octahedrofhe nal incorporation of bromine in each sampiéle Sy
(Figures S14S16. The distributions shown figure S13  and nd that the bromine incorporation was slightly less than in
indicate that the 15% Br sample has the largest fraction ibfe starting precursor solution. We measured the steady-state
octahedra with 1 Br. (Figure SI@and transient PL spectidure S1f each thin
Prior work from the Bakulin group has shown that when alm at room temperature and found that the 10l (
mixture of Br and | are incorporated into the perovskite latticé)corporation = 9.5%) and 15% (13.5%) Br samples exhibited
the rotation of organic cations is slower than when the pui®&e longest lifetimes, which were improved by a fact@r of
halide (either Br or 1) is usé@'®>Our ndings corroborate the compared to the pure | sample. This indicates that the results
conclusions from these works and further support the claim th@ftained from the single crystals are applicable tdntisirat
itis not simply the hydrogen bond strength that determines tH@om temperature as well.
rotational frequency of the organic cations: if it were, simply
increasing the bromine content would decrease the averdge

cation rotation. _ o ~ We used QENS to identify the dynamics of cations in state-of-
Itis apparent that adding any bromine inhibits the rotation ofe-art triple-cation mixed-halide perovskites. In view of the
the FA cationRigure 5,d). Recent record devices incorporategyperior solar cell performance of the devices incorporating 15%
5% Br into the perovskite strucfuf&This likely inhibits the By, we compared the photophysics of triple-cation mixed-halide
FA G rotation substantially and to a lesser extent the; FA Cyeroyskite crystals with varied Br contents and noticed that the
ipping. However, the lower bandgap means that more solghgest lifetime was found when the Br content was 15%. We
photon uence is turned intly, and the improved photocurrent  hypothesized that this may be due to an interaction with the
outweighs the slight increase in phonons due to thpg##g  organic cations that are present in the perovskite crystal; with
rotation. _ _ _ QENS, we identeéd that when the Br content is 15%, the
We focused here on perovskite systems in which the Bynamics of the cations, particularly FA, are suppressed. We
content varied from 0 to 20%, as these compositions are relevagifibute this to 15% Br being the ratio at which approximately
to record single-junction PSCs. A subject of future work igne in every six halide sites is Br, which results in a preferred
identifying if the same trends can be expected in systemsgfentation of the cation. This work studies the organic cation
which the | content is varied from 0 to 20%. dynamics of triple-cation perovskites with QENS and correlates

_Previous studies have shown that FARDBFAPhIhave the dynamics with the lifetime of photogenerated carriers.
similar rotational timés?’ In single halide systems, no

preferred orientations exist in which the strength of hydrogen

bonding is greater than in the other orientations. Single-Crystal Growth.The single crystals were grown using the

C_,arr!er ”fe“m¢ is also de.pende.nt on excjton binding ENerg¥y erse crystallization method, as reported elséihast, 1 M
which Is & function of the dielectric screening of the generatgg sions of FAMA, Cs, Oéobhx’Brx (x= 0, 0.6) were pre[;ared by
carriers” In MAPbL perovskites, a step-like change in thegissolving the constituent precursor saltsbiatyrolactone, and
measured exciton binding energy at the phase change boungwiyions of the resulting precursor solutions were mixed to obtain
indicates that the activation of thg r€orientation of MA  solutions with 10% and 15% Br concentration, respectively. The
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solutions werdtered and then heated to 20 The solutions were 1 ,
left at this temperature for 3 h to allow crystals to fully grow. The L, = 3
obtained crystals were then cleaned with isopropy! alcohol. T (6)

We attempted crystal growth using the antisolvent method but wege termeyis the EISFA? is the MSD, andis the average jump time

unsucpessfuT(ibIe SB. . . . for a given rotation. The elastic incoherent structure factor is a
Optical Characterization. Optical absorption spectra were ,o,qrahle quantity, ded as the fraction of the total quasi-elastic
measured with a PerkinElmer 950 UV/vis/NIR spectrometer equ'ppqrﬁtensity contained in the purely elastic peak. Thus, for each Lorentzian
with an integrating sphere for thim- measurements. PL spectra and function, the EISF for the type of motion described by this Lorentzian
PL-decay measurements were carried out using a Horlba FI_uproLogé be obtained by taking the ratio of the integrated intensity of the
spectrouorometer in reection geometry under ambient conditions. py;-a - delta function (elastic) to the sum of the integrated intensities of
The sample was excited using monochromated light (375 nm) froma,, | rentzian (inelastic) and the Dirac delta function (elastic).
xenon lamp. The emission was passed through a 500 nm blaze gr u%litatively, if there are more scattering events, the contribution of the
monpthomator ('HR320). and collected by an infrared phOtO‘|nelastic signal is stronger, and the EISF will decrease. Additionally, if
mulltlpller.tube. For transient-PL measurements, the sample w; re is No momentum transf€¥ € 0), there can be no inelastic
excited with a 374 nm diode laser at a repetition rate of 10 MHz. ;i tion and the EISF must be equal to unity. With this method, the
Powder XRDThe nanocrystals were drop cast onto a gla_lss sllde_fcg SF for each dérent type of motion (represented by each disparate
measurement. XRD measurements were conducted using a Rig Fentzian function) is calculated. The measured EISF for each motion

MiniFlex-6G 600 instrument (Bragiyentano geometry) equipped : : : ;
with D/teX Ultra silicon strip detector and a Cur&diation source ( fmuﬁzt?c:enldgeicteer? ilr)]ytﬁg r]%pl)licvr;géhszfzngﬁe of the EISF to the theoretical

=1.5406 A) Operating at a voltage of 40 kv and a current of 15 mA. Jump Models. In general, inelastic neutron scattering can arise
XPS. Perovskite Ims were prepar.ed on an ITO substrate. The two types of motion, rotational and translational. Due to the
samples were mounted on a stainless-steel mounting plate. Xkig,\ ‘ionic nature of perovskites, in the absence of applied electric
measurements were performed with the Thermo Srikmtipha elds, there should be little long-range translational motion. We thus
system. An Al Ksource was used, and the takemgle was S0To focus on the rotational motion present in the perovskite lattice. In
account for sample charging, the XPS spectra were calibrated to thﬁa icular, the rotation of the dynamic cations, MA and FA, wil

1s peak at 284.8 eV. h - . e o
QENS.The QENS measurements were performed at the Ioacl%omlnate the signal. While there have been studies identifying the

; . ynamics of MA%* there has to our knowledge been no work on
scattering spectrometer BASIS the S_pallatlon Neutron Source at identifying the dynamics of FA. To calculate the modes of FA and MA
the Oak Ridge National Laboratory. Si(111) analyzers were used al used the jump model, as described elséiMéren considering ’
‘t’)v'th dnggttr:onhbeam wnhthG.gOAHcer;ter Waveler\'/?;{;q a{ﬂd the tmmderp tations about both the molecular axis and the crystal axis, the elastic
cgr? gWulratior? t?]%pg;r:sm energy rzeszﬁﬂtLijng?géS/qlat fwhlrsn )lnznrgmen&nd inelastic structure factors can be written as shown afipge in
the energy tr’ansfer windowtdfo0 eV can be used. Sampies were For the purposes of this study, it is acceptable to only consider the

. — . ! symmetric 1D irreducible representation of the crystal and the
placed into sealed cylindrical annular aluminum containers, each ongi\ecyje, the structure factor derived from this representation will

the amount yielding to transmission probability of about 95%. Shq fve the elastic incoherent structure fA&tBhe re ;
presentations
measurements were taken every 10 K (between 10 and 300 K) to obt |%ulting from the product of higher representations of the crystal and

dlggnostlc |nformaF|on aboutthe.dynamlcs in the samples. Longerscm’aecular classes respectively give the various quasi-elastic incoherent
with adequate statistics for detailed analysis of the quasi-elastic SPe&H R ture factors. not discussed in this study

were then taken at temperatures between 80 and 160 K. To determing- oo are two organic molecules under consideration: formamidi-
the instrumental resolution function, each sample was cooled dow m (FA) and methylammonium (MAFigure 4,b). MA, the

10 K, where all the disive motions ar(% essentially frozen. Datay cpetypal cation for inorgamieganic halide perovskites has been
reduction was done by using Mantid package. . aracterized with QENS previo&%ly** the molecule belongs to

Fo_r ea_ch sample, the elastic incoherent neutron scattering (EIN leC, point group: both the methyl and ammonium groups are free to
contr_lbutlon was extrac_ted fro!“ the full spectra by integrating t%t te about the ON bond, with a three-site occupancy. In addition
e!astlc peak. A quantity of interest, ’(he average mean-squagﬁéj‘ local crystal symmétry of the FARi®rovskite is six-fold, ’
displacement (MSD on?), can be obtained by using Gaussian belonging to th€ point group. There are thus 18 positions that each
approximation, hydrogen atom can occupy by combining the allowed rotations under

&2 C, andC; symmetry.

Q= ASTVR (3) The resonant double bond between the nitrogen and carbon atoms
) ) . ) o prevent hydrogen rotation about theNtbonds in FA. As such, the
in which§, is the scattering function integrated over the energynly rotation possible is of the entire molecule, allowing us to only
resolution window (centered at 0). _ , consider the local crystal symmetry, which belongs @ ploint

Data Fltt|ng. The data were redUC@?d with Mantid pa&?&g}ﬂ group. We consider four posﬂmtations of FA:
the data weret with DAVE softwar€. For each sample at each . . .
temperature, the data were integrated into nine Q bins. Each of the Q € Eoggggr}rﬁgoﬂtréhz)c atom (depicted as a rotation about the C
spectra weret using four functions: @t background, a Dirac delta € Rotation a?allel to an NN axis where the axis of rotation is
function, and two Lorentzian functiofRgy(re Sy Each of these P . .
functions was convolved with the instrument resolution function, which € such that the nitrogen atoms remated .
was obtained by measuring each sample at 10 K. The functions were € suchthatthe center of mass of the molecule remains

chosen according to the general expression for the dynamic structure € such that the carbon atom remake o
factor*® For the MA atom, the EISF for the combifed C; rotation is
given byeq % the character tables for tbegandC; point groups are
N given below’
FRwW=AQ()+ ARE) @ C; Character Table
=1 E C3 (C3)
in which A +1 +1 +1
SR E +1 + +
Ao = afQ e>° (5) +1 + +
and Cs Character Table
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