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Abstract

Mixed cation perovskites currently achieve very promising efficiency and operational sta-
bility when used as the active semiconductor in thin-film photovoltaic devices. However
an in-depth understanding of the structural and photophysical properties that drive
this enhanced performance is still lacking. Here we explore the prototypical mixed-

cation mixed-halide perovskite (FAPbI3)os5(MAPDbBr3)o.15, and present temperature-



dependent X-ray diffraction measurements that we correlate with steady state and time-
resolved photoluminescence data. Our measurements indicate that this material adopts
a pseudo-cubic perovskite « phase at room temperature, with a transition to a pseudo-
tetragonal 3 phase occurring at ~260 K. We find that the temperature dependence of
the radiative recombination rates correlates with temperature-dependent changes in the
structural configuration, and observed phase transitions also mark changes in the gradi-
ent of the optical band gap. Our work illustrates that temperature-dependent changes in
the perovskite crystal structure alter the charge carrier recombination processes and pho-
toluminescence properties within such hybrid organic-inorganic materials. Our findings
have significant implications for photovoltaic performance at different operating temper-
atures, as well as providing new insight on the effect of alloying cations and halides on

the phase behaviour of hybrid perovskite materials.

1 Introduction

Recent years have seen rapid progress in the development of high efficiency perovskite solar cells, with
new material systems, compositional engineering and passivation techniques used to increase power
conversion efficiencies beyond 24%.!! Indeed, perovskite materials have many favourable properties
for photovoltaic applications, such as strong optical absorption, ? long diffusion lengths, ! long carrier
lifetimes (¥ and high defect tolerance.® They can also be deposited from solution using low cost, low
temperature processes, with large area devices being fabricated by methods such as slot-die coating
and spray coating. 67

A perovskite material is defined as any material adopting the structure ABX3, where A is a
monovalent cation (typically Cs or alkylammonium ions), B is a divalent metal cation (commonly Pb
or Sn) and X is a halide anion (commonly I, Br or Cl). The single-cation hybrid perovskite MAPbI3,
where MA is the organic molecule methylammonium (CHgNH;), has been utilised as an absorber
layer for perovskite solar cells (PSCs) since their advent in 2009. ¥ Whilst MAPbI3 has dominated the
PSC research field for a number of years, its poor thermal stability and sub-optimal band gap limit
its usefulness for photovoltaic applications. 910

The replacement of MA with the larger cation HC(NHz); (formamidinium or FA) to form FAPbI;
has been shown to reduce the band gap, bringing it closer to the Shockley-Queisser optimum band
gap for solar cell absorber layers (~1.4 eV). (11 Although at room temperature FAPbI3 does not form

a stable cubic perovskite phase, it is possible to stabilise the cubic perovskite phase by incorporating



20% MA back into the A-site.'?l Additionally the inclusion of a mixed halide into the perovskite allows
the band gap to be further tuned and its stability and optoelectronic properties to be optimised. [13] As
such, highly efficient perovskite solar cell (PSC) devices have been demonstrated based on the mixed
cation lead mixed halide perovskite system (FAPbI3);_,(MAPbBr3), (0 < x < 1), in which z = 0.15

[14:15:16] Degpite advances in device performance

has been shown to yield optimum device performance.
arising on the basis of empirical studies, the fundamental properties of these multi-cation materials
are not yet fully understood.

A number of research groups have used temperature-dependent techniques to gain a deeper un-
derstanding of hybrid perovskite materials and their optoelectronic properties. Such studies provide
insight into the intrinsic properties of the material and have relevance to the practical operation of
PSC devices, which can typically be exposed to a wide range of temperatures during operation. 7]
The phase behaviour of mixed cation, mixed halide perovskites has been investigated by a number of
authors. Measurements made by Xie et al. revealed that materials in the (FAPbI3);_,(MAPbBr3),
compositional range generally adopt a cubic perovskite structure at room temperature, contributing to
their superior thermal stability.[!8) Weber et al. have also reported a tetragonal-to-cubic phase tran-
sition at ~280 K for the single halide perovskite (FAPbI3)os(MAPDI3)g 2. (197 However the addition of
the mixed halide in (FAPbI3);_,(MAPDBr3), will have an as yet undocumented and potentially signif-
icant effect on the phase behaviour. 2% Various studies have documented the temperature-dependent
charge carrier dynamics and photoluminescence properties of hybrid perovskite materials, and the rela-
tionship between phase behaviour and these properties has been studied extensively in MAPbI3, most
notably by the Herz group. 2522 However, this relationship has not yet been explored in mixed-cation
mixed-halide systems, despite their superior photovoltaic performance.

In this work, we explore both the optical and structural properties of thin films of the mixed cation,
mixed halide perovskite (FAPbI3)g.s5(MAPbBr3)g.15 as a function of temperature between 4 K and
350 K. We perform variable temperature powder X-ray diffraction studies over the temperature range
80-350 K in order to identify structural phase transitions. We then compare our findings with results
obtained from steady-state photoluminescence and absorption spectroscopy, at a range of temperatures
from 4 K to 300 K. We also draw a comparison with time-resolved photoluminescence measurements
taken with a streak camera at temperatures from 77 K to 300 K, which allows us to characterise
charge carrier recombination dynamics. This combinatorial study of crystal structure with PL and
absorption measurements highlights the complex phase behaviour and photophysics at play in alloyed

perovskite materials and the implications this has for device performance.



2 Results and Discussion

2.1 Powder X-ray Diffraction

First we discuss variable temperature powder X-ray diffraction (PXRD) data recorded from (FAPbI3)¢.g5(MAPbBr:
The perovskite was synthesised and prepared as described in the ‘Experimental Methods’ section, and

all spectroscopic measurements in Section 2.2 and 2.3 were made on such polycrystalline films. An

SEM image of a typical thin film is shown in Figure S1 in the Supporting Information. To collect

PXRD data, a powder was created by scraping thin films from substrates using a razor blade. PXRD

data was then recorded at regular temperature intervals while cooling the powder from 315 K to 80

K, and subsequently while re-heating it from 80 K to 350 K.

We plot XRD patterns recorded on cooling and heating cycles in Figure 1A and Figure 1B, re-
spectively. We can immediately identify strong scattering peaks at @ = 0.997 and 1.996 A~!, which
we associate with the (100) and (200) crystal planes of the cubic phase, respectively. We also observe
weaker scattering features at 1.412 and 1.728 A~!, which correspond to the (110) and (111) crystal
planes of the cubic phase, respectively. Careful inspection of Figure 1A and Figure 1B also reveals
that there is a gradual shift of all peaks to larger ) at low temperature; this result is consistent
with a thermally-induced contraction of the lattice, as we discuss below. It is apparent that as the
temperature is reduced to ~260 K a series of additional peaks appear at 1.583, 1.879 and 2.560 A~1.
The emergence of these peaks can be seen more clearly in Figure S2 (Supporting Information), which
displays the full PXRD patterns at all temperatures on both cooling and heating.

For completeness we show the normalised peak positions and peak widths (full width at half-
maximum) as a function of temperature in Figure S3 (Supporting Information), which were fitted
using a Pearson VII empirical profile. The peaks shift to smaller @)-values as the temperature is
increased, with a broadening in the distribution of peak positions observed above 270 K. We also
find that as the temperature is reduced between 270 K and 210 K many of the peaks broaden. We
attribute much of this broadening to different crystallographic planes no longer being equivalent as
the symmetry of the unit cell changes on cooling. For example, the (100) plane becomes inequivalent
to (001), resulting in a splitting of peaks. Interestingly, we observe upon heating that the temperature
range over which this behaviour is observed shifts to 230-270 K.

To obtain structural information from our scattering data, we have used Rietveld refinements,
with details of the modelling given in the ‘Experimental Methods’ section. Figure 1C-E plots the

measured and simulated XRD patterns for 80 K, 240 K and 315 K together with the residuals. The



refined models fit well to the experimental data, and this analysis has allowed us to identify a series of
different structural changes that occur across the studied temperature range. Specifically, above 260 K
we propose that the material assumes a pseudo-cubic « phase approximating the space group Pm-3m,
as previously reported for single-cation perovskites. 2324 This phase is denoted by « in accordance
with previous studies referring to a photoactive cubic phase for hybrid perovskites. 2519 Over the
temperature range 250-90 K, the material appears to adopt a pseudo-tetragonal phase resembling
space group P4/mbm. This intermediate tetragonal phase has been observed in a study on FAPbI3
by Weber et al.; here we refer to it as the  phase, using the notation convention of Weber and
colleagues. (26] As the temperature is reduced below 90 K, the material assumes a structure which we
suggest is a variation on the 3 phase. This phase (as seen in FAPbI3 where it appears below ~140 K)

[27:28] For each proposed phase, we

has also been identified as P4/mbm and is denoted as the y phase.
have included a schematic of the modelled unit cell in Figure 2C-E.

Our identification of these phase transitions is largely based on the temperature dependence of
two key parameters: the tilt angle of the lead-halide-lead bond and the lattice parameter ratio cv/2/a.

In Figure 2A, we explore the tilt angle formed by the Pb-X-Pb bonds as a function of temperature,
where X denotes the halide. The Pb-X-Pb bond angle in the pseudo-cubic « phase has a value of
~176°. As the temperature is reduced between 275 K and 250 K we clearly observe a gradual tilting
of the Pb-X-Pb bond, with the angle reducing to between 161° < z < 170° as the structure adopts a
pseudo-tetragonal (3 phase. We note that Fabini and coworkers studied the structure of the perovskite
FAPDI;3 as a function of temperature, observing a similar gradual change in Pb-I-Pb bond angle for the
« to  phase transition. Fabini et al. also found that as the rate of change of this angle decreased, the
FAPbI; perovskite subsequently underwent a B to y phase transformation. 2%l This is in contrast to
the results shown in Figure 2B, where the bond angle gently plateaus after the phase transformation;
this result is suggestive of a stabilisation of the 3 phase over a larger temperature range.

Using our structural model, we have also determined the unit cell parameters along the a, b and
¢ axes as a function of temperature from the experimental data, as shown in Figure S4 (Supporting
Information). This figure also shows the volume of a single lead-halide octahedron, plotted as a
function of temperature. We can use the linear change in the octahedral volume to determine the
volumetric thermal expansion coefficient (oy ) of the different perovskite phases. Here, we find that
oty in the « phase is around 154 x 1079 K—!. However in the B phase, &y could best be described
by a second order polynomial, suggesting a dramatic change in the thermal expansion coefficient; this

result is consistent with the presence of additional processes driving the expansion which accompany



changes in bond length — for example changes in the Pb-X-Pb bond angles. When we separate the
volumetric thermal expansion into linear thermal expansion along the different crystal axes, we find
that changes in the a-axis appear linear with temperature, whereas changes in the c-axis define the
non-linear shape observed in the volumetric expansion shown in Figure S4.

Figure 2B plots the ratio ¢v/2/a as a function of temperature, where a and c are lattice parameters
along the a and ¢ axes. In comparing the cubic and tetragonal unit cells the ¢/a ratio is fundamental
to differentiating these systems. In this case we use the reduced lattice parameter ratio ¢v/2/a, where
the scaling factor of v/2 is included to make the lattice parameters of the cubic unit cell comparable
to those of the tetragonal unit, which is based on the modelled two-octahedra unit cell. It can be seen
that ¢v/2/a has a complex dependence on temperature, but apparently reaches a minimum around
200-220 K on both cooling and re-heating. As the rotation of the PbXg octahedra occurs about the
c-axis, it is expected that the cv/2/a ratio in the B phase will exceed unity in accordance with previous
findings. (29 1y Figure 2B however we observe exactly the opposite, and this peculiarity requires further
investigation—for example through neutron diffraction experiments, which should provide sensitivity
to the contributions of the organic cations.

At 90 K upon heating the sample, there is a discontinuity observed in the Pb-X-Pb bond angle
(Figure 2A), a process that is also accompanied by a sudden drop in the cv/2/a ratio as shown in
Figure 2B. Interestingly, we also observe weak scattering features at Q = 1.72, 1.83 and 2.80 A~! at
this same temperature. This observation suggests a possible phase change between 80 and 90 K. We
note that Weber and coworkers observed a low temperature y phase during cooling of the f phase in
a neutron diffraction study of FAPbI3, and this y phase included additional weak peaks which were

26] However the contribution of

attributed to the FA being rotationally locked in a variety of positions.
FA cations to the total scattering is insignificant compared to that of the PbX framework (see Figure
S5 in the Supporting Information), therefore the orientation of the FA cation remains unresolvable
here.

The origin of the weak additional peaks observed at 90 K is unclear, as we were unable to fit
them with the Rietveld model. We find that these peaks persist on heating past the suggested vy to f3
phase change and up to ~220 K. During heating from 150 K to 220 K, the values of the ¢\v/2/a ratio
(Figure 2B) are lower than those observed on cooling. This temperature range apparently coincides
with the region in which these unidentified peaks persist on re-heating. Furthermore, these additional

peaks disappear around the temperature at which ¢v/2/a reaches its minimum value. It is possible that

such hysteresis effects may be related to a restriction of movement in the structure, or may be caused



by the presence of an additional phase in the material associated with the unidentified peaks. The
structural features associated with these peaks may have an energy barrier to their formation and/or
to their assimilation into the tetragonal phase; such a phenomenon would explain the temperature
difference between the appearance and disappearance of the unassigned peaks. It may also explain

the thermal hysteresis in the peak broadening behaviour as discussed above.

2.2 Absorption and Photoluminescence

In this section, we report on the optical properties of a (FAPbI3)g.s5(MAPbBr3)¢.15 thin film, measured
while the film was heated from 4 K to 300 K, with full experimental details given in the ‘Experimental
Methods’ section.

We first discuss temperature-dependent absorbance and photoluminescence (PL) spectra as shown
in Figure 3A and Figure 3B, respectively. Here it can be seen that the absorption edge undergoes a
blueshift as temperature is increased from 4 K to 300 K, a process which is accompanied by a similar
blueshift of the PL emission maximum. We have extracted the optical band gap from the photolu-
minescence spectra by applying a Jacobian transformation to the intensity data at each temperature
and fitting a Gaussian function to the resultant emission peaks. Using this, the band gap is then
determined by the mean of the Gaussian. We have additionally determined the band gap from the
absorbance spectra for each temperature using Tauc plots. 30] We note here that there is likely to be
a systematic error in the energy-value of the band edge determined here, due to the contribution of
excitonic absorption to the absorbance spectrum as described by Elliott’s theory of excitons. 3%

We plot the temperature-dependent optical band gap determined using both experimental methods
in Figure 3C. Here it can be seen that the optical band gap as determined from the PL emission spectra
undergoes an increase of ~34 meV over the entire temperature range. Interestingly, the band gap
increase is not monotonic across the whole temperature range, but rather it reaches a local maximum
at ~260 K and then reduces slightly up to ~280K, where it begins to increase again. This behaviour is
also apparent in the temperature-dependent band edge values extracted from the optical absorbance,
where a discontinuity in the trend is observed at ~270 K. Another notable feature of the band gap
variation is a small change in gradient at ~90-100 K.

The empirical Varshni relation is generally used to describe the evolution of the band gap (E,) of
a semiconductor with temperature (7'), with many semiconductors exhibiting a reduction in band gap
with increasing temperature as a result of electron-phonon interactions and lattice expansion. The

Varshni relation is as follows:



xT?

E,(1) = Ey(T=0) - 7=

(1)

where « and B are material constants. 32 Clearly the positive value of dE,/dT that we observe in this
perovskite is inconsistent with the Varshni relation, with similar behaviour being reported previously
in MAPbI;. 3334 Recent calculations show that this is a result of the reduction in the overlap of Pb-6s
and I-5s orbitals, which causes a decrease in the valence band maximum as the lattice expands. 3536

Our measurements show that the band gap energy undergoes a slight redshift above 260 K, and
the blueshift resumes at ~280 K. This discontinuity is indicative of a temperature range in which
a structural phase transition occurs, with this effect observed in previous studies on a range of dif-
ferent perovskite compositions. 2737 For example, Zheng and coworkers reported a redshift in E, of
(FAPDI3)p.8(MAPDI3)g.2 between 100 K and 160 K which they attributed to a phase transition occur-
ring gradually between the low temperature orthorhombic and the intermediate tetragonal phases. 8!

As detailed in Section 2.1, our PXRD measurements have revealed that, when cooling the sample,
there is a high temperature phase transition from the pseudo-cubic phase to a tetragonal 3 phase at
260 K, and a low temperature phase transition that occurs between 80 K and 90 K. Upon reheating of
the sample past 90 K, an intermediate structural configuration forms and is present up to 210-220 K,
resulting in a deviation from the trend in lattice parameters observed upon cooling (see Figure 2B).
Between 220 K and 260 K we observe the same tetragonal (3 phase as observed upon cooling. To
compare trends in spectroscopic parameters with these temperature ranges, we mark these key tem-
peratures on the plots in Figure 3; the blue vertical lines indicate 90 K, the red lines indicate 220 K
and the black lines indicate 260 K. We deduce that the redshift observed in the band gap above 260 K
is likely to be a result of this high temperature transition into the cubic phase. We also postulate that
the non-linearity of the blueshift at lower temperatures may be correlated with the low temperature
phase transition, as the change in gradient occurs at ~90-100 K.

We plot the temperature-dependent absorbance spectra at selected temperatures in Figure S6
(Supporting Information). Here it is apparent that there is an excitonic-like absorption peak located
just below the band edge at low temperatures, which is a well-documented phenomenon in the hybrid
perovskite material family.[3%2 This begins to flatten at ~90 K, which is the temperature at which
we observe the low temperature y to (3 structural phase transition in the PXRD data. We postulate
that this excitonic feature appears as a result of this low temperature phase transition, as the exciton
binding energy in the low temperature phase is larger than kg7 over this temperature range (4-90

K). A similar effect has previously been observed in MAPDI3 as it transforms to a low temperature



orthorhombic phase. [0

Figure 3D shows the temperature dependence of the Stokes shift, which has been plotted as the
difference between the band edge as determined from Tauc plots and the band gap as extracted from
steady state PL emission spectra. It can be seen that the Stokes shift increases in an approximately
linear fashion with increasing temperature, starting from 3.19 meV at 10 K. The Stokes shift reaches
a maximum of 7.83 meV at 220 K, where the trend reverses, and continues to drop up to 300 K. We
note that the Stokes shift can provide a measure of the proportion of the PL emission that originates
from sub-bandgap states, *! therefore a large Stokes shift would suggest a very disordered or defect-
ridden material. In general, the distribution of sub-bandgap states decreases exponentially below the
band edge, therefore if the participation of these states in the emission is temperature-dependent,
then the Stokes shift is likely to follow an exponential distribution (with some associated activation
energy). The observed Stokes shift is non-exponential, therefore we speculate that it is more likely to
be influenced by polaronic effects, [*?! as detailed below.

It has been found in hybrid perovskites that photoexcitation causes significant lattice defor-
mation, 43 and therefore photoexcited electrons or holes may be localised by their own distortion
field, "4 giving rise to self-trapped electrons (STEs) or holes, which then may form small polarons
through Frohlich interactions with LO phonons. 45461 These interactions have been shown to lead to
an elevated Stokes shift in lead halide and perovskite structures.4748] Here we find that the Stokes
shift-temperature gradient reverses at 220 K, a temperature which coincides with a change in the
temperature gradient of the ratio cv/2/a on heating of the material (see Figure 2B). This correlation
suggests that the Stokes shift is influenced by the shape and size of the unit cell. This observation
supports our hypothesis that polaronic effects are the origin of the temperature dependence of the
Stokes shift, because the shape of the unit cell will affect its polarisation and therefore influence the
interaction between STEs and phonons.

We note that the broadening of the emission linewidth with increasing temperature that is observed
in Figure 3B is consistent with other observations in hybrid lead halide perovskites. 334935 Tt has
been proposed that the dominant mechanism for these broadening effects is Frohlich coupling of
photoexcited charge carriers with LO phonon modes.5%51 We believe that these polaronic effects,
originating from Frohlich interactions between self-trapped electrons and phonon modes, are consistent
with our observation of a Stokes shift which increases with temperature.

Figure 3E plots the CW integrated PL emission intensity derived from Figure 3B. It can be seen

that there is a near logarithmic decrease in the PL intensity with increasing temperature. This de-



crease in intensity indicates the activation of a series of thermally-induced non-radiative recombination
centres as the film is heated. 9253l Interestingly, there is a departure from this trend at ~260 K, with
the PL intensity increasing with increasing temperature. This temperature apparently coincides with
the transition from the tetragonal (3 phase to the pseudo-cubic « phase observed in the PXRD data.

This observation suggests a reduction in non-radiative recombination rates in the pseudo-cubic phase.

2.3 Recombination Dynamics

Recombination dynamics in photovoltaic cells are governed by three different recombination pathways,
each of which depends to a different degree on the charge carrier density in the conduction band, n.

The rate of change of n is given by: 4

i—? = —k3n® — kon® — kin (2)
The constant k7 describes the rate of monomolecular recombination. In the perovskite MAPDI3 it
has been shown that the predominant monomolecular process is trap-assisted recombination, because
the exciton binding energy of hybrid perovskites at room temperature is significantly lower than
the thermal energy.[® The rate constant ks corresponds to bimolecular processes such as electron-
hole recombination, which are more heavily dependent on the charge carrier density. In the hybrid
perovskites investigated here, we expect this to be largely radiative recombination of free electrons and
holes, as the dominant species in MAPbI3 at room temperature has been shown to be free carriers. 56
The third order constant ks is the Auger rate constant, which describes the rate of any three-body
recombination process mediated either by a third charge carrier or a phonon.

In this study we used a streak camera to obtain time-resolved photoluminescence (TRPL) data,
at a series of temperatures from 77 K to 315 K, using a pulsed laser focussed onto the sample with a
resultant excitation fluence of 3.1 pJem™2. Full streak camera data shown in the Supporting Informa-
tion (Figure S7) indicates a broadening in the emission peak with increasing temperature, a finding
that is in agreement with the steady state PL data obtained from continuous wave measurements (see
Figure 3B). Another key observation from this data is an increase in the apparent PL lifetime as we
raise the temperature from 77 K to 200 K, followed by a decrease which continues up to ~ 290 K.
This suggests that there is a decrease in the radiative recombination efficiency as the temperature is
raised up to 200 K, with a subsequent increase in this quantity at higher temperatures.

We also analysed the temperature dependence of the PLQY to supplement our findings. The

PLQY of the thin films was measured using an integrating sphere at room temperature, with PL

10



2 i.e. the same fluence we used for the TRPL measurements.

excited with a pulsed laser at ~3 pJem™
The sample was then transferred to a cryostat and time-integrated PL emission was collected with a
streak camera, at the same set of temperatures used for the TRPL measurements, again at a fluence
of ~3 puJem™2. By scaling the room temperature PLQY value to temperature-dependent values of the
integral PL, we obtained the PLQY as a function of temperature (see Supplementary Note 2 in the
Supporting Information for details). Figure 4A plots the PLQY of the film determined as a function
of temperature. It can be seen that the PLQY is effectively constant at temperatures up to 100 K,
but then decreases up to ~270 K, after which it undergoes an increase up to 315 K. These results

are consistent with changes in bimolecular radiative recombination rates as we demonstrate below,

although there may also be contributions to such effects from changes in non-radiative processes.

2.3.1 Bimolecular Recombination Rates

To analyse the TRPL streak camera images, we have selected data at a time delay of < 1600 ps by
averaging time-resolved PL intensity data across the central two-thirds of the peak emission spectrum.
We utilised rate equation (2) to attempt to quantify the bimolecular recombination rate ks as a function

of temperature. Here we consider a simplified version of Equation (2) given by:

dn
— = —kon® — kyn 3

dt ? ! ®)
Buizza et al.®™ recently presented an analytical solution to this modified form of the rate equation,

which is as follows:

k1o 1k

for —=—+4ko (4)

"= R ek G T

where ng is the initial charge carrier density. This model assumes that the charge carrier density is
low enough such that Auger recombination has a negligible effect on the PL emissions. The TRPL
data presented here was collected at a laser excitation fluence of ~3 pJem ™2, which corresponds to an
initial charge carrier density of ng ~10!” ecm™2 in the (FAPbI3)g85(MAPbBr3)g. 15 film. It has been
shown in lead halide perovskites that PL signal is proportional to n? at excitation densities in the
region 107 < ng < 10'®, demonstrating that bimolecular recombination dominates the PL dynamics
at these fluences and that Auger processes make a negligible contribution. [°%)

Using the approximation that the PL signal is proportional to n?, (59 we scaled the PL decay traces

using the relation n(t) = %5)% where I(t) is the time dependence of the PL intensity. A selection
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of data processed in this way is shown in Figure 4B, where we plot the charge carrier density as a
function of time at a selection of different temperatures. In order to obtain estimates of ks, we fitted
the n(t) curves to Equation (4). To obtain an estimate for the temperature-dependent monomolecular
rate k1, we collected TRPL traces at low fluence (~ 30 nJem™=2) via TCSPC measurements, at a series
of temperatures from 77 K to 300 K (see Figure S8 in the Supporting Information). At such a low
excitation fluence (equivalent to a photoexcited carrier density of ng ~ 10 cm™3), the density of
electron traps will be much larger than the concentration of photoexcited electrons. A consequence
of this is that electron-hole recombination is almost monomolecular and is solely determined by the
rate of trapping, and thus the PL decay rate reflects the monomolecular recombination rate k. (60} We
therefore fitted these traces to an exponential model (see Supplementary Note 3 in the Supporting
Information for full details) to obtain approximate values for kj, which were in the range ~ 1-3
%108 s71 at all temperatures, which is in good agreement with previous studies on similar hybrid
perovskites. 61362 These values of k1, which correspond to lifetimes on the order of 100s of ns, will
have a negligible effect on the TRPL dynamics, because the streak camera only probes time dynamics
up to a maximum delay of 1.6 ns. As a result, we fix k; at 106 s~! for all temperatures.

Fits to the data from the analytical solution expressed in Equation (4) are shown as dashed black
lines in Figure 4B. We have also extracted ks values using a linearised version of Equation (4), using
a similar method to that of Shaw et al., who analysed the bimolecular process of exciton-exciton

(63]

annihilation. Linearised data and fits are shown in Figure 4C. Our extracted value of ko at room

3s~!, which is in reasonable agreement with reported values of ko in

temperature is 9.98 x10710 cm
hybrid perovskites: 1.1 x10710 cm3s~! (FAPbI3); 11 x107' em3s~! (FAPbBr3); %2 and 9.2 x10~1°
cm3s~! (MAPDI3). [64] The temperature dependence of the quantity ke, as extracted from fits to the
analytical solution, is shown in Figure 4D. Starting from 77 K, we find that ks decreases with increasing
temperature, and reaches a minimum value at around 200 K. This trend in ks is consistent with
previous experimental and theoretical results presented for MAPbI3 over this temperature range. [21;64]
Above 200 K, ko increases and reaches a maximum value at 290 K, from which point it again undergoes
a decrease as temperature is increased to 315 K. Values of ko from the linearised model show very
good agreement with those extracted from the analytical solution, but there is increased scatter in the
data above 260 K, suggesting that the model employed here does not fully describe the PL dynamics
in this temperature range—most likely resulting from higher order recombination processes for which

the model cannot account.

Interestingly, we find that the decrease in PLQY observed as the temperature is increased to 200 K
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(Figure 4A) correlates with decreasing bimolecular rates, however above this temperature, the PLQY
continues to decrease up to ~280 K while we see an apparent increase in ko. This suggests it is not
just bimolecular recombination rates that affect the quantum yield over this temperature range, but
that higher order non-radiative processes also become important.

We suspect that the observed reduction in ko with increasing temperature between 100 K and 200
K, and again between 290 K and 315 K, may result from a decrease in charge carrier mobility within
the framework of the Langevin model. Indeed, it is known that a decrease in electron mobility occurs
on increasing temperature in hybrid lead halide perovskites. 6596 Such reduced carrier mobility will
reduce the likelihood that electrons and holes will move within each other’s joint Coulomb capture
radii, thereby reducing the bimolecular recombination rate.

The Langevin model has however been shown to overestimate ks in hybrid lead halide per-
ovskites, 3367 and thus this theory is not sufficient to predict temperature-dependent recombination
rates. Recent theoretical work has used the Shockley-van Rooesbroeck relation, ) which describes

the radiative recombination rate as a function of temperature using the following:

Riap = /0 " (B T)P(E,T)AE (5)

where p(E,T)dFE is the density of photons in the material in the interval dE, and P(E,T)dE is the
probability per unit time that a photon of energy E is absorbed.® The quantity Rrap can then
be used to find the bimolecular recombination rate ko, which is predicted to decrease with increas-
ing temperature due to the thermal broadening of the Fermi-Dirac and Bose-Einstein distribution
functions. In Figure 4D we observe a decrease of ko on heating the sample from 100 K to 200 K,
and thus we conclude that over this temperature range, changes in the recombination rate are indeed
dominated by changes in bimolecular recombination. However, this trend does not hold across the
entire temperature range, as we observe an increase in ks at temperatures between ~200 K and ~290
K. This suggests that, in this temperature region, there is a second effect that competes with the
thermal broadening effects and determines the overall recombination rates.

To explore the origin of this competing effect, we revisit our temperature-dependent structural
parameters shown in Figure 2, which we determined from Rietveld fits to PXRD data. It can be seen
in Figure 2B that the lattice parameter ratio ¢v/2/a reaches a minimum at ~200-220 K on heating,
and subsequently increases up to 260 K, where it stabilises again. If we compare this to temperature-
dependent trends in kg, we observe that this rate also reaches a minimum at ~200 K. As was shown

earlier, the magnitude of the Stokes shift is also influenced by such changes in structural configuration,
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with this effect most likely to result from polaronic effects rather than from changes in the distribution
of sub-bandgap states. Therefore we suggest that polaronic effects arising from structural changes on
heating of the sample are responsible for the deviation of ko from the trend predicted by the Shockley-
van Rooesbroeck model between 200 K and 290 K. One possible mechanism for this is defect tolerance

induced by the formation of large polarons. 69

3 Conclusions

In summary, we have presented experimental evidence for two structural phase transitions occurring
in (FAPDI3)g.85(MAPDbBr3)¢.15 upon cooling and heating between 350 K and 80 K. The material exists
in a pseudo-cubic « phase at room temperature, and transforms to a pseudo-tetragonal 3 phase at
around 260 K. We also present evidence for the occurrence of a low temperature phase transition at
approximately 80-90 K, where the material assumes a structure which can be most accurately described
as a variation on the tetragonal phase with reduced symmetry. Our identification of such transitions is
based on an analysis of temperature-dependent changes in structural parameters such as the Pb-X-Pb
tilt angle and unit cell volume, which have been determined from Rietveld refinements applied to the
XRD data. The (3 phase appears to stabilise over a large temperature range. The reduced lattice
parameter ratio cv/2/a exhibits a complex temperature dependence which may suggest an intermediate
structural configuration or the presence of an additional phase in the 100-220 K region.

We have observed that the optoelectronic properties of this material depend strongly on tempera-
ture, exhibiting trends that correlate with identified phase transitions and other changes in structural
configuration. We have shown that the integrated PL intensity is correlated with the phase behaviour,
with this quantity increasing by ~60% when the material undergoes a phase transition to the pseudo-
cubic perovskite phase. Our measurements also reveal a complex dependence of the Stokes shift on
temperature, and this trend correlates with changes in the reduced lattice parameter ratio cv/2/a.

Furthermore, we have demonstrated that bimolecular recombination rates in this material have
a negative temperature gradient in the pseudo-tetragonal phase up to ~200 K, which is consistent
with the predictions of the Shockley-van Rooesbroeck model for radiative recombination. At a tem-
perature of ~200 K, this trend reverses, coinciding with changes in the lattice parameter ratio c¢v/2 /a
as determined from temperature-dependent PXRD data. We have suggested that these changes in
crystal structure lead to polaronic effects which compete with the thermal broadening as described by
Shockley-van Rooesbroeck in determining recombination rates. We therefore propose, with evidence

from steady state and time-resolved PL data, that changes in the size and shape of the unit cell alter
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the emission properties, and suggest that this may be due, at least in part, to polaron formation in
the material.

Finally, we note that the observed high temperature phase transition to the pseudo-cubic per-
ovskite phase is within the expected operating temperature range of a photovoltaic cell, when used
under outdoor conditions. This will clearly affect the photovoltaic performance of cells based on
(FAPDI3)0.85(MAPbBr3)0.15, through its effect on the band gap (and therefore the available Vo). En-
couragingly however, the low temperature of the tetragonal-cubic phase transition relative to MAPbI3
makes this material more thermally stable—a property that will be advantageous to long-term stable

photovoltaic cell operation.

4 Experimental Methods

Materials Fabrication: MAPDbBrs solution (1.3 M) was made by dissolving MABr (Greatcell) and
PbBry (TCI UK Ltd.) in a 4:1 mixture of anhydrous N,N-dimethylformamide (DMF) to anhydrous
dimethyl sulfoxide (DMSO) (Sigma Aldrich). FAPbI; solution (1.3 M) was also made by dissolving
FAI (Greatcell) and Pbly (99.99%, TCI UK Ltd.) in a 4:1 DMF:DMSO mixture. Next the FAPbI3
solution (0.85 mL) and the MAPbBr3 solution (0.15 mL) were mixed to give the desired composition.
The solution was then thoroughly vortex-mixed, before being syringe filtered and spread onto a
synthetic quartz-coated substrate that had been cleaned and UV-ozone treated. The solution was
then spin-coated according to the following regime: substrate was accelerated from 0 to 2000 rpm at
200 rpms~ ', then held at 2000 rpm for 10 s. It was then accelerated from 2000 to 6000 rpm at 2000
rpms~ ', and held at 6000 rpm for 20 s. An antisolvent quench of 100 uL of anhydrous chlorobenzene
(Sigma Aldrich) was dripped onto the film 10 s before the end of this final step. The film was then
heated at 100° C for 30 minutes.
Powder X-Ray Diffraction Measurements: Thin film samples were prepared via the protocol above
and scraped from the substrate using a razor blade; the resultant fine powder was loaded into a
0.7 mm borosilicate capillary. Powder diffraction data were obtained using a Bruker D8 Advance
powder diffractometer using CuK« radiation and equipped with focusing Gébel mirrors and a high
resolution energy-dispersive Lynxeye XE detector. Data were collected in a Debye-Scherrer geometry
with rotating capillary stage. Sample temperature for in situ heating studies was controlled by a
co-axial stream of dry nitrogen gas from an Oxford Cryosystems Cryostream 700 Plus, with a flow
rate of 5 L /min.

Powder X-Ray Diffraction Modelling: Structural information modelling of the variable temperature
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powder X-ray diffraction (PXRD) data was performed primarily using structure model based Rietveld
refinements with a fundamental parameters (FP) approach. FP involves refining an instrument profile
to describe the intensity and broadening characteristics of the diffractometer used. This allows greater
accuracy of the peak positions and uses fewer free parameters, improving the stability of the refine-
ments. The instrument profile was refined against a silicon standard. The space group assignments
made are based on the symmetry of the PbXé_ octahedra.

The model used in the Rietveld refinements employed a model based on the P4/mbm space group
in which the halide mixture (substitution) has been accounted for using site occupancy factors; this
assumes that the different halides are uniformly distributed across the halide sites. The contribution
of the organic cations to the PXRD pattern is minimal as seen in Figure S5 (Supporting Information),
thus the effect of the 15% MA on the diffraction pattern was considered negligible. FA was excluded
from the symmetry constraints of the phases. Pb was allowed movement in the ab—plane by adjusting
site occupancies and replicating Pb as per the P4 symmetry. The refinements were performed using
TOPAS v5 (Bruker) The data was fitted using Monte-Carlo assisted sequential Rietveld refinements
with TOPAS v5 (Bruker). Along with the symmetry constraints of the model this method was essential
in stabilising the refinements.

Analytical Pearson VII functions!™

were applied in separate refinements which can be found in
the Supporting Information (Figure S3). The Pearson VII fits provide a more direct observation of
the changes in apparent peak position and width.

Absorption and Steady State Photoluminescence: For absorption measurements, samples were illu-
minated with a deuterium-halogen lamp (Ocean Optics) and transmitted light was collected in an
optical fibre and passed to an Ocean Optics HR20004+ES spectrometer to obtain spectral data. For
PL measurements, samples were illuminated with a 405 nm CW laser at 800 uW in reflection mode
and PL emissions were collected in the aforementioned spectrometer. Samples were cooled to 4 K
using an Oxford Instruments OptistatDry cryostat, and absorption and PL measurements were taken
at regular intervals as the system was heated back to room temperature.

Streak Camera Measurements: The samples were excited with 515 nm wavelength pulses of 200 fs
duration generated from the second harmonic of a regeneratively amplified femtosecond laser system
(Pharos from Light Conversion) with a repetition rate of 100 kHz. The excitation spot diameter was
175 pm. The emitted light was resolved spectrally using a Princeton Instruments Acton SpectraPro
SP-2300 spectrograph, and temporally using a Hamamatsu Streak camera (C10600 Orca-R2 coupled

to a M10911 synchroscan unit). Samples were cooled by liquid nitrogen in a bath cryostat.
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Photoluminescence Quantum Yield: The photoluminescence quantum yield (PLQY) was measured by
using 200 fs duration 515 nm laser pulses at 100 kHz (Pharos from Light Conversion) focused to a
175 pm spot diameter on the sample in an integrating sphere. The emitted light was collected using
an optical fiber and spectrally resolved using an Oriel Instruments 77400 spectrometer coupled to an
Andor iDUS420-BV CCD camera. The spectral sensitivity of the system was scaled using a calibrated
quartz tungsten halogen lamp Bentham CL6-H. The room temperature PLQY was obtained using
the method described by de Mello et al.[™ Temperature-dependent time-integrated PL emission was
recorded using a Hamamatsu streak camera with the same excitation density as that used for the
PLQY measurement, with the sample cooled using a bath cryostat.

Low Fluence TCSPC Measurements: The samples were illuminated with a 507 nm pulsed laser
(PicoQuant-LDH-510-C) operating at 2.5 MHz with a maximum time delay of 350 ns. Timing elec-
tronics were controlled through a TimeHarp 260 (PICO) PCle board with a time resolution of 100
ps. Photoluminscence was detected with a silicon SPAD (single-photon avalanche diode) detector,
without wavelength selection. For temperature-dependent measurements, samples were cooled in an
Oxford Instruments MicroStat with continuous flow liquid helium and the sample temperature was

monitored by an Oxford Instruments temperature controller.

Crystallographic data

Crystallographic data (excluding structure factors) for the structure(s) reported in this paper have

been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no.

CCDC 1898355-1898366. Copies of the data can be obtained free of charge from www.ccdc.cam.ac.uk/conts/retriev
or on application to The Director at the following address: Cambridge Crystallographic Data Centre

(CCDC), 12 Union Road, Cambridge CB2 1EZ, UK.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1: Variable temperature PXRD characterisation of powder samples of (FAPbI3)¢.s5(MAPbBr3)g.15.
Temperature-dependent powder X-ray scattering measurements across a wide Q-range whilst A cooling
from 315 K to 80 K and B heating from 90 K to 350 K. PXRD line profiles for the sample at C 80 K
(in the proposed vy phase), D 240 K (representative of the intermediate  phase) and E 315 K (the high
temperature pseudo-cubic o phase). Peaks marked % denote peaks which are characteristic of the 3 phase;
o denotes further additional peaks which are characteristic of the v phase, which have not been fitted with
the structural model.
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Figure 2: Temperature dependence of A the Pb-X-Pb bond angle and B the reduced lattice parameter
ratio cx/i/ a. These parameters have been extracted from the Rietveld refinement model applied to the
PXRD data, upon both heating and cooling of the sample. Proposed unit cells for the C y phase (below
90 K), D 3 phase (pseudo-tetragonal, 90-250 K) and E « phase (pseudo-cubic, above 260 K), generated
from the Rietveld models.
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Figure 3: Temperature dependence of A the absorption spectra and B the PL spectra for
(FAPbI3)0.85(MAPDbBr3)g.15 perovskite thin films on heating from 4 K to 300 K. C Variation of the band
edge with temperature, as extracted from PL (blue circles) and absorbance (orange diamonds) spectra in A
and B respectively. Variation of the D Stokes shift and E integrated photoluminescence with temperature
from 4 K to 300 K. Vertical dashed lines correspond to key temperatures where we see changes in structural
configuration upon heating of the material - 90 K (blue), 220 K (red) and 260 K (black).
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Figure 4: A Temperature dependent values of the PLQY, as scaled from the room temperature value
using the method shown in the Supporting Information. B Charge carrier density n as a function of time
as calculated from PL decay traces extracted from streak camera images, taken at a laser fluence of 3.1
puJem™2. Dashed black lines denote fits to the data using the analytical solution to the rate equation, from
which temperature-dependent values of ko were extracted. C Plot of 1/n(t) vs e¥1*) which allowed us to
linearise the model from Equation (4) and extract values of ko by fitting a linear regression to the data.
Dashed black lines denote linear fits. D Temperature dependence of the bimolecular recombination rate
ko as determined from fits shown in B and C. Vertical dashed lines in A and D correspond to the key
temperatures where we see changes in structural configuration upon heating of the material - 90 K (blue),
220 K (red) and 260 K (black).
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Table of Contents Entry

The interplay of crystal structure and photophysics in the mixed cation, mixed halide
perovskite (FAPDbI3)o.85(MAPDbBr3)g.15 is probed. It is found that changes in crystal structure,
quantified by structural parameters such as lattice constant ratios and bond angles, influence opto-
electronic properties in the film - the band gap, Stokes shift and charge carrier recombination rates
all exhibit phase specificity.

Keyword: hybrid perovskite solar cells

28



	Introduction
	Results and Discussion
	Powder X-ray Diffraction
	Absorption and Photoluminescence
	Recombination Dynamics
	Bimolecular Recombination Rates


	Conclusions
	Experimental Methods

