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ABSTRACT: Reports of slow charge-carrier cooling in hybrid metal halide perovskites
have prompted hopes of achieving higher photovoltaic cell voltages through hot-carrier
extraction. However, observations of long-lived hot charge carriers even at low
photoexcitation densities and an orders-of-magnitude spread in reported cooling times
have been challenging to explain. Here we present ultrafast time-resolved photo-
luminescence measurements on formamidinum tin triiodide, showing fast initial cooling
over tens of picoseconds and demonstrating that a perceived secondary regime of slower
cooling instead derives from electronic relaxation, state-filling, and recombination in the
presence of energetic disorder. We identify limitations of some widely used approaches to
determine charge-carrier temperature and make use of an improved model which
accounts for the full photoluminescence line shape. Further, we do not find any persistent
polarization anisotropy in FASnI; within 270 fs after excitation, indicating that excited
carriers rapidly lose both polarization memory and excess energy through interactions
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with the perovskite lattice.

In the last 10 years, solar cells using hybrid metal halide
perovskites (ABX;) for light absorption have shown
continuing increases in power conversion efficiency (PCE).
Recently, lead-based (B = Pb) perovskite thin-film cells with
efficiencies above 20% have been reported."” Lead-free
perovskite solar cells with tin as the metal cation also continue
to improve and have recently achieved a certified PCE of 8.3%
with a record of 9.6%.” The stability of tin perovskite (B = Sn)
solar cells has typically been a concern because of ready
oxidation of Sn?*, which leads to substantial p-type doping*~°
and short charge-carrier lifetimes.”"'" Along with increased
efficiencies, some improvements in stability have recently been
reported through passivation by a native oxide layer,''
incorporation of a larger organic cation,” or combining three-
dimensional (3D) with lower dimensionality perovskites in a
single film.'” While tin perovskites still lag behind their lead-
based counterparts in performance and are less well-studied
from a fundamental perspective, these developments are
important for potential future applications.

In particular, tin-containing perovskites are likely to play a
role in the realization of device architectures beyond single-
junction cells. Tandem architecture devices, which combine
absorbers with different bandgaps in order to reduce carrier—
carrier thermalization losses, are a promising example. All-
perovskite tandem cells have achieved efficiencies exceeding
20%'>™"> for two-terminal tandems, and for four-terminal
tandems up to 25%,"” with the choice of low-bandgap absorber
being an important contributor to performance improvements.
Tin—lead perovskites are commonly used, as they exhibit
bandgap bowing with even lower bandgaps for mixed
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APb,_,Sn X; compositions than are seen with either lead or
tin as the sole B cation.'® Several possible causes of this
phenomenon have been suggested,'” "' and greater under-
standing of how the presence of tin affects the lattice structure
and optoelectronic properties is likely to lead to further
improvements in device performance in the future.

Another photovoltaic device concept offering the potential
for higher power conversion efficiency is hot charge-carrier
extraction, which theoretically offers up to 66% PCE for a
single-junction cell.'” Hot charge carriers are generated
following above-bandgap absorption, which initially gives a
nonequilibrium distribution of photoexcited charge carriers
with excess kinetic energy. The excited charge carriers rapidly
relax to the band edge, with carrier—carrier scattering resulting
in an energetic distribution which can be characterized by a
Boltzmann distribution with temperature T, that will initially
be greater than the temperature of the lattice. This process of
thermalization to a “hot” charge-carrier gas has been found to
occur on a time scale of tens of femtoseconds for
methlyammonium lead triiodide.”” The subsequent return of
T. to the temperature of the lattice is referred to as charge-
carrier cooling, and avoiding this energy loss pathway is key to
the predicted increases in efficiency for a hot-carrier solar
cell.'”” Low-bandgap perovskites could see particularly large
relative improvements in performance from hot charge-carrier
extraction, as their absorption in the solar energy range
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involves large excess energies, and so these materials are a
natural choice for an investigation of charge-carrier cooling.

While hot charge-carrier extraction has not yet been realized
in devices, the prospect of PCE improvement through this
approach has motivated growing attention devoted to probing
hot charge carriers in semiconducting perovskites. Reported
time scales of charge-carrier cooling in metal halide perovskites
range from subpicosecond”"*” to tens”*** or hundreds*”*° of
picoseconds up to nanoseconds.”” The longer cooling times
reported are typically associated with a second stage of cooling
that follows more rapid initial energy loss.”’~* In many cases
slow cooling is attributed to a hot phonon bottleneck”>***?~*>
which may be in combination with Auger heating.”***~** Up-
conversion of acoustic phonons to higher energy has been
suggested to contribute to the formation of hot phonon
bottlenecks.”® Other proposed origins of slow cooling include
screening of hot charge carriers through large polaron
formation,” changes to density of states near the bandgap,”’
and trapping of hot charge carriers.”® Local structural
variations have also been raised as an important consideration
for variations in cooling time.”> For a realistic assessment of
the potential for hot-carrier photovoltaics with perovskite
absorber layers and a full understanding of the lattice dynamics
involved in cooling, it is critical that the reasons for the wide
variation in reported cooling times are unravelled.

Here, we first examine critically some of the previously used
approaches to the determination of charge-carrier temperatures
from experimental data. We identify common approximations
and evaluate their limitations when temperatures are calculated
from experiment. We show that many of these issues can be
overcome if an alternative model is used that accounts for the
full photoluminescence (PL) line shape, including the correct
density of electronic states, and broadening effects. Our
improved method for carrier temperature determination hence
addresses sources of error that may have contributed to the
wide variation in reported cooling times for hybrid perovskites
and offers a standardized approach to accurate fitting of PL
spectra. Such an approach will ensure greater comparability
between future studies, allowing for conclusive determination
of charge-carrier cooling dynamics in promising perovskite
materials and assessment of the potential for hot-carrier
extraction in devices.

We further present an experimental study of charge-carrier
cooling in formamidinium (FA) tin triiodide, FASnl;, prepared
with the addition of SnF, to moderate doping levels. Previous
characterization of this perovskite has shown a low exciton
binding energy of 3.1 meV; background hole density of 2.0X
10" cm™; and improvements in film quality, charge-carrier
mobility, and lifetime attributable to SnF, addition, giving a
charge-carrier diffusion length of 165 nm.® Our ultrafast time-
resolved photoluminescence measurements are conducted
using PL upconversion spectroscopy with a setup previously
described, giving 270 fs time resolution.’**” To probe charge-
carrier cooling in FASnI; we determine temperatures by fits to
the full PL spectra with our complete model accounting for
energetic broadening and the correct near band-edge density of
states. We find that following the rapid initial charge-carrier
cooling over tens of picoseconds, an apparent slow decrease in
temperature extending over hundreds of picoseconds is
attributable to relaxation between energetically disordered
states limited by overall carrier—carrier recombination
dynamics, and not to exceptionally long-lived hot charge
carriers. Finally, we examine polarization memory loss in
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FASnl; through measurements of the photoluminescence
polarization anisotropy as a function of time after excitation.
This technique offers an additional probe for the interactions
of charge carriers with one another and with the structure and
dynamics of the lattice. We observe zero PL polarization
anisotropy already within the temporal resolution of our
measurements. Our findings show that polarization memory in
FASnl, is rapidly lost on a time scale similar to thermalization,
with charge-carrier cooling subsequently occurring over tens of
picoseconds.

We begin our development of a robust approach to carrier
temperature determination by examining the method which
has been commonly used in previous studies and produced a
wide range of values for cooling time in perovskites. In many
recent studies, carrier temperature is determined by fitting of
an exponential function (~exp(—E/kzT.)) to a selected “tail”
region at the high-energy side of the measured emission
peak.”>?*?*39735 This practice follows the approaches
commonly used in previous work with inorganic semi-
conductors, such as GaAs or CdS,** *' and their electronically
confined quantum well systems in particular.*>~>" Taking the
Boltzmann distribution for thermalized charge carriers as a
complete model for hot charge-carrier emission simplifies
calculation by disregarding any other influences on the
emission spectrum and would have been a particular advantage
before the advent of computational power allowed more
complex fits to data. However, today the available technology
to analyze spectra is no longer a constraint, and as we show
here, relying on the exponential-fit approach leads to several
inaccuracies which present an obstacle to properly assessing
the carrier cooling in hybrid perovskites.

There are two main sources of inaccuracies introduced by
the simple method of exponential tail fits. First, we note that
the commonly made assumption of a constant (energy-
independent) electronic density of states is strictly valid only
for the case of a quantum well (i.e., a two-dimensional density
of states).”” ™" For 3D bulk semiconductors this assumption
does not apply, and so the distribution of charge carriers
should be modeled with attention to the energy-dependent
joint density of states for parabolic bands of a direct
semiconductor (Jpog « (E — Eg)l/ %) as well as the simple
thermal distribution. Using the approximation of a parabolic
band structure near the band edge, which will hold for the
relevant thermal energy range (see section S4.2 in the
Supporting Information) gives a more suitable description
for emission that includes such resulting energetic distribution
of charge carriers in a bulk (3D) semiconductor. Second,
measured PL spectra for metal halide perovskites display
significant broadening with line widths greater than 100 meV
at room temperature in many cases.””* 7> Causes of
broadening include coupling of excited charge carriers with
phonons,5 54,56,57 scattering with defects,® and the presence of
trap states.””*” Spectral broadening affects not only the below-
bandgap emission but also the line shape for the higher-energy
side of the peak to which exponential tail fitting is commonly
carried out. As we show below, if the correct joint density of
states and the spectral broadening on line shape are not
accounted for, extracted charge-carrier temperatures tend to be
overestimated. In addition, we find that the exact region of the
spectrum selected for such exponential tail fits introduces
further variation in the temperatures determined.

We show here that determining charge-carrier temperature
from a full-line shape model, with no further approximations
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made to the underlying emission profile previously identi-
fied,°>! eliminates these weaknesses. The form of this model
is given by eq 1 and is the convolution of a suitable function to
describe the broadening of the measured spectrum, in this case
a Gaussian distribution (see section S4.2 and Figure SS in the
Supporting Information), with the expression for spontaneous
emission intensity Ip; given by eq 2.

I (E) . ~E- &) ® L, (E)
measured = exp 2 PL
o\ 2r 20 (l)
~(E-E)]|
(B) o | E 7B R | B> 5
PL Blc |
0 otherwise 2)

Together, eqs 1 and 2 define a full emission spectrum with
intensity I .,qeq at energy E. The parameters for the model are
the bandgap of the emitting material, E,; the broadening
parameter ¢ defining the width of the Gaussian distribution
used; and the charge-carrier temperature, T.. To demonstrate
the impact on temperature determination of simplifying from
this full line shape model to the commonly used exponential
fit, we calculate emission spectra using eqs 1 and 2 for T, from
S to 1000 K, with E; and o values representative of our
measured spectra. We also calculate spectra with an order of
magnitude lower broadening than seen by experiment for the
same range of temperatures. A high-energy tail region of each
calculated spectrum is then used for simple exponential fitting
to give a “tail fit temperature” for comparison to the known
input temperature. From such comparison we are therefore
able to analyze the systematic errors introduced by the tail-fit
approximation.

Figure 1A shows the calculated spectra at T, = 50, 500, and
1000 K according to eq 1, for two values of o representing
realistic (¢ = 43 meV, fwhm = 102 meV) and low (6 = 5 meV,
fwhm = 11.8 meV) broadening of the PL spectrum. Elevated
charge-carrier temperatures contribute to both a blue shift in
energy of the peak and asymmetry in the shape of the spectrum
with shallower slope on the high-energy side of the peak than
the low-energy side. With o = 43 meV, the blue shift in peak
position is greater, and the change in gradient at the high-
energy side of the peak smaller than for 6 = § meV as T,
increases. It is visually apparent that a rise in charge-carrier
temperature will result in starker relative changes in the PL line
shape if the energetic broadening ¢ is smaller. This is further
illustrated in Figure S6A,B, which includes intermediate carrier
temperatures across the range represented here.

Figure 1B illustrates the quality of fit that can be achieved
when the selected tail region of each simulated spectrum is
now fitted with either the exponential-tail approximation
assuming a constant density of states (I o exp(—E/kgT.)) or
the model given by eq 2 which includes an energy-dependent
density of states but still ignores line shape broadening. The
tail regions used for fitting and shown by + or X markers here
are those marked in gray in Figure 1A, capturing points
between 50% and 5% of peak intensity for each spectrum. The
fitted curves diverge from the calculated spectra as energy
increases, with more pronounced deviation between data and
fits for lower charge-carrier temperature and for larger o values.
The difference between the fits using the exponential-tail
approximation (blue-black lines) and using eq 2 (light blue
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Figure 1. Comparison of models for carrier temperature. (A) Example
photoluminescence spectra modeled using eq 1 for temperatures S0,
500, and 1000 K with E, = 1.38 eV and variable broadening parameter
o valued 43.4 meV (top set of spectra, vertical offset added) and S
meV (bottom set of spectra, no vertical offset). Note that the
parameter o relates to the full width at half-maximum (fwhm) of the

peak through fwhm = +/8In 2 6. The same color scheme is used for
both sets of spectra, denoting temperature as labeled on the figure.
Tail regions selected to fit to, extending from 50% to 5% of the peak
PL intensity, are shown by gray solid lines. (B) Selected tail regions
and fits for the spectra as shown in panel A. Data points are plotted
with + markers for 6 = S meV and with X markers for ¢ = 43.4 meV.
Boltzmann model fits to each tail region are shown by thin blue-black
lines. Fits using eq 2 to account for parabolic band structure, but not
for broadening, are shown by thicker light blue lines. (C) Carrier
temperatures from fits to spectra modeled as in panel A across a full
range of input temperatures. Results for 6 = 43.4 meV are shown by
point and filled triangle markers, and results for 6 = 5 meV are shown
by O and V markers. The model used for fitting the tail is denoted by
marker color, blue-black for the simple Boltzmann model with
constant density of states and light blue for eq 2 with energy-
dependent density of states, matching the fitted line colors in panel B.
The gray solid line is a guide to the eye for equality between actual
temperature used to produce the spectra and tail fit temperature.

lines) becomes more pronounced as temperature increases,
showing closer agreement with the data when eq 2 is used.
This, together with the differences in fitted temperatures
shown in Figure 1C, illustrates the impact of correctly

DOI: 10.1021/acs.jpclett.9b02353
J. Phys. Chem. Lett. 2019, 10, 6038—6047


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02353/suppl_file/jz9b02353_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02353/suppl_file/jz9b02353_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.9b02353

The Journal of Physical Chemistry Letters

accounting for the 3D density of states in a semiconductor
with parabolic bands.

To allow for a quantitative assessment of the systematic
errors made under various scenarios, Figure 1C displays the
charge-carrier temperatures extracted from exponential tail fits
with the actual values entering as T, in the simulated spectra
according to eq 1. Here, the gray solid line indicates equality
between the two values; it can therefore be seen immediately
that the approximations discussed above result in the
extraction of artificially elevated charge-carrier temperatures,
with broadening primarily affecting low-temperature results
and treatment of the density of states affecting high-
temperature results. More detailed information can be
gathered from inspection of the blue-black symbols which
show the carrier temperatures extracted from typical
exponential tail fits (i.e., assuming a constant density of states,
and no spectral broadening) for the case of high (point
markers) and low (open circles) actual broadening. Compar-
ison of the two broadening scenarios shows that neglect of
such spectral broadening through tail fitting leads to
particularly erroneous results at low temperatures for realisti-
cally broadened spectra. The same trend is seen when
comparing the temperatures fitted using eq 2 for the two
broadening scenarios and plotted in light blue, with values
significantly overestimated at low temperature when there is
realistic broadening (filled triangle markers) and closer to the
actual values for low broadening (\/ markers). This finding is
unsurprising, given that the relative magnitude of the quantity
ks T, with respect to the fwhm of the broadening influences the
extent to which broadening can safely be ignored. We note that
because most hybrid perovskite semiconductors exhibit fwhm
of around 100 meV at room temperature, such systematic
overestimates of the actual charge-carrier temperatures when
broadening is neglected are to be expected even for
temperatures up to 1000 K, which includes most of the
scenarios reported in the literature.

In addition to the errors introduced by disregarding spectral
broadening, we find that the neglect of the appropriate density
of states becomes particularly detrimental at high charge-
carrier temperatures. Figure 1C shows that if the joint density
for parabolic bands (Jpos o (E — Eg)l/z, as per eq 2) for a bulk
direct-gap semiconductors is correctly included, tail fits to
spectra exhibiting low broadening (see light blue \/ markers)
reproduce the actual charge-carrier temperatures fairly
accurately. In the higher broadening case (light blue filled
triangle markers), which is more reflective of spectra seen by
experiment, tail fits accounting for the correct density of states
also demonstrate good accuracy at high charge-carrier
temperatures, but deviations at low temperature still persist
because of the neglect of energetic broadening in excess of
kgT.. This is further discussed in section S4.4 of the Supporting
Information. In summary, the extraction of charge-carrier
temperatures from simple exponential fitting to high-energy
emission tails will lead to systematic overestimation of
temperatures in the case of bulk hybrid perovskite semi-
conductors. At the low-temperature end, the neglect of spectral
broadening dominates errors, while at the high-energy end the
incorrect assumption of an energy-independent density of
states leads to artificially elevated temperatures.

Aside from these two systematic errors discussed above, we
find that the exact choice of the high-energy region of the
emission tail to which exponential fits are applied can have a
significant impact on the extracted charge-carrier temperatures

6041

(see section S4.3 of the Supporting Information for full
discussion and figures). Exponential fits will tend to diverge at
the higher-energy end of the chosen range where the absolute
difference between fit and data is smaller because the signal has
decayed, as can be seen in Figure 1B here and Figure S6 in the
Supporting Information. In addition, because the gradient of
any spectral line shape will flatten toward its peak, fits nearer
the peak will return low gradients and therefore artificially
elevated temperatures. Consequently, the closer the start of the
selected range is to the PL peak, and the smaller the range
used, the higher the extracted temperatures (see Figures S7
and S8 for an illustration of this). Different methods of
selecting the high-energy tail region for a set of time-resolved
spectra, for example using a fixed energy range,””****”" ratios
to the peak intensity,”* or an average over several selections,”®
therefore introduce further variability in carrier temperatures
and cooling dynamics determined from experiment. In
transient absorption spectra, the ground-state bleach used to
fit temperatures often overlaps with photoinduced absorption
(PIA) features of opposite sign. A separate term for PIA is
sometimes added to the exponential model when fitting longer
tail ranges,62 while the overlap further complicates the choice
of tail region for this specific technique.

The overestimates of carrier temperature shown in Figure 1
(and further in Figures S6 and S9) are not constant across the
temperature range typically examined by experiment. The
relative error in exponentially fitted carrier temperatures for
realistically broadened spectra ranges from 22% at 1000 K to
46% at 300 K, for example (see Figure S10). In combination
with the dependence on the energy range that is fitted over this
can lead to substantial variability and inaccuracy in temper-
atures extracted from simple exponential tail fits and hence
erroneous reports of cooling dynamics. Fitting the full
spectrum with eq 1 will eliminate these problems and provide
an approach for carrier cooling studies that allow the true
cooling dynamics of promising perovskite materials to be
understood and meaningfully compared to one another. As a
first step in this direction we now present our results for
charge-carrier cooling dynamics in FASnl;.

Through a combination of ultrafast PL upconversion
spectroscopy and time-correlated single-photon-counting
measurements we are able to follow photoluminescence
spectra of our FASnl; films from subpicosecond out to
nanosecond time scales. Figure 2A shows a representative
selection of spectra over a range of delay times, in which the
typical hot-carrier PL profile can be seen. The high-energy side
of the peak is initially elevated in intensity, dropping away to
give a more symmetrical profile at later times as charge carriers
cool (Figure 2A). To extract carrier temperatures we fit the
measured spectra at each time after excitation using eq 1 with
fixed values of E; and ¢ determined from global fits to fully
cooled spectra for each excitation fluence, and the parameter of
interest T. is free to vary for each spectrum (see section S4.5 of
the Supporting Information for full details of the procedure
and more examples of measured and fitted spectra). The
carrier temperatures determined in this way are plotted in dark
blue as cooling curves in Figure 2B,C, for two different
excitation fluences. The initial temperatures from our measure-
ments are around 450 K, which is somewhat colder than in
several previous reports for similar initial carrier densities
across a range of metal halide comzpositions, but on the same
order of magnitude in many cases,”>>*****°* with only a few
reports of temperatures exceeding 1000 K.%%% " Lower
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Figure 2. Charge-carrier cooling and PL decay dynamics of FASnl;
films prepared with 5% SnF,, taken under pulsed laser excitation at
730 nm with fluences as marked. (A) Representative spectra for 3.75
uJ cm™* excitation as used to determine carrier temperatures plotted
in panel B. Point markers show the measured data, and solid lines
show the fits using the full line shape model given by eqs 1 and 2. (B
and C) Cooling curves (blue point markers) overlaid with total PL
decay curves (orange point markers), for the high- and low-fluence
conditions, respectively. Carrier temperatures are given by fits as
shown in panel A, following the process described in full in section
S4.5 of the Supporting Information. Total PL data are calculated by
integrating over the full energy range for each measured spectrum.
Monoexponential fits to the total PL decay transients are shown by
orange solid lines.

temperatures are to be expected from our full spectrum fit in
comparison to the exponential tail fit approach which yields
the systematic overestimation already described, and some
cooling may also have already occurred within the 270 fs time
resolution of our measurements.

Examining the dynamics shown in Figure 2B,C reveals that
for both excitation fluences charge carriers rapidly cool over
tens of picoseconds, and the two cooling curves are similar.
Charge-carrier temperatures for the higher excitation fluence of
3.75 uJ cm™? are slightly higher than for the low fluence until
around 0.4 ns, and in both cases temperatures above 300 K
persist to later times. The initial charge-carrier densities
averaged across the FASnl; film are 6.9 X 10" and 3.4 X 10"
cm™, respectively, for our two excitation fluences (see section
S1.4 of the Supporting Information for details of this
calculation). These values are below the thresholds reported
elsewhere for hot phonon bottleneck effects,””*****° and so
rapid cooling such as we observe initially would be expected if
in fact only the phonon bottleneck could contribute to slowing
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cooling. Following the initial drop, our extracted carrier
temperatures take several hundreds of picoseconds to level out
at 300 K as a fully cooled carrier population. Previous reports
of similar slow cooling without a buildup of hot phonons have
suggested that influences such as lattice screening or Rashba-
like effects result in unusually long-lived hot carriers.”””’
However, a different explanation is suggested if one compares
the dynamics of this apparent residual cooling against the
overall decay of the charge-carrier population as reflected in
the associated photoluminescence. The data points shown in
orange in Figure 2B,C are total PL intensities, calculated by
integration across the full measured spectral range and
capturing the decay of the full charge-carrier population over
time. As can be seen from the figure, the early cooling
dynamics are distinct from this overall decay, while the slower
change over hundreds of picoseconds closely tracks the decay
in total PL intensity.

This comparison implies that the changes to the spectrum at
late time which yield still slightly elevated carrier temperatures,
namely a reduction in intensity at the high-energy side of the
peak and some apparent redshift, are connected to the overall
decrease in charge-carrier population in a way that the rapid
early cooling is not. We identify a mechanism for this
observation, in the form of slow relaxation through energeti-
cally disordered states which is limited by charge-carrier
occupation in the lower-energy band tail states. Such a process,
occurring independently from the thermalization and sub-
sequent cooling of free, delocalized charge carriers, explains the
observed results and is consistent with known properties of tin
halide perovskites. Specifically, the tendency of Sn** to oxidize
to Sn*' and introduce background hole doping in tin
perovskites”** will lead to local variations in the electrostatic
environment. The addition of SnF, during fabrication of our
samples reduces the dopant density,’ but it has yet to be
established how this additive is distributed across the
perovskite film;** inhomogeneities are likely to introduce
further local energetic variation across our samples. Addition-
ally, random orientations of organic cations throughout the
film contribute to lattice distortions and electrostatic
variation®~®® with greater distortion around FA cations than
the smaller methylammonium (MA) cation.”” As a conse-
quence of disorder, states with energies distributed both above
and below the bandgap are introduced to the energy landscape
of the film, contributing to a band tail of below gap states”””"
as well as a distribution of states at higher energy which may be
occupied by carriers with excess energy after photoexcitation.
The existence of such a distribution is supported by
comparison of PL decay dynamics across the spectrum (see
Figure S17) which show slower decay at lower energies across
the spectrum, consistent with relaxation of carriers between
excited states over time preserving a larger population in low-
energy states. Such state filling at lower energies results in
relaxation between disordered energetic states that is limited
by decay of the charge-carrier population through recombina-
tion. We note that such a mechanism will even be operational
at the low charge-carrier densities employed here, for which
simple band-filling effects are likely to be minor.”*~"* The
observed longer-lived high-energy PL and the slow decline in
fitted temperatures matching overall PL decay dynamics are in
strong support of this argument.

We conclude, therefore, that the hot-carrier population in
FASnl; generated by moderately above-bandgap excitation
actually cools over a tens of picoseconds time scale and that a
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Figure 3. Time evolution and energy dependence of polarization anisotropy in the photoluminescence from a FASnlI; thin film following excitation
at 730 nm with 0.75 pJ cm™? excitation. (A) Photoluminescence decay profiles for emission at 1.41 eV. Data for 0° polarization (the condition of
PL polarization parallel to the excitation polarization) are shown in green, and for 90° (the perpendicular condition) in blue. (B) Spectra measured
at delay times from 0.3 to 300 ps after excitation, with the 90° data (point markers) scaled against 0° data (open circles) at the peak to match the
calculated ratio I,/I. (C) Calculated polarization anisotropies across all delay data for emission at 1.41 eV (purple point markers) with zero
anisotropy line included (light gray, solid) as a guide to the eye. (D) Calculated polarization anisotropies across the spectral range for each time
delay, illustrating the lack of dependence on emission energy and therefore absent difference between excitation and emission energies. The marker

color scheme used here matches that in panel B.

separate process of relaxation through localized energetic states
arising from disorder is responsible for the erroneous
appearance of slow cooling at later times. In general, such
population decay in an energetically disordered semiconductor,
compounded by simplifications in the approach to temperature
fitting, therefore has the potential to yield artificially elevated
carrier temperatures even at excitation densities for which a
phonon bottleneck should not be expected to occur.
Through further time-resolved PL measurements with
polarization selectivity both parallel and perpendicular to the
excitation beam polarization, we also investigate the PL
polarization memory loss for FASnl;. Linearly polarized light
excites transitions with a transition dipole matrix element in
the direction of the polarization, which may result in an
anisotropic distribution of charge carriers with correspondingly
polarized emission. This initial polarization anisotropy may be
lost over time, with the rate of memory loss depending on the
nature of the initial selectivity. For materials with transition
dipoles aligned to molecular structure, polarization memory
loss can result from molecular reorientation,”® structural
distortion,”’ energy transfer to another emissive molecule in
a different orientation,”® delocalization following excitation,”’
or migration of charges along and between molecular
subunits.”” In a bulk semiconductor, if there are no structural
anisotropies leading to polarization-selective absorption, then
the initial anisotropy in excited charge-carrier momenta can be
lost in tens of femtoseconds through carrier—carrier scattering
as is seen in GaAs.”®”” Tracking the loss of polarization
memory is therefore a useful probe for the existence of any
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structural features coupling to polarization and the evolution of
such features over time. Some lead halide perovskites have
recently been found to display polarization anisotropy in
transient absorption measurements lasting several picoseconds
and attributed to local lattice dynamics with strong coupling to
optical properties.” As we have already discussed, local
variations in the lattice of FASnl; are to be expected, and these
contribute to energetic disorder, so it is interesting to
investigate whether there are also impacts on polarization
memory from such factors and if they are dynamic. More
generally, perovskite lattice distortions are important to other
properties, including to carrier-cooling where the phonons to
which energy is transferred are key.

Results of our measurements for PL polarization anisotropy,
following the procedure described in section S6 of the
Supporting Information, are shown in Figure 3. We examine
emission intensity with respect to both delay time (panels A
and C) and energy (panels B and D). The PL polarization
anisotropy r is calculated from photoluminescence intensity
polarized either parallel (I;) or perpendicular (I,) to the
polarization of the excitation beam according to eq 3:

.= L -1

Li+2L ()

As shown in Figure 3C,D, the calculated PL anisotropy has
values close to zero from very early times and remains close to
zero across the several hundred picosecond time range covered
by our measurements. For all but a few stray points the
calculated anisotropy also remains within experimental
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uncertainty (0.044, see Figure S19) of zero, and we conclude
that there is no polarization memory retained beyond the 270
fs resolution of our system, nor any evolution over the time
scales of carrier cooling or PL decay. Similarly, measured
spectra at each delay time investigated (Figure 3B,D) show
zero anisotropy across the full energy range. We note that for
later measurements the low signal above 1.5 eV contributes to
high noise in the calculated anisotropy values.

To contextualize these results, we first consider a recent
study demonstrating polarization memory persisting for several
picoseconds in methylammonium lead triiodide or tribromide
and CsPbBr;.*" The proposed explanation for the observed PL
polarization anisotropy in that work is the existence of locally
polarized regions of the lead halide perovskite film, each with a
defined Rashba direction and varying over time as the lattice
distorts, so that the corresponding changes in local electronic
structure which give polarization memory also change over
time.*” Dynamics of the lattice involved in this local symmetry
breaking and polarization in lead perovskites have been
identified as involving distortions of the inorganic octahe-
dra®"* which may be coupled to organic cation orienta-
tion.””**** The spin—orbit coupling which gives rise to the
Rashba effect at a local scale in these cases is stronger for lead
than for the lighter tin cation in our FASnI; samples,” and on
this basis some reduction in anisotropy relative to reports for
MAPDI; and related perovskites might be expected. Addition-
ally, to the extent that cation motion drives lattice distortions,
the impact of changing from methylammonium or cesium to
formamidinium must be considered. In lead-based perovskites,
FA reorientation has been experimentally determined to occur
an order of magnitude faster than reorientation of MA,*® which
would then correspond to shorter-lived local polarization and
rapid loss of memory such as we observe. We note however
that the converse, ie., predictions of faster reorientation for
MA than FA,"” as well as experimental rates showing little
difference between the two at room temperature® have also
been reported. The true impact of the change in cation is
therefore uncertain, but the lack of polarization memory
observed in our measurements does indicate that any local
polarization coupling to electronic states is too short-lived to
be detectable with a 270 fs time resolution interval.

Symmetry of the perovskite lattice structure has previously
been suggested to account for observations of polarization
memory lasting hundreds of picoseconds in tetragonal
methylammonium lead triiodide with no polarization memory
in the cubic mixed iodide—chloride or iodide—bromide
compositions.”” We note that this does not explain the
observation of shorter lived polarization memory in all three of
MAPbBr;, MAPbI,;, and CsPbL,*’ given that MAPbBr; is
reported to be cubic at room temperature.”””" Moreover,
distinguishing cubic from pseudocubic structures can be
challenging given the disorder in organic cation orientation
and position. The structure of FASnl; has been variously
assigned as cubic’>” or orthorhombic®”*** at room temper-
ature, and as such we find that macroscale structural
considerations do not offer a clear explanation for the observed
absence of polarization anisotropy in our measurements. In the
absence of structural contributions to polarization memory any
initially anisotropic distribution of carrier momenta is expected
to be rapidly lost through scattering of carriers, a process which
has been reported on time scales down to tens of femtoseconds
in GaAs, for example,78’79 and as such would fall within the 270
fs instrument response time of our measurements. Further
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work to characterize lattice dynamics in FASnl; might answer
the question of whether any existing local distortions in lattice
structure change on too fast a time scale to impact observed
polarization of photoluminescence or do not lead to
polarization in electronic structure. From our results we can
conclude that any local structural changes must fall under one
or both of those cases and that in this respect the properties of
FASnl, differ from those of several lead halide perovskites.

In conclusion, we have investigated the dynamics of
polarization memory loss and charge-carrier temperature in
FASnl; at moderate photoexcited carrier densities. We find
that charge-carrier cooling is dominated by initial rapid
relaxation over tens of picoseconds. The appearance of slower
cooling at late times is not representative of a population of
long-lived hot charge carriers and instead is attributable to
relaxation between energetically disordered states dependent
upon underlying recombination dynamics. Polarization mem-
ory is lost on a time scale much shorter (<270 fs) than that for
carrier cooling and does not vary with energy across the
observed spectral emission range. These results suggest that
scattering of charge carriers with other carriers and with
phonons occurs freely and without screening. Further, local
variations in the lattice have an impact on the energetic
landscape which must be considered when interpreting charge-
carrier cooling curves but do not result in any long-lived
polarization anisotropy. In addition to developing an under-
standing of the properties of this lead-free perovskite, we have
presented an improved model for determining carrier temper-
ature addressing three key sources of error introduced by
oversimplification. Spectral broadening is accounted for to
avoid errors at low carrier temperatures; the assumption of a
constant density of states which leads to increasing over-
estimation of temperatures for hotter distributions is replaced
by an expression appropriate for direct transitions between
parabolic bands, and the dependence on choice of spectral
region to fit is eliminated. The adoption of this full line shape
model offers a path to more accurate and readily comparable
results in future studies of carrier cooling, so that the true
potential for hot-carrier solar cells can be accurately assessed.
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