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ABSTRACT: The widespread utilization of perovskite-based [ avsorpton E
photovoltaics requires probing both the structural and optical >
properties under extreme operating conditions to gain a holistic 1
understanding of the material behavior under stressors. Here, we

investigate the temperature-dependent behavior of mixed A-site /
cation lead triiodide perovskite thin films (85% methylammonium
and 15% formamidinium) in the range from 300 to 20 K. Through
a combination of optical and structural techniques, we find that the
tetragonal-to-orthorhombic phase transition occurs at ~110 K for
this perovskite composition, as indicated by the change in the : =]
diffraction pattern. With decreasing temperature, the quantum yield —————— u;MthHL
increases with a concurrent elongation of the carrier lifetimes,

indicating suppression of nonradiative recombination pathways. Interestingly, in contrast to single A-site cation perovskites, an
additional optical transition appears in the absorption spectrum when the phase transition is approached, which is also reflected in
the emission spectrum. We propose that the splitting of the optical absorption and emission is due to local segregation of the mixed
cation perovskite during the phase transition.

Emission
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Bl INTRODUCTION perovskite-based devices, such as elevated temperatures,
applied electric fields, and continuous illumination, has been
receiving increased interest, the effects of low temperatures are
not yet sufficiently understood and will provide important
insight into the overall performance of the devices.

Several key factors make the low temperature studies
particularly interesting: (i) The lead halide perovskites that
are used in PV or LED applications exhibit low exciton binding
energies, which can be overcome with ambient thermal energy
to produce free carriers rather than excitons.”* (ii) A first order
phase transition occurs at ~110 K for this composition,
corresponding to the transition from the tetragonal to the
orthorhombic phase.”® In addition to the phase transition,
lattice contractions are observed, which decrease the average
distance between the ions and influence electron—phonon
coupling as the phase transition temperature is approached.”®

In this work, we investigate the impact of temperature
changes on the optical bandgap, the crystal structure, and the
recombination dynamics after excitation for a mixed cation

Lead halide perovskites have experienced an explosive increase
in research efforts largely due to their impressive power
conversion efficiencies, which now rival those of silicon solar
cells.) This is almost entirely due to their promising
(opto)electronic properties, which include long carrier life-
times and diffusion lengths,”™* simple compositional band gap
tunability,”~” and a high absorption cross section in the visible
and near-infrared spectral region.” Despite their fundamental
promise to act as the active layer in photovoltaics (PVs)**~"'
or light-emitting diodes (LEDs),"”™'* one of their major
drawbacks is insufficient long-term stability particularly under
operating conditions of elevated temperatures and continuous
illumination.™"” Mitigation strategies to improve stability at
elevated temperatures include compositional engineering: by
generating mixed cation and mixed halide compositions, the
Goldschmidt tolerance can be tuned, a critical factor to
increase the perovskite stability.'®

However, considering that perovskite PVs can easily be

fabricated on flexible, lightweight substrates,' ">’ perovskite

PVs can find use as transportable devices for use in remote Received: July 19, 2024 ”‘“"‘"i
regions of the world, including at low temperature conditions, Revised:  August 20, 2024 e
such as high elevation or artic regions, or considered as viable Accepted:  September 4, 2024

solar panels for use in space travel where they would be Published: September 26, 2024

exposed to temperature extremes both high and low.”' ™’ .

While the effect of multiple stressors on the performance of
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perovskite thin film comprised of 85% methylammonium
(MA), 15% formamidinium (FA) lead triiodide
(MAygsFAg sPbl;, MAFA).”® In contrast to previous low
temperature studies on MAPDI;, which shows the splitting of
the emission into the orthorhombic phase and one additional
low energy emission feature below the phase transition
temperature,”’ our results indicate that the emission splits
into three distinct emissive features for the mixed cation lead
halide perovskite investigated here.

B MATERIALS AND METHODS

Film Fabrication. Glass substrates were cleaned by 15 min of
sonication in the following solutions: 2% Hellmanex, deionized water,
ethanol, and acetone, and then placed in a UV—ozone plasma cleaner
(Ossila) for an additional 15 min. Precursor solutions of 1.2 M
methylammonium iodide (MAI, Dyenamo) and formamidinium
iodide (FAIL Dyenamo) were prepared in a DMF/DMSO (9:1 v/v,
Sigma) containing lead iodide. These solutions were diluted to either
half or one-fifth of the original concentration in order to make the
~100 and ~30 nm films, respectively. The precursor solutions were
deposited onto the substrates and spin coated using a two-step
program: 1000 rpm for 10 s and 5000 rpm for 30 s. Chlorobenzene
(Sigma) was used as the antisolvent, and the thin films were annealed
at 100 °C for 15 min. All films were encapsulated in an inert nitrogen-
filled glovebox using a two-part epoxy (Devcon). For the temperature-
dependent XRD studies, films were deposited onto sapphire
substrates in an effort to minimize the background. Samples for the
SX-STM investigations were deposited onto ITO substrates to ensure
sufficient conductivity within the STM.

Steady-State Optical Spectroscopy. All visible absorption
spectra were collected by using a Thermo Scientific Evolution 220
spectrophotometer.

Steady-state PL spectra were collected by an Ocean Optics
spectrometer (HR2000 + ES). Emission for all films were collected
under a 405 nm continuous wave laser (LDH-D-C-40S, PicoQuant)
at 0.6 mW. Excess laser scatter was removed via a 425 nm long-pass
filter (Chroma Tech.).

Time-Resolved Photoluminescence Spectroscopy. Time-
resolved PL measurements for the perovskite PL decays were
collected under 405 nm picosecond pulsed excitation (LDH-D-C-
40S, PicoQuant) at 200 kHz and 0.2 4W. A 425 nm long-pass filter
(Chroma Technology) was used to isolate the perovskite PL and
minimize laser scattering. The single photon counting avalanche
photodiode used was from Micro Photon Devices, and all collected
PL decays were histogrammed with a HydraHarp 400 (PicoQuant)
event timer.

Temperature Control. Temperature control for steady-state and
time-resolved emission studies were achieved by a He-filled
cryocooler (Air Products). Encapsulated films were mounted onto a
coldfinger optical sample mount prior to sheath evacuation (~107°
mBar) where a PID Digital Temperature Controller Model 9650
(Scientific Instruments) was used to maintain the desired temper-
ature. For each temperature point, the coldfinger was left to
equilibrate for approximately 1 min prior to collecting spectra.

Transient Absorption Spectroscopy. Transient absorption was
performed using an 800 nm, 3S fs pulse width, 2 kHz, amplified
titanium:sapphire laser (Spectra Physics, Spitfire). White light probe
pulses were produced by focusing a portion of the output into a 2 mm
thick sapphire crystal following a time delay that was controlled by
using a mechanical delay stage and retroreflector. Pump pulses were
produced using an optical parametric amplifier (Light Conversion,
TOPAS) that afforded tunable near-infrared light, which was then
converted into red photons via harmonic generation. The pump was
reduced to a 1 kHz repetition rate using a mechanical chopper. Both
the pump and probe were focused and overlapped on the sample with
the pump spot exceeding twice the diameter of the probe. Probe
pulses were spectrally dispersed after passing through the sample and
compared for pump-on versus pump-off intensity on a single shot
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basis. All data was collected under a 650 nm pump at 0.6 mW (179
um spot size).

X-ray Diffraction. The XRD diffraction experiments were
performed using a Rigaku UltraX-18 rotating anode generator with
a Cu source. The X-ray radiation from the source passed through an
elliptic mirror, specifically designed for the Cu Ka wavelength (AXO
Dresden GmbH, f1 = 350 mm, f2 = 3500 mm), to increase the signal
intensity. The reflections were measured using a hybrid pixel area
detector (DECTRIS Pilatus 300k wide) with the pixel size of 0.172 X
0.172 mm?. The distance from the sample to the detector was about
430 mm along the normal plane of the detector. The sample was
placed under vacuum and mounted on a copper sample holder inside
a Displex 201 closed-cycle cryocooler with Be walls for X-ray
transparency. During the measurements, the sample orientation with
respect to the incoming beam was determined by optimizing the
observed reflection.

SX-STM (XAS). Temperature-dependent SX-STM experiments
were performed at the XTIP beamline at sector 4-ID-E of the
Advanced Photon Source and Center for Nanoscale Materials at
Argonne National Laboratory. Each measurement was operated in an
ultrahigh vacuum environment (<5 X 107'° Torr) where a special
metal—insulator—metal “smart tip” was used made of tungsten wire”®
placed ~1 ym above the sample. The photon energy was ramped
between 610 and 680 eV with a step size of 0.2 eV at a resolving
power E/dE of 4000.”° Temperature control was achieved by using a
flow cryostat operated with liquid nitrogen.

Bl RESULTS AND DISCUSSION

The absorption and the emission properties of the MAFA
perovskite are monitored between 300 and 20 K in steps of 10
K (Figure 1a,b). In agreement with our previous results on the
perovskite properties in MAFA /rubrene bilayer upconversion
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Figure 1. (a) (left) Temperature-dependent absorbance spectra of
MAFA (100 nm) cooling from 300 to 20 K (red to blue) taken every
10 K. (right) Bandgap energies for the main features observed in the
absorbance spectra indicated by octagons and stars. (b) MAFA PL
taken under 405 nm excitation while cooling from 300 to 20 K
measured every 10 K. Spectral inset highlights the growth of the
feature at 754 nm. Gray arrows highlighting peak shifts are included to
aid the eye. (c) (left) Temperature-dependent XRD of MAFA cooling
from 280 to 30 K taken every 10 K. For ease of comparison, the
patterns were normalized to the (110) reflection for 20 < 15° and
(220) reflection for 20 > 15°. Dotted gray lines are included as guides
to the eye to highlight the perovskite reflection shift. (right) FWHM
of the (110) MAFA reflection across the different temperatures. The
asterisk denotes a detector artifact.

https://doi.org/10.1021/acs.chemmater.4c02026
Chem. Mater. 2024, 36, 9874—9881


https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02026?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02026?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02026?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02026?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

devices,” a redshift in both the absorption onset and the
steady-state photoluminescence (PL) are observed when the
temperature is decreased. Between 110 and 100 K, the
absorption onset rapidly blue shifts and splits into two distinct
optical transitions. This initial redshift with decreasing
temperature followed by a discrete jump in the optical
bandgap has been previously investigated for methylammo-
nium lead iodide (MAPbI,) perovskites (Figure S1) and can
be traced back to a first-order phase transition from the
tetragonal to the orthorhombic perovskite phase.”” In
agreement with previous reports,’”’" the decrease in bandgap
with decreasing temperature is at odds with the expected
Varshni-type behavior of most semiconductors. The unusual
bandgap renormalization in lead halide perovskites is caused by
their electronic structure: the conduction band minimum is
generated by the hybridization of the Pb 6p orbital and the Sp
orbital of I and has p-like character. The valence band
maximum is created by the antibonding orbital obtained from
the hybridization of the Pb 6s and I Sp orbitals. Since the
bandgap is dictated by the Pb and I orbitals, the bandgap will
be influenced by the thermal expansion of the I-Pb—I bonds
but are dominated bzr electron—phonon interactions in the
[Pbls]~ octahedra.’®** We find slight hysteresis of the optical
properties (compare Figures S2 and S3), which is in agreement
with a first-order phase transition and indicates that the
transition temperature shifts slightly based on the direction of
the temperature change.

To ensure that the splitting of the absorption onset for the
mixed cation perovskite investigated here is not simply due to
an incomplete phase transition, the impact of the temperature
on the crystal structure was investigated by using X-ray
diffraction (XRD). In agreement with previous results for
MAPDI;, the reflections for MAFA continuously shift to larger
angles up to the phase transition, indicating a lattice
contraction with decreasing temperature (Figure 1c). A first
order phase transition is observed at ~110 K, as indicated by
the splitting and sudden shift of reflections at angles 20 = 19.9
and 31.8° corresponding to the (112) and (130) reflections of
the tetragonal phase at 280 K.>* Following the phase transition,
reflections corresponding to a different (orthorhombic) crystal
structure are observed below the temperature of 110 K (Figure
1c). Since XRD indicates a single perovskite crystal structure,
without additional impurity reflections present, the splitting of
the optical transition seen in the low temperature absorption is
unlikely caused by an incomplete phase transition.

A closer look at the PL spectra at 20 K reveals the
emergence of an emission shoulder at 754 nm, in addition to
the two main PL peaks at 784 and 796 nm. Previously, the
observation of dual emission in the single cation perovskite
MAPbIL, has been attributed to several possibilities namely: (i)
free exciton and bound exciton emission,®**> (ii) a donor—
acceptor pair and free exciton emission,36 (iii) tetragonal
inclusions in the orthorhombic crystal structure,”” ™ and (iv)
molecular disorder of the A-site cation in the orthorhombic
crystal phase.”” To account for the additional optical transition
observed within the absorption spectrum in MAFA, as well as
the three distinct emission peaks, we introduce an additional
possibility: the local variation of the mixed cation composition.
Here, we propose that the splitting of the optical absorption
and emission is due to the local segregation of the mixed cation
perovskite during the phase transition. As a result, a
methylammonium-richer (MAggs,,FAqs_,Pbl;) phase and a
formamidinium-richer (MAgs_,FAq15.,Pbl;) phase is ob-
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tained which have slightly different bandgap energies. Cation
migration requires a diffusive regime,4o i.e., A-site vacancies,
which are expected in the nonstoichiometric MAFA used here.
As the Pblg octahedra tilt during the phase transition, "™ we
suggest that the A-site cations migrate to form locally stable
structures—laying a foundation for the formation of the
methylammonium-richer (MAggs,,.FAgs_,Pbl;) phase and
formamidinium-richer (MAggs_,FA;s,,Pbl;) phases. Due to
the minor differences in the resulting d-spacing of the crystal
structures of MA,gsFA,,sPbl; and FA,gMA, ,sPbl,,** minor
changes in between the two composition crystal structures are
not expected to noticeably shift the reflections. Rather a
broadening in reflection is expected due to increases in both
local strain and disorder as well as a superposition of the
reflections for the different compositions (Figure 1c, right).

Taking a deeper look into the distinct PL features in the
temperature range from 300 K (1 = 776 nm) to 20 K (4 = 797,
792, and 756 nm), we find a continuous redshift of the
perovskite PL peak position with decreasing temperature until
the phase transition is reached, in agreement with current
literature reports.””>%3%**

We find that each PL spectrum is best fit by a linear
combination of three Gaussian functions until 70 K is reached,
after which four Gaussian functions are required to fully
capture the spectral shape (Figures 2a and S$4). For consistency

a) 300K [ ly 9 1
: —
E
-
a
E
2 El
©
13 15 1.7 £ 0
Energy (eV) g 1°f
b) c
. 5
< 250 z
<
2
S 150
GJ
Q.
E i
& 50t
; 0 C 1 1 _
152 158 1.64 14 1.6 1.8
Peak Pos. (eV) Energy (eV)

Figure 2. (a) Normalized temperature-dependent MAFA PL
collected under 405 nm excitation cooling from 300 to 20 K
measured every 10 K. Gray dashed lines are the sum of the multi-
Gaussian fits for each temperature. (b) Peak energy of the MAFA
emission extracted from the Gaussian fits as a function of temperature.
The light gray box denotes the phase transition at 110 K. (c)
Representative MAFA spectra at 300 K (top) and 20 K (bottom)
showing the peak energy of the individual components for the
Gaussian fits.

across the temperature scan, the full-width half-maximum
(FWHM) for all peaks at a given temperature point are fixed;
however, the amplitude and peak position are allowed to float.
We attribute the individual Gaussians to the tetragonal mixed
MA/FA perovskite emission, excitonic emission, and the
orthorhombic phase emission.””*® As performed previously for
inorganic semiconductors and lead halide perovskites,"*°
useful photophysical properties are extracted by fitting the
FWHM of the temperature dependent PL spectra via a
Frohlich Hamiltonian described in eq 1:

https://doi.org/10.1021/acs.chemmater.4c02026
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D(T) = I + p o/ [0/ — 1]

(1)

Here, I'y is the temperature-independent inhomogeneous

The calculated amplitude-weighted average lifetimes

Tpye = ZA,T;/E afor each decay are plotted in Figure 4b and
shown in Table 1. Here we find the expected general trend: the

broadening, y, is the charge carrier longitudinal optical (LO)
phonon coupling strength, E; is energy of the LO-phonon,
and ky is Boltzmann’s constant (Figure 3). Assuming negligible

T(T)=To+vo/exp(E, /K, o
os

fo=32+1meV °
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Figure 3. FWHM of the MAFA (100 nm) temperature-dependent PL
emission with the corresponding fit (dashed gray line) of the included
equation.

ionized impurity scattering, the fitting results in parameters I
= 32 meV, y15 = 60, and E; 5 = 23.3 meV. I[; and y;o are
comparable to MAPbI; and MAPDbBr; results obtained
previously, correlating to a higher MA content MAFA
perovskite.** Additionally, a slight increase in FWHM relative
to the fit is observed for between 50—140 K (close to or below
the phase transition), which is consistent with defect-related
PL appearing in the low temperature regime for MAPbI; and
MAPbBr3;46 however, fitting with a shared FWHM across the
energy spectrum may reduce the observed impact from defect
emission. The E; is higher than reported for FAPbBr; and
FAPbL,,*° consistent with a MA-dominant MAFA mixed-
cation perovskite.

Figure 4 shows the temperature-dependent PL decay
dynamics of MAFA measured at selected temperatures. Each
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Figure 4. (a) Temperature-dependent MAFA (100 nm) lifetimes
taken under 405 nm excitation at 200 kHz. Corresponding
triexponential fits are included as gray traces. (b) Amplitude-weighted
average lifetimes, 7., for the 405 nm lifetimes.

decay is best fit with a triexponential function (eq 2) due to
multiple recombination pathways, including trap-assisted
monomolecular recombination, excitonic or free carrier
recombination, and Auger-assisted recombination pro-

24,47
cesses. 4

t t t
t=Ajexp| —— | + Ay-exp| —— | + Ay-exp| ——
T T, T, (2)

Table 1. Fitting Parameters for the Temperature-Dependent
MAFA Lifetimes Based on a Triexponential Fit

Temp (K) Ay 7, (ns) Ay 7, (ns) Az 73 (08) Ty (ns)
300 0.63 1.83 0.071 31.0 0.25 293 79.7
250 0.68 2.74 0.12 35.9 0.18 201 43.4
200 0.65 3.99 0.16 26.4 0.19 261 57.4
140 0.55 5.51 0.26 29.5 0.20 312 74.0
80 0.44 8.51 0.26 54.7 0.26 599 179
20 0.52 6.37 0.22 80.5 0.24 1703 43S
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carrier lifetimes increase with decreasing temperatures. Low-
ering the temperature is expected to have a clear impact on the
carrier dynamics, as the reduced ambient energy will increase
the energetic barrier for carriers to escape even shallow traps,
making trapping times longer. As a result, the observed PL
decay will appear to be longer lived.

Initially, there is a decrease to 7,,, upon cooling from 300 to
250 K, which we attribute to an initial rearrangement in the
perovskite crystal structure when lowering the temperature due
to the fact that it is not observed upon increasing the
temperature back to 300 K (Figure SS). This can be explained
by local regions of the perovskite structure still being “locked”
in the cubic structure formed during annealing despite after the
tetragonal structure being favored at room temperature, i.e., an
effect based on the hysteresis observed in the perovskite phase
transitions.

An additional early time rapid decay component becomes
apparent at temperatures below 140 K. Multiple possible
explanations are possible, namely: (i) a decrease in the
dielectric constant with decreasing temperature caused by the
rotation of the [Pbls]™ octahedra during the tetragonal —
orthorhombic phase transition and a shift of the Pb—I-Pb
bond angle away from 180° which in turn reduces the
shielding of defects. (ii) Increased excitonic emission due to a
reduction in ambient thermal energy, reducing the number of
free carriers generated, and (iii) the possibility of rapid charge
transfer between the different emissive states”’ or rapid
trapping of excitons or charge carriers in shallow trap sites
such as surface defects.

Probing further into the underlying temperature-dependent
effects in the perovskite, we utilize synchrotron X-ray scanning
tunneling microscopy (SX-STM) to ensure that the observed
changes in the crystal structure and recombination dynamics
are not due to degradation that could result in different
chemical environments for the iodine ions and facilitate
changes in the recombination dynamics.*® Figure Sa shows the
instrumental schematic for the SX-STM studies. Here, the
STM tip is held ~1 pm away (far-field mode) from the surface
of the sample, where monochromatic soft X-rays illuminate the
tip—sample junction. Photoejected electrons are then collected
either via the tip where they subsequently generate an
additional current detected by the STM, or by monitoring
the sample current caused by the total number of ejected
electrons, yielding the total electron yield (TEY).* ™' Hence,
we can collect X-ray absorption (XAS) spectra by monitoring
the TEY from the sample as a function of the photon energy.
Utilizing soft X-rays, we are able to probe the 3d;,, (M,) and
3ds,, (M) transitions for iodine. We can gain insight into the

https://doi.org/10.1021/acs.chemmater.4c02026
Chem. Mater. 2024, 36, 9874—9881
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Figure 5. (a) Schematic for the temperature-dependent SX-STM
measurements. (b) SX-STM of the I M, edge for MAFA (30 nm).
Each trace is the average of the spectra for every 10 K interval. Inset
highlights the shifting rising edge as the temperature decreases. All
spectra were taken in the far field under no applied bias of V = 0.

XAS spectrum for the cubic-to-tetragonal-to-orthorhombic
phase transitions across this wide temperature range by looking
at the iodine I M, rising edge at ~645 eV. Figure 5b shows
the XAS spectra for the 30 nm MAFA thin films from 290 to
90 K. As the temperature decreases, no strong variations in the
I M, 5 XAS spectra are observed, indicating that despite clear
changes in the long-range crystal structure, the short-range
chemical environment of the iodine ions is not significantly
impacted during the phase transitions. A slight shift of the
absorption onset to higher energies is observed as the
temperature is decreased (compare inset Figure Sb), which
can be attributed to the lattice contraction observed with
decreasing temperature: shortening of the Pb—I bond will lead
to an increase in the observed core energy levels, and hence an
increase in the energy of the XAS onset.>”

Lastly, ultrafast transient absorption (TA) measurements are
performed to examine the influence of temperature on the
charge carrier behavior. The characteristic perovskite dual
photobleaching (PB2 and ground state bleach, GSB) and
photoinduced absorption (PIA) features are seen across all

energy bleach PB2 is thought to stem from either a dual
valence band structure’ or a molecular charge—transfer
complex.”® Interestingly, at the two temperatures straddling
the transition temperature at 110 K (140 and 80 K), we
observe a splitting in the GSB at later delay times, as well as a
drastic change to the spectral shape to the perovskite PIA. This
is likely due to a similar effect as observed (vide supra) in the
PL—separation of the cations into FA- and MA-richer local
domains. Here, the splitting causes an additional high energy
bleach feature to appear at 484 nm at 80 K thus decreasing the
PIA and altering the spectral shape of the broad PIA.
Comparison of the GSB kinetics shows a decrease in the
bleach recovery lifetime with decreasing temperature (Figure
6b,c). These kinetics are best fit with a multiexponential decay
(triexponential until 140 K, then biexponential at 80 K). Again,
comparison of the average weighted lifetime 7,, shows a
decrease with decreasing temperature (Table 2). Figure 6d

Table 2. Fitting Parameters for the MAFA GSB Kinetics
Based on a Multiexponential Fitting and the Amplitude-
Weighted Average Lifetime 7,,.

Temp (K) A 7(ps) A n(ps) Ay 73(ns) 7o (ps)
298 042 1053 036 242 034 4130 1340
250 056 992 029 223 030 2960 817
200 070 1064 0.9 380 027 4110 1030
140 083 1122 017 274 017 1340 243
80 097 820 025 3390 - 700

shows the time-dependent carrier temperature (T.) as a
function of time. Carrier temperature is extracted by fitting the
high energy exponential tail of the GSB feature between ~1.7
and 1.9 eV depending on the time zero GSB peak energy
(Figure S6) using eq 3,

AT Er - E
measured temperatures (Figure 6a). As expected, the GSB —(E) = —AA x exp ——
narrows with decreasing temperature, The origin of the high T Bc ()

2 298K 250K 80K
="
5 7 N\ M Y
8 V \
=204 2 A ( \ R
£ PB2 \I
S -0
cseY \
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Figure 6. (a) Transient absorbance spectra from selected delay times at 298 K, 250 K, 200 K, 140 K, and 80 K for MAFA (30 nm) taken under 650
nm pump (4.77 mJ cm™2). Characteristic perovskite photobleach (PB2), ground state bleach (GSB), and photoinduced absorption (PIA) are
labeled. Excess laser scattering is denoted by gray box. Spectral insets in 140 and 80 K spectra highlight the GSB splitting at later delay times. (b)
MAFA GSB kinetics for the various temperatures with multiexponential fits included as dashed gray lines. (c) Calculated GSB average weighted
lifetime (7,,.) from each temperature. (d) Extracted carrier temperatures for the MAFA film across the measured temperatures.
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where Ep is the quasi-Fermi level>* Here, the TA data are
subjected to a fast Fourier transform filtering process with a
cutoff frequency of 30 meV~" in order to filter out noise and
etaloning. The time-dependent dynamics of the carrier
temperature are representative of a hot-phonon bottleneck,
as carrier—phonon relaxation typically occurs on a faster time
scale.”* As sample temperature decreases, carrier temperature
decreases more rapidly within a single phase (250—140 K),
where the baseline of carrier temperature at a long time (near
~100 ps) reflects the actual sample temperature. However,
both the highest temperature (298 K), where a fraction of the
perovskite is still locked in the cubic structure from the
annealing process, and the lowest temperature (80 K) slightly
differ in their dynamics and maximum carrier temperature. In
perovskites, the phase transitions from cubic — tetragonal —
orthorhombic are connected to specific soft-phonon modes
caused by the tilting of the [Pbls]™ octahedra.”® Hence, the
phonon spectrum of the MAFA perovskite is clearly affected by
the phase transitions.

B CONCLUSIONS

In summary, we observe interesting temperature-dependent
behavior for the mixed cation MAFA perovskite upon cooling
to 20 K. The expected first order phase transition from the
tetragonal to the orthorhombic phase is observed at ~110 K.
The perovskite bandgap continuously decreases as the phase
transition is approached, at which temperature the absorption
abruptly red-shifts and two optical transitions are observed.
The PL shows the emergence of a third emissive state, one
more than observed in previous reports for MAPbI,.>” No
signs of degradation are observed in XAS nor TA, indicating
that underlying perovskite decomposition and subsequent
generation of Pbl, are not the cause of the observed effects.

In contrast to previous reports on the temperature-
dependent behavior of perovskites, our work here introduces
another variable into the temperature dependence of perov-
skites: the mixed A-site cation. We attribute the unique optical
properties at low temperature to the formation of methyl-
ammonium-richer (MAygs,.FAy5_,Pbl;) phase and formami-
dinium-richer (MAggs_,FAq5.,Pbl;) phases. Overall, the
decrease in temperature and subsequent phase transitions
results in an increase in PL quantum yield, elongation of the
carrier lifetime, changes in the carrier temperatures, and
changes in the phonon spectrum, emphasizing the continued
promise of perovskites in energy applications.
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