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Connecting the complex electronic excitations of hybrid perovskites with their intricate organic-
inorganic lattice structure has critical implications for energy conversion and optoelectronic technologies.
Here we detail the multiband, multivalley electronic structure of a halide hybrid perovskite by measuring
the absorption transients of a millimeter-scale grains thin film as it undergoes a thermally-controlled
reversible tetragonal-to-orthogonal phase transition. Probing near-single grains of this hybrid perovskite,
we observe an unreported energy splitting (degeneracy lifting) of the high-energy 2.6 eV band in the
tetragonal phase, that further splits as the rotational degrees of freedom of the disordered CH3;NHs"
molecules are reduced when the sample is cooled. This energy splitting drastically increases during an
extended phase transition coexistence region that persists from 160 K to 120 K, becoming more
pronounced in the orthorhombic phase. By tracking the temperature-dependent optical transition energies
and using symmetry analysis that describes the evolution of electronic states from the tetragonal to
orthorhombic phase, we assign this energy splitting to the nearly degenerate transitions in the tetragonal
phase from both the R- and M-point derived states. Importantly, these assignments explain how
momentum conservation effects lead to long hot-carrier lifetimes in the room-temperature tetragonal
phase, with faster hot-carrier relaxation when the hybrid perovskite structurally transitions to the

orthorhombic phase due to enhanced scattering at the I point.



. INTRODUCTION

Hybrid organic-inorganic perovskites (HOIP) have emerged as a promising class of materials for
solution-processed thin-film photovoltaic[1-4], photodetector[5,6], light-emitting[7,8] and laser[9]
technologies. However, to tailor their optoelectronic properties for specific technological applications, it is
critical to connect their physical and electronic structure, particularly the role of interactions between the
organic and inorganic subunits. The crystal structure typical of HOIPs exhibits an inorganic lead halide
[PbXe]* (X =1, Cl, Br) subunit in an octahedral 3D crystalline network. Small organic cations (e.g., methyl
ammonium) are located in the voids of the ordered octahedral and comprise the organic subunit (Figure
1a). It has been suggested that the compelling physical properties of these systems, such as high
absorption cross-section[10] and long carrier diffusion length[11,12], that allow for simple planar
heterojunction devices with internal quantum efficiencies approaching unity emerge specifically due to
this dual organic and inorganic character[13]. However, systematic studies of structure-function
properties in hybrid perovskite materials have been hindered by large variability in composition, crystalline
quality, and grain size in the literature[11,14-18]. As a result, fundamental scientific questions about the
electronic and optical properties of hybrid perovskites remain largely unresolved. Furthermore, the dual
organic-inorganic nature results in various interpretations of the free-charge transport mechanism as well,
namely one limited by various opposing mechanisms such phonon scattering, piezoelectric or space-
charge scattering[13]. Understanding these fundamental scientific issues has also practical
consequences since there are several factors that contribute to degrading device performance, such as
ion migration that leads to hysteresis, formation of trap states and polaronic effects[13,19,20], and light-
activated metastable trap states[21].

A comprehensive picture of the complex multiband, multivalley electronic structure[22] is needed
to understand the emergence of the unusual optoelectronic properties of HOIP materials, including slow
carrier recombination[11,12,23] and suppression of midgap defect states[24-27]. However, the
microscopic details that lead to its complex dielectric constant[25,28,29] are not well established, resulting
in ambiguities as to the origins of their optical properties[30-32] and leading to a range of reported values
for the exciton binding energies and charge-carrier effective masses[33,34]. Even the origin of optical

transitions in the visible spectral region remains under debate. While considerable progress has been



made on understanding the fundamental optical transition at ~1.65 eV[35], including its response during
the tetragonal to orthorhombic structural phase transition that occurs around 160 K[34], considerable
controversy remains regarding the nature of higher order subband transitions, including whether they
result from intrinsic HOIP states[36,37] or an extrinsic charge transfer state (I,-like) species[38]. The
higher energy electronic structure is important, as anomalous hot-carrier lifetimes have been observed in
these materials[31,32], suggesting that these effects could be further enhanced for use in hot-carrier
based solar cells[39]. The mechanism for long hot-carrier lifetimes is still poorly understood, with potential
contributions from a phonon bottleneck[31,32], spin (Rashba) effect[40-43], or a density of states
effect[44,45]. The long hot-carrier lifetimes may also contribute to the long carrier diffusion lengths and
overall charge carrier lifetimes obtained in these materials despite the modest carrier mobilities that have
been measured[20,46].

To address issues related to reproducibility and quality, Nie ef al., have recently demonstrated
that a hot-casting fabrication technique yields millimeter grain size high quality thin films of hybrid
perovskite material. In contrast to other synthetic approaches, these thin films yield consistent, hysteresis-
free solar cell devices with efficiencies approaching 18%[21]. The improved performance is attributed to
the formation of large grains that reduce bulk defects and increase charge carrier mobilities (~20 cm2/(Vs)
for grain size of 170 ym) [4]. These large grain sizes in hybrid perovskite thin films reduces the effect of
grain boundaries that can locally modifies the motion of organic molecule due to space-charge effects,
allowing optical measurements to be carried out at the near-single grain level. While the improvement in
the device characteristics of these large grain thin film samples has been well established [4,21,26],
corresponding high sensitivity optical studies have not been similarly reported.

Here, we take advantage of this hot casting fabrication approach to produce high quality,
millimeter-scale grains of MAPDbI; thin films and to study the properties of electronic excitations at the
near-single domain level[4], with minimal influence of grain boundaries. First, we assign the set of optical
transitions in the visible and near-infrared using variable temperature transient absorption measurements,
which provide a sensitive probe of the electronic energy levels in addition to elucidating carrier dynamics.
In the room temperature tetragonal phase, we observe two nearly degenerate optical transitions near 2.6

eV originating from different momentum states. When homogeneous broadening associated with rotation



of the organic cation is suppressed, these distinct transitions are clearly resolved. In the low temperature
(low-T) orthorhombic phase, the energy splitting between these higher subband transitions is enhanced.
The observed structural phase transition is not abrupt, but instead, exhibits a rather large phase
coexistence region spanning tens of degrees, during which a large increase in electron-phonon coupling
that primarily affects the higher subbands is observed. We use Brillouin zone folding concepts to assign
the higher subband optical transitions near 2.6 eV as well as the appearance of a weak absorption
feature at ~2 eV in the orthorhombic phase. Furthermore, using these concepts, we explain the dramatic

changes in the hot carrier cooling rates between the two structural phases.

Il. OBSERVATION OF A BROAD PHASE COEXISTENCE REGION
Linear optical measurements on a millimeter-sized grain were made using a high brightness Fourier
transform based spectrometer describe previously[47]. These methyl ammonium lead iodochloride thin
films (herein referred to as hybrid perovskite or HOIP) were fabricated on sapphire substrates using our
previously developed hot-casting method with Pbl, and MACI (1:1) precursor in DMF[4]. For all
measurements, samples were mounted in a helium flow optical cryostat and pumped down to 10" torr.
These measurements reveal features similar to perovskite samples grown using various fabrication
techniques, indicating that grain boundaries only weakly influence the primary absorption features. For
example, we can use linear optical measurements to determine that a structural phase transition occurs
near 160K, where the [PbX6]4' octahedra realign itself to form an orthorhombic structure while the
CHsNH3" molecules collectively align themselves by coupling to the distortion of the inorganic network.
Similar to previous reports[34], the onset of NIR absorption at ~1.6 eV (~775 nm) blue-shifts and become
more prominent in the low temperature orthorhombic phase as compared to the room-temperature
tetragonal phase (Figure 1b, inset)[30,48]. Although we readily observe changes in the low-energy
electronic structure (Figure 1c), changes at higher energies including excitonic features associated with
other subbands are difficult to discern (Figure 1d). Instead, broad featureless transitions within the
continuum states dominate the optical absorption and are relatively insensitive to changes in the physical
and electronic structure.

However, we can establish a detailed picture of the multivalley optical absorption and relaxation

processes using variable temperature ultrafast transient optical spectroscopy. Broadband transient



absorption measurements of our HOIP films at several key temperatures are shown in Figure 2 for
excitation with a low energy pump pulse (<5 pJ/cmZ, A=650 nm, pulse duration ~100 fs). Our transient
spectra in the tetragonal phase (Figure 2a) are dominated by narrow ground state bleach signals at ~1.6
eV (750 nm), previously assigned to a transition between the valence band maxima (VB1) and conduction
band minima (CB1) at the R point[49], and a higher energy ground state bleach signal (AA < 0) at ~2.64
eV (470 nm) whose origin is still controversial[36-38]. These ground state bleach signals originate from a
modification of the exciton transition matrix elements by photoexcited free carriers rather than real
population of excitonic states[31,36]. The high oscillator strength of the excitons compared to the
continuum transitions allows us to identify features that are obscured in linear optical
measurements[31,38]. The virtual excitonic signal can be directly compared to experimental conditions in
which we used higher photon energy pulses (> 2.6 eV) to directly populate those higher subbands
(discussed below and in the Sl). The transient spectra associated with the orthorhombic phase (Figure 2f)
have received less attention, with most experimental data focusing on the low energy peak at 1.7 eV[50].
In contrast to the tetragonal phase, we now observe two peaks at ~2.6 eV and 2.8 eV that decay
identically to each other. We note that the systematic appearance of these two distinct optical transitions
when the material undergoes its characteristic phase transition is also observed in bulk single HOIP
crystals (Supplemental Material[51]) and is therefore an intrinsic property of the HOIP material. These
narrow excitonic features associated with each subband allow us to detect minute changes in the
electronic structure as the HOIP undergoes its thermally-controlled structural phase transition.

In contrast to previous absorption-based studies[34], our samples show a large temperature
range over which the orthorhombic and tetragonal phases coexist (Figures 2e-h). This phase coexistence
occurs from around 160 to 120 K, during which transient features characteristic of both phases are
simultaneously observed. Spectral and temporal discrimination in transient measurements allow us to
detect the minority species of tetragonal sites that persists at temperatures considerably lower than the
nominal phase transition temperature (Figure 2c-e) — even though their contribution to the linear spectra
is too small to be clearly observed. To highlight the evolution of the absorption features, we plot a series
of spectra extracted 5 ps after photoexcitation at temperatures ranging from 270 K to 77 K (Figure 3). The

phase coexistence region corresponds to the yellow curves in Figure 3¢ and 3d. For the low energy



transition, the tetragonal phase contributes a peak at 1.6 eV and the orthorhombic phase contributes a
peak at ~1.7 eV such that both peaks are readily observed in the phase coexistence region but only one
peak is observed in either phase. This observation is consistent with reports that residual tetragonal
islands exist within the orthorhombic crystal structure of the hybrid perovskite at temperatures
considerably lower than the phase transition point (160 K).[18,48,52-54]. Taken together, these results
imply that the phase coexistence region is a universal feature of these materials, but the width of the
temperature range will depend on the details of the material’s morphology. The data is more complex for
the higher energy feature at ~2.7 eV. Here, two peaks are seen in both the phase coexistence region and
the low temperature orthorhombic phase, with an energy splitting that increases with decreasing
temperature. As such, we conclude that these two peaks correspond to distinct optical transitions whose

energy separation is enhanced in the lower symmetry orthorhombic phase.



lll. PEAK SPLITTING IN THE TETRAGONAL PHASE

Furthermore, close examination of the variable temperature transient spectra in the tetragonal
phase reveals that two distinct peaks can be resolved even at temperatures well above the phase
transition. At around 250 K and for lower temperatures, the seemingly single broadened feature in the
tetragonal phase at ~2.6 eV splits into two distinct but overlapping narrow ground state bleaches (red
curves in Figure 3, with details on curve fitting in the Supplemental Material[51]). Notably, the temperature
at which this splitting first becomes apparent corresponds to suppression of the methyl and/or ammonium
rotation around the C-N axis, as evidenced by recent neutron scattering experiments[55,56]. As such, we
conclude that free rotation of the methyl and/or ammonium groups occurs at room temperature effectively
obscures differences between these high-energy absorption bands and yielding an effectively broadened
single peak. We note that stable PV cells fabricated from these materials perform without degradation for
extended hours when operated close to 250 K[21]. We observe no other notable spectral or dynamical
change at this temperature, suggesting that inhibiting these molecular motions while preserving this intra-
unit cell dipolar interaction may be key to better device performance. As the phase transition proceeds to
the orthorhombic phase, the splitting of the bands becomes more prominent, evolving into two distinct
peaks at ~2.58 eV (480 nm) and ~2.80 eV (440 nm). From our fits, we determine that the high-energy
subbands are separated by a maximum of ~75 meV in the tetragonal structure, and that the separation
increases to ~230 meV in the orthorhombic state. As is discussed below, we determine that the splitting
of the visible absorption band in the two phases has a common origin and the increase in energy
separation is a direct consequence of the phase transition that modifies the unit cell size and allows

greater organic-inorganic interaction.

IV. ANALYSIS OF TEMPERATURE-DEPENDENT ELECTRONIC STATES

The temperature-dependent optical transition relationship (dE/dT) provides finer details of the
coupling mechanism between the organic (CH3NH3) and the inorganic (PbX; octahedra) sublattice, as
detailed below. These relationships provide details of the coupling mechanism between the organic
(CH3NH3) and the inorganic (PbX3 octahedra) sublattice. Furthermore, we are able to identify temperature
dependent effects within a given phase as well as the origins of the discontinuities that occur at the critical

phase transition temperature. These optical transition energies as a function of temperature show a



complex pattern, with distinct dE/dT values for the different subband transitions and different phases
(Figure 4a). The temperature dependence of the energy levels, i.e. dE/dT, originates from various effects,
and can be written as[57-59]:

(dE) B (6E> N (6E> N (6E>
dr/ — \ar lattice 0T/ strain aT/ el-ph

coupling

. . i . o . .
In this equation, (a—E) can be safely ignored as it is related to mechanical strain effects that are
strain

relaxed in thin films. Such contribution, if present, would have typical values that are only in the few tens
of peV, instead of values spanning 100s-1000s of peV obtained in our case. However, for the case of bulk
MAPDI; single crystal studied (results shown in Sl), mechanical strain effects are clearly seen as this

result in smearing of the otherwise sharp ultrafast electronic transition features. The remaining terms,
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coupling
phonon coupling respectively, and are typically in the order of few 100s of peV.

Above and below the structural phase transition, the electronic evolution is consistent with lattice
effects being the dominant term. However, within the phase coexistence region, the electronic evolution
with temperature shows a distinct behavior that is best explained by significant changes in electron-
phonon coupling. The transient bleach signal in the NIR behaves similarly to the linear spectra, exhibiting
a systematic red-shift until the critical temperature is reached, where an abrupt blue-shift of ~40 nm
occurs (Figures 1a for linear and 3a, 4c for transient measurements). From Figure 4a, the NIR optical
transition exhibits a similar positive slope in both phases (~360 peV/K in tetragonal state and ~370 peV/K
in orthorhombic state) that corresponds to normal thermal expansion of the lattice. We note that these
values are similar to those obtained for lead salts[57] and are ~100 peV/K greater than a previous
measurement performed on small grains[50] (but still within ~30% of the bulk values[50]). This is due to
the enhanced crystallinity of our large-grain HOIP that leads to a reduced number of defects density and
a greater effect when the lattice expands with increased temperature. However, the two closely spaced
absorption peaks in the visible exhibit drastically different temperature-dependent optical transitions
behavior. The dE/dT values for the highest energy visible peak (~2.65 eV in the tetragonal phase and

~2.8 eV in the orthorhombic phase) is similar to the NIR transition but with negative values for the slope.



This implies a complementary motion within the hybrid perovskite sublattice, potentially as the orbital
overlap within the inorganic [PbX6]4' cage are modified. Interestingly, the lower energy visible absorption
feature at ~2.6 eV is nearly temperature independent and has an energy that differs by only ~50 meV
between the two structural phases, highlighting minimal interaction between the dipolar CH3NH;" and the
asymmetric unit cell as defined by the [PbX6]4'octahedraI cage.

Importantly, the temperature-dependent optical transitions within the extended phase coexistence
region are distinct from the behavior in either phase. This allows us to differentiate between electronic
effects induced by the structural reorganization of the inorganic and the organic subunits. For the low-
energy bandedge (~1.65 eV), dE/dT is almost zero in the phase coexistence region. As this absorption is
associated with the R-point in reciprocal space, where we expect the organic molecule to play a minimal
role[25], a featureless |dE/dT| during the phase transition is expected and corresponds to negligible
changes in the | 5p orbital overlap with the orbitals of the organic subunit[25]. More striking is the
temperature dependence of the higher subbands within the phase coexistence regime (Figure 4a, yellow
region) where dE/dT values are about ten times greater than those in either the orthorhombic or
tetragonal regions. Lattice expansion/contraction cannot account for these large |dE/dT| values observed
(~2500 peV/K and ~3700 peV/K), implying a different mechanism that shifts the energy levels. Instead,
this drastic |dE/dT| change is assigned to large systematic changes in electron-phonon coupling due to
enhanced electronic interactions between the organic and inorganic subunits at higher energy. This
interpretation is consistent with electronic structure calculations that indicate that contributions of the
organic orbitals become non-negligible at photon energies above 2 eV, including the effect of charge
localization on nitrogen atoms[25,53]. It is also possible that the coexistence of the tetragonal and

orthorhombic phase also contributes to this phenomena, influencing how the organic CHsNH;" molecules

interact with the distorted [PbX6]4' octahedral cage. We note that the opposite signs of (‘;—i) et-pn for the
coupling

2.6 and 2.8 eV optical transitions is consistent with the fact that these contributions can be positive or

negative depending on the subband and the nature of the coupling [59,60].

V. ASSIGNMENT OF OPTICAL TRANSITIONS USING SYMMETRY ANALYSIS



To understand the evolution of the HOIP electronic structure from the tetragonal to orthorhombic
phase, including the electronic energy level splitting and the temperature-dependent optical transitions
behavior, we use a zone folding concept based on symmetry analysis, similar to what has been recently
used to analyze the cubic-to-tetragonal phase transition[22]. We note that the R-point transitions of the
cubic phase are actually folded to the I' point in the tetragonal phase, but for clarity, we have kept the
irreducible representations and Brillouin zone of the pseudo-cubic perovskite Pm3m reference phase
when discussing the tetragonal phase. The optical transitions in the tetragonal phase are assigned using
density functional theory calculations of the imaginary part of the dielectric function for the high-
temperature (high-T) cubic phase of HOIP within the Random-Phase Approximation (RPA)[49], which
match experimental determinations of the absorption onset[12]. These calculations suggest that the
primary absorption features correspond to an R-point transition at the band gap energy (1.65eV) and a
set of symmetry-allowed transitions involving both the R- and M-points at ~1eV higher energy[37]. The
same conclusion concerning the energetic positions of the bands has been drawn from refined DFT
computations of the electronic band diagrams[29] including many-body corrections at the GW
level[28,61,62]. The band-folding concept clarifies the seeming complexity of the band diagram in the low
temperature (low-T) Pnma phase[22,51].

This analysis allows us to assign the higher subband optical transitions in these materials to an
accidental degeneracy involving both VB(R)—CB(R) (as well as VB,(R)—CB(R) not shown in Figure 4b)
and VB4(M)-CB4(M) transitions[37]. As the unit cell size increases by a factor of 4 (Z=4) in a cubic-to-
tetragonal/orthorhombic phase (Pnma), the Brillouin zone volume reduces by a factor of 4. The electronic
states close to the electronic band gap are folded at low temperature from the R-and M-points of the
cubic/tetragonal phase Brillouin zone to the -point of the orthorhombic supercell Brillouin zone[22]
(Figure 4b). For example, the measured band gap in the low-T orthorhombic phase is equal to about 1.70
eV (730 nm) and is attributed to folding of the tetragonal VB1(R)-CB4(R) transition to VB4(I')-CB+(I"). The
next allowed higher subband transitions in the tetragonal phase include VB4(R)-CB2(R) (VB2(R)-CB+(R))
and VB4(M)-CB4(M)[28,37,49]. In the orthorhombic phase, both of these transitions are folded to the I
point and are still allowed by symmetry. Indeed, we observe these two transitions in both the

orthorhombic and tetragonal phase, where they become observable below 250 K when the homogeneous
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broadening associated with motion of the methylammonium ions are suppressed. Furthermore, these
assignments are supported by dE/dT data. The nearly flat temperature-dependent optical transition at
~2.6 eV is consistent with an M-point derived transition while the dE/dT associated with the R-point

derived transition at ~2.8 eV has a similar magnitude to the band edge (R-point) transition.

VI. CONSEQUENCES FOR THE HOT CARRIER DYNAMICS

The hot-carrier lifetimes decrease in the orthorhombic phase, in support of the zone folding
picture in which all the relevant allowed optical transitions originate from the I' point. Pumping the
tetragonal phase at 2.95 eV results in occupation of energy levels associated with the M point transition
(Figure 5a). This is seen clearly by inspection of the transient spectra, which exhibit an additional sharp
feature at ~2.5 eV (compared to data in Figure 2a) and which exhibits distinct decay kinetics relative to
the virtual signal at 2.64 eV. As seen in the middle panel of Figure 5a, the sharp peak at 2.5 eV contains
an additional decay component that extends over several tens of picoseconds. Interestingly, the
measured decay time constant (~40 ps) is similar to a previously assigned decay component in transient
photoluminescence measurements under similar pump conditions that was attributed to dynamic coupling
of the organic and inorganic sub-lattices[53]. This hot-carrier lifetime is of the same order as recently
studied thin films of other hybrid perovskites[13,31,32,63-65], and longer than in other hot-carrier based
systems like plasmonics[66-69] and quantum dots/nanocrystals[70-73] with values typically less than ten
picoseconds.

In contrast, when pumping the orthorhombic phase at 2.95 eV, we find that the 2.55 and 2.76 eV
features decay identically to each other and similar to the primary ground state bleach feature at 1.7 eV.
The features associated with the higher subbands do not contain an additional decay component
associated with a long-lived hot carrier (Figure 5b, middle panel). We interpret the rapid hot carrier decay
in the orthorhombic phase as arising from alignment of the optical transitions in momentum space due to
zone folding that leads to an enhanced scattering rate, efficiently relaxing hot carriers from high energy
subbands to the band edge. Notably, in the tetragonal phase, the M-point hot-carrier feature (2.5 eV)
decays slower than the sharp photoinduced absorption signal at 1.54 eV. The evolution of the primary
NIR transition has been previously used as a marker for hot carrier lifetimes[31,32] but our results imply

that it does not reflect hot carrier populations in all subbands. We also note that recent suggestions of a
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charge transfer state (I,-like) species as the origin of the optical feature at ~480nm are incompatible with
our results[38]. Indeed, the ability to repeatedly and reproducibly use the HOIP structural phase transition
to interrogate these higher energy subbands preclude the idea of Pbl, as a major contributor to this
signal.

Crossed optical transitions involving simultaneously M-point and R-point electronic states, that is
originating from the tetragonal VB4.(M)—CB;(R) and VB4(R)—CB;(M) states, are now allowed in the
orthorhombic phase since all VB (CB) states belong to the same Eq4 (E1/2,) irreducible representations.
These transitions now correspond to VB4(N)—CBy(I") and VBy(IN)—CB4(I") in Figure 4b, with computed
oscillator strengths that amount to respectively 5% and <1% of the primary transitions, with calculated
energies (2.05 eV and 2.35 eV) that are intermediate between the two primary transitions observed in the
experiment. However, we note that transient absorption measurements (inset in Figure 5b) in the
orthorhombic phase do exhibit a very weak ground state bleach feature near 2.05 eV that is not observed
in the tetragonal phase. We assign this peak to the crossed transition originating from the tetragonal

VB4(M)—CB;(R) states because of correspondence to its predicted transition energy.

VII. CONCLUSION

We combine ultrafast transient absorption with a detailed symmetry analysis to assign the
multivalley origin of electronic transitions in hybrid organic-inorganic perovskite materials. We
demonstrate that the high-energy absorption near 2.6 eV consists of two distinct, albeit nearly
degenerate, transitions that are associated with the M- and R-points of a pseudocubic unit cell. The
momentum mismatch between the M-point derived state and the band edge state leads to a long-lived
hot carrier population in the tetragonal state. In the orthorhombic state, hot carriers from these higher
subbands relax much faster to the band edge since this momentum mismatch does not exist. The
observed energy splitting between M- and R-point derived states is an intrinsic effect that we observe for
both thin films and bulk single crystals. These results attest to the exceptional quality of these millimeter-
scale grains thin films that also show the benefit of reduced strain (narrow linewidths) and high tolerance

to thermal cycling of the tetragonal-to-orthogonal phase transition.
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Figures

Fig. 1. Steady-state linear optical properties of hybrid organic-inorganic perovskite. (a) Crystal structure of the
HOIP in its orthorhombic (low temperature phase, blue) and tetragonal (high temperature phase, red) state.
(b) Characteristic linear absorption spectra before, during and after the phase transition. Inset represents
spectra taken at all temperature points. (¢, d) 2D absorption spectra as a function of temperature in the visible
and near-infrared spectral regions. Note change of color scale. Region depicting phase-coexistence is

marked by white dotted lines.
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FIG. 2. Temperature-dependent ultrafast dynamics of hybrid perovskite. Broadband transient
absorption dynamics for optical pumping at 1.9 eV at key temperature points. Both the high-temperature
tetragonal phase and the low-temperature orthorhombic phase can be observed over a wide phase
coexistence region. In addition to the abrupt blue shift of the ~1.7 eV low energy peak, the orthorhombic
phase is characterized by a splitting of the high energy optical transition at 2.7 eV. White lines are guides

to the eyes to track bands relevant to our discussion.
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Fig. 3. Ultrafast electronic excitations as coupled to structural phase-transition. Spectral slices of the ultrafast
transient absorption data taken at 5 ps and plotted as a function of temperature. These 2D spectra are plotted
in the visible and near-infrared regions. White lines mark the coexistence between the two phases as

observed in the ultrafast data.
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FIG. 4. Energy of optical transitions in hybrid perovskite as a function of temperature. (a) Peak energy
positions obtained from ultrafast transient absorption data as a function of temperature. Red, yellow and blue
represent the tetragonal, phase-coexistence and the orthorhombic phase. (b) Schematic of the optical
transitions and symmetry labels of the hybrid perovskite showing origins of the various optical transitions in
both phases. We note that VB4(R)-CBx(R) is similarly allowed and nearly degenerate with VB1(M)-CB(M).
For simplicity, labels for the irreducible representations of the cubic phase are used to describe the tetragonal

phase. A complete description of these bands is given in the SI.
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FIG. 5. Hot carrier dynamics in different structural phases. (a) (Top) Raw transient absorption data for
the high temperature tetragonal phase for optical pumping at 2.95 eV. (Middle) Transient spectra
extracted at a few time points showing that hot carriers modify the features associated with both 1.65
eV and 2.6 eV optical transitions. (Bottom) The kinetic traces (normalized relative to the peak of the
2.64 eV decay) for probed photon energies, reflecting the occupation of a higher energy subband
associated with the 2.5 eV transition for times exceeding 10 ps. (b) (Top) Transient absorption data for
the low temperature orthorhombic phase for optical pumping at 2.95 eV. (Middle) Transient spectra
extracted at a few time points show that hot carriers predominantly affect the 1.7 eV optical transition.
The inset expands the AA range from -1 to 8 mOD to emphasize the appearance of a new ground
state bleach feature at 2.05 eV. (Bottom) The normalized kinetic traces for probe photon energies
show that the 2.76 eV and 2.55 eV peaks exhibit similar relaxation dynamics to the main ground state

bleach signal at 1.7 eV, that is no significant hot carrier population persists in higher energy subbands.
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