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Uncovering the Electron-Phonon Interplay and Dynamical
Energy-Dissipation Mechanisms of Hot Carriers in Hybrid

Lead Halide Perovskites

Christopher C. S. Chan, Kezhou Fan, Han Wang, Zhanfeng Huang, Dino Novko,
Keyou Yan, Jianbin Xu, Wallace C. H. Choy, Ivor Loncaric, and Kam Sing Wong*

The discovery of slow hot carrier cooling in hybrid organic—inorganic lead
halide perovskites (HOIPs) has provided exciting prospects for efficient
solar cells that can overcome the Shockley—Queisser limit. Questions still
loom over how electron-phonon interactions differ from traditional polar
semiconductors. Herein, the electron-phonon coupling (EPC) strength

of common perovskite films (MAPbBr;, MAPbI;, CsPbl;, and FAPbBE;) is
obtained using transient absorption spectroscopy by analyzing the hot
carrier cooling thermodynamics via a simplified two-temperature model.
Density function theory calculations are numerically performed at relevant
electron-temperatures to confirm experiments. Further, the variation of
carrier-temperature over a large range of carrier-densities in HOIPs is
analyzed, and an “S-shaped” dependence of the initial carrier-temperature
to carrier-density is reported. The phenomenon is attributed to the domi-
nance of the large polaron screening and the destabilization effect which

causes an increasing-decreasing fluctuation in temperature at low excitation
powers; and a hot-phonon bottleneck which effectively increases the carrier

temperature at higher carrier-densities. The turning point in the relation-
ship is indicative of the critical Mott density related to the nonmetal-metal
transition. The EPC analysis provides a novel perspective to quantify the
energy transfer in HOIPs, electron-lattice subsystem, and the complicated
screening-bottleneck interplay is comprehensively described, resolving the
existing experimental contradictions.

1. Introduction

Hybrid organic-inorganic lead halide
perovskites (HOIPs) have been the center
of attention in solar photovoltaic and light
emitting materials research over the best
part of last decade.™ Their outstanding
optoelectronic  properties such as low
defects, long balanced carrier diffusion
length and large absorption coefficients
have resulted in power conversion effi-
ciencies in solar cells that rival traditional
semiconductors.’! The Coulombic interac-
tion between the polar perovskite lattice
and charge carriers can provide effective
shielding from recombination and hence
unwanted losses. Together with the ability
to alloy with other halides, perovskites’
band-edge can be tuned, leading to versa-
tile applications in light emission, lasers,®
and even quantum electronics.” An inter-
esting aspect of HOIPs that has been com-
manding substantial research interest is
the slow hot carrier (HC) cooling pheno-
menon. Charge carriers created by photons
with photon-energy above the bandgap pos-
sess high energy that is lost as the carriers
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cool down to the band edge. This cooling is a major source of
loss in solar cells, and fundamentally limits its power conversion
efficiency. Excited carriers in traditional semiconductors cool
down to the lattice temperature through phonon interactions
in ultrafast time scales which make it practically impossible to
extract them through electrodes. In HOIPs, it has been reported
that the cooling rate of HCs is substantially lower than that of
many solar cell materials, and around three orders of magnitude
lower than GaAs for comparison.® This phenomenon in HOIPs
opens up the possibility to realize ultra-efficient photovoltaics,!
toward breaking the Shockley—Queisser limit.[’!

Immediately following photon absorption, charge carriers
generated at energy positions in excess of the bandgap, will
quickly redistribute through carrier—carrier scattering to occupy
states described by Fermi-Dirac statistics.'! These HCs gradu-
ally undergo energy relaxation through phonon interactions
redistributing to the band edge. It has been widely accepted
in HOIPs that the energies of the longitudinal optical (LO)
phonon, that charge carriers strongly couple to through the
Frohlich interactions, are relatively low. In addition, the efficient
Klemens channel for LO phonon decay, is shown by Fu et al., to
be largely suppressed due to a large phonon bandgap.?l The
dominant carrier cooling mechanism at room temperature is
the Frohlich interaction occurring through the zone-center non-
equilibrium LO phonon emission. A large LO phonon popu-
lation is thus present, and as the carrier density rises above
=10"® cm™ the inefficient Klemens channel, responsible for LO
phonon decay, results in a hot-phonon bottleneck effect. The
cooling process is therefore slowed down, and as carrier den-
sity increases to larger than 10 cm= multi-body effects start to
dominate. At such high carrier densities, a reheating is induced
by inter-band Auger recombination further prolonging the HC
cooling.¥l Sum et al., first disclosed the interplay between hot-
phonon bottleneck and Auger reheating effects at high car-
rier density in MAPbBr; bulk films and nanocrystals (NCs).!'4
Accordingly, hot-phonon bottleneck effect can reduce the
cooling rate during the first =2 ps, while the cooling process is
even prolonged to tens of picoseconds due to inter-band Auger
reheating. In addition, Yang et al. also reported that the phonon
bottleneck effect induced by the acoustic-optical phonon up-
conversion in FAPDI; bulk film can generate approximately
ten times longer LO-phonon emission lifetime compared to its
all-inorganic counterparts even at moderate carrier densities
(=5 x 10'® cm™3).%l Notably, one needs to pay extra attention to
the distinction between the concept of “hot-phonon bottleneck
effect” and “phonon bottleneck effect” when investigating the
cooling mechanisms in HOIPs (see Note S1 in the Supporting
Information for details).

Contrary to the hot-phonon bottleneck phenomena, HC
cooling was shown to also slow down even at lower carrier densi-
ties beyond the threshold for hot-phonon bottleneck to occur.'®!
It was found that in MAPDbBr; the carrier cooling is slower
than that in FAPbBr;, and FAPDBr; is slower than the inor-
ganic CsPbBr;. The major disparity is thought to arise from the
reorientation motion of the dipolar molecule in MAPbBr; and
FAPDBr; that results in a faster rate of polaron formation com-
pared to the all-inorganic CsPbBr; observed through optical Kerr
effect spectroscopy.”) Polarons were found to form quickly (0.3 ps)
in the MA-perovskite compared to a Cs-perovskite (0.7 ps),1l
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correlated to the slower rate of HC cooling in the hybrid perov-
skites.”1"] The argument is that the large polarons can effectively
protect the charge carriers, screening the Coulombic interaction
that is responsible for scattering with LO phonons and effec-
tively slowing down the carrier cooling. Furthermore, the organic
cation can support a higher number of optical phonon modes
which influence the respective perovskite’s specific heat capacity,
leading to the observation that inorganic perovskites exhibit a
larger dependence of cooling rate with carrier density."]

Although the large polaron formation was shown to slow
down HC cooling, this effective “shield” can break down at
higher polaron densities. Since large polarons spread over
multiple unit cells, when carrier density is high enough, the
polarons begin interact and lead to destabilization. Niesser
et al. reported this destabilization by showing a decrease in
electronic temperature with increasing density at low excita-
tion densities.'®) This opposes the trend of the hot-phonon
bottleneck effect, in which the HC energy and excitation den-
sity increases simultaneously.®?!l The observation was further
discussed by Frost et al., who suggested a density at which
polarons overlap and to the extent that the above-bandgap
thermal energy is shared between the sea of polarons to be in
the 10'® cm™ region.l?? The change in the state of the HCs is
described by the phenomenological Mott density, but to date,
there are few reports that observe such changes if any to the
cooling dynamics of HOIPs. In addition to the aforementioned
effects, alternative relaxation channels due to atomic fluc-
tuations, surface effects,?’l and intra-band Auger-type energy
transfer can accelerate the carrier cooling process investigated
extensively in quantum dot systems. Though the time scale
of the cooling dynamics can be quantified by the HCs cooling
time and LO phonon lifetime, the energy transfer in the elec-
tron-lattice subsystem, which combines both the cooling rate
and temperature of HCs, cannot be reflected.

In this paper, HC cooling dynamics is investigated using
transient absorption spectroscopy pumped at a fixed energy
above bandgap and varied with pump fluences by =2 orders of
magnitude. We introduce the electron-phonon coupling (EPC)
coefficient (G,) as a means to characterize the energy transfer
from the energetic carriers to the lattice over a broad range of
carrier densities. A simplified two-temperature model (TTM)
is developed in attempt to quantify the G4 from HC relaxa-
tion following a monochromatic excitation. Importantly, we
find that first the value of G4 in HOIPs is seen to differ with
different organic cations. Second, that G remains consistent
and fluctuates within error for a broad range of investigated
carrier densities. The G, coefficient provides a thermodynamic
quantification of the energy transfer rate in the electron-lattice
subsystems and provides a novel perspective to investigate the
attenuated cooling phenomenon in HOIPs. Furthermore, an
“S” shaped dependence of the carrier temperature with car-
rier density is presented, which we interpret as the competition
between large polaron screening and hot-phonon bottleneck.
Our analysis reveals the critical Mott density that distinguishes
the dominant cooling phenomenon. To generalize the finding,
we conduct the analysis on MAPbBr;, MAPbI;, FAPbBr3;, and
Cs0.05(FA0.8sM A 15)0.95Pb(log5BTo.15)3  films, all showing the
same trends. Interestingly, the critical Mott density in MA-
based sample is found to be larger than that in the FA-based

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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and mixed-cation perovskites, resulting in smaller extracted
Bohr radii in the first sort of materials. We subsequently use
this technique to estimate the Bohr radii in novel mixed-cation
perovskite, and present the exciton binding energy estimation
as a comparison. Most importantly, our explication of the com-
plicated interplay between large polaron screening and hot-
phonon bottleneck effects helps to shed light on the hot-carrier
harvesting in ultra-high-efficiency solar cell application.

2. Results

2.1. Extraction of Hot-Carrier Temperature from TA Spectra

Neat perovskite films MAPbBr;, MAPbI;, FAPbBr; of thickness
60 nm and Csggs5(FAgg5MAg15)0.95Pb(Igg5Brg15); of thickness
480 nm were prepared on transparent substrates (see Experi-
mental Section for details). The absorption, as well as the photo-
luminescence (PL) spectra shown in Figure S1 (Supporting
Information) clearly shows absorption onset and band edge emis-
sion for each film. Atomic force microscope (AFM) was used to
verify the thickness and characterize the morphology of the first
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three samples (see Figure S2 in the Supporting Information).
To study the HC cooling dynamics, TA spectroscopy was con-
ducted at room temperature on the samples using a femto-
second broadband pump-probe technique. Spin-orbit coupling
in perovskites split the conduction band into upper and lower
optically accessible levels. In MAPDI3, the bandgap is situated at
=1.6 eV with a second transition at =2.5 eV.2Yl We intend to gen-
erate hot carriers in the first conduction band only to avoid com-
plications. A pump photon energy of 0.5 eV above the respective
bandgap is used to keep a consistent excess energy of gener-
ated HCs. For example, =2.1 eV is used to excite in MAPbI;.12%
Figure 1a shows the pseudo-color TA plot of MAPDbBr; film
excited with a calculated carrier density ny of 5.0 x 10" ¢m™
(estimated by method in Note S2 in the Supporting Informa-
tion) at =2.9 eV, =0.5 eV above the bandgap of 2.39 eV.24 A
large positive signal due to the photo bleaching (PB) between
2.3-2.4 eV is present, indicative of carriers populating the band-
edge. Initially the pump photons generate a broad PB signal
that gradually narrows asymmetrically. The high-energy side
of the signal relaxes leaving a long-lived PB at the =2.35 eV.
A small redshift of the PB peak is observed from =2.35 eV
at 0.1 ps to =2.33 eV. This is attributed to the energy- and
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Figure 1. TA plot and cooling dynamics in the MAPbBr; sample. a) Pseudo-color TA plot which is excited at 2.89 eV, =0.5 eV above the bandgap. The
sample is pumped at 50 uW and its initial carrier concentration is 5.0 X 10'® cm=3. b) Normalized TA spectra (solid colored curves) which is extracted
from (a) with the pump-probe delay ranging from 0.1 to 1 ps. Here, the Maxwell-Boltzmann fitting is applied to the high-energy tail of the normalized
spectra (dashed black curves) starting from =0.5. ¢) HCs temperature kinetics extracted from the MB model at three selected carrier density (2.0, 5.0,
and 8.5 x 10"® cm). Dashed curves show our simplified TTM fitting. Note that to demonstrate the graph better, the cooling dynamics with the initial
carrier concentration at 5.0 and 8.5 x 10'® cm™ have 0.15 and 0.4 ps translation to the right, respectively.
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carrier-density-dependent bandgap renormalization (BGR)
induced by many-body effect as well as Burstein-Moss effect
(or band-filling, BF) induced by the Pauli exclusion principle
that competes with each other in HOIPs.[S! As a result, the
bandgap will shrink (by BGR) or widen (by BF), leading to
red-shifts or blue-shifts respectively in the first picoseconds.
An analysis between the two competing effects is given in the
Note S3 (Supporting Information).

A normalized TA spectrum of the MAPbBr; film is shown
in the Figure 1b at delay times from 0.1 to 1 ps. The spectrum
shows an asymmetrically broadened tail due to the initial non-
equilibrium HCs redistributing into a Fermi-Dirac distribution
via electron-hole and carrier-carrier scattering.?%! The shrinkage
of the tail corresponds to the cooling process of HCs mainly
via electron-phonon coupling. The Fermi-Dirac distribution
can be approximated to the Maxwell-Boltzmann distribution
with carrier temperature T.. The high-energy tail corresponds
to higher T;, and the carrier cooling rate is thus related to how
fast this tail “relaxes”. This tail is then fitted with the Maxwell-
Boltzmann distribution,®2! from approximately half of the
maximum value of the normalized TA spectra to a tail length of
~0.27 eV in delay times ranging from 0.1 to 1 ps, as indicated by
the dashed line in Figure 1b (normalization example in Figure S6
in the Supporting Information). Note that the extracted carrier
temperature also depends on the choice of the region of
interest.”’] However, our method shows robustness in the EPC
calculation in spite of different reported fitting choices (details
in Note S4, Supporting Information).

Figure 1c shows the electron temperature dynamics in
MAPDBr; at three pump excitation powers corresponding to
carrier densities; 2.0, 5.0, and 8.5 x 10 cm™. The cooling pro-
cess is dominated by electron-LO-phonon scattering mediated
by polar Frohlich interactions via LO phonon emission (details
in Note S4, Supporting Information),?® as well as cation vibra-
tions, transmitting heat to the lattice. The HC temperature in
MAPDBr; decays within 1.5 ps, in good agreement with the
reported values in literature.[

2.2. Electron-Phonon Coupling Strength Analysis

To establish the average energy-transfer from the charge car-
riers to the lattice, we calculate the EPC coefficient using the
HC temperature and cooling time. By obtaining the cooling
dynamics through the analysis previously mentioned, the EPC
strength can be derived via a two-temperature model (TTM)
developed by Anisimov et al.—a technique that is widely used
to analyze the EPC coefficient in ultrafast laser interactions
with metals and semiconductors.?’l The temporal evolution of
the electron and lattice temperatures can be described by the
simultaneous differential equations%3!

JaT. _ _
T Ga (T.=T1)+P(t) 0

JT,
G (Tl)a—tl=cel (T.-T)

C.(T.)

where T, and T, are electron and lattice temperature, respectively,

C. and C are electron and lattice heat capacity, respectively,
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Gy is the EPC coefficient, P (t) is a source term describing the
energy injected by the femtosecond laser pulse within the first
~100 fs. G = C, (300 K) — C. (300 K) where C, (300 K) is the
total heat capacity of the sample at room temperature.’? At low
electron temperatures, the electron temperature can be approxi-
mated to have a linear dependence on electron heat capacity:
C, = T, where yis the electron heat capacity constant (Som-
merfeld coefficient), and y= (wkg)? g (Eg)/3, determined by the
density of state g at the Fermi level. Using the Sommerfeld free
electron gas model, ¥ can be expressed with the free electron
density n,, y= (7tkg)? n./2Eg. The free electron density is subse-
quently estimated by considering the HOIP crystal parameters.
As shown in Figure 2a, HOIPs have pseudo-cubic (MAPDI;) or
cubic (MAPbCl;, MAPbBr;, FAPbBr;) lattice systems at room
temperature.>¥ In cubic perovskite space group pm3m, the
unit cell contains 12 atoms. In such case we simply assume
that each Pb metal atom provides 2 free electrons, and we can
obtain n., = 2/a3 = 2 N, p/M, where a is the lattice parameter,
N, is the Avogadro constant, p is the mass density, and M is
the molar mass (see the Note S5 in the Supporting Information
for details). The Sommerfeld coefficients are calculated for five
different perovskites of form APbX; with the materials param-
eters reported in the literature presented in Table 1. The molar
Sommerfeld coefficient varies for different materials such as
superconductive perovskite (K,Ba)BiO; (3.5 mJ mol™ K2),3¢ sem-
iconductor FeGa; (0.03 mJ mol™ K~?),”) and Kondo semiconductor
COs,Alyg (7 m] mol™ K2),38 and our calculated values are in the
reasonable range. However, the volumetric coefficient is found
to be smaller than that in metals such as Ag (62.8 ] m~ K2, Cu
(71.0 ] m™ K2), and Au (62.9 ] m~ K2),% due to the lower free
electron density. The calculated low value of yis consistent to the
low volumetric heat capacity of HOIPs.[

Equation (1) requires a description of the laser source term
for which thermal and optical parameters such as coefficient
of temperature resistance are needed. It describes how the
energy density is absorbed, dependent on the laser penetra-
tion depth, the profile of the laser pulse, film thickness and
the time-dependent absorbed fraction of the incident intensity
happening on the ultrafast time scale. Due to the complexity
of the mechanisms governing the initial heating of HOIPs, we
simplify the TTM by neglecting the source term P(t) and only
consider the relaxation process which reveals the energy dissipa-
tion. The EPC can then be obtained by determining the electron
temperature T; at different delay times. T, is obtained through the
aforementioned Maxwell-Boltzmann distribution fit of the
TA spectra at each time point. The decay of T; is determined
by the rate at which heat can diffuse away from the optically
pumped region which typically happens on a relatively slow
time scale (10-100s ps) compared to T.. We thus assume that
T. is the main contribution to the relaxation signal in the first
few ps.3%32 Figure 1c demonstrates a good fit of our simplified
TTM to the HCs cooling dynamics in MAPDBr; (black dashed
curves). MAPDI; and FAPDBr; also show an excellent fitting in
Figures S8a and S10 (Supporting Information). Note that when
carrier density is even higher to 10 cm™, the Auger reheating
effect will further prolong the cooling process from =1 ps to
tens of ps, leading to two sequential decays, as is in Figure S8b
(Supporting Information).”) We avoid this carrier-density
region and only conduct experiments at moderate concentration

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. a) The lattice structure of MA-based HOIPs. Note that the unit cell of FA-based materials is basically the same with that of MA-based ones,
where only the organic cation is different. b—d) The EPC strength in the MAPbI;, MAPbBr3, and FAPbBr; samples at different carrier densities. The red
dashed line shows the average value while the yellow square demonstrates the standard deviation. Average values of EPC coefficients are b) 1.52 £ 0.27
(10" W m=3 K7) in MAPbls, c) 1.46 £ 0.24 (10'® W m~ K™') in MAPbBr3, and d) 8.94 + 0.98 (10" W m~= K™") in FAPbBr,.

because our TTM only contains one decay. We find that as we
vary the excitation power, the fitting is consistent and yields the
values that are shown in Figure 2b—d. The average extracted
values of EPC coefficient are 1.52 + 0.27 (10" W m= K7
in MAPDI;, 146 + 0.24 (10 W m™ K7) in MAPDbBr; and

Table 1. Lattice, electron and thermal parameters of APbX; at room tem-
perature, where m, is the electron effective mass and C, is the total volu-
metric heat capacity.

System MAPbCl;  MAPbBr, MAPbI; FAPbBr, CsPbly
cubic cubic pseudo-cubic cubic  orthorhombic

Lattice constant ~ 5.68[°] 5.9016¢] 6.33(6¢] 5.998% a=10.46

A b=14.30

c=17.77"

me (M) 0.36/6%] 0.25!68] 0.33068 0.36 0.2219

p (kg m™) 3171001 383471 4119171 3807071 -

C, M m3KT) 1627 1.4570 1.281701 1.69171 1.00%

() m3K?) 12.91 8.57 10.63 12.20 8.42

¥ (m) mol™ K?) 1.41 1.07 1.60 1.58 -

AThe C, for CsPbl; is estimated to be 1 Mj m= K~! based on the value for CsPbBr;
(1.06 M) m= K7).171

Adv. Energy Mater. 2021, 11, 2003071 2003071 (5 of 11)

8.94 + 0.98 (10 W m™ K!) in FAPbBr;. For comparison, the
G was obtained for the all-inorganic CsPbl; at =1.59 £ 0.18
(10 W m™ K), however only three excitation power densi-
ties are presented due to the rapid degradation of the film
(Figures S14 and S15, Supporting Information). The larger value
of FAPDBr; is consistent with the observation of its shorter
cooling time. The electron-phonon collision (scattering) time
related to the Gg via T, = Co/Gg is evaluated at different
carrier densities (Figure S16 and Note S6, Supporting Informa-
tion), giving averaged values 7., = 0.40 ps in MAPbI;, =0.39 ps
in MAPDBr;, =0.15 ps in FAPbBr;, and =0.44 ps in CsPbl;.
These values are comparable to traditional semiconductors
such as GaAs =0.12 ps, Si =0.10 ps,* and CdTe =0.70 ps.*!
The values are also an order of magnitude lower than those
found in superconductors such as YBa,Cu;0; =15 ps,*!
and T1Ba,Ca,Cu3;0, =1.8 ps.* It is worth noting that the Gy
values are an order of magnitude lower than reported values
on metals such as nickel (=8 x 10V W m=3 K7),3U copper
(=1 x 10V W m~3 K),®l and platinum (=2.5 x 107 W m~> K).1%°]
This is a result of the small Sommerfeld coefficient and hence
low heat capacity in HOIPs. The low EPC coeficient suggests
weak energy transfer in the electron-lattice subsystem leading
to inefficient heat dissipation, consistent with the accepted
understanding of the slow cooling properties in HOIPs.0l

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Carrier-density-dependent HCs initial temperature in the MAPbl;, MAPbBr3;, FAPbBr3, and Csggs5(FAo.8sMAg15)0.95Pb (lo.85Bro.15)3 respectively.
The error bar at each brown dot comes from fitting deviation. The black dashed line links each dot together in the graph. The first peak in the ini-
tial temperature demonstrates the large polaron overlapping threshold, standing at a) 1.66 x 10'® cm~ in MAPbls, b) 1.50 X 10" cm= in MAPbBr;,
c) 0.68 x 10'® cm= in FAPbBr;, and d) 0.19 X 10" cm™ in Csgo5(FA.8sMAg15)0.95Pb (lo.85Bro.15)3- The second valley shows the critical Mott density in
the nonmetal-metal transformation process at a) 3.99 x 10"® cm= in MAPbI;, b) 2.50 x 10'® cm™ in MAPbBr;, c) 1.81 x 10" cm= in FAPbBr;, and

d) 0.50 x 10" cm™ in Csg,05(FA.5sMAg15)0.95Pb (10.35Br0.15)3-

The EPC coefficient in the FA-based sample is distinctly larger
than that in the two other MA-based perovskites, where the coef-
ficients are almost identical mainly due to the higher initial HC
temperature and faster rate of cooling measured, shown in Fig-
ures S8 and S10 (Supporting Information). With the same unit
cell structure, the optical responses of these materials differ by
the different organic cations.®?841 The shorter cooling time in the
FA-based perovskite is consistent with previous reports discussed
by Zhu et al.,”l showing that the organic cation can play a crucial
role in the magnitude of the energy transfer between the electrons
and the lattice. The polaron picture, despite being able to explain
many of the extraordinary properties of HOIPs, leaves a question
of how the polaron induced Coulomb screening interplays with
the hot-phonon bottleneck and Auger reheating. In order to paint
a more complete picture to not only characterize the microscopic
energy transfer rate from carriers to electron-lattice subsystem but
also comprehend the interplay between large polaron screening
and hot-phonon bottleneck models, we have carried out a series
of carrier-density-dependent HC experiments to investigate the
dynamical screening-bottleneck competition in HOIPs.

Niesser et al. showed that polaron destabilization can induce a
reduction of the initial carrier temperature with increasing carrier
density.’l We attempt to observe when the polarons completely
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overlap and when the hot-phonon bottleneck effect becomes domi-
nant by expanding on the range of pumped carrier densities using
transient absorption. Using the fitting derived in the above section,
we fit the carrier temperature with the different time points and
look at the initial carrier temperature with different pump densities.
By taking initial carrier temperature at =0.1 ps approximately when
the HCs have just been thermalized, we find a clear “S” shaped
dependence of the initial carrier temperature on carrier density with
MAPDI; shown in Figure 3a. The three shaded areas on the graph
show that the initial temperature firstly increases (region I), followed
by a temporary decrease down to a minimum value (region II), and
finally ascends monotonically again (region III). Niesner et al., had
reported the decrease of initial temperature with carrier concentra-
tion (region II). However, with further increase of carrier density
(region III), we are able to see an increasing trend in initial tem-
peratures, which agrees well with reports from Price et al.,?!l and
Yang et al.®l Our results show that at different carrier densities
the initial carrier temperature variation is consistent with both the
polaron screening and the hot-phonon bottleneck picture at dif-
ferent carrier densities, manifesting an “S” shape in Figure 3a. The
study was carried out on MAPbBr;, FAPbBr3;, and also a mixed
cation Csggs5(FApg5MAg 15)0.95PD(Ig85B1015)3 to verify the generality
of the results shown in Figure 3b—d. The initial carrier temperature
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is higher in the FA and mixed cation films despite the same excess
energy pump used in all our experiments. We note that this may
on the one hand be due to the emergence of additional relaxation
pathways from larger density of sub-bandgap trapping states in
MAPDI; resulting from the preparation methods.'>*! On the other
hand, this correlates well with the slower formation of polarons
which protect the HC from quickly cooling in MA compared to
cation perovskites.*! Our study on the more novel mixed cation
film hints that the polaron formation rate of the mixed cations
perovskites lies between FA and MA rates. The result demon-
strates that the stable mixed-perovskite has a higher initial carrier
temperature than its MA- counterpart, promising for high voltage
HC devices.

3. Discussions

3.1. Comparison to First-Principle Calculation of the EPC Values

We performed further analysis by first principles calculation of
the EPC coefficient for the MAPbBr; and FAPbBr;. Although a
constant EPC coeflicient is mainly investigated in experiments,
there is growing evidence indicating that the applicability of
the EPC strength may be limited to low laser intensities.!
Here, the temperature-dependent electron heat capacity C.,
EPC coefficient G and electron-phonon scattering time 7.,
are numerically obtained as in refs. [49,50]. The description of
numerical calculations based on the density functional theory
(DFT) as well as formulas for the temperature-dependent C,
and G, is provided in the Note S7 (Supporting Information).
Figure 4a shows the calculated temperature-dependent electron
heat capacity of the two materials. By taking into account the
spin-orbit coupling effect, the density of states is found to be
smaller, leading to a lower electron heat capacity for both MA
and FA samples in comparison to the case presented in the
Table 1. The EPC coefficient of MAPbBr; and FAPDbBr; was
calculated for the electronic temperatures of T, = 1000 K and

(a) (b)

www.advenergymat.de

T. = 1700 K, respectively, as is depicted in Figure 4b. The EPC
coefficient shows a monotonic increase with the growth of electron
temperature, which is consistent with the reported numerical
results of metals such as Al, Ag, Cu, Au, and W.?% The G, of
the MA material stands at 0.56 (10® W m™ K) at 1000 K (the
approximate initial HC temperature), which is much smaller
than that of FA sample at 8.66 (10® W m™ K7) at 1700 K, in
reasonable agreement with our experimental results. As is
shown in Figure 4c, the electron-phonon collision time of MA
and FA is calculated to be 0.56 ps at 1000 K and 0.14 ps at 1700 K,
respectively, also agreeing well with the experimental value.
The experimental and theoretical EPC coefficient G, pre-
sented for the MA- and FA-based perovskites show reasonable
consistency. There are two findings we wish to address, firstly
the difference in the values obtained between FAPDBr; and
MAPDBr;, and secondly the small variation in these values with
different pump powers. The difference in EPC coefficients G
of the FA- and the MA- films shows that the coupling strength
between the charge carrier and the lattice varies with different
organic cations. The scattering of charge carriers with phonons
is treated within the polaron theory of Fréhlich, and the dimen-
sionless Frohlich coupling parameter Olpg,;cn characterizes the
strength of the coupling between electrons and LO-phonons
can be calculated by using materials parameters.!8*! o1
is shown to be larger in FAPbBr; (4.07),2% compared to those
of MAPbBr; (1.69), MAPbI; (1.71), and CsPbl; (1.35).5 This
trend is consistent with our EPC coefficient derived both exper-
imentally and theoretically. We see that the larger LO phonon
frequency and lower dielectric constant in the MA-based films
effectively reduces its G, value compared to that of FAPbBr;.
Our second observation, where G, is almost constant with
the increase of carrier pump density, suggests that the rate of
energy transfer from the HC to the lattice remains more or
less unchanged over a broad range. Since the total pumped
energy increases linearly with the increase of pumped car-
rier density, the steady G, value implies a monotonic growth
in the HC cooling time. This is confirmed by our reported

(c)

T T T T T T T T 600 T T ! T
1.2 1l - ]
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Figure 4. DFT calculations of electron-temperature-dependent a) electron heat capacity C,, b) EPC coefficient G, and c) electron-phonon scattering
time 7., for MAPbBr; (no symbols) and FAPbBr; (square symbols), respectively, with the temperature ranging from 700 to 1700 K.
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carrier-density-dependent linearly increasing carrier cooling
time (from thermalization down to 400/600 K) in Figure S17
(Supporting Information). It is also consistent with results
from Hopper et al., where the intra-band carrier cooling time
linearly ascends from =0.1 to =0.8 ps with growing carrier den-
sity in various HOIPs via pump-push-probe measurement.l?->%

3.2. The Anomalous Dependence of Electron Temperature
with Carrier Density

For the second part of our study, we report an “S” shape in
the initial temperature versus carrier density. In region I of
Figure 3a, the gradual increase of carrier density causes a small
increment in HC initial temperature while pumped with a con-
stant excess energy to the band edge. In such low carrier den-
sities, the phonon density should be sufficiently low that the
hot-phonon bottleneck is insignificant to delay carrier cooling
(n < 10 cm™3).1% However large polarons (covering =10 x unit
cell dimensions) that form from HCs,”! can result in efficient
screening of the Coulomb potential in HOIPs. This polaron
model has been shown to describe the large increases in dielec-
tric constants in the high frequency THz range due to activa-
tion of PbX;~ LO phonons.'®>3 The large dielectric constant
helps to screen events involving Coulomb interaction such as
carrier-phonon scattering.>¥l Therefore, with the growth of car-
rier density, the average screening effect is expected to increase
for the HCs, to which we ascribe the observed small rise in car-
rier initial energy (i.e., region I).

As the density of polarons increase, we see that the HCs ini-
tial temperature decreases with further pump density as indi-
cated in region II of Figure 3a—d. This effect has previously been
discussed and attributed to the destabilization effect induced
by mutual repulsion of polarization clouds.®>° The polaron
destabilization will undermine the large polaron “shield”
against carrier-charged-defect and carrier-phonon interactions,
resulting in the opposite trend of the carrier-density-related ini-
tial temperature. We point out that the peak between regions
I and II in Figure 3a—d could be due to the onset of the large
polaron overlap, at carrier densities 1.66 x 10'® cm™ in MAPDI;,
1.50 x 10'® cm™ in MAPbBr;, 0.68 x 10"® cm™ in FAPDbBrs,
and 0.19 x 10" cm™ in Csgg5(FAgssMAg.15)0.95Pb(lo.s5BT0.15)3-
According to Frost's model, if “overlap” is simply defined as
when polarons “touch”, the maximum polaron radius rp can be
estimated via the critical overlapping density n,/2%

1o 2(255)’ (2)

o

where a factor of 2 is included for capturing both hole and elec-
tron polarons. The estimated polaron radius using Frost’s model
is shown in Table S2 (Supporting Information) and in reason-
able agreement with literature reported values. This polaron
radius spans over several unit cells, consistent with the large
polaron picture.”) Notably, the polaron radii of the FA-based and
the mixed cation perovskite are significantly larger. Such dif-
ference may be attributed to comparatively weaker polarization
in FA samples judging from Zhu et al. TR-OKE plots, where the
signal of organic cations’ liquid-like re-orientational motion
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which results in large polaron formation and thus the Coulomb
screening in MA cation films is stronger than in the FA.IV]

With further growth in carrier density, the increasing trend
in initial temperature once again dominates via the hot-phonon
bottleneck effect as depicted in region III of Figure 3a—d. The
minimal value between regions II and III here signals a change
in the predominant effect which retards the HC cooling, from
dynamical screening being destabilized and the hot-phonon
bottleneck. In the polaron generation model, following photon
excitation, the charge carriers will form large polarons covering
multiple unit cells. Suppose that the pumped carriers become
densely packed such that there is significant interaction imme-
diately after photo-generation. A transition in the state of the
material in this time scale can occur described as the phenom-
enological critical Mott density.’®! The Mott density quantita-
tively characterizes the transition from an insulating exciton
gas at lower carrier concentrations to a metal-like state of an
electron-hole plasma at higher concentrations during the very
initial generation of the carriers.””) The three carrier density
regimes are illustrated in a schematic in Figure 5. Taking the
minimum point in our plots in Figure 3a—d, the Mott densities
extracted are: 3.99 x 10'® cm™ in MAPDI;, 2.50 x 10® cm™ in
MAPDbBr3;, 1.81 X 10"® cm™ in FAPbBr;, and 0.50 x 10® cm™
in Csg05(FA9.8sMAg15)0.95PD(Io 85Bro.15)3). Using these values, we
attempt to estimate the Bohr radius and exciton binding energy
by applying Edward’s model and Haug—Schmitt-Rink’s (HSR)
model that describes the nonmetal-metal transition with uni-
versal applications detailed in Note S8 (Supporting Informa-
tion). As summarized in Table S2 (Supporting Information),
our estimated values of the Bohr radii for MAPDI;: 1.64 nm,
MAPDBr;: 1.92 nm, and FAPDbBr;: 2.13 nm show reasonable
consistency with reported results.

The smaller Mott density found in the FA-based and mixed
sample results in a larger calculated Bohr radius. As for the
exciton binding energy, values reported in the literature cover a
broad range from 2 to 55 meV in MAPbI;,P*%% and from 40.3
to 150 meV in MAPDBr3,P896162 with more recent reports
suggesting lower values due to more sophisticated calculation
models and higher-quality samples.®) Our exciton binding
energy of MAPDI;: 16.9 meV and MAPDBr;: 36 meV is in agree-
ment with more recently reported results. We also estimate the
exciton binding energy in FAPbBr;: 9.3 meV and the Bohr radius
of Csg.05(FAp85MAg15)0.95Pb(Lp.85B10.15)3: 3.28 nm (details in Table
S2, Supporting Information), which has had fewer reports. In
comparison to the density-dependent time-resolved PL spectros-
copy which was previously used to study the Mott transition, 64
we show that by analyzing the HC initial temperatures, not
only the transition process but the polaron size, Bohr radii and
exciton binding energy can also be simultaneously determined.

It is clear that the major applications of HCs strongly depend
upon prolonging cooling lifetimes that can benefit the effi-
cient HC extraction in high-efficiency solar cells development.
In conventional semiconductors, it still remains a challenge
to materialize slow HC cooling even in strongly quantum-
confined system due to the emergence of additional relaxation
pathways including Auger energy transfer from the hot elec-
trons to the dense hole states, atomic fluctuations, and defect
trapping offsetting the enhanced phonon bottleneck effect.!
However, in weakly quantum-confined HOIP NCs, Sum et al.

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

(a) Low fluence

¢

Isolated large
polaron screening

Exciton gas

(b) Medium fluence

Polaron overlap

Exciton dissociation

(c) High fluence

OW

Hot-phonon bottleneck

Electron-hole plasma

www.advenergymat.de

Phonon emission

cw;
VAV

Figure 5. Dominant cooling mechanism and microscopic physical process involved at different carrier density. a) Isolated large polaron screening
effect at low carrier concentration; b) large polaron destabilization induced by overlapping effect at medium density, where the Mott nonmetal-metal
transition from insulating exciton gas to the metal-like electron-hole plasma takes place; c) hot-phonon bottleneck effect pumped at high fluence,
where materials show metal-like properties induced by electron-hole plasma.

reported that the absent hole manifold can retain the intrinsic
phonon-bottleneck effect, demonstrating unparalleled supe-
riority compared to the bulk counterparts and traditional
semiconductors. Much slower cooling (up to =30 ps) can be
achieved in colloidal MAPbBr; NCs at above =10 cm™ due to
enhanced Auger reheating effect, while the abovementioned
additional competing relaxation pathways are shown to be
effectively suppressed. Meanwhile, the efficient acoustic-optical
phonon up-conversion can also retard the rapid cooling by
reheating carriers via recycled thermal energy. Yang et al. based
their theory in FAPDI; bulk film on the formerly reported
classification of low-energy optical-like “hybrid phonon” in a
thermally insulating 2D multiferroic perovskite-like system
(C¢HsCH,CH,NHj3),CuCl,[%] They discovered that the better
overlapping phonon branches by organic cations, stronger
acoustic phonon localization and lower thermal conductivity
can help enhance the up-transition of low-energy phonon
modes, thus prolonging the cooling to even over 100 ps.®l We
base our theory on HOIP bulk systems; nevertheless, given
the ultra-long HC cooling in the lower dimensional quantum-
confined HOIP structures, future efforts are needed for deci-
phering the competitive effects among the aforementioned
carrier-density-dependent enhanced mechanisms.

In conclusion, we report a method of extracting EPC coef-
ficients of perovskite thin films directly by using transient
absorption spectroscopy. HC cooling dynamics of HOIPs are
analyzed by fitting with a simplified TTM to determine the EPC
coefficients. The values are reported for MAPDbI;, FAPbBr;, and
MAPbBr3;, and found to correlate well with their respective HC
cooling rates. In addition, DFT calculations are performed in
order to theoretically obtain the EPC coefficients, which are
consistent with our experimental values. Through analysis of
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the carrier temperatures versus pump fluence, we report an
interesting “S” shape relationship where we identify the onset
of large polaron overlap and also determine the Mott density.
Our result provides a clear comparison between some of the
past contradictory experimental results, putting competitive
HC cooling mechanisms in HOIPs into perspective. The com-
prehensive understanding of the cooling mechanisms will lay
the foundation for effective exploitation of the slowed-cooling
properties, helping to accelerate the development of prospective
high-performance photovoltaic devices.

4. Experimental Section

Details of sample fabrication methods are provided in note S9 of the
Supporting Information. Absorption of the thin MAPbBr3;, FAPbBr3, and
MAPbI; was measured by UV-vis spectroscopy using a PerkinElmer
LAMBDA 900. Transient absorption measurements were carried
out using a home-built pump probe setup. Time integrated PL was
performed with excitation with a 405 nm diode laser, ready to be
collected and analyzed with a CCD integrated spectrometer. See Note
S10 of Supporting Information for details.
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Supporting Information is available from the Wiley Online Library or
from the author.
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