communications
physics

ARTICLE (B crock o pstes

https://doi.org/10.1038/s42005-022-00966-4

Tracking carrier and exciton dynamics in mixed-
cation lead mixed-halide perovskite thin films

Qing Chang1'5, Di Bao'?, Bingbing Chen?, Hongwei Hu?3, Xiaoxuan Chen', Handong Sun 1 Yeng Ming Lam?,
Jian-Xin Zhu® 4, Daming Zhao 184 & Elbert E. M. Chia® '™

Mixed-cation lead mixed-halide perovskites simultaneously possess structural stability and
high power conversion efficiency. A thorough study of both carrier and exciton dynamics is
needed to understand the photophysical properties that underpin its superior photovoltaic
performance. By utilizing a broadband transient absorption spectroscopy, we observe the
carrier and exciton dynamics in a FAg g5Cso15Pb(lg.97Brg 03)3 (FCPIB) perovskite by simul-
taneously resolving the carrier and exciton contribution to the transient change of the
absorption spectra, from which the carrier density and exciton oscillator strength can be
determined. Our data reveal a quick and significant conversion of the photogenerated carriers
to excitons, on top of the usual carrier recombination process. Moreover, the decay of carrier
density shows a change of kinetics from a second-order recombination at high pump fluence
to a third-order recombination at low pump fluence. Our analysis utilizes band anharmonicity,
presents an independent determination of electronic temperature and quasi-Fermi energy,
and reveals an interesting interplay among the processes of carrier cooling, exciton forma-
tion/decay and carrier recombination, all as a function of time after photoexcitation. Our
work demonstrates the use of pump fluence as a knob to tune the relative populations of
carriers and excitons in halide perovskite materials.
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coefficient!2, long and balanced electron and hole diffu-

sion lengths3, and slow hot-carrier cooling due to hot-
phonon bottleneck?, that make them excellent solar cell
materials. This family of perovskites has been extensively stu-
died in the field of photovoltaic®~19, light-emitting diodes
(LEDs)!112) and lasing!3!4. Single-junction perovskite solar
cells (PSCs) exhibit world-record power conversion efficiency
(PCE) of up to 25.5% (see “https://www.nrel.gov/pv/cell-
efficiency.html” for National Renewable Energy Laboratory.
Research Cell Record Efficiency Chart. https://www.nrel.gov/
pv/assets/pdfs/best-research-cell-efficiencies.20200406.pdf). At
the present time, mixed-halide perovskites can easily deliver
high PCE over 20% and long-term stability against degradation
by light, water, or air!>-18, e.g., formamidinium-lead-halide-
based perovskites exhibit both high-efficiency PCEs of 22.1%
and long-term stability!®.

Simulations of free charge fraction over the total excitation
density by D’Innocenzo et al. showed that, under photovoltaic cell
operating conditions (e.g., at room temperature and low excita-
tion density), the fraction approaches one, ie. the photo-
generated excitons are fully ionized into free carriers, while the
fraction decreases with increasing excitation density, indicating
increasing amounts of exciton populations?. An open question
is, upon photoexcitation, what happens to the photogenerated
carriers—do they cool, recombine, or become excitons? Knowing
the relative strengths of the processes of carrier cooling, carrier
recombination and exciton formation, and their respective
timescales, especially in the first few picoseconds after photo-
excitation, will allow us to control and optimize the carrier and
exciton populations of these perovskite materials for different
applications such as solar cell or light-emitting diodes.

Pioneering transient absorption (TA) works®#21-23  have
uncovered key parameters, such as the time evolution of the
carrier temperature after photoexcitation. However, in these
reports, the time evolution of the carrier density, exciton density
or bandgap have not been resolved. A proper analysis of TA
spectra should yield carrier and exciton dynamics all within
one self-consistent picture. In our work, we studied the
FA 35Cs0.15Pb(I.97Bro03)3 (FCPIB) perovskite and disentangled
the exciton contributions from the free carrier ones by using a
broadband white-light probe (1.5-2.0 eV). Our data showed that,
shortly after photoexcitation, the photogenerated electrons cool to
the conduction band (CB) edge, and holes to the valence band
(VB) edge. Thereafter, some recombine via carrier recombination,
while others become excitons. Our analysis enables us to track the
time evolution of both carrier and exciton density, as well as the
carrier recombination kinetics. Our work thus demonstrated the
roles of both excitons and carriers in the photovoltaic properties
of these FA-based perovskite materials.

L ead halide perovskites exhibit properties of large absorption

Results and discussion
Steady-state absorption spectra. The steady-state absorbance
spectra (Fig. la) exhibit an absorption onset at~1.6eV and a
monotonic increase with photon energy. These features agree
with reports on the same compound?* and their relatives
(MAPbDI;)%°. Yang et al. employed a detailed model, based on
Elliot’s theory?®, to analyze both the steady-state and transient
absorption spectra, assuming both the conduction band and
valence band possess parabolic dispersion®27. Thereafter, many
works follow the same parabolic-band assumption in their fits to
steady-state absorption, and subsequent transient absorption data
analysis?1-22.

However, Saba et al.282% revealed that the steady-state
absorption spectra should be fitted by introducing a nonparabolic

factor, especially for photon energies well above the bandgap.
Accurate fits to steady-state absorption spectra are crucial in
analyzing subsequent transient absorption data, since the
extracted fitting parameters are fixed in fitting the photoinduced
spectrum change. Here, we employ Elliot’s formula as well as
introducing a nonparabolic band?%*8-30, using

A(hw) = Agc(hw) + Agc(hw), (1)

where the carrier contribution (CC) term is

21\ /Byl [® - E—E
Acelhe) = 4, TV 01 / sech (h“’ E) WE-B)
ho T Jg, r 1-— exp<—2ﬂ i)

(@)

and the exciton contribution (EC) term is

271, 3/2 1mac=7 1 hw — E, + E, /*
mhy " 2 ~ sech g—b/] G
ho T j=1 j r

Apc(hw) = A,

where the prefactors A; and A, are proportional to the transition
dipole moment, E, is the bandgap, E, is the exciton binding
energy, (E; — Ey/, /i2) is the energy of the jth excitonic state with iy
for cutoff (We chose jax = 7, which is high enough to account for
all the excitonic contribution to the absorption spectrum), the Ez/ :
in the EC term arises from the coupling between the wavefunc-
tions of an electron and a hole3!, T is the exciton bandwidth and
E(E — Ey) = 1+ 10R(E — E,) 4 126R*(E — E,)’ is to account for
band nonparabolicity effect with R being the nonparabolic
factor2?. Using the nonparabolic term described in Eq. (1) enables
us to fit the data over a wide range of photon energies from 1.5 to
2 eV (see Fig. 1b). Without the nonparabolic term R, the fitting
quality is poor (see Supplementary Note 1), while the spectra can
be only well fit from 1.5 to 1.8 eV as shown in Fig. la. Including
the R terms in the fitting model improves the fit quality, increases
the energy range of fit, and also enables the fitting parameters to
be stable with respect to a slight change in the fitting range
(compare Supplementary Tables 1 and 2). A fit to the data up to
2.0eV, shown in Fig. 1b, yields E;=1.631+0.008eV and
E,=23+5meV. We then fix these extracted parameters in the
fitting model to fit the subsequent transient absorption data.

Determination of carrier temperature. We further measured the
TA spectra on FCPIB with above-bandgap (400 nm, for 2D
contour plot see Supplementary Fig. 1) and resonant (770 nm)
excitation. Figure 2a and 2c show the normalized TA spectra,
AA(hw), at representative time delays from 0.5 ps to 1 ns under
400-nm and 770-nm pump with a fluence of 83 pJ/cm?. In Fig. 2a,
a photoinduced absorption (PIA) observed below the bandgap at
short time delays (e.g., 0.5 ps) has been attributed to the presence
of additional optical transitions due to bandgap renormalization
(BGR), rather than biexciton formation32. Such feature is absent
in the TA spectra for 770-nm excitation. A large bleaching feature
at energies above the bandgap implies excited states being occu-
pied by photogenerated carriers and excitons. The probe photon
energy dependence of the bleaching yields a photogenerated
carrier energy distribution that obeys the Fermi-Dirac (FD) dis-
tribution. Under the condition of Zw > E? (quasi-Fermi energy),
the carrier distribution can be simplified to the Maxwell-
Boltzmann (MB) distribution®21, leading to the expression

AA(hw) = —Cexp (— kh‘; )7 (4)
B e

where C is a prefactor, kg is the Boltzmann constant, and T is the
carrier temperature. By fitting the high-energy tail of the data (see
Fig. 2a) to Eq. (4), we obtain T, as a function of pump-probe
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Fig. 1 Steady-state absorption spectrum measurement. Linear absorption spectra and fits a without nonparabolic and b with nonparabolic factor &. The
fitting range of a is only from 1.5-1.8 eV. O.D. is the optical density defined by —log;, (,’—;) where [ is the incident optical density and /; is the transmitted
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Fig. 2 Transient absorption spectra measurements. a Normalized transient absorption spectra with fluence of ~ 83 pJ/cm? under 400-nm pump. Red solid
lines are the Maxwell-Boltzmann fit curves by using Eq. (4). b Extracted carrier temperatures under 400-nm at different pump fluences. ¢ Normalized
transient absorption spectra with fluence of ~83 pJ/cm?2 under 770-nm pump. d Extracted carrier temperatures under 770-nm pump at different pump
fluences. The horizontal line marks the temperature of 294 K. Errors of T, are standard error that is determined by calculating the 95% confidence interval,
based on residual values and Jacobian matrix obtained from the fits to Eq. (4).

delay, as shown in Fig. 2b for different pump fluences. The 400-
nm pump results show slow carrier cooling under high pump
fluences that are consistent with previous works in this family of
perovskite materials?. In contrast, the normalized AA(hw) after
770-nm excitation shows a negligible change in the carrier tem-
perature (Fig. 2d) by fitting the data to the MB distribution
(Fig. 2¢). The negligible photoinduced change in the T, for 770-
nm pump (see Fig. 2d) is expected, as there is little excess kinetic
energy given to the electrons once they have been excited to
the conduction band. Note that the T, in Fig. 2d is slightly
higher than the room temperature value of 294K, and is the

consequence of not taking into account the transient change in
the reflection’?.

Transient changes of carriers and excitons. Next we analyze
data over the entire spectral range to extract the other parameters,
at each time delay. After photoexcitation, a transient change in
the bandgap results from BGR and state-filling, which coexist and
compete with each other33. Here we introduce a photoinduced
change in bandgap (AE,) to account for BGR, and insert a
(1 — fgp)* factor to account for state-filling effects in both the CB
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(for electrons) and VB (for holes), where fzp is the Fermi-Dirac
distribution function. The CC term is given by

AAce(hw) = Ago(By, By hw)(1 = frp)* — Acc(hw)

2Byl [ -
:f1Albl/ Sech<hwr E)

ho T E;

§(ho — By

I
1— —27 [
exp< s E7E3>
2

1 2m\/Ey1 [ ho — E
X|l——mF—— | — 4, bf/ sech< @ >
E, r

dE

e
1+ exp (—hfﬁf‘) ho T

§(ho — E,)

g 1- exp(—Zﬂ\/Ef—‘}Eg)
)

where E, = E,, + AE,,, E; = E; + AE,, f, accounts for the pho-
toinduced change in the transition dipole moment embedded in
A, (f; is found to be ~1 after pump in our fitting, so we fix f; = 1),
and (1 — fgp,)* accounts for occupied transitions by carriers, due
to the Pauli exclusion principle and characterized by the quasi-
Fermi energy E} and the carrier temperature T,.. Equation (5)
assumes (1) the electron and hole effective masses are nearly the
same, (2) a negligible photoinduced change in the nonparabolic
parameter R, and (3) T.=Ty,, where Ty is the temperature
of holes.

Next we consider the EC term. Considering the changes in Ey,
I, and E, after photoexcitation, the photoinduced change in the
EC term can be expressed as

AAgc(hw) = f,AL(EL, Efg, I, hw) — Apc(hw)

dE,

.
2m\/E, 1 7.2F, ho — E, + 2
:szzib—/Z?bsech 7}% !
ho T'j=1 j r (6)
E
21\/Ey1 7. 2E ho — E, + 2
—A, b—ZTbsech — 5 7,
ho Tj=1 j r

where I' =T + AT, and f, is the prefactor that accounts for
the photoinduced change in exciton oscillator strength3!, which
we will show later to be a strong function of pump fluence. The
prefactors A; and A, are fixed values that are obtained from the
fitting of the steady-state absorption spectrum earlier, as given in
Eq. (2) and Eq. (3).

Combining both the CC and EC terms, we then fit the TA data
AA(hw) to

AA(hw) = AAcc(hw) + AAgc(hw). (7)

During the fitting, we found that E{ and T, are dependent on
each other, ie., we can find different sets of (EJ, T.) values that
can fit the data equally well (see Supplementary Note 2). This is a
consequence of the fact that T, and E{ appear in the FD term, and
only the FD term, via the exponent in Eq. (5), and that E] will
adjust itself depending on the value of T, to yield identical fits. To
overcome the problem, since we have obtained T, from the MB
fits to the normalized AA(Aw) at high photon energies, we fix T,
(extracted from the MB fits in Eq. (4)) to obtain E(fl in the fits to
Eq. (7). In Eq. (7), by fixing the parameters T, Eg, Ey,, and T, the
fitting parameters are therefore AE,, AE,, AT, E{ and f,. We then
plot AAcc(hw) and AAgc(hw), separately, to visualize the carrier
(CC) and exciton (EC) terms at each time delay.

Figure 3 shows the CC and EC terms under 400-nm excitation
at selected time delays. At 0.5 ps, the bleaching shows a sharp
onset at 1.63 eV and a very long high-energy tail. From Fig. 3b, c,
we see that the sharp bleaching onset is contributed by both CC
and EC terms, while the high-energy tail can be attributed to the

state-filling of hot carriers described by the FD distribution. After
several picoseconds, the bleaching dip contributed by carriers
moves towards lower-energy states as the carriers lose energy
while cascading down to the bandedge, ie. carrier cooling. At
the same time, the carrier bleaching amplitude near the bandedge
becomes larger, suggesting the predominance of bandege
transitions (to both carrier and excitonic levels), which is
the result of a large number of carriers near the bandedge. At
long time delays (Fig. 3e), as carriers keep cooling down to
bandedge, the bleaching contributed by carriers moves to even
lower energies in the band but the bleaching amplitude decreases
with time delay, indicative of a smaller carrier number due to
carrier recombination. The EC term does not merely show the
change in amplitude, but also in the linewidth and energies of
lowest excitonic transitions, which we can recognize from the dip
position, as shown in Fig. 3c and f.

Quasi-Fermi energy and unusual bandgap renormalization.
From the AA fittings, we extracted the quasi-Fermi energy E{
under 400-nm and 770-nm photoexcitation, as shown in Fig. 4(a)
and (b), respectively. For 400-nm excitation (Fig. 4(a)), E?
increases from ~1.4 to 1.6 eV within the first ~2 ps. This increase
is consistent with more electrons being promoted to the con-
duction band. Thereafter, E{ decreases slowly to ~1.55 eV at 1 ns,
suggesting that even after 1 ns, there is still a significant electron
population at the conduction band minimum. On the other hand,
for 770-nm excitation shown in Fig. 4(b), the extracted E?
remains at~1.52 eV throughout (see Supplementary Note 3 for
detailed fittings). This is consistent with the very fast (<0.5 ps
timescale) and resonant absorption of the pump photons by the
valence band electrons to the conduction band minimum.

In traditional semiconductors, such as a heavily Sn-doped
In,O;, the optical bandgap increases with carrier density N34
This bandgap widening is the combined effect of Burstein-Moss
effect and bandgap renormalization, in which the latter contributes
to bandgap reduction3*3%, Walsh et al. later revealed that the
nonparabolic nature of the conduction band is a key factor of
this renormalization®3. In inorganic semiconductors such as ZnO
nanocrystals, the bandgap decreases with increasing lattice
temperature3®. However, lead halide perovskites exhibit an atypical
temperature dependence of bandgap—the bandgap increases with
increasing temperature?®37. This temperature dependence of the
bandgap in MAPbI; is attributed to both thermal expansion and
electron-phonon interactions, of which the former predominantly
contributes to the BGR38. This temperature dependence of the
fundamental gap makes the sign of photoinduced change in
bandgap uncertain—it is not entirely certain that BGR necessarily
results in a bandgap reduction in the perovskites.

Figure 4(c) and (d) show the time evolution of AE; under 400-
nm pump and 770-nm pump. In contrast to previous TA
works#21:22 our extracted AE, is positive at all time delays for all
pump fluences, implying that the bandgap increases after
photoexcitation. This is consistent with the temperature depen-
dence of the bandgap?0-37.

Carrier and exciton dynamics. After photoexcitation, part of the
conduction band (valence band) is occupied by photoexcited
electrons (holes). These filled states lead to ground-state bleach-
ing. In past reports, the time evolution of the carrier density was
obtained via time-resolved terahertz spectroscopy (TRTS)3%40,
Here we show that TA data can do the same, and thus serve as a
complimentary check to the TRTS results. With the assumption
that the electron density is equal to the hole density, the electron
density N, can be a measure of carrier density N, that is calculated
from the extracted fitting parameters Eg, Ey, E?, and T, via the
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Fig. 3 Disentanglement of carrier and exciton components. Transient absorption (TA) spectra AA(hw) for experimental data (circles) and fits (dashed
lines) (a-c) at short time delays and (d-f) long time delays for 400-nm pump. Carrier contribution [CC] term and exciton contribution [EC] term are
shown in b, e and ¢, f, respectively. AA(hw) is the transient change of the absorption spectrum at certain pump-probe time delays with respect to the
steady-state one. 7 is the reduced Planck constant and w is the photon frequency. O.D. is the optical density, as defined in Fig. 1.
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Figure 5a shows the obtained time evolution of electron densities
N for different 400-nm pump fluences. The higest pump flunece
of 83 yJ/cm? yields a carrier density on the order of 1020 cm—3 at
short time delay. The values of N, at smaller pump fluences have
the same order of magnitude as that of CH;NH;PbI; under 400-
nm pump and similar pump fluences using time-resolved THz
spectroscopy*’. By modeling the decay of the electron densities
N, by the rate equation given by —dN(f)/dt = k;N + k,N? + k3N,
we identified the carrier recombination process for different
pump fluences (see Supplementary Note 4) and found a pump-
fluence-dependent carrier recombination mechanism, that is, the
carrier recombination process undergoes a transition from
second-order for high-fluence excitation (=56 pJ/cm?) to third-
order for low-fluence excitation (<42 pJ/cm?). The insets of
Fig. 5b, c and d show the fitting curves of 83 pJ/cm? for a second-
order process and of 42 and 14 pJ/cm? for a third-order process in
the range of 20-1000 ps. A change of recombination kinetics has
been previously reported in CH;NH;PbI; perovskite film, that is
from two-body recombination at room temperature to three-
body recombination at low temperatures??. Though not in the
sense of lattice temperature, the higher pump fluences yield
higher carrier temperatures, which might explain the similar
change of the recombination kinetics for pump fluence and
temperature. The extrapolated fitting curve to shorter time delays
(see Fig. 5b) underestimates the experimental electron density.

2
hZ

2m

6

d to short time delays. Error of N, is calculated via Eq. (8) according to

This underestimation was also observed in a time-resolved THz
spectroscopy work of FCPIB?4. This discrepancy suggests the
existence of additional decay channels for the carriers at early
time delays, which we attribute to exciton formation, as will be
justified later in our discussion.

After obtaining the carrier and exciton dynamics from our fits,
we now provide a physical picture of what happens to the
photogenerated carriers, as shown in Fig. 6. After 400-nm
photoexcitation, electrons are generated in the CB. These
electrons then cascade down to the bottom of the CB via
electron-phonon interactions. At the CB minimum, there are two
possible paths for the electrons to take: (1) some electrons
recombine with holes in the VB (see Fig. 6a) via radiative or non-
radiative recombination—the recombination order (second or
third) depends on the pump fluence; (2) other electrons bind with
holes, forming excitons in the lower-lying excitonic levels via
phonon emission (see Fig. 6b). Path (2) accounts for the
discrepancy between the experimental N, and theoretical N,
extrapolated from the carrier recombination curve (solid lines in
Fig. 5b-d).

The physical picture above is substantiated by the time
evolution of the exciton oscillator strength f,. Strictly speaking,
/> is the ratio of exciton oscillator strength after photoexcitation to
that before photoexcitation, and so is a measure of the excitonic
state-filling effect. The (bound) electron and hole levels that are
already filled will not be available for subsequent electrons in the
CB (and holes in the VB) to fill them, so a small £, implies a large
excitonic state-filling effect. Taking the highest-fluence data of
83 pJ/cm? as an example, at the shortest time delays (<1 ps), f; is
already 0.25 (see Fig. 6d), i.e. much less than 1, indicating a rapid
filling of the excitonic states (see region i in Fig. 6d) and a
concurrent rapid decay of N, (see Fig. 5a). Up till ~10ps, f,
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Fig. 6 Fate of photogenerated carriers. Two possible paths of carriers to a recombine with holes in the valence band, involving (or without involving) a
third carrier, and b bind with holes, forming excitons in the excitonic levels. CB and VB mean conduction band and valence band, respectively. ¢ The time
evolution of f, at different pump fluences. d The f, evolution for 83 pJ/cm2. The inset illustrates three stages of relaxation between the free carrier band
(continuum) and the exciton level (1s level) (denoted by black arrows). The red "X" denotes the transition has been forbidden because of excitonic state-
filling effect. The orange and blue arrows denote the carrier recombination and exciton decay, respectively. Errors of f, are standard error that is
determined by calculating the 95% confidence interval, based on residual values and Jacobian matrix obtained from the fits to Eq. (7).

continues to decrease, resulting from more excitonic states being
filled, and reaches a minimum value of ~0.1 at ~10 ps (see region
ii in Fig. 6d). At ~10 ps, f, starts to increase, corresponding to the
gradual “vacating” of the previously-filled excitonic states either
via excitonic recombination or excitonic dissociation, while
carrier recombination becomes more and more dominant (see
region iii in Fig. 6d). From ~10 ps to ~1 ns, the quenched f, starts
to recover and approaches unity. At ~1ns, the other fitting
parameters also return to their pre-photoexcitation values (see
Supplementary Fig. 9).

At lower pump fluences (e.g., 14 and 28 pJ/cm? in Fig. 6¢), f; is
closer to 1, and stays at a constant value for a longer period of time
after photoexcitation. The corresponding N. is smaller in
magnitude, and does not manifest a sharp upturn at the shortest
time delays (see Fig. 5a). Nonetheless the general trend persists.
Our physical picture of the fate of the photogenerated carriers are
thus confirmed by the time evolution of N, (with its rate equation
fits) and f,. The very long (nanosecond) timescale of our carrier
dynamics is also consistent with polaron formation as reported in
other reports2441:42, At high pump fluences and short time delays,
the excitons are more strongly depleted, which suggests the use of
a high pump fluence as a knob to tune the exciton populations and
hence the carrier-to-exciton conversion efficiencies. Since the
binding energy of the excitons has to be overcome in order to

obtain free charge carriers and to make the current flow, a higher
pump fluence below the damage threshold may benefit the
performance of perovskites in photovoltaic applications.

Conclusions

We have investigated the carrier and exciton dynamics via tran-
sient absorption spectroscopy in FCPIB perovskites. By success-
fully fitting both the steady-state and transient absorption spectra
with a nonparabolic band structure, we revealed a positive pho-
toinduced change in AE,, which is consistent with the anomalous
increase of the perovskite bandgap with temperature. From the
fitting parameters, we disentangled the time evolutions of carrier
density N, and exciton oscillator strength f,, which enables us to
visualize the interesting interplay between carriers and excitons at
the bottom of the bands. By fitting carrier density N, to the rate
equation, we reveal a change of kinetics from a second-order
recombination at high pump fluence to a third-order recombi-
nation at low fluence. The underestimated N, and the decrease of
f> at short time delay suggest the existence of exciton formation.
Furthermore, the time evolution of f, provides information on
exciton formation, exciton decay and carrier recombination
processes, which extends our fundamental understanding of
photophysics in the perovksite family.
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Methods

Sample preparation. FA 35Cso 15Pb(I5.97Br0,03); thin film was grown in a solution-
based method. The perovskite precursor solution was prepared by dissolving the
precursors FAI, Csl, Pbl,, and PbBr, with respective stoichiometric ratio in a
mixed organic solvent system comprising anhydrous N,N-dimethylformamide
(DMF) and anhydrous dimethyl sulfoxide (DMSO) at the volume ratio of
DMEF:DMSO = 4:1. The z-cut substrate was cleaned with Hellmanex II solution(1%
v/v), deionized water, acetone, and isopropyl alcohol in an ultrasonic bath for

15 min, and then treated with an air plasma treatment for 15 min and subsequently
transferred to a nitrogen glove box for the deposition of perovskite films. The
perovskite film was prepared by spin-coating the perovskite solution (0.5 mol/L) on
quartz substrate at 1000 r.p.m. for the first 10 s and 4000 r.p.m. for the following
30 s. Chlorobenzene (200 puL) was dripped fast on the sample surface at 15 s before
finishing the spin-coating. Immediately, the substrate was placed on a hotplate for
thermal annealing at 80 °C for 5 min, then 120 °C for 5 min, and then 180 °C for
30 min.

Steady-state absorption spectra measurement: Ellipsometer transmission
mode. The steady-state absorption spectrum was measured using variable angle
spectroscopic ellipsometry (VASE) in the transmission mode. The film sample was
illuminated by a halogen lamp and the transmitted light was then resolved by a
monochromater and collected by a photomultiplier.

Transient absorption measurement. Transient absorption spectra were measured
using a commercial spectroscopy (Helios Fire, Ultrafast Systems, Inc.). The 400-nm
pump pulses are doubled from a 800-nm laser (Coherent Legend elite amplifier,
800 nm, 35 fs, 1 kHz, 4 mJ) using a beta barium borate (BBO) crystal. White-light
continuum source was produced by focusing the 800-nm laser pulses on a sapphire
plate. We first excite the sample with a 400-nm pulse, then use a white-light pulse
to measure the photoinduced changes in the absorption of the sample.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Code availability
The code that supports the findings of this study are available from the corresponding
author upon reasonable request.
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