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Photoinduced carrier dynamics of CsPbBrs single crystalline perovskite films were studied using
femtosecond time-resolved transient absorption (TA) microscopy with a sub-micron spatial resolution.
TA spectra of the internal area and boundary of perovskite films were obtained, respectively, and
photoinduced carrier dynamic processes including hot carrier cooling, defect state trapping and carrier
recombination were elucidated by singular value decomposition (SVD) and global fitting analysis of the
TA spectra. Compared with the internal region, excited state absorption induced by the defects at the
boundary was observed, and the shorter lifetimes of photoinduced carriers were attributed to the large
number of defect states accelerating the non-radiative recombination of carriers. This work may provide
further understanding about the influence of boundary defects on the performance of single crystalline
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1. Introduction

Perovskite, as an emerging semiconductor material,"® has
found many applications in photoelectric conversion devices,
benefiting from its unique properties of a huge light absorption
coefficient, tuneable band-gap, high carrier mobility, long
diffusion distance, high defect tolerance, high photoelectric
conversion efficiency and so on.*”” Compared with the com-
monly used polycrystalline perovskite films, a single crystal as a
whole has exactly the same lattice structure, and suffers less
from the effect of grain boundaries between crystalline grains
and the high-density defects on the grain surface. Therefore,
scattering and trapping are less likely to happen, and the
photoinduced carriers can diffuse for a longer distance and
have a longer lifetime.® For this reason, single crystalline
materials are expected to be more suitable for fabricating
photovoltaic and light emitting devices,” " yet in fact, poly-
crystalline materials are used more widely in these devices with
high conversion efficiencies.”>™** One reason for single crystal-
line perovskite films being rarely used is that they are difficult
to grow over a large area for the fabrication of devices."*'® On
the other hand, the photovoltaic efficiency of single crystalline
perovskites is not as high as expected, which could be due to
the large concentration of defects on the surface and at the
boundary of the single crystal.”” >
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Previously, some works have been done to study the effects
of defects in single crystalline perovskites on the photoinduced
carrier behaviours and device efficiency. Bekir and co-workers
proved by simulation that,>* when the defect state concen-
tration on the surface was reduced as much as possible, the
device efficiency was easier to get close to the ideal state being
free of defects. Zhu and co-workers found that when the
thickness of single crystalline perovskite films decreased, the
defect state concentration was increased and the fluorescence
lifetime became shorter.>® Using time-resolved photoemission
electron microscopy (TR-PEEM), Liu et al. detected the photo-
electron dynamics, and found that there were inhomogeneous
and dense deep defect states on the surface of perovskites.”*
These research studies indicate that there is a high concen-
tration of defect states on the surface and boundary of single
crystalline perovskite films, which could have a serious impact
on the performance of materials and devices.”> >’ Although, the
methods mentioned above have been used to demonstrate the
influence of defect states on carrier dynamics and device
efficiency, the competition between the carrier dynamics intro-
duced by defects and those that benefit optoelectronic conver-
sion has not been demonstrated directly.

Femtosecond time-resolved transient absorption (fs-TA)
spectroscopy has been demonstrated to be a powerful method
to study the complex behaviours of photoinduced carriers
taking place in semiconductors, including hot carrier cooling,
defect state trapping, carrier recombination and so on.?®*° In
conventional fs-TA technology, the pump and probe beams are
usually focused into the sample using a lens, and the spot size is
about tens of microns. Therefore, the measured TA spectra are
the ensemble averages of all samples in the whole irradiation

This journal is © The Royal Society of Chemistry 2023
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area, and the detailed information related to the inhomogeneity
of the sample, such as elements and morphology nonuniformity,
can’t be extracted directly. To study the carrier dynamics of
micro-scale samples, a fs-TA microscopy (fs-TAM) technique with
high spatial resolution is developed, in which the pump and
probe beams are focused to a sub-micron area using an objective
lens.*’* From the fs-TAM measurements, photoinduced carrier
dynamics in different regions of perovskite films might be
distinguished, and their influence on the optoelectronic perfor-
mance of the device could be unveiled.**

Here, we studied the photoinduced carrier dynamics of
CsPbBr; single crystalline perovskite films, using a home-built
fs-TAM system with a spatial resolution of about 650 nm. The
400 nm laser beam with a pump fluence of 24.11 pJ em™2 and
supercontinuum probe light were focused onto the internal and
boundary of perovskite films, respectively, and the TA spectra at
both regions were acquired. Through singular value decomposi-
tion (SVD) and global fitting analysis, photoinduced carrier
dynamic processes including hot carrier cooling, defect state
trapping and carrier recombination were elucidated. Compared
with the internal region, photoinduced carriers at the boundary
showed shorter lifetimes, which could be due to the large
number of defect states accelerating the non-radiative recombi-
nation of carriers. Besides, an additional transient absorption
induced by the dense defects at the boundary was observed.
Findings of the study may help to understand the influence of
defects in single crystalline perovskite materials on the photo-
physical properties of carriers, and provide guidance for opti-
mizing device performance.

2. Results and discussion

Single crystalline perovskite (CsPbBr;) films were prepared by
the space-limited method as described in the literature.*® The
specific process is described in the Experimental Methods.
First, the morphology and chemical properties of the film were
characterized. Fig. 1(a) shows the scanning electron microscope
(SEM) image of the sample. The sample shows a large size (tens
of microns), as well as a smooth and clean surface, which could
be due to slow crystallization assisted by the anti-solvent
diffusion process. The internal and boundary regions tested
in the experiment were marked with red dashed boxes. As
displayed in the atomic force microscope (AFM) image in
Fig. 1(b), the thickness of the film is estimated to be about
450 nm and the surface flatness is good. Fig. 1(c) shows the
multi-element mapping images and the Energy Dispersive
Spectroscopy (EDS) element analysis results. The element distribu-
tion is uniform and the calculated element content ratio of the
sample is about Cs:Pb:Br ~ 14:19:67, which is in accordance
with the element ratio of the CsPbBr; perovskite. Fig. 1(d) shows
the photoluminescence spectrum (PL) of the sample with the peak
centred at 530 nm, being consistent with some previous results.*>

To study the carrier dynamics of micro-scale samples,
fs-TAM measurements with high spatial resolution were per-
formed by focusing the pump and probe beams in the
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Fig. 1 (a) SEM image of a single crystalline CsPbBrs film, (b) AFM char-
acterization results, (c) element mapping images, and EDS analysis and
(d) the PL spectrum of a single crystalline CsPbBrs film.

micro-region of the sample using an objective lens. Firstly,
the internal region was studied and the experimental results
are shown in Fig. 2. We conducted tests in six random locations
at the internal region under the same experimental conditions,
and these experimental results are displayed in Fig. S1 of the
ESLt

Fig. 2(a) shows the pseudo colour diagram of the TA signal
acquired at the internal region of the CsPbBr; film. We can
easily find that there are three obvious signal bands in the
figure, namely, the negative absorption signal with a central
wavelength of 515 nm (PB1), the first positive absorption signal
with a central wavelength of 530 nm (PA1) and the second
positive absorption signal with a central wavelength of 495 nm
(PA2). Among these signals, negative PB1 and positive PA2
signals exist for a long time, while positive PA1 exists only for
a few picoseconds, as shown by the temporal evolution of
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Fig. 2 (a) Two-dimensional pseudo colour diagram of TA spectra
acquired at the internal region of the sample, (b) typical TA spectra at
different delay times, (c) comparison of dynamic processes of PAl and PB1
signals, and (d) dynamic processes of PAl and PB1 signals within
5 picoseconds.
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several typical spectra (Fig. 2(b)). We attribute the PB1 signal to
the photo-induced bleaching of the ground state because the
corresponding wavelength is close to the bandgap of the
CsPbBr; perovskite (~2.4 €V),*®*” while the PA1 signal is
assigned to the hot carrier induced bandgap renormalization
effect as this signal only exists for an extremely short time and
is located at the red shift of the ground state bleaching
signal.*®*? As for signal PA2, it comes from the absorption of
probe photons by electrons at the lowest energy level in the
valence band after pump light excitation, thus locating at the
nearest blue shift region of the ground state bleaching signal.*”

In our experiments, the Gaussian distributed pump light
could induce the nonuniform excitation in the irradiation area.
As the TA signal was extracted from the probe light passing
through the pump light irradiation region, the collected TA
signal was the ensemble average of the whole interaction region
in the sample. To avoid the density average effect caused by the
nonuniform excitation of the pump light, only the probe light
interacting with the central part of the pump light was col-
lected. Pump fluence dependent TA spectra were also obtained
to rule out the possible nonlinear effect caused by the intense
pump light. Fig. S2 of the ESIf shows TA signals obtained at
different light injection carrier concentrations, and the TA
signal intensity as a function of the pump excitation is given
in Fig. S3(a) and (c) (ESIf). The results indicate that the
influence of the density average effect and nonlinear response
in the experiments can be negligible.

Fig. 2(c) shows the temporal behaviour of the PA1 and PB1
signals. By comparison, we can find that there is an unusual
phenomenon in the dynamics of PB1, as indicated by the red
circle marker. At the beginning of the relaxation, there is a fast
decay process, which shows a significantly different trend to the
subsequent relaxation process. We speculate that this is caused
by the decay of the hot carrier generated bleaching signal which
is covered in the PB1 signal band. We can also see that due to
the overlapping with the PB1 signal, the intensity of the PA1
signal finally decreases to a negative value. Fig. 2(d) rescales the
time within 5 picoseconds to show more clearly how these two
signals interact with each other. As indicated by the grey
shaded region, the signal intensity of PA1 decreases while the
intensity of PB1 increases, indicating the transition between
both signals. Therefore, due to the mutual overlap of signal
wavelength ranges, we can not obtain independent informa-
tion, such as the energy state of carriers and their lifetimes. In
order to separate these independent carrier physical processes
and extract the corresponding information, it is necessary to
conduct global fitting analysis*®*" for the TA spectra.

By carrying out singular value decomposition (SVD) and
creating a fitting model, we got the global fitting results as
shown in Fig. 3(a) and (b). Fig. 3(a) shows the decay associated
spectra (DAS), which provide information on the number of
species and the corresponding characteristic TA spectra.
Fig. 3(b) shows the change of species population relative to
time, from which we can obtain the lifetime of each species and
the mutual evolution process between them. In our results,
three species are found as shown by the black line, the red line
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Fig. 3 Global fitting results of TA spectra acquired at the internal region of
the sample, (a) decay associated spectra (DAS), (b) species population
evolution versus time, TA spectra of hot carriers (c), cooled carriers (d) and
trapped carriers (e) extracted from global fitting results, respectively, and
(f) overall TA spectra reproduced from global fitting results.

and the blue line, and their lifetimes are 522 fs, 304 ps and 1.94
ns, respectively. Considering the evolution between them, the
three species can be attributed to hot carriers, carriers cooled to
the bottom of the conduction band, and carriers trapped by
defect states. The TA spectra of each species can be indepen-
dently extracted by multiplying the data in Fig. 3(a) and (b) in
matrix form. Fig. 3(c)-(e) represent the extracted TA spectra of
hot carriers, cooled carriers, and trapped carriers, respectively.
Furthermore, the overall TA spectra can be reproduced by
summing them and the result is shown in Fig. 3(f). This
reproduced result shows good agreement with the experimental
data displayed in Fig. 2(a), indicating the high reliability of the
global fitting.

Based on the global fitting results of TA spectra, the evolu-
tion of the photoinduced carriers can be deduced. As shown in
Fig. 3(a) and (b), the first species (represented by the black line)
produces a positive absorption signal and a negative absorption
signal at the shorter wavelength region, and the signals last for
about 3 ps. Considering that the photon energy of the 400 nm
pump light is greater than the bandgap, the energy of the
excited electrons is higher than the bottom of the conduction
band, and their temperature is higher than the lattice. Elec-
trons with this characteristic are usually called “hot carriers”.
The lifetime of hot carriers is extremely short, usually within
hundreds of femtoseconds to a few picoseconds, which is
consistent with 522 fs of our fitting results. To illustrate the
energy state and dynamic process of carriers, a physical
model*®** scheme is given in Fig. 4. Hot carriers are formed
after the electrons in the valence band absorb the pump photon
energy and transit to the conduction band (red-to-orange
shaded region). Due to the occupation of high energy states
and the bleaching of the valence band, this hinders the further
absorption of photons with corresponding wavelengths in the
probe light, inducing a negative absorption signal in the TA
spectra. Meanwhile, at high excitation density, the screening
effect caused by the exchange and correlation relationship
between hot electron-hole pairs will reduce the energy of
perovskite films and make the lowest energy level of the valence

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Physical model of carrier transition and relaxation process at the
internal region.

band and conduction band shift. Besides, the nonuniform
distribution of free carriers could introduce the band tail states,
causing the disturbance of the valence and conduction band
edge. These effects may lead to the renormalization of the
bandgap and make the bandgap shrink (as indicated by the
dashed parabolic line in Fig. 4), which has been theoretically
and experimentally studied in semiconductors such as transi-
tion metal dichalcogenides, perovskites, and some traditional
semiconductors.**™*® The transition between the new band
edges produced by bandgap renormalization leads to a positive
absorption signal in the TA spectra.

After undergoing the relaxation process with a lifetime of
522 fs, hot carriers release extra energy to the lattice and
gradually cool down to the bottom of the conduction band (blue
shaded region). Corresponding to the second species in
Fig. 3(b), the intensity of the black line decreases while the
intensity of the red line increases. Therefore, the species repre-
sented by the red line is assigned to cooled carriers. This species
will also produce a bleaching signal, which prohibits the
transition from the top of the valence band to the bottom of
the conduction band, that is, ground state bleaching. As dis-
cussed above, the ground state bleaching will be sandwiched
between the negative absorption signal and the positive absorp-
tion signal caused by hot carriers. One part of the cooled carriers
recombines with the holes in the valence band by radiating
photons, with a lifetime of 304 ps, and the other part is
transferred to the defect states and trapped. The species of
the trapped carriers is represented by the blue line, which
generates the bleaching signal because the valence band is still
partially depopulated. It can be deduced from the kinetic curve
that the trapped carriers gradually increase in the process of
cooled carrier reduction, and then return to the ground state
through the non-radiative recombination process with a lifetime
of 1.94 ns. So far, the evolution and dynamics of photoinduced
carriers including hot carriers, and recombination and transi-
tion of cooled carriers have been clarified by global fitting of the
TA spectra in perovskite films. This forms the basis of carrier
dynamics in the boundary region of the film as discussed below.

Under the same experimental conditions, we carried out a
TAM test at the boundary region of single crystalline perovskite

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Two-dimensional pseudo colour diagram of TA spectra
acquired at the boundary region of the sample, (b) typical TA spectra at
different delay times, (c) comparison of dynamic processes of PA1, PB1 and
PA3 signals, and (d) dynamic processes of PA1, PB1 and PA3 signals within
5 picoseconds.

films to characterize the difference with the internal region.
Multiple experiments were also conducted at different sites of
the boundary region, and the results are shown in Fig. S4 of the
ESLt Fig. 5(a) shows the pseudo colour diagram of the TA
signal acquired at the boundary region of single crystalline
perovskite films. The evolution of several typical spectra at
different delay times is shown in Fig. 5(b). We can see clearly
that in addition to the basic characteristics of the TA spectra
acquired at the internal region, there is an additional broad-
band positive absorption signal (PA3) ranging from 550 nm to
650 nm. As presented in Fig. S5 (ESIt), by comparing the
normalized TA spectra of the boundary region with the internal
region at the same time delay, it is obvious that the positive
absorption signal at the boundary region is significantly stron-
ger than that at the internal region, indicating that carriers
undergo a more complex dynamic process at the boundary.

Pump fluence dependent TA spectra were also acquired at
the boundary region and the results are shown in Fig. S6 (ESIT).
The signal intensity is also linear to pump excitation as
presented in Fig. S3(b) and (d) (ESIt). From the steady-state
absorption spectra and the change of transmitted light inten-
sity with the incident light intensity of the pump light as given
in Fig. S7 and S8 (ESIt), we further confirm that the sample has
a strong absorption at 400 nm, and maintains a linear absorp-
tion to the pump light within the range of the fluences used in
the experiments.

In Fig. 5(c) and (d), we compared the dynamics of PA1, PB1
and PA3 signals. We can see that PB1 and PA3 share almost the
same evolution process. This means that the carriers generat-
ing the PB1 signal also contribute to the PA3 signal. As
discussed above, the PB1 signal band contains negative absorption
signals generated by cooled carriers and trapped carriers. Con-
sidering that there are a large number of different kinds of
complex defect states at the boundary, the PA3 signal may be
partly from the transition of the cooled carriers to the defect states,

J. Mater. Chem. C, 2023, 1, 3736-3742 | 3739
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Fig. 6 Global fitting result of TA spectra acquired at the boundary region
of the sample. (a) Decay associated spectra (DAS), (b) species population
evolution versus time, TA spectra of hot carriers (c), cooled carriers (d) and
trapped carriers (e) extracted from global fitting results, respectively, and (f)
overall TA spectra reproduced from global fitting results.

and partly from the intra band absorption of carriers trapped by
the defect states. Therefore, the energy levels of the defect states
may cover a wide range, and the structure is very complex. This
phenomenon has not been observed in the internal region, which
may be due to the fewer defect states in the internal region.

Global fitting analysis was also carried out on this set of data
as shown in Fig. 6. Fig. 6(a) and (b) show the DAS result and
population evolution process. The time components are 384 fs,
248 ps, and 1.51 ns for hot carriers, cooled carriers and trapped
carriers, respectively. These timescales are shorter compared to
those acquired at the internal region, which may be attributed
to the large density of defects at the boundary providing more
additional channels for carrier relaxation and accelerating the
recombination process. Fig. 6(c)—(f) show extracted TA spectra
of each species and the overall spectra, which also show good
agreement with the experimental data. From the extracted TA
spectra of cooled carriers and trapped carriers displayed in
Fig. 6(d) and (e), we can see that both kinds of carriers cause
broadband absorption in the long wave direction, which is
consistent with the results discussed above.

Based on the global fitting results of the boundary region data,
we also proposed a suitable physical model to describe the carrier
dynamics process at this region of single crystalline perovskites, as
shown in Fig. 7. When the hot carriers have cooled to the bottom of
the conduction band, some carriers are trapped by the defect states,
and the others recombine with the holes in the form of radiation.
The difference from the carrier dynamics at the internal region is
that the carriers trapped by the defect states can also absorb the
energy of the probe light forming an intra-band transition. By fs-
TAM measurements and global fitting analysis in different areas of
perovskite films, the influences of defects in the crystal on the
carrier dynamics are clarified.

3. Experimental methods
Preparation of CsPbBr; perovskite single crystalline films

4.5 mmol caesium bromide (CsBr, 99.9%, Meryer) and 4.5 mmol
lead bromide (PbBr,, 99%, Meryer) were dissolved in 10 ml
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Fig. 7 Physical model of carrier transition and relaxation process at the
boundary region.

dimethyl sulfoxide (DMSO, 99.9%, Aladdin) in ambient air and
stirred at 50 °C until the solution became transparent. The
cooling precursor solution was titrated with 11 ml acetonitrile
(MeCN, >99.9%, Aladdin) and then stirred for 24 h at 50 °C.
After that, supernatant liquid was filtered with poly tetra
fluoroethylene (PTFE) 0.2 pm pore-size syringe filters for crystal
growth. 10 pl saturated solution was dropped between two
clean quartz substrates. The two substrates with precursor
solution were clamped to apply pressure uniformly and then
were placed in a sealed container filled with 10 ml MeCN at
40 °C for 12 hours. With the slow diffusion of MeCN vapor into
saturated precursor solution, CsPbBr; single crystalline films
were achieved on quartz substrates.

Femtosecond transient absorption microscopy setup

The femtosecond laser light source we used was output by a
Ti:Sapphire femtosecond laser amplifier (Coherent, Libra), with
a central wavelength of 800 nm, a pulse width of 50 fs and a
repetition frequency of 1 kHz. A beam splitter was used to
divide the light source into two, one of which was used to excite
a B-BBO crystal generating the second harmonic with a central
wavelength of 400 nm. The other beam was focused into
sapphire to generate white light supercontinuum (WLC)
through self-phase modulation as the probe light. Then the
pump light and probe light overlapped spatially through a
dichroic mirror (Thorlabs, DMLP425), and were focused on
the sample using a 20x objective lens (Olympus). The laser
passing through the sample was collimated wusing a
10x objective lens (Nikon) and the pump light was filtered
using a long-pass filter with a cut-off wavelength of 450 nm
(Thorlabs, FEL0450). Considering the Gaussian distribution of
the pump light, to avoid the density average effect induced by
the nonuniform excitation, an aperture was placed after the
sample and only the central part of the probe beam was
collected using the collimating lens. The probe light was then
received using a spectrometer (Avantes). By adjusting the delay
time between the pump and probe pulses, TA spectra ranging
from 475 to 750 nm were recorded. The time resolution of the
probe light is characterized by optical Kerr gate technology, and
the results are shown in the ESI,{ Fig. S9.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2tc03632k

Published on 09 February 2023. Downloaded by Xian Jiaotong University on 11/10/2025 6:06:48 AM.

Paper

4. Conclusions

In summary, we have studied the photoinduced carrier
dynamics in CsPbBr; single crystalline perovskites in detail
by using fs-TAM technology. By comparing the carrier dynamics
between the boundary region with high defect density and the
internal region with low defect density, we found that complex
defect states at the boundary region will cause further absorp-
tion of carriers at the bottom of the conduction band and intra-
band absorption of defect state energy levels. The lifetimes of
carriers will also be shortened. This work provides a direct
demonstration of the influence of defects on the carrier dynamics
in perovskite films, and can also provide some guiding suggestions
for the fabrication of single crystalline perovskite devices. Taking
some surface treatment of the material, reducing the density of
defect states at the boundary of the materials may be useful to
improve the device performance.
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