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Understanding the nature of photogenerated
carriers and their subsequent dynamics in semiconducting
perovskites is important for the development of solar cell materials
and devices. However, most ultrafast dynamic measurements on
perovskite materials were conducted under high carrier densities,
which likely obscures the genuine dynamics under low carrier
densities in solar illumination conditions. In this study, we
presented a detailed experimental study of the carrier density-
dependent dynamics in hybrid lead iodide perovskites from
femtosecond to microsecond using a highly sensitive transient
absorption (TA) spectrometer. From the dynamic curves with low
carrier density in the linear response range, we observed two fast
trapping processes that occurred in less than 1 ps and tens of
picoseconds, attributed to the shallow traps, and two slow decays with lifetimes of hundreds of nanoseconds and longer than 1 ys,
related to the trap-assisted recombination and trapping at deep traps. Further TA measurements clearly show that PbCl, passivation
can effectively reduce both shallow and deep trap densities. These results provide insights into the intrinsic photophysics of
semiconducting perovskites with direct implications for photovoltaic and optoelectronic applications under sunlight.

perovskite, linear response, ultrafast carrier dynamics, low carrier density, under sunlight

reported TA measurements were conducted with a high pump
intensity, which induces much higher carrier densities, such as
10" cm™, than that under air mass (AM) 1.5G solar
illumination conditions.'® Under steady-state AM 1.5G
conditions, the calculated carrier density only reaches 4 X
10" ecm™ for high-quality methylammonium lead iodide
(MAPbL,) films with a monomolecular lifetime of 100 ns and
in the absence of charge extraction.'® Obviously, carrier—
carrier interactions at high carrier densities are bound to
obscure studies of the intrinsic carrier dynamics under solar
illumination."® Hence, to determine the genuine photo-
generated carrier dynamics related to solar cells under sunlight,

Solar cell technology is considered one of the best energy
shortage solutions for reducing carbon emissions. Over the last
decade, perovskite-based solar cells have attracted significant
attention and developed rapidly because of their high power
conversion efficiency and low fabrication cost, making them
one of the most promising solar cell materials.”” The
extraordinary photovoltaic performance of perovskite-based
solar cells can be attributed to their strong light absorption,’
high carrier mobility,4’5 and long charge diffusion Iength.é’7
Recent progress has been made to improve photovoltaic

. . . . 8,9 . .
efficiency in fabrication protocols,” chemical composi- . i, 21
ol . 12,13 . measurements under low carrier densities are necessary.
tions, and phase stabilization methods. Meanwhile,

Here, we report the photogenerated carrier dynamic
intense research efforts have also been made to understand ;o P P gener - aynal
. . 14—17 research in an organometal hybrid perovskite cesium
these fundamental photophysical mechanisms. g o . :
) formamidinium lead iodide (Csy,FAyoPbl;) thin film in a
Charge- and energy-transfer processes occur in solar energy o

h : , large time scale, from hundred femtoseconds to microsecond.
arvesting systems from femtosecond to nanosecond time

scales, and understanding these processes is the key to
determining the design principle for photovoltaic materials
and devices.'” Ultrafast spectroscopy, especially transient
absorption (TA) spectroscopy, is employed to successfully
elucidate the carrier dynamics in perovskites, such as the band
filling effects,® hot phonon bottleneck,'® and Auger heating.20
However, the sensitivity of TA spectroscopy is limited; so most
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Figure 1. TA spectra and pump intensity-dependent carrier dynamics of Csy;FAg4Pbl; thin films. (A) TA spectra at different probe delay times
following a 517.5 nm fs laser excitation with a pump energy of 50 nJ per pulse and a light spot diameter of 3 mm. Pump intensity-dependent TA
dynamics pumped with (B) 517.5 nm and (C) 690 nm (light spot diameter about 3.5 mm) femtosecond laser pulses and (D) 516 nm (light spot
about 4 X 2.5 mm?) nanosecond laser pulse and probed at 790 nm. The normalized changes of transmission AT/T were plotted with different
pump energies per pulse. Note the shift in time scale from linear to logarithmic, corresponding to the scale break.

It was measured by a highly sensitive TA spectrometer we
recently developed, which enabled us to investigate the carrier
dynamics under very low carrier densities. The TA
experimental results revealed that carrier dynamics is highly
carrier density-dependent. The dynamics in the linear response
range showed two fast carrier decays, less than 1 ps and tens of
picoseconds, attributed to trapping at shallow trap states, and
two slow decay processes, hundreds of nanoseconds and about
1 ps, related to the trap-assisted recombination and trapping at
deep traps. Both shallow and deep trap state densities can be
effectively passivated with PbCl, in precursors. These high-
sensitivity dynamic measurements reflect the genuine carrier
behavior of the perovskite material under sunlight.

CsyFAyoPbl; thin films were chosen to demonstrate the
perovskite carrier dynamics under solar illumination since a
partial substitution of Cs* for HC(NH,)," (FA")in FAPbI,
perovskite was proved to substantially improve photo- and
moisture stabilities along with photovoltaic performance.””
Csg 1 FAgoPbl; thin films were prepared using a one-step
method (see the Materials and Methods section). To
investigate the carrier dynamics of solar energy materials
under very low carrier densities, a highly sensitive TA
spectrometer was developed.”’ A sensitivity level (AT/T) of
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1077 was achieved by a novel technique of combining a 1 kHz
macropulse and a 200 kHz high repetition micropulse and
using a balanced detector scheme. Limited by the length of the
delay stage, the TA dynamics from ns to ps was achieved by
electronically synchronizing a diode laser and a fiber laser.
More details of the TA spectrometer are described in the
Materials and Methods section.

To obtain the basic TA spectral features, we conducted
ensemble TA spectral measurements of the Cs, ;FA,,Pbl; thin
film under a high pump intensity at different time delays. The
TA spectra pumped at 50 nJ and 517.5 nm are shown in Figure
1A. The carrier density is estimated as 2.6 X 10 cm™
corresponding to 1 nJ pump light at 517.5 nm with a light
spot diameter of 3 mm and 6.7 X 10'* cm™ corresponding to 1
nJ pump light at 690 nm with a diameter of 3.5 mm (see the
Supporting Information, SI). We observed that both TA
dynamics were very similar. Immediately after photoexcitation,
a ground-state bleaching (GSB, positive change of transmission
AT/T) band centered at about 790 nm was observed, which is
consistent with the band gap obtained from the static
absorption spectrum shown in Figure S3. In addition, a
photoinduced absorption (PIA, negative AT/T) band centered
at around 815 nm was observed. The GSB feature is mainly
attributed to the band filling, which is the presence of
photogenerated band-gap carriers blocking the optical
absorption of the probe pulse. The PIA was possibly from
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Figure 2. Schematic model of pump intensity-dependent carrier dynamics. (A) High carrier density generated by high-intensity pumping. High
carrier density-induced hot phonon bottleneck effect and band-gap renormalization. A small percentage of carriers are trapped due to the limited
trap state density. (B) Low carrier density generated by low-intensity pumping. A certain percentage of carriers are trapped, proportional to the trap

state density. Hole trapping is not indicated in the schematic.

the excited-state absorption of the hot carriers or due to the
band-gap shift induced by hot carriers.”* After 1 ps, the PIA
disappeared. The GSB lifetime was longer than 1 ns.

To elucidate the carrier recombination mechanism over a
range of excitation intensities, the dynamic curve can be
modeled by the simple rate equation

_dn

An + Bn® + Cn’

dt (1)
where n is the photogenerated carrier density and ¢ is the time.
The values of the rate coefficients A, B, and C for each term
successively reduce by multiple orders of magnitude.'® Each
term in eq 1 is ascribed to different physical carrier annihilation
processes: (1) monomolecular Shockley—Read—Hall recombi-
nation, also called trap-assisted recombination, and geminate
recombination, which is relatively insignificant for three-
dimensional (3D) perovskites at room temperature,” (2)
bimolecular free carrier direct recombination, and (3) three-
body Auger recombination. The carrier dynamics is highly
dependent on the carrier density. The bimolecular and Auger
recombination mechanisms were mostly used to elucidate the
carrier density decay processes in the reported TA studies,
owing to high carrier densities. Figure 1B shows the
normalized dynamic traces of the GSB signals at 790 nm for
various pump intensities by more than 2 orders of magnitude
with a 517.5 nm femtosecond laser excitation. Some obvious
features can be clearly resolved. First, the rising edge of the
GSB signal, which corresponds to the carrier excitation and
cooling processes, is slower at high pump intensities. This is
caused by the hot phonon bottleneck effect, which reduces the
hot carrier cooling rate when a high density of carriers is
excited'”'? (see Figure 2A). Second, an ultrafast decay process
within 1 ps appears at low pump intensities, and another fast
decay process is in the tens of picosecond scale. These two
processes are attributed to the trapping processes by shallow
trap states, whose assignments will be discussed below. In
addition, the fast decay process is absent under high carrier
densities since the percentage of free carriers by trapping is too
small because of the limited carrier trap density, as shown in
Figure 2A. While a considerable percentage of free carriers can
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be trapped under low carrier densities, illustrated in Figure 2B,
and can be sufficiently resolved in TA measurements. Third, at
a delay range of 100—3500 ps, the decay rate of the GSB signal
slows down with decreasing pump intensity. This is caused by
the low bimolecular and Auger decay rates and the dominated
monomolecular process at low carrier densities."®'®?*® Fourth,
when the pump energy is below 3 nJ, the normalized TA
curves reach the linear response range, independent of the
pump intensity. That is, only the monomolecular process
occurs dominantly, without any nonlinear process, under very
low carrier density.

Several factors can affect carrier dynamics. Reports have
shown that the band-gap renormalization energy in FAPbI;
under a carrier density of 3.8 X 10" cm™ was 0.44 meV."” In
this study, the carrier density is less than 10'¢ cm™ in the
linear response range, so the band-gap renormalization can be
neglected. The formation of excitons can reduce the free
carrier density. Due to the small binding energy of excitons,
they can also be excluded at room temperature.” In addition,
considering the equilibrium between the formation and
ionization of excitons, as described by the reaction

e + h S exciton

when the photogenerated carrier density decreases, the
equilibrium shifts toward the formation of free carriers.
Thus, the GSB signal decay at 790 nm is only caused by a
decline in the free carrier density. Recombination has often
been considered the main cause of inducing carrier density
decay. Both the bimolecular and Auger recombination
processes could be excluded as they exhibited strong carrier
density dependence and only dominated in high carrier
densities.'® In this study, the pump intensity was sufficiently
low that the carrier dynamics reached the linear response
range. Hence, only trapping and trap-assisted recombination
are possible. However, trap-assisted recombination usually lasts
tens or even hundreds of nanoseconds.'® Further, these two
fast decay processes reach equilibrium very quickly. If they are
from the trapping at deep traps, that is, without the detrapping
process, the decay will continue without reaching equilibrium.
While photogenerated free carriers are trapped by the shallow
traps, as the density of trapped carriers increases and the
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Figure 3. PbCl, passivation effect. (A) TA spectra of PbCl, passivated thin films at different probe delay times following a 517.5 nm femtosecond
laser excitation with a pump energy of 50 nJ per pulse and a light spot diameter of about 3 mm. Pump intensity-dependent TA dynamics pumped
with (B) 517.5 nm and (C) 690 nm (light spot diameter about 3.5 mm) femtosecond laser pulses and (D) 516 nm (light spot about 4 X 2.5 mm?)
nanosecond laser pulse and probed at 780 nm. The normalized changes of transmission AT/ T were plotted with different pump energies per pulse.

density of free carriers decreases, the trapping rate slows down
while the detrapping rate increases. Finally, the trapping and
detrapping processes reach the equilibration. The detailed
model of carrier dynamics with shallow traps is described in
the Supporting Information. Therefore, we attribute these fast
decays to carriers trapping by shallow trap states. This has also
been widely observed in oxides,”” perovskite nanocrystals,'***
carbon films,” and two-dimensional (2D) materials.”” And the
long decay process is ascribed to trap-assisted recombination
or trapping by deep traps.

To further investigate the carrier dynamics with different
pump wavelengths, the TA spectra under a 690 nm
femtosecond laser excitation at different time delays were
measured (Figure S7). The pump intensity-dependent TA
dynamics with a probe wavelength at 790 nm is shown in
Figure 1C, and the main features of the dynamic curves are
very similar to Figure 1B. Compared to the dynamics pumped
at 517.5 nm, one difference is that the pump energy of 10 nJ
reaches the linear response range, which is consistent with the
carrier density due to the low absorption coefficient at 690 nm.
The second is that the amplitude of the ultrafast decay process
within 1 ps is obviously smaller, and another obvious feature is
that the long decay process is faster, both of which will be
discussed in detail below.

We can find that the carrier lifetime is very long under low
carrier density, and we cannot deduce the full dynamics by the
limited range of the optical delay stage. Here, the newly
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developed nanosecond resolution TA spectrometer was
employed, which can share the same sample, probe light,
and data collection system. Figure 1D shows the pump
intensity-dependent dynamic curves with a 516 nm nano-
second laser excitation, which indicates a similar trend as
femtosecond resolution TA curves. A pump energy of about 2
nJ enters into the linear response range. The carrier lifetime
shows up to more than 100 ns. The carrier densities generated
by the 3 nJ pump light at 517.5 nm and 10 nJ at 690 nm are 7.8
x10" and 6.7 X10" cm™>, respectively, which indicates the
upper limit of carrier density in the linear response range. This
is the first time to obtain the intrinsic carrier dynamics of
three-dimensional perovskites under solar illumination using
TA spectroscopy.

Trap-assisted recombination is considered one of the most
detrimental factors to solar cell performance.”**" In solar cell
materials, deep trap states can effectively induce high trap-
assisted recombination rates and low carrier mobility, causing
the reduction of open-circuit voltage and loss of short-circuit
current. These issues can also be partially caused by shallow
trap states, although shallow trap states are not efficient
recombination centers and the carriers can be detrapped by
thermal excitations. In addition, trap states also accelerate the
degradation of the perovskite solar cell.””** Therefore, it has
promoted numerous passivation techniques to reduce the trap
state density in perovskite solar cells.”* ™’ Here, we have
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Figure 4. Comparison of passivation effects in the linear response range. (A) Carrier dynamics of pristine and PbCl,-passivated thin films excited by
(A) 517.5 and 690 nm femtosecond laser and (B) 516 nm nanosecond laser. Dots are original data, and lines are fitting results.

investigated the passivation effects by adding PbCl, in the
precursor solution to form mixed lead iodide perovskites by
TA dynamics. Figure 3A shows that the GSB peak of the
PbCl,-passivated perovskites is about 780 nm, a small blue
shift from the GSB peak of the pristine perovskites at 790 nm.
Similarly to the pristine sample, the TA spectra and the pump
intensity-dependent carrier dynamics of the passivated sample
were measured with 517.5 and 690 nm femtosecond lasers and
516 nm nanosecond laser excitations, as shown in Figure 3.
The main features are the same as the pristine sample, but
there are still some obvious differences in the dynamic curves.
The first difference is that the pump intensity in the linear
response range is higher for the passivated sample, as shown in
Figure 3B—D. The second one is that the amplitude of the
ultrafast decay within 1 ps is reduced, and the decay in the tens
of picosecond scale seems gone. Furthermore, the carrier
lifetime is unambiguously much longer than the pristine
sample under low carrier density. These results indicate that
the passivation of PbCl, can effectively reduce the deep trap
density and reduce the shallow level defect to some extent. It
was reported that the presence of chloride ions during growth
results in larger crystal sizes.”>” Since larger crystallites mean
smaller interfacial area, trap states, especially deep trap states
mainly located at the crystallite surface/interface,”” can be
largely reduced. The larger crystals grown with chloride ions
also feature well-defined facets of low Miller indices®® and
coherent long-range packing of the crystals in the film.*
Negligible trapping on low-index crystalline faces of the
perovskite crystal was proposed by theoretical calculations.*!
Moreover, the trap states can also be effectively healed by close
interaction between the well-defined facets of neighboring
crystals in a coherently packed film."*

Due to the importance of traps in perovskite solar cells, many
techniques have been developed to probe trap states.*’~*
Recently, the spatial and energetic distributions of trap states in
metal halide perovskite single-crystalline and polycrystalline
solar cells were quantitatively measured using the drive-level
capacitance profiling (DLCP) method.** The researchers
found that most of the deep traps were located at the crystal
surfaces and interfaces of the polycrystalline films, even after
surface passivation. However, these static and kinetic measure-
ments are not enough to comprehensively understand the
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impact of charge traps on charge transport in perovskite
materials and devices on a microscopic level. The trapping
process can also be directly observed by probing the bleaching
of trapped carrier below the optical gap,'* but it is still difficult
to obtain the beaching signal of all of the trapping carriers
owing to the wide energetic distributions of the trap states and
the normally low trap state density per unit energy.”’ In this
work, the fast GSB depletion of free carriers is a direct
reflection of the quantity of trapped carriers at shallow traps,
and the long lifetime dynamics of carriers reflects the trap-
assisted recombination and trapping by deep traps. Note that
this is different from the trap states measured by DLCP. This
reported trap state mainly consisted of deep trap states greater
than 0.24 eV, which is about 10 times the thermal energy at
room temperature.4o Different trap states have different carrier
capture cross sections, related to the type of trapped carriers,
the energy depth, spatial distribution, which are subject to
sample processing and handling conditions, and temper-
ature.'®*® The GSB probed in TA in this work includes all
effects from the traps with broader energetic ranges, as long as
they reduce the free carrier density, through either trapping
carriers or acting as recombination centers.

To quantitatively obtain the genuine carrier dynamics and
understand the influence of traps on dynamics, we analyzed the
dynamic curves in the linear response range. Figure 4 replots
the dynamic curves of pristine and PbCl,-passivated thin films
under the low carrier density condition and shows the fitting
curves as well based on eq S4, using a function of triple
exponential decay convoluted with a time resolution function.
Table SI summarizes the fitting results.

For the pristine thin film, a fast decay process shows as short
as less than 500 fs with an excitation of 517.5 nm light, while a
little longer for a low photon energy excitation of 690 nm. In
addition, the proportion of the fast decay for the pump
wavelength at 690 nm is much smaller than at 517.5 nm. It is
because the pump light at 517.5 nm has a much larger
absorption coeflicient than at 690 nm, which induces the
carriers created by the 517.5 nm pump that are spatially
distributed more concentrated near the surface. So, the
difference between the fast decay with the pump wavelengths
of 517.5 and 690 nm is mainly due to the different carrier
densities near the surface. It was reported that the perovskite
defects are mainly concentrated on the surface,”’ carriers near
the surface are more easily captured by the trap states. The fast
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decay rate is obviously faster at a 517.5 nm excitation than at
690 nm, which is possibly partially due to higher excess
energies inducing faster carrier trapping rates, resulting from
the interactions with shallow traps.”® For the passivated thin
film, the proportion of the fast decay is noticeably reduced with
both excitation wavelengths. In addition, the decay rate also
shows faster due to the possible change of the energy
distribution of trap states and higher excess energy due to
the smaller band gap.

Another fast decay lifetime is about 15 and 30 ps for
excitations at 517.5 and 690 nm, respectively, for the pristine
thin film. After passivation, it almost disappears. Moreover, we
can also find that the longest carrier lifetime is more than 300
ns for the passivated thin film, much longer than the pristine,
about 150 ns. These imply that both the density of trap states
and recombination centers are dramatically reduced by PbCl,
passivation. However, the carrier lifetime with a 690 nm
excitation shows shorter than that with a 517.5 nm excitation.
This can be clearly explained from eq S16. Larger trapping at
shallow traps, corresponding to larger k,/k,, can lead to slow
trap-assisted recombination slower; that is, trapping at shallow
traps prolongs the carrier lifetime. In this regard, an
appropriate density of shallow traps is beneficial to the solar
cell. Fitting results in Figure 4B also show another very slow
decay process, longer than 1 ps, which can be attributed to the
slow recombination process from deep trap states. Its model is
described in detail in the SL

According to reports on MAPbDI; solar cells,” electron
transfer to the electron transport layer occurs within 400 ps,
while holes transferred to the hole transport layer occur within
650 ps. Here, the carrier lifetime was determined as several
hundreds of nanoseconds, much longer than the charge
transport time. Hence, it seems that the deep trap has little
effect on the charge transfer. However, this is contradictory to
a common understanding. It is worth noting that these charge
transport times were obtained by TA measurements at high
carrier density conditions, so further work on determining the
charge transport time is necessary at low carrier density
conditions in the future.

We obtained ultrafast carrier dynamics of Csy;FAoPbl;
perovskite thin films under different carrier densities. At a
very low carrier density in the linear response range, the
genuine carrier dynamics under sunlight illumination was
determined. Based on it, we have observed that two fast
trapping processes occurred in less than 1 ps and tens of
picoseconds, attributed to the shallow traps, and two slow
decays with lifetimes of hundreds of nanoseconds and longer
than 1 us, related to the trap-assisted recombination and
trapping at deep traps. Both kinds of trap densities can be
effectively reduced by PbCl, passivation. These results not only
provide a fundamental understanding of the intrinsic photo-
physical behavior of perovskites under solar illumination
conditions but also provide a better method for assessing the
performance of perovskite solar cell materials.

Perovskite films were prepared using the one-step method. The
Corning glass substrates with a dimension of 1.5 X 1.5 cm® were
soaked in detergent for 2 h, followed by ultrasonic cleaning for 15 min
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in absolute ethanol, deionized water, and absolute ethanol
sequentially, and then blow-dried with N, gas for later use. The
substrates were further treated with ultraviolet—ozone for 15 min
before use. The precursor solution was prepared by dissolving 0.9
mmol of formamidinium iodide (FAI, >99.99%, Greatcell), 0.1 mmol
of CsI (>99.9%, Xi'an PLT), and 1 mmol of Pbl, (>99.99%, TCI)
into 1 mL of N,N-dimethylformamide (DMF, anhydrous, >99.8%,
Sigma-Aldrich)/dimethyl sulfoxide (DMSO, anhydrous, >99.9%,
Sigma-Aldrich) (9:1 volume ratio) and stirring sufficiently. The
perovskite precursor solution was spin-coated at 1000 rmp for 10 s
and at 6000 rpm for 15 s on the prepared substrate. The antisolvent of
chlorobenzene (CB, anhydrous, >99.5%, Sigma-Aldrich) was injected
on the spinning substrate constantly for about 10 s finally. All of the
samples were then annealed at 100 °C for 10 min on a hot stage. The
5% PbCl, (>99.9%, Xi'an PLT) passivated sample was prepared in the
same way. All of the preparation was conducted inside a nitrogen-
filled glovebox. X-ray diffraction spectra were recorded by an X-ray
diffractometer (LabX XRD-6100 SHIMADZU). The ultraviolet—
visible (UV—vis) absorption spectra were performed by a Lambda
950 UV-—vis spectrophotometer (PerkinElmer Inc.). The surface
morphology was measured by the Zeiss field emission SEM (Hitachi
S-4800) equipped with EDS.

The transient absorption measurements were based on a fiber laser
(1030 nm, pulse duration of ~230 fs, 1 MHz repetition rate) and a
recently developed pump—probe transient absorption spectrometer.>®
A sensitivity level (AT/T) of 1077 was achieved by a novel technique
of combining macropulse and micropulse and using a balanced
detector scheme. The repetition rate of the fundamental beam output
was divided down to 200 kHz from 1 MHz as micropulses and then
modulated at 1 kHz as macropulse. The number of micropulses in a
macropulse can be selected based on the signal-to-noise ratio. The
output was split into two beams. One beam was to generate second
harmonics (517.5 nm) or sent to an optical parametric amplifier
(CHOPAS-G, BC-Light) to generate the pump pulse, and its intensity
was tuned by the combination of a half waveplate and a polarization
beamsplitter (PBS). The pump light was modulated at 500 Hz of
macropulses by a chopper. The other beam of 1030 nm was focused
into a sapphire crystal to generate supercontinuum. Then, it was split
into two beams by using an achromatic waveplate and a PBS. One
enters a monochromator and was collected by a photodiode (PD) as
the reference light, and the other was focused and then passed
through the sample as the probe light, collimated and dispersed with a
monochromator, and finally probed by the other PD, with an
integrating 3 nm bandwidth (FWHM) of the probe light. Both PDs
were connected to a balanced transimpedance amplifier and then a
lock-in amplifier. The pump—probe delay can be up to ~4 ns tuned
by a delay line. The pump and probe were focused and overlapped
onto the sample. The pump size is about diameter (d) 3 mm for 517.5
nm and about diameter (d) 3.5 mm for 690 nm, and the probe size is
about diameter (d) 0.6 mm. For the TA measurements in a longer
time delay, a diode laser (516 nm, FWHM 2.2 nm, NPLS2C,
Thorlabs) was used as the pump, which was synchronized with the
fiber laser. Their delay was electronically tuned with a delay generator.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00581.

Sample characterization; test of sample stability; initial
carrier density estimation; pump intensity-dependent
TA dynamics at a pump wavelength of 690 nm; fitting
results; and photogenerated carrier dynamics models
with shallow and deep traps (PDF)
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