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ABSTRACT: Mixed-cation perovskites exhibit outstanding performance as
next-generation solar cells and for optoelectronic applications. One pathway
to increase the quality and stability of these materials is adding Cs to the A-
site of mixed-cation formamidinium/methylammonium in the perovskite
APbX3. Here, we use femtosecond transient absorption spectroscopy to study
the effect of Cs on the dynamics of a mixed-cation wide band gap bromide-
based perovskite. Negligible changes in the optical spectra are observed
between the two films, indicating a similar localization of the charge carriers at
the band edge. However, adding Cs reduces the non-radiative recombination
sites and increases the lifetime of the photogenerated charge carriers in the
perovskite film (from 291 to 355 ns). Furthermore, the Cs cation slows down
the cooling of hot carriers through an efficient hot-phonon bottleneck, which
is observed by increasing the excitation power from 9.7 to 648 μJ/cm2 [the lifetime of the fast component (τ1) increases from 0.21 to
0.91 ps]. Understanding the mechanism of charge dynamics in perovskite thin films is critical for the fabrication of high-performance
devices.

■ INTRODUCTION

Hybrid organic−inorganic lead halide perovskite solar cells
(PSCs) have attracted much attention over the past 10 years as
a pre-eminent candidate for the next generation of solar cells
(SCs) due to their excellent optoelectronic properties, simple
fabrication, and low-cost processing.1−3 The possibility of
changing the cation A, metal B, or halide X in the perovskite
structure (ABX3) opened many opportunities for novel
material synthesis with power conversion efficiencies of more
than 25%1,2 using FAPbI3-rich perovskites with a band gap
close to 1.5 eV.
A is a monovalent cation such as methylammonium (MA+),

formamidinium (FA+), or the inorganic cation Cs+, B is a
divalent metal cation such as lead (Pb2+) or tin (Sn2+), and X is
a halide anion (Cl−, Br−, and I−). Triple cation PSCs with a
Cs/FA/MA mixture at the A-site exhibit promising results
toward an efficient and stable SC.4−8 In addition, Cs/FA/MA
perovskites show high efficiencies,2,9 thermal stability,10,11

improved stability against humidity,12,13 increased reproduci-
bility, and decreased trap state formation.14 Replacing iodide
with bromide leads to perovskite materials with increased
stability against air, but it is less efficient for single-junction
SCs due to its high band gap >1.8 eV.8,15−17 As wide band gap
semiconductors, bromide-based perovskites offer promising
possibilities for optoelectronic applications such as sensors,
water splitters, light-emitting diodes (LEDs), and multi-
junction high-performance SCs.7,17−20

Much effort has been made to understand the dynamics of
the single-cation perovskite photophysics using ultrafast
transient absorption spectroscopy (TAS).14,21−27 TAS is a
powerful technique to visualize carrier excitation, recombina-
tion, relaxation, and energy transfer on a subpicosecond time
scale.28−31 Ghosh et al. reported the separation time of the
initial photo-excited excitons into free charge carriers (20 fs)
by performing a 10 fs resolution experiment,32 which is
followed by charge carrier thermalization (sub-100 fs time
range).32 Polaron formation occurs between 0.3 and 0.7 ps
depending on the used cations (0.3 ps in the case of MAPbBr3
and 0.7 ps in CsPbBr3).

33 The time constant for subsequent
carrier cooling was determined to be 230 fs for low carrier
densities, which is slowed down to 770 fs for higher carrier
densities.25 This behavior is attributed to a hot-phonon
bottleneck effect. Later signal decay extending to the
nanosecond time scale obeys second-order kinetics due to
charge recombination.21

Typically, charge carrier extraction in SCs is assisted by
electron or hole transport layers. Reducing recombination
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losses before carrier extraction is critical for enhancing the
efficiency of perovskite SCs.34 Recently, some dynamics studies
on mixed-cation halide perovskite have been reported.35−43

However, the role of Cs in FA/MA hybrid perovskite has
received less attention so far.
In this work, we used time-resolved spectroscopic

techniques [steady-state spectroscopy, time-resolved emission,
and ultrafast femtosecond TAS (fs-TAS)] to study the excited-
state dynamics of FA0.83MA0.17PbBr3 with or without 5% Cs to
elucidate the underlying mechanism and relaxation pathways.

■ EXPERIMENTAL SECTION
The one-step spin-coating method was applied to fabricate thin
fi lms of microcrysta l l ine FA0 . 8 3MA0 . 1 7PbBr3 and
Cs0.05(FA0.83MA0.17)0.95PbBr3 on a glass substrate as reported
elsewhere.7,44 For the sake of simplicity, we will name these
perovskite samples as FA/MA and Cs/FA/MA films in the
following.
Materials. The chemicals used to fabricate perovskite films

are commercially available from the specified suppliers. N, N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and
anisole were purchased from Acros Organics. Caesium
bromide (CsBr, ultradry (99.998%)) was bought from abcr
GmbH. Formamidinium bromide (FABr) and methylammo-
nium bromide (MABr) were purchased from Greatcell solar.
Lead bromide (PbBr2) was bought from Tokyo Chemical
Industry (TCI) Co.
Preparation of Perovskite Thin Films. The perovskite

films of Cs/FA/MA and FA/MA lead bromide were prepared
by spin coating via the antisolvent method on glass substrates.
First, glass substrates were cleaned in 2% Hellmanex deionized
water solution with the assistance of an ultrasonic bath.
Subsequently, the substrates were further cleaned with acetone,
2-propanol, and UV ozone treatment for 15 min. The
perovskite solution was prepared following a triple cation
process.44 The FAPbBr3 precursor solution was prepared by
dissolving FABr and PbBr2 (molar ratio 1:1.1) in anhydrous
DMF/DMSO 4:1 (v/v). In contrast, MAPbBr3 solution was
prepared by dissolving the precursors, MABr (1 M) and PbBr2
(1.1 M), dissolved in the DMF/DMSO solvent mixture.
Furthermore, the double cation perovskite (FA/MA) was
prepared by mixing the solutions of FAPbBr3 and MAPbBr3,
respectively, with an 83:17 volume ratio. To obtain the triple
cation perovskite, 5 vol % solution of the inorganic salt CsBr
(1.5 M) in DMSO was added to the double cation perovskite
precursor.8 Finally, 100 μL of the perovskite solution was
deposited using spin coating in one step (30 s at 3000 rpm and
2000 rpm/s). Ten seconds before the end of the process, 200
μL of anisole, an antisolvent, was poured on the spinning
substrate. Then, the substrates were annealed at 100 °C for 45
min. The entire process was carried out in a nitrogen-filled
glovebox. As shown in Figures S1 and S2, the X-ray diffraction
(XRD) spectra and scanning electron microscopy (SEM)
images of both films exhibit high crystallinity and morphology
of these films, respectively.
Steady-State Spectroscopy. Absorption spectra of the

spin-coated films on a glass substrate (thickness 1 mm) were
recorded with the SPECORD S600 UV/vis spectrophotometer
(Analytik Jena, Jena, Germany). PL spectra were collected with
an FP-8500 spectrofluorometer (Jasco, Groß-Umstadt, Ger-
many). The excitation wavelength was 362 nm with a
bandwidth of 5 nm. For additional spectral cleaning, we
applied a UV band-pass filter between 280 and 370 nm

(UG11, Schott Glas) for the excitation path and a long pass
filter at 360 nm (WG360, Schott Glas) for the emission path,
respectively. The PMT voltage was set to 650 V. The
wavelength-dependent instrument sensitivity and the baseline
were corrected routinely. All measurements were performed at
room temperature under ambient conditions.

Time-Correlated Single-Photon Counting. We used
our home-built time-correlated single-photon counting
(TCSPC) setup with a counting card for recording time-
resolved PL data.45,46 Briefly, the thin films were excited using
a mode-locked titanium-doped sapphire (Ti/Sa) laser
(Tsunami 3941-X3BB, Spectra-Physics, Darmstadt, Germany),
which was pumped by a 8 W continuous wave diode pumped
solid-state laser (Millennia eV, Spectra-Physics, 532 nm). The
Ti/Sa laser allowed the tuning of the excitation wavelength to
775 nm with a pulse width of 100 fs at a repetition rate of 80
MHz. The acoustooptic modulator assisted to reduce the
repetition rate to 160 kHz. The excitation wavelength of 387
nm was obtained by second harmonic generation (SHG) in a
BBO crystal (frequency doubler and pulse selector, model
3980, Spectra-Physics). We used excitation filters (UG11,
BG38, Schott AG, Mainz, Germany) to block remaining
fundamental light from the SHG excitation pulses. The
instrument response function (IRF, FWHM 200 ps) was
obtained without emission filters using an empty glass
substrate as a scattering sample. A photomultiplier tube
(PMT, PMA-C 182-M, PicoQuant, Berlin, Germany) and a
TimeHarp 260 PICO Single PCIe card (PicoQuant) were used
for single-photon detection (channel width adjusted to 400
ps). Long-pass filters at 400 and 470 nm were inserted
routinely to block stray light from the excitation pulses for both
samples.

Femtosecond Transient Absorption Spectroscopy
Measurements. We used fs-TAS to investigate the ultrafast
excited-state dynamics and the recombination processes in the
mixed cation perovskite systems using a home-built pump−
probe setup.47 Briefly, the excitation pump pulses were applied
at a central wavelength of 387 nm (SHG of the laser
fundamental). The pulsed laser system was running at 775 nm
central wavelength and 1 kHz repetition rate (Clark-MXR,
Dexter, MI, USA) with a pulse duration of 150 fs. The
excitation power was adjusted between 9.7 and 648 μJ cm−2 at
the sample position. The probe white light covering a spectral
range of 400−645 nm was generated by focusing a part of the
laser fundamental onto a 5 mm thick calcium fluoride crystal.
The white light was transmitted through the sample and
subsequently detected via an HR320 spectrograph (Horiba,
Kyoto, Japan). The detection system consists of a signal-
processing chip (S8865-128) with 128 channel photodiode
arrays (PDA), a C9118 driver circuit (Hamamatsu Photonics),
and a data acquisition card that digitizes the analogue PDA
signals at 16 bits (National Instruments, NI6120). The sample
was continuously moved in the plane perpendicular to the
direction of probe pulse propagation. The measurements for
both samples were performed at room temperature under
ambient conditions.
Data evaluation of the transient absorption data was

performed by the software package Optimus.48 The data sets
were fitted via a GLA to a multiexponential model with decay
times τi and related decay-associated spectra (DAS). Addi-
tionally, the data sets were converted by a model-free method,
the so-called lifetime density analysis (LDA), which is a
numerical variant of the Laplace transformation.
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■ RESULTS AND DISCUSSION

Here, we present the optical properties of the spin-coated
FA0.83MA0.17PbBr3 thin films with and without 5% Cs on a
glass substrate. As shown in Figure 1a, the absorption spectra
of both samples are identical. Both compositions show a broad
continuum with a sharp absorption peak at 532 nm (2.33 eV),
the excitonic absorption of the materials. The emission spectra
of both films have a maximum at 546 nm (2.2 eV), but the
addition of Cs enhances the PL intensity by a factor of four
(shown in Figure 1b), which indicates a reduction of the non-
radiative recombination sites in the perovskite film. Moreover,
we investigated the dynamics of the charge carrier relaxation by
time-resolved PL with the TCSPC method. As shown in Figure
1c, the Cs/FA/MA film has a longer average lifetime (355 ns)
than the FA/MA film (291 ns), which is also in agreement with
fewer non-radiative recombination channels and a reduced trap
density in the triple cation sample.

A closer look is taken at the photophysics of both thin films
using fs-TAS after photoexcitation at 387 nm and in a probing
spectral region between 400 and 645 nm. Both samples
showed transient spectral features similar to those reported in
previously published work.36,49

The TAS results of both thin films excited with an excitation
density of 324 μJ/cm2 are shown in Figure 2. The wavelength
and time-dependent TA maps are shown in Figure 2a for the
FA/MA film and Figure 2b for the Cs/FA/MA film. In both
samples, the photobleaching (PB) of the excitonic ground-state
absorption centered at 532 nm (2.33 eV) is observed in
accordance with the steady-state absorption spectrum. Slightly
red-shifted to this signal a photoinduced absorption (PIA1)
signal is observed at 539 nm (2.30 eV) for early delay times.
This is related to a transient Stark shift of the excitonic
transition due to charge carriers, after exciton dissociation. In
the spectral range between 400 and 520 nm, a photoinduced

Figure 1. (a) Steady-state absorption, (b) steady-state photoluminescence (PL) spectra with optical excitation at 362 nm, and (c) time-resolved
(PL) decay with optical excitation at 387 nm of FA/MA (blue) and Cs/FA/MA (orange) thin films deposited on glass substrates at room
temperature.

Figure 2. (a,b) Wavelength and time-dependent TA map of FA/MA (upper panel) and Cs/FA/MA (lower panel) films, (c,d) corresponding
lifetime density maps (LDM) obtained from the lifetime distribution analysis of the TA data displayed in (a,b). (e,f) Decay-associated spectra
(DAS) from a global lifetime analysis (GLA) to a sequential model with three exponential decay components and a remaining spectrum at the end
of the experimental time window (inf). Both films were excited with a laser pulse of 387 nm and a fluence of 324 μJ cm−2.
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absorption (PIA2) signal with a non-exponential dynamic
spectral shift is monitored, which can be assigned to the
relaxation of free charge carriers. The origin of this signal was
first ascribed to intraband transitions,50 but a recent study,
which combined transient absorption with transient reflectance
data, attributed this signal to increased sample reflectivity due
to a photoinduced change of the refractive index.25

The LDMs of both samples are shown in Figure 2c (FA/MA
film) and Figure 2d (Cs/FA/MA film) (see also Figure S7 for
all powers). The positive LDM signal at 539 nm (PIA1)
assigns a decay time of 0.2 ps to the PIA1 signal decay. At a
wavelength of 532 nm (PB), the LDM plot shows an extended
negative range between 5 ps and 3 ns. This illustrates that the
PB signal of the samples decays via non-exponential decay
kinetics. In the spectral range between 400 and 520 nm
(PIA2), several tilted negative and positive areas are seen in
the LDM plot between 1 and 100 ps. This shows that the PIA2
signal decays non-exponentially combined with a transient
spectral shift from 400 to 520 nm.

In the following, the transient data set will be parametrized
by a set of exponential decay components. This GLA48 of the
transient data yields DAS related to three lifetimes, and an
infinity lifetime accounts for the transient spectrum at the end
of our experimental time window [Figure 2e (FA/MA film)
and Figure 2f (Cs/FA/MA film)]. The long-lived positive
signal (PIA 2) in the region from 400 to 520 nm shows a
dynamic red shift, which is assigned to the cooling of free
charge carriers. The negative PB signal at 532 nm is assigned to
the band-filling effect.21 The stimulated emission and PB are
possibly overlapped in the same transient feature. In the region
from 540 to 580 nm, there is a positive feature (PIA1), below
the band gap energy only at short delay times (<1 ps). It was
also observed in single-cation perovskites such as MAPbI3 and
was associated with band gap renormalization (BGR) and
transient electroabsorption (Stark effect).25,36,49−51

By performing experiments with different excitation power
densities in both films, a clear pump power dependence is seen
(Figure 3). For high pump powers, we observe a strong blue
shift (up to 420 nm) and a broadening of the PIA2 signal at

Figure 3. TA measurement on the FA/MA film up to 1.5 ns at (a) 9.7, (b) 81, (c) 178, (d) 324, and (e) 648 μJ/cm2 for different excitation powers
(left panel). TA measurement on the Cs/FA/MA film at (a) 9.7, (b) 81, (c) 324, (d) 552, and (e) 648 μJ/cm2 for different excitation powers up to
1.5 ns (right panel). Both films were excited by optical pump pulses at 387 nm. A quantitative evaluation of these datasets was done by GLA and is
presented in Tables S1 and S2. An evaluation of these data sets by LDA is presented in Figure S7.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c02682
J. Phys. Chem. C 2022, 126, 8787−8793

8790

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c02682/suppl_file/jp2c02682_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02682?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02682?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02682?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c02682/suppl_file/jp2c02682_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c02682/suppl_file/jp2c02682_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02682?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c02682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


early delay times, which red-shifts for longer delay times to 520
nm and becomes spectrally narrow. However, for very low
pump power, the PIA2 signal appears at early delay times at
520 nm and remains spectrally unchanged also for longer delay
times. This indicates that the PIA2 signal is a sensitive
indicator for the density and thermal distribution of charge
carriers in the thin film.52 In the FA/MA film, by increasing the
power from 9.7 to 648 μJ/cm2, the slowest carrier relaxation
time (τ3) decreases from 500 to 85 ps, respectively [Figure 3
and Table S1 (Supporting Information)]. The excitation
power dependence is directly correlated with the exciton
density in the sample. In the Cs/FA/MA film, by increasing
the power from 9.7 to 648 μJ/cm2, the carrier relaxation time
(τ3) decreases from 905 to 124 ps, and the cooling process of
the fast component (τ1) is directly affected by the phonon
bottleneck, which slows down the cooling of charge carriers
with increasing carrier density.22,25,26 This phenomenon is
observed as well in the FA/MA film with shorter lifetimes (see
Figure 3 and Table S2).
Therefore, the fast component τ1 is compatible with polaron

formation.33 In the case of Cs, increasing the excitation power
delays the polaron formation from 0.21 to 0.91 ps; however, in
the case of absence of Cs, it delays the polaron formation from
0.2 to 0.84 ps. This excitation density-dependent slowdown in
the polaron formation time (τ1) together with the increase in
the decay rate (τ2 and τ3) is an indication for the phonon
bottleneck.22 For the perovskite film with an addition of 5%
Cs, this effect is slightly enhanced.
Considering the striking linearity of ΔA−1 as a function of

time for the PB signal (532 nm) for all excitation densities, we
could conclude that the recombination mechanism occurs via
second-order kinetics. This non-exponential mechanism is
approximated in the GLA mainly by the second (τ2) and third
time constant (τ3) (see Supporting Information, Figures S4
and S6).21 The fourth time constant (τ4) for the slowest
component, which does not decay in our experimental time
window (1.5 ns), is likely due to non-geminate recombination.
For a stable fitting process of the data sets, it was set to infinity
value.
In a former study, adding 5% of Cs to the perovskite

material enabled a relative improvement of 17% in power
conversion efficiency (PCE) (16.3 to 19.2%).7 The present
study shows that the main characteristics of ultrafast charge
carrier dynamics exhibit only slight changes between the
perovskite material with and without addition of Cs. However,
the higher fluorescence signal is a clear indication for reduced
trap state density. Our observation of the increase in the
fluorescence lifetime from 291 to 355 ns after addition of 5%
Cs to the perovskite corresponds to a relative increase in the
lifetime of 18%. This coincides with the improvement in device
performance, mentioned above. This unusual long fluorescence
lifetime in the microsecond time range monitors the diffusion
of screened charge carriers (polarons) in the perovskite film. If
this perovskite material is incorporated in a photovoltaic device
between hole- or electron-extracting layers in a typical
sandwich geometry, the enlarged charge carrier lifetime
would directly improve device performance. The incorporation
of a small amount of non-polar Cs cation does not change the
polar surrounding dominated by polar MA and FA cations in
the perovskite lattice, but obviously the third cation allows a
relaxed formation of the perovskite crystal lattice with less
traps and therefore better device performance.

A similar observation was reported36 for photovoltaic
devices based on lead halides with a chloride/iodide mixture
and a Cs/FA mixture on the A-site. Here, the introduction of
polar MA as the third cation type resulted in a more defect-
tolerant material with an increased fluorescence intensity and
lifetime, which was explained by a reduction of trap-assisted
recombination.

■ CONCLUSIONS
In summary, we compared the excited-state properties of FA/
MA and Cs/FA/MA mixture perovskite films using fs-TAS
upon photoexcitation at 3.2 eV in the visible region (∼1.9−3.1
eV) to identify the role of Cs in carrier recombination paths.
Adding 5% of Cs showed significant features in their
photophysics. The steady-state spectra did not show any
apparent change between the two materials, indicating a similar
degree of localization of the charge carriers at the band edge
(2.33 eV). Moreover, the addition of Cs reduced trap density
and terminated non-radiative recombination channels as well
as increased the average lifetime of the photogenerated charge
carriers from 291 to 355 ns. In the Cs/FA/MA film, we
observed the enhancement in the efficient hot-phonon
bottleneck due to the large mass and small ionic radius of
Cs. Our study suggests that triple-cation lead bromide
perovskites will be an exciting target materials for designing
photoconversion systems that use slow carrier relaxation for
high-efficiency solar energy conversion.
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