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ABSTRACT: CsBi;l;, perovskite films were synthesized by an antisolvent-assisted T
spin-coating method. The morphology and crystal structure of the CsBisl,, perovskite o
film were characterized using scanning electron microscopy (SEM), X-ray diffraction
(XRD), and Raman spectroscopy, confirming its crystallinity and purity. Ultraviolet—
visible (UV—vis) absorption spectra revealed two excitonic peaks peaked at 496 and
626 nm. Femtosecond transient absorption spectroscopy (TAS) was utilized to probe
the exciton dynamics that reveal three dominant processes attributed to hot electron
cooling, trapping to trap states, electron—hole recombination, and a possible
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and explain these processes that lead to an overall short exciton lifetime.

ead halide perovskites (LHPs) have emerged as a class of

materials with promising optoelectronic properties and
potential applications in photodetectors, solar cells, light-
emitting diodes (LEDs), optical fibers, and lasers, among
others.'~® Despite their promising performance, the inherent
toxicity of lead and issues related to long-term stability pose
significant environmental and health concerns, limiting their
widespread application in photovoltaic (PV) and optoelec-
tronic devices.” Consequently, developing non-toxic and stable
Pb-free perovskite alternatives has become a critical research
focus.” Elements that can substitute Pb have been identified as
those that exhibit similar physical properties to Pb and include
Bi,”'" Sn,'"'* Ge,'"*'* and Cu.">'® Bi and Pb are adjacent
elements in the same period, with Bi** having a similar ionic
radius and 6s%6p° electronic configuration as Pb*', and thus,
similar optoelectronic properties can be expected when it is
incorporated into the perovskite lattice. Bi-based halide
perovskites have been shown to retain the desirable
optoelectronic properties of their lead counterparts while
offering enhanced environmental safety and stability.'’ ="
These materials exhibit a large absorption coefficient and a
wide spectral detection range,'’’ making them attractive
candidates for various optoelectronic applications.

Bi-based halide perovskites, such as A;Bi,X,,'” ABi;X;,,”"
and double perovskite A,B"Bi**X,° have emerged as a
promising class of photovoltaic materials because of their
reduced toxicity, rich structural diversity, and optoelectronic
properties.””***> Among all reported Bi-based light absorber
materials, CsBi;l, has attracted increasing attention due to its
intriguing properties, such as a small bandgap (1.77 eV), large
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absorption coefficient (1.4 X 10° cm™'), and long-term
stability.”>>” However, despite these promising features, the
power conversion efficiencies (PCEs) of Bi-based perovskites,
such as Cs;Bi,l,, CsBi;1;, and Cs,AgBiBrg, remain significantly
lower than their theoretical potential, with reported PCEs of
only 1.09,”® 2.3,”” and 2.51%," respectively. Although various
strategies have been employed to enhance their photovoltaic
performance, these efforts are hampered by a lack of a
fundamental understanding of the intrinsic physical properties
of pristine Bi-based perovskites.

To fully explore bismuth halide perovskites’ potential in
photovoltaic devices, a detailed understanding of their
photoexcited states is critical. However, for lead-free Bi halide
perovskites, only a few reports regarding their photoexcited-
state dynamics are available. For example, Tailor et al. utilized
ultrafast spectroscopy to show that hot carrier cooling rates in
A;Bi, ], perovskites depend upon the A cation (FA*, MA®, and
Cs*), with Cs* facilitating the fastest cooling, which has
implications for optimizing exciton behavior in photovoltaic
devices.”® Scholz et al. examined the exciton dynamics in
MA;Bi,]; films on mesoporous TiO,, revealing that the
interaction with the scaffold significantly enhances exciton
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Figure 1. (a) XRD pattern of CsBis},, (b) Raman spectrum of CsBisl;, (c) SEM images of the CsBi;1;, film (inset: higher magnitude), and (d)

SEM cross-section of the CsBi;l;, film.

recombination, offering insights into improving light-harvest-
ing efficiency.”’ Additionally, Ghimire et al. investigated quasi-
two-dimensional Cs;Bi,]; nanosheets and found that the
strong excitonic interactions and anisotropic charge transport
within these nanosheets could be leveraged to develop more
efficient solar cells.*> By comparison, the dynamics of
photoexcited charge carriers in Pb-free CsBisl;, thin films
has been scarcely investigated. A detailed exploration of
exciton dynamics for CsBisl;, perovskite films is crucial to
enhancing our knowledge of the excited states within these
materials and aiding in designing sustainable, hot carrier-based
solar cells.

In this work, we synthesized CsBi;l;, perovskite films and
examined their morphology and crystal structure using
scanning electron microscopy (SEM) and X-ray diffraction
(XRD). The CsBi;l;, perovskite films showed two excitonic
peaks in ultraviolet—visible (UV—vis) absorption. Femto-
second transient absorption spectroscopy (TAS) was used to
investigate the exciton dynamics in the CsBi;I}, perovskite
films.

Figure la shows the XRD pattern of the CsBi;I;, thin film,
which is consistent with previously reported result,** because
the Joint Committee on Powder Diffraction Standards
(JCPDS) card number for the reference pattern of CsBi;,
is unavailable. CsBisl), reveals the most significant peaks at
12.8°, 25.1°, and 25.8° (26), which correspond to the (003),

21383

(006), and (115) planes, respectively.** The average grain size
of the CsBi;l;, thin film was calculated to be 23.7 + 0.7 nm
using Scherrer’s formula for the 12.8° and 25.1° peaks
D= KA
P cos 8

1

where D is the average grain size, K is the Scherrer constant, 4
is the X-ray wavelength, f is the half-width of the measured
diffraction peak, and @ is the diffraction angle. In addition,
Raman spectra of the CsBi;l;, thin film were measured to
further assess crystal quality, as shown in Figure 1b, which
exhibit characteristic peaks at 60, 116, and 146 cm™’,
consistent with that reported in previous theoretical and
experimental studies.”*™*° The peak at 112 cm™ (A,
characteristic of Bil;, was also observed, indicating its presence
in the thin film. Furthermore, SEM images reveal larger
hexagonal grains of up to 200 nm and a thin-film thickness of
approximately 170 nm on the indium tin oxide (ITO)
substrate, as shown in panels ¢ and d of Figure 1. The large
particles observed by SEM are likely composed of smaller
particles or domains with grain boundaries revealed by XRD.
The grain boundaries along with the large surface-to-volume
(S/V) ratio of nanoparticles in general tend to lead to a high
density of defects. These defects likely result in trap states
within the bandgap that can significantly affect optical
properties and dynamics of charge carriers. This is consistent
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with the overall short lifetime observed in ultrafast dynamic
studies and the non-detectable photoluminescence (PL), as
discussed later.

Figure 2 shows the UV—vis electronic absorption spectra of
CsBisl, thin films, where the first and second excitonic bands
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Figure 2. UV—vis electronic absorption spectra of CsBi;I;, thin films
(inset: fresh thin-film optical photograph).

are peaked at 496 nm (2.45 eV) and 626 nm (1.98 eV),
respectively, consistent with a previous report.”” In addition,
the calculated direct optical bandgap energy of the CsBi;I},
perovskite is around 1.77 eV,***? which is usually smaller than
the experimental value due to the PER-DFT calculations."
The inset of Figure 2 shows a photograph of the CsBi;I},
material on an ITO glass substrate, in a brown/black color
after annealing. To determine if the two absorption bands are
from the same CsBi;I}, species, we stored the CsBi;l, thin
films under an ambient atmosphere at 25 °C with 60% relative
humidity and monitored their degradation over time with
UV—vis spectroscopy for 2 weeks. The two bands degraded at
a very similar rate, suggesting that both absorption bands
originate from CsBi;I,.

The femtosecond TAS spectra of the as-prepared CsBis];,
samples were measured using either a 470 or 580 nm pump
and white-light probe (520—750 nm) as a function of the time
delay between the pump and probe pulses to determine the
exciton dynamics. To avoid nonlinear processes, such as Auger
recombination or exciton—exciton annihilation, each sample
was pumped with multiple pulse energies (25, 50, 65, and 85
nJ/pulse) to investigate linear power regions in the
recombination dynamics,”’ as shown in Figure S1 of the
Supporting Information. The TA/TB results with excitation at
470 and 580 nm show no indication of nonlinear dynamics in
the 25—85 nJ/pulse region.

Figure 3a shows the TA/TB spectra of CsBisl;, thin films
with 470 nm excitation and different time delays. The three
observed features are a weak transient absorption (TA,,
excited-state absorption) at 574 nm, followed by the sharp
transient bleach (TB, ground-state depletion) at 623 nm and
sharp transient absorption (TA,) at 663 nm. Here, the TB
signal (623 nm) is consistent with a similar absorption peak
(626 nm) observed in the UV—vis absorption spectra, as
expected.

Panels b and ¢ of Figure 3 show the TB and TA, kinetic
profiles of the CsBi;l;, thin film collected under the second
lowest pump power (S0 nJ/pulse) with excitation at 470 nm.
The TB recovery feature of CsBil;, can be fit to a triple
exponential decay function with time constants of 0.27 + 0.06,
2.7 + 1.1, and 582 + 240 ps (Table 1). The fitting functions
and related parameters are discussed in the Supporting
Information.”"** The fast recovery component has a dominant
amplitude of 83% and is likely the result of the hot electron
relaxation in the conduction band (CB) to the conduction
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Figure 3. (a) Difference in absorption spectrum as a function of the
wavelength and varying probe delay time, (b) TB and (c) TA, signal
profiles and fits of a CsBi;];, thin film, and (d) overlaid normalized
transient bleach recovery with excitation at 470 and 580 nm with
similar power.

band edge (CB.gg.), while the intermediate recovery with 11%
amplitude may be attributed to the trapping of electrons from
the CB,g,, to the trap states (TSs). Last, the slow recovery with
6% amplitude is assigned to TS to valence band (VB)
recombination. Similar to observations in PbBr, molecular
clusters™ by Zhang et al., the short lifetime in CsBis];, may be
influenced by dissociative excited states that lead to rapid non-
radiative decay and possibly photoinduced degradation. A
comparison between the TB results measured under the linear
pump power (50 nJ/pulse) with 470 and 580 nm excitation is
shown in Figure 3d. The extracted kinetic profiles show similar
dynamics regardless of the excitation wavelength, suggesting
that the 470 nm excitation likely promotes electrons to the
second excitonic state that then rapidly relaxes to the first
excitonic state. Although the spectra show two TA kinetic
decay features, TA, shows a lower signal-to-noise (S/N) ratio
due to the inference between the pump and probe beams.
Because of this, we analyze only the TA, decay for this study.
The TA, decays can be fit with a triple exponential function
with similar fast, medium, and slow constants of 0.20 + 0.05,
4.9 + 1.1, and 698 = 250 ps (Table 1) as the TB signal. The
similar kinetics of the TB and TA, signals suggest that they are
associated with similar processes.

To gain further insight into the physical processes governing
the exciton and charge carrier dynamics in the present thin
film, we proposed a kinetic model, as shown in Figure S2a of
the Supporting Information, to fit the observed TB and TA,
signals, following an approach similar to previous studies.**~**
The proposed model for pristine CsBi;I;, involves the CB,
CBegger TS, and VB. The rate constant for each transition is
iterative and selected on the basis of the best fit to the
experimental results, as shown in the Supporting Information.
In this proposed model, we assign the time constants to the
corresponding physical processes in the CsBisl;, samples
(Table S1 of the Supporting Information). This kinetic
modeling is not unique, but it does provide a possible scenario
to better understand the key dynamic processes involved. On
the basis of the results of TB, TA,, and related kinetic
modeling, possible mechanisms are proposed to explain the
exciton dynamics in the CsBilj, thin film in Figure 4.

https://doi.org/10.1021/acs.energyfuels.4c04554
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Table 1. Fitting Parameters of Single-Wavelength TB Recovery at A, of the CsBi;I;;, Thin Film

CsBisl,o 7, (ps) 7, (ps) 73 (ps)
TB, 623 nm 0.27 + 0.06 27 + 1.1 582 + 240
TA, 663 nm 0.20 + 0.05 49 + 1.1 698 + 250

Al AZ A3
—1.5 + 0.1 (78%) —0.3 + 0.1 (15%) —0.1 % 0.05 (7%)
1.2 + 0.1 (80%) 0.1 + 0.1 (7%) 02 + 0.05 (13%)

Figure 4. Kinetic model of CsBi;I}. The lifetimes of each state were
calculated using the kinetic model of the TB and TA results.

Following excitation with an energy above the band gap (470
nm), an exciton is generated. Exciting above the band edge
provides excess kinetic energy, and therefore, the electron will
relax to the CB,g,, through electron—phonon interactions.”’ In
CsBi;1,,, the fast component (~0.28 ps) in the TB recovery
and TA, decay profile was attributed to vibrational relaxation
or cooling of the excitons within the CB, potentially influenced
by defects due to surface and grain boundaries. After the
electrons relax to the CBg,, they can relax through multiple
pathways, including trapping into trap states. The presence of
surface defects is expected to enhance charge carrier trapping,
as also discussed in previous studies on similar materials.”" ™
In the simplified model, the TB and TA, medium component
(~S ps) was attributed to trapping below the CB.gge-
Moreover, the modeling suggests that the electron—hole
recombination process has contributions from the TS.
Specifically, the slow components from the TB and TA, data
show that recombination from the TS to VB occurs in ~555
ps. This slow recombination from the TS to VB might be due
to free carriers forming polarons highly localized in the TS.>
Interestingly, from the kinetic fitting model, band-to-band
recombination was suggested to be ~3.3 ps. A possible
explanation for this phenomenon is due to an excited state
coupled with a dissociative channel, which can impact the
overall exciton dynamic.”’ The dissociative excited state offers
a non-radiative decay pathway, allowing excitons to rapidly
dissociate rather than undergoing radiative recombination. The
presence of such a dissociative channel not only shortens the
excited state lifetime but also competes with other relaxation
pathways, such as electron trapping in TS and electron—hole
recombination from the CB, 4, to the VB. It also likely leads to
photoinduced degradation of the material.

Furthermore, the triple exponential decay observed in the
TB and TA, signals indicates that the dynamic processes
involved are not solely sequential or parallel but also involve
multiple and reverse processes. The reverse processes,
represented as upward-curved arrows in Figure 4, are generally
expected to be slower than the forward processes and likely
result from back energy transfer from a vibrationally relaxed

state, such as the CB 4. or TS, to higher vibrational states,
contributing to the multiexponential behavior. Specifically,
reverse processes with time constants of 1.25 and 100 ps were
identified. The faster reverse process (1.25 ps) likely
corresponds to back transfer from the vibrationally relaxed
states to higher energy states, while the slower reverse process
(100 ps) might be attributed to a delayed backflow from
trapped states. The rate constants and corresponding time
constants for each process are detailed in Table S1 of the
Supporting Information. In the kinetic model, various
combinations of rate and time constants were simulated to
determine the most likely processes occurring within the
CsBizl;, system, with details given in the Supporting
Information.

In summary, the exciton dynamics of the CsBil, thin film
have been investigated for the first time using femtosecond TA
spectroscopy. The CsBi;l;, thin film was synthesized by the
antisolvent spin-coating technique, and the crystallinity was
confirmed using XRD and Raman measurements. Further-
more, UV—vis absorption spectra revealed two excitonic peaks
peaked at 496 and 626 nm. Detailed kinetic analysis of ultrafast
TB and TA dynamics suggests hot electron cooling in the
conduction band, trapping in trap states, electron—hole
recombination, and possible involvement of a dissociative
pathway or high density of defect states coupled with the
excited electronic state, leading to overall short-lived exciton or
charge carriers. These results are important for gaining a
deeper understanding of the photophysics of Bi-based halide
perovskites and represent an important first step toward
improving their performance.
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