Open Access Article. Published on 26 January 2026. Downloaded on 3/17/2026 3:59:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry C

ROYAL SOCIETY

»
PP OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5tc03279b

Received 2nd September 2025,
Accepted 23rd January 2026

DOI: 10.1039/d5tc03279b

rsc.li/materials-c

Introduction

Long photocarrier lifetimes in CsPbBr; films
deposited by a machine-learning-assisted
IR-laser molecular beam epitaxy process

d

Shizuka Suzuki,? Toshihiro Sato,” Hideomi Koinuma,® Ryuzi Katoh and

Ryota Takahashi @ *@

We investigated a machine-learning-assisted IR-laser molecular beam epitaxy (IR-MBE) process to
extend the photocarrier lifetime of halide perovskite CsPbBrsz films. In this method, the raw material
powder placed in a vacuum is heated by pulsed IR laser irradiation, thereby depositing thin-film crystals
on the heated substrate. A machine-learning approach was employed to explore the growth window
that enhances the crystallinity of IR-MBE-grown CsPbBrs films and maximizes their functional properties.
A closed-loop operation based on Bayesian optimization was performed to explore the growth window
by autonomously tuning three synthesis parameters: substrate temperature, nitrogen pressure, and
deposition rate. Twenty trial depositions led to the detection of a growth window that drastically
improved the crystallinity of the CsPbBrz film. When the CsPbBrs film was deposited under optimum
conditions, the optical absorption rate of the excitons increased, and the photoluminescence emission
efficiency improved. Furthermore, time-resolved microwave photoconductivity measurements revealed
a long photocarrier lifetime of 40.4 us, which was comparable to that of bulk CsPbBrs single crystals,
even though the CsPbBrs film was polycrystalline, revealing that the generation of defects to promote
nonradiative recombination was suppressed. The IR-MBE method assisted by Bayesian optimization
is a powerful synthetic process that improves the quality of halide perovskite films and maximizes the
functional properties of the material itself.

achieving a high photoelectric conversion efficiency exceeding
25%."'>"* Materials with excellent photoelectric conversion

Halide perovskites have attracted considerable attention as
semiconductor materials since their discovery in 2009." Accord-
ing to early solar cell reports, the electrochemical cell structure
was similar to that of dye-sensitized solar cells, which consisted
of a liquid containing iodide ions. Subsequently, the device
structure became solid, and the photoelectric conversion effi-
ciency exceeded 10%.” Furthermore, the development of binary
and ternary chemical compositions of perovskite materials®™
and the passivation effect at the electron transport layer (ETL)
and hole transport layer interfaces®” have led to photoelectric
conversion efficiencies exceeding 20%. In particular, the intro-
duction of the two-step method®® and the antisolvent method'*'*
has significantly improved the crystallinity of perovskite films,
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efficiency have been applied not only to solar cells but also to
devices such as light-emitting diodes (LEDs)'*'* and lasers."®
Photocarrier lifetime is an important physical parameter for
investigating the quality of the semiconductor crystal of
a photoelectric conversion material. This is because the para-
meter is determined by the balance between radiative and non-
radiative recombination, which is caused by the formation of
defect structures. When the crystallinity of a semiconductor is
poor, deep defect levels are generated in the bandgap. Photo-
excited electrons are trapped at the defect levels, inducing
non-radiative recombination; consequently, the photocarrier
lifetime decreases.'” To improve the performance of photo-
electric conversion devices such as photocatalysts, solar cells,
and LEDs, the development of thin-film processes is actively
promoted to extend the photocarrier lifetime. For example,
during the development of a water-splitting photoelectrode
using a photocatalytic SrTiO; film, the formation of crystal
defects in the SrTiO; film is suppressed by optimizing
the deposition temperature and pressure during film growth,
leading to a longer photocarrier lifetime and improved
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photoconductivity.'® Ultimately, this improvement enhances the
internal quantum efficiency of the water-split photoelectrode.'**
Therefore, it is particularly important to develop a film fabrication
process that efficiently optimizes process parameters, such as
substrate temperature and pressure, even for halide perovskite
films, and extends photocarrier lifetimes.

In this study, we attempted to extend the photocarrier life-
time of halide perovskite CsPbBr; films using two methods.
The first approach employs a unique film synthesis using
the pulsed IR laser molecular beam epitaxy (IR-MBE) method.
The raw powder is placed in a vacuum and heated by pulsed IR
laser irradiation, resulting in the evaporation of the heated
substrate. This process has been developed to gently deposit
functional films of organic materials and ionic liquids.*' >
Furthermore, this process can be employed to deposit halide
perovskite materials such as MAPbI;,>***® CsPbBr;,>®*” and
CsPbI,*’ films. In particular, the CsPbBr; films deposited by
IR-MBE exhibited a significantly longer photocarrier lifetime of
35 ps according to the time-resolved microwave conductivity
(TRMC) measurements, revealing the high crystallinity of
the CsPbBr; films.>® However, this process requires complex
layering, in which a 50-nm CsBr thin film is deposited prior to
the CsPbBr; film deposition, otherwise, the impurity phase
CsPb,Brs crystallizes in the CsPbBr; film, deteriorating its
optical properties. Therefore, it is essential to develop a simple
film deposition process within the growth window in which
stoichiometric CsPbBr; films can grow in a self-organized
manner while suppressing defect formation. The growth window
indicates the range of optimal process conditions, such as
temperature, pressure, and the flux amount, that allow the
stable growth of high-quality thin films in vacuum deposition.
For example, when complex oxides such as SrTiO; and BaTiO;
are deposited using a growth window, the chemical composi-
tion approaches the stoichiometric composition, improving the
crystallinity and surface flatness of the film crystal and leading
to a significant improvement in the functional properties of the
film device.”®° If a CsPbBr; film is deposited within the growth
window, it is possible to synthesize a CsPbBr; film with good
crystallinity, a uniform chemical composition, and fewer defects,
directly leading to an improvement in film functionality.

To explore the growth window efficiently, a second approach
was adopted using Bayesian optimization. Bayesian optimi-
zation is a method that can start an estimation from relatively
small experimental data among various machine learning methods.
Recently, this method has been widely used in materials
research to optimize material synthesis processes for super-
conducting materials,*! electrode materials,**** phase-change
materials,** two-dimensional materials,>” and phosphors.*®
In Bayesian optimization, a function that returns a predicted
value for the input data is created using a Gaussian process
regression. It is possible to express complex responses that
cannot be obtained using linear regression. In Gaussian pro-
cess regression, the predicted value u and standard deviation o
of the data are calculated from experimental data. Subse-
quently, the next measurement plan was proposed based on
an acquisition function that considers them. The optimization
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of process parameters that maximize the functions and physi-
cal properties of materials can be accelerated by combining
Bayesian optimization with the expected improvement (EI)
acquisition function applied to the IR-MBE method.

In this study, we performed a closed-loop operation using
experimental crystallinity data obtained from X-ray diffraction
(XRD) to search for a growth window that improves the crystal-
linity of CsPbBr; films grown by IR-MBE. Two growth para-
meters, the substrate temperature and nitrogen pressure, were
chosen to form a growth window.>®**° The deposition speed
was chosen to suppress the evaporation of volatile CsBr
composition.*® Bayesian optimization was performed to deter-
mine the three synthesis parameters that maximized the
CsPbBr; (110) reflection intensity as measured by XRD. The
closed-loop operation was repeated 20 times, resulting in the
detection of the growth window. The CsPbBr; film deposited
in the optimized growth window exhibited improved film
crystallinity and reduced defect density. As a result, non-
radiative recombination was suppressed, and the photolumines-
cence (PL) emission efficiency increased. TRMC measurements
revealed a long photocarrier lifetime of 40.4 ps for the
CsPbBr; film.

Experimental

The CsPbBr; film was prepared by IR-MBE (Vacuum Products:
Double laser PVD)*® on SrTiO;(001) substrates that were wet-
etched in buffered NH,F-HF to obtain a well-defined surface
termination (Shinkosya, ST-AS-15S).*"*> During the deposition,
the substrate was heated using an infrared semiconductor laser
at a wavelength of 1060 nm (SPI lasers, G4, 200W).>*** The laser
power was controlled using a proportional-integral-differential
(PID) controller to maintain the desired temperature.

CsPbBr; powder (Tokyo Chemical Industry Co., C3569) was
placed in a quartz crucible as the raw material for film deposi-
tion and irradiated with a continuous-wave (CW) IR laser at a
wavelength of 1060 nm (SPI lasers, G4, 40W).”**” During the
deposition, a CW IR laser was electrically chopped at a freq-
uency of 10 Hz with a pulse duration of 50 ms. The deposition
rate was monitored using a quartz crystal oscillator (INFICON
STM-2). To precisely control the amount of deposition and
maintain the deposition rate, the IR laser power was auto-
matically tuned using a PID controller.”®?”

The film orientation and lattice parameters of the CsPbBr;
film were analyzed using Cu Ko XRD and wide-range reciprocal
space mapping. All the XRD measurements were performed
using a Rigaku SmartLab XRD instrument at room tempera-
ture. The film thicknesses were determined using a stylus
profiler (Kosaka Laboratory: ET200A). The optical transmit-
tance of the CsPbBr; films was analyzed using a UV-visible
microspectrometer (JASCO, MSV-5700). The surface morpholo-
gies were analyzed using scanning electron microscopy (SEM)
energy-dispersive X-ray spectroscopy (EDS) (JEOL, JSM-IT200).
The Cs/Pb ratio was calibrated by using commercial CsPbBr;
powder (Tokyo Chemical Industry Co., C3569).

This journal is © The Royal Society of Chemistry 2026
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PL measurements were performed using a custom-built
fluorescence spectrometer.** For excitation, an LED lamp at
365 nm (Hamamatsu: LC-L1) was focused on the film samples
at 25.1 mW cm 2. The luminescence from the sample was
transferred to a monochromator (Acton: Spectra Pro 150) using
a quartz glass fiber. UV-cut filters (L40 and L42) were used
between the sample and the detector to eliminate excitation
light. The excitation and luminescence intensities were tuned
using neutral-density (ND) filters. All PL measurements were
performed in the same configuration using a relatively long
focus lens. The difference in emission intensity corresponds to
that PL emission yield, ie., lower emission intensity corre-
sponds to a larger contribution from the non-radiative process.

Time-resolved PL (TRPL) was measured by time-correlated
single-photon counting (TCSPC). A pulsed 375-nm laser diode
(Edinburgh Instruments, EPL-375) was used as the excitation
source. The emissions were collected using a cooled high-
speed photomultiplier tube detector head for photon counting
(Becker & Hickl GmbH: PMC-150-04).

For TRMC measurements, microwaves generated using an
oscillator based on a 200-mW Gunn diode (Nakadai MGS-15B)
were used as the probe.”®**™” The frequency was tuned from
8 to 9 GHz using a varactor diode. The microwaves were
directed toward the sample cavity through a waveguide. The
third harmonic (355 nm) of a Nd:YAG laser (VM-TIM, VM-200-
10-ST) was used for the UV excitation measurements. The laser
pulse duration was 10 ns. The pulse intensity was tuned using
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ND filters ranging from 7.6 x 107> to 3.9 uJ cm > Reflected
microwaves were detected using a diode (NEC, IN23WE). The
measured signals were processed using a digital oscilloscope
(Tektronix: TDS680C) and analyzed on a computer.

Results and discussion
Bayesian optimization of process parameters

Fig. 1(a) illustrates the closed-loop optimization for IR-MBE
growth. The CsPbBr; films are deposited using IR-MBE.”*?”
The three important parameters selected for IR-MBE are substrate
temperature, nitrogen pressure, and growth rate. The first two
parameters are the most important parameters for forming the
growth window for MBE synthesis.>®**° The remaining growth
rate is essential when depositing complex compounds contain-
ing volatile elements like CsBr. Depositing films at a faster
growth rate suppresses the loss of volatile elements, making it
possible to fabricate thin films with a closer stoichiometric
composition.*’

First, the substrate temperature is maintained constant
during the deposition process by PID control of the intensity
of the IR laser used for heating.’®*® In the optimization
process, the temperature is varied in the range of 150 °C to
300 °C. Second, the pressure is maintained constant during
film deposition by the PID control of the amount of nitrogen
flowing into the chamber.*® The nitrogen pressure is optimized
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(a) Schematic of the closed-loop optimization of CsPbBr3 film growth using a machine-learning-assisted IR-MBE technique. A CsPbBr3 film was

grown via the IR-MBE method. The prepared CsPbBrs film was characterized by XRD to estimate the crystallinity of the CsPbBrs film. A Bayesian approach
was employed for the prediction of the growth parameters: film growth rate, substrate temperature, and nitrogen pressure. (b) CsPbBr3 film thickness
monitored using a quartz crystal oscillator during the CsPbBrsz film growth by IR-MBE. The deposition rate is controllable during the entire deposition.
(c) Typical XRD pattern of a poly-crystalline CsPbBrs film grown on the SrTiOs (001) substrate. (d) Bayesian optimization of the growth parameter to
maximize the normalized XRD intensity. The gray boxed area denotes the initial five points. (€) Normalized XRD intensity as a function of growth
parameters: film growth rate, substrate temperature, and nitrogen pressure. The red dotted line denotes the growth window to form the highly crystalline
CsPbBrs films on the SrTiOs (001) substrate. The three deposition conditions to synthesize the CsPbBrs film with good crystallinity are named A, B, and C,
as shown in (d) and (e).
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in the range of 3.0 x 107° to 1.0 x 10~* Torr. Third, the
deposition rate is monitored using an in situ thickness moni-
toring system during the entire deposition process, as shown in
Fig. 1(b).?° From the start of deposition, the irradiation inten-
sity of the pulsed IR-laser for heating is PID-controlled to keep
the deposition rate constant at the rate set using the software.
The deposition rate is varied within the range of 0.05-0.30 nm s~ .
The total thickness of the CsPbBr; film is fixed at 200 nm using an
in situ thickness monitoring system.

After the deposition of the CsPbBr; film by IR-MBE, its
crystallinity was quantitatively evaluated by XRD analysis.
Fig. 1(c) shows a typical XRD pattern of SrTiO; (001). The
CsPbBr; (110) peak is clearly observed on the low-angle side
of the SrTiO; (001) peak. The previous study using an a-Al,O3
substrate suggests that the CsPbBr; (110) peak is strongest in
the XRD pattern and sensitive to the film crystallinity.>® The
reflection has been selected to evaluate the crystallinity of the
CsPbBr; film. We note that the full width at half maximum
(FWHM) is the most standard parameter to quantitatively
compare the film crystallinity. However, during the process
optimization, XRD peaks are sometimes not observed, making
it impossible to input the FWHM value into Bayesian optimiza-
tion calculation. Therefore, in this study, the XRD peak inten-
sity was adopted as the input value.

The film peak intensities should vary from sample to
sample, depending on the quality of the SrTiO; substrate and
the alignment of the XRD patterns. Therefore, the peak inten-
sities of the films were normalized to the intensity of the SrTiO;
(001) reflection. The normalized intensity was used as the
criterion for evaluating the crystallinity of CsPbBr; films.

Three synthesis parameters (substrate temperature, nitrogen
pressure, and deposition rate) were optimized using Bayesian
optimization to maximize normalized peak intensity. The EI
function was used as the acquisition function for the Bayesian
optimization.*® Five synthesis conditions were randomly selected
as the initial values. Using the measurement results of the initial
five points, the mean (x) and variance (s) of the data were
calculated using Bayesian optimization based on Gaussian pro-
cess regression. The acquisition function was calculated from
these values, and the three synthesis parameters that maximized
the value of the acquisition function obtained from the sixth trial
were predicted. The closed-loop operation of thin-film synthesis
by IR-MBE, structural evaluation by XRD, and data prediction by
Bayesian optimization were repeated 20 times to search for the
growth window of the CsPbBr; film.

Fig. 1(d) shows the XRD intensity for each trial. The gray
hatched area denotes the results of the first five trials. To deter-
mine how many samples are needed to reach the growth
window, the XRD intensity was plotted as a function of the
total number of samples.*’ After obtaining the initial five
points, a closed-loop operation using Bayesian optimization
was repeated. The synthesis parameters for enhancing the XRD
intensity of the CsPbBr; films were determined in the 4th, 10th,
and 17th trials. Fig. 1(e) shows the XRD intensity for each
synthesis parameter used in the 20 experiments. A tendency for
the XRD intensity to increase is observed in the nitrogen
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pressure region around 10~* Torr and the substrate tempera-
ture region at approximately 200 °C. The region indicated by
the red dotted line in Fig. 1(e) is expected to be the growth
window where the crystallinity of the CsPbBr; film increases.

Structural analysis of CsPbBr; films

The three recommended synthesis conditions suggested by
Bayesian optimization are denoted as A, B, and C, as shown
in Fig. 1(d and e). The crystal structures of the CsPbBr; films
deposited under conditions A, B, and C were evaluated by XRD.
Fig. 2(a—c) show the XRD patterns of CsPbBr; films deposited
under conditions A, B, and C. Polycrystalline CsPbBr; films
with cubic structures were grown on the SrTiO; (001) substrate.
No peaks derived from the impurity phase are observed for the
CsPbBr; films deposited under conditions A and B, whereas the
CsPbBr; film deposited under condition C precipitates a c-axis-
oriented CsPb,Brs impurity phase. Furthermore, the absence of
impurity phase precipitation suggests that the Cs/Pb ratio of
the CsPbBr; films deposited under conditions A and B should
be close to 1. SEM-EDS analysis shown in Fig. S1 has revealed
that the Cs/Pb ratios under conditions A, B, and C were
measured to be 0.997, 0.995, and 0.921, respectively, supporting
the presence or absence of impurity CsPb,Brs phase precipita-
tion observed by XRD analysis. Therefore, the red boxed regions
in Fig. 1(e) formed under conditions A and B, as identified by
Bayesian optimization, represent the growth window, indicating
that the chemical composition of the CsPbBr; films approaches
the stoichiometric composition in the red boxed region. More-
over, under the growth window using condition A, the high
crystallinity film was reproduced, as shown in Fig. S2, presenting
no impurity peak and the same intensity as the CsPbBr; (110)
orientation.

When comparing the XRD peak intensity distributions of the
three samples in Fig. 2(a-c), the CsPbBr; film deposited under
condition B has relatively high peak intensities for the (110)
and (111) orientations, whereas the CsPbBr; film deposited
under condition A has a higher peak intensity for the (001)
orientation. In the chemical vapor deposition (CVD) and pulsed
laser deposition (PLD) methods, CsPbBr; films deposited on
SrTiO;(001) substrates can grow epitaxially along the c-axis.**™°
The CsPbBr; film deposited under condition A is expected to
grow in an in-plane orientation.

Fig. 2(d) shows the wide-range reciprocal space mapping of
the CsPbBr; film deposited under condition A along the HOL
plane of the SrTiO; lattice. Generally, in reciprocal space
mapping, ring-shaped peaks are observed in polycrystalline
thin films with no in-plane orientation, whereas spot-shaped
diffraction points are observed in single-crystalline films with a
uniform in-plane orientation. In Fig. 2(d), weak ring-shaped
peaks are observed around the (110), (002), and (112) reflec-
tions, suggesting the presence of domains randomly aligned
along the in-plane direction. In contrast, strong spot-shaped
peaks are also observed, revealing the presence of domains
with an in-plane orientation.

Fig. 2(e) shows the relationship between the in-plane orientation
of the c-axis-oriented CsPbBr; film and the SrTiO;(001) substrate.

This journal is © The Royal Society of Chemistry 2026
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substrate and the CsPb,Brs impurity phase, respectively. (d) Wide-range reciprocal space mapping of a CsPbBrs film grown under condition A on the
SrTiOz substrate. White and yellow are the reflection of the film and the substrate, respectively. “#" denotes the K reflection of the substrate crystal.
(e) Schematic of the in-plane relationship between the SrTiOz(001) substrate (blue) and the CsPbBrs (001) film (red).

The lattice constant of the cubic CsPbBr; is 5.83 A, whereas that of
the cubic SrTiO; substrate is 3.905 A.**° As in previous reports
on CsPbBr; films prepared by PLD and CVD, the two unit cells of
CsPbBr; match incommensurately with the three unit cells
of SrTi0;.**°° The lattice mismatch coefficient is calculated to
be —0.5%. Here, the in-plane orientation is called domain A.
In contrast, when CsPbBr; is rotated by 45° with respect to the
SrTiO; substrate, the lattice mismatch is estimated to be +5.6%.
Here, the in-plane orientation is called domain B. Therefore,
in a CsPbBr; film on a SrTiO; (001) substrate, the two in-plane
orientations of domains A and B might coexist.

In the wide-range reciprocal space mapping shown in
Fig. 2(d), in addition to the peaks of the SrTiO; substrate, the
(101), (102), and (103) reflection peaks of the CsPbBr; films are
clearly observed on the asymmetric plane, indicating the
presence of domain A, as illustrated in Fig. 2(e). Furthermore,
the (112) peak of CsPbBr; is observed, revealing the presence of
domain B. Fig. S3 shows the wide-range reciprocal space
mapping measured along the HHL plane of the SrTiO; lattice.
Fig. 2(e) shows the coexistence of the two domain structures.

Fig. S4(a) and (b) show wide-range reciprocal space map-
pings of the CsPbBr; films deposited under conditions B and C.
In addition to the two domain structures shown in Fig. 2(d),
diffraction peaks originating from the [110] and [111] orienta-
tions are observed together with the [001]-oriented domain.
This indicates that the proportion of the [110] and [111]

This journal is © The Royal Society of Chemistry 2026

orientations is higher than that of the CsPbBr; film deposited
under condition A. Therefore, the difference in the (001) peak
intensity observed in the XRD patterns in Fig. 2(a—-c) reflects the
degree of c-axis orientation with an in-plane orientation. The
CsPbBr; film prepared under condition A does not contain any
impurity layers and exhibits the strongest c-axis orientation.
The structural XRD analysis suggests that the functional proper-
ties of the CsPbBr; film prepared under condition A are superior
to those of the other two samples.

Optical absorption and luminescence analysis of CsPbBr; films

Fig. 3(a) shows Tauc plots of the CsPbBr; films deposited under
conditions A, B, and C. The bandgap of each film is estimated
to be 2.3 eV, which is consistent with the reported bandgaps of
the CsPbBr; films.**™° The exciton absorption peak is observed
at a higher energy than that of the bandgap edge. The exciton
absorption rate is the highest in the CsPbBr; film deposited
under condition A. In contrast, the exciton absorption rate is
attenuated in the films deposited under conditions B and C.
Excitons are generally scattered by defects and the precipitation
of impurity phases,” suggesting that the CsPbBr; film depos-
ited under condition A has high film quality. The optical
absorption data are consistent with the results of the structural
evaluation by XRD.

Fig. 3(b) shows the PL spectra measured using a 365 nm
excitation light for the CsPbBr; films deposited under
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Fig. 3 Tauc plots (a), PL emission spectra (b), excitation laser energy dependences on PL emission intensity at 530 nm (c), and TRPL profiles (d) of the
CsPbBrs3 films grown under conditions A, B, and C. The dotted lines in (c) denote the fitting curve using the power law.

conditions A, B, and C. Strong PL emission is observed at
530 nm for all CsPbBr; films, and no shift is observed in the
emission wavelength. Comparing the emission intensities, the
PL intensity of the CsPbBr; film deposited under condition A
is 40,515 counts, the strongest intensity, whereas the inten-
sities of the films deposited under conditions B and C are
smaller at 16967 and 9476 counts, respectively. The same
optical configuration was used for the three measurements.
Therefore, the difference in luminescence intensity corre-
sponds to the difference in luminescence yield. If the relative
quantum efficiency of the CsPbBr; film deposited under
condition A is considered as 100%, the CsPbBr; films deposited
under conditions B and C have lower luminescence efficiencies of
41.9% and 23.4%, respectively.

Fig. 3(c) shows the excitation light intensity dependence of
the PL emission intensity at 530 nm for the CsPbBr; films
prepared under conditions A, B, and C when the wavelength of
the excitation light is 365 nm. The excitation light intensity
dependence is useful for identifying the recombination path-
way of photoexcited carriers in the crystal because the PL
emission intensity is experimentally proportional to the power
law (Ipy o Iex.”).>® Therefore, the power factor « is a parameter
that reflects the carrier recombination process. The PL emission
intensities of all CsPbBr; films change linearly in proportion to

J. Mater. Chem. C

the excitation light intensity, and no shift is observed in the
emission peak. The o values of the CsPbBr; films deposited under
conditions A, B, and C are estimated to be 1.1, 1.1, and 1.2,
respectively. No significant nonlinear behavior due to recombina-
tion influenced by free carriers at the impurity level is observed, as
shown in Fig. 3(c).

Fig. 3(d) shows the TRPL profiles measured using TCSPC for
the CsPbBr; films deposited under conditions A, B, and C. The
transient PL profile was fitted using an exponential function
with the following time constant:**>?

I = Aexp{—(%)x}

where ¢ is the time, A is the emission intensity, and o is the
distribution parameter. The ideal TRPL profile has an « value
of 1, and the PL intensity decays with a single exponential
function. When « deviates from 1, it implies that non-radiative
recombination occurs because of the formation of defect levels.
The fitting results are shown in Fig. S5. The « values of the
CsPbBr; films deposited under conditions A, B, and C are
estimated to be 0.88, 0.70, and 0.34, respectively. The profile
of the CsPbBr; film deposited under condition A is the closest
to a single exponential, and a linear behavior is observed in the
PL intensity in the logarithmic graph. In contrast, the other two

(1)
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TRPL profiles deviate from a single exponential, suggesting the
formation of multiple excitation levels due to the formation of
defect structures, and the PL emission is strongly affected by
the excitons in the CsPbBr; films.

From the TRPL profiles of the CsPbBr; films deposited
under conditions A, B, and C, the half-lives at which the PL
intensity reaches half of the maximum intensity are estimated
to be 10.6, 0.6, and 0.3 ns, respectively. The calculated results
correlate with the trend in the relative luminescence efficiency
of the PL spectra shown in Fig. 3(b). The CsPbBr; film depos-
ited under condition A exhibits the longest luminescence life-
time. In contrast, the CsPbBr; film deposited under condition C
has more defects that cause non-radiative recombination owing
to the precipitation of impurity phases of CsPb,Br; with a CsBr
deficiency. Consequently, the PL lifetime is the shortest. The
crystallinity obtained from the XRD analysis shown in Fig. 2
correlates with the occurrence of nonradiative recombination,
strongly affecting not only the shape of the TRPL profile but
also the emission lifetime.

TRMC analysis of CsPbBr; films

The photoconductivity of the CsPbBr; films was evaluated
using TRMC measurements. TRMC is a time-resolved micro-
wave conductivity that measures the electrical conductivity (o)
of charge carriers generated in a film sample by irradiation with
a UV pulse laser from the amount of microwave absorption.
TRMC measurement is an effective method for quantitatively
evaluating charge carrier dynamics in various halide perovskite
thin films and single crystals.>®*7:3476°

When a sample is irradiated with a UV laser, microwaves are
absorbed owing to carrier generation. The amount of absorp-
tion (—AP/P) is expressed using the following equation:

AP
—— =-Ko=K'N.> u (2)

P

where K and K’ are constants, N, is the number of charges,
and u represents the sum of the carrier mobilities of positive
and negative charges. Therefore, the TRMC transient profile
contains signals related not only to the amount and mobility
of charge carriers in the film but also to the kinetics of
the electron-hole recombination and charge carrier trapping
processes. Immediately after photoexcitation by irradiation
with the excitation UV pulse laser, N, reaches a maximum value
and represents the generation rate of mobile charges (Pgg).
When the excitation light is completely absorbed by the sample,
eqn (2) can be expressed as follows:

AP
P max

_17 _ K//(DCG Z I (3)
€x

where K” is a constant and I, is the UV laser intensity. Using this
equation, the effective mobility of halide perovskite films, which
strongly depends on crystallinity and impurities, can be estimated
without depositing an electrode film on the film surface. Another
advantage of TRMC for evaluating halide perovskite films is the
investigation of dynamics related to the recombination and
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trapping of photoinduced charge carriers. The decay of the TRMC
represents the photocarrier lifetime, which varies depending on
the balance between radiative and non-radiative recombination
induced by the generation of defect levels. As a result, non-
radiative recombination is suppressed by reducing the defect
density, and the photocarrier lifetime is extended. Therefore,
the photocarrier lifetime value of halide perovskite films is an
important parameter that allows for the comparison of the
crystallinity and mobility of thin films fabricated by different
fabrication processes.

Fig. 4(a) shows the transient —AP/P profiles of CsPbBr; films
deposited under conditions A, B, and C. To suppress secondary
hole and electron recombination, all profiles were measured
at a low excitation light intensity of 0.03 pJ cm ™2 When the
CsPbBr; film is irradiated under 355-nm excitation light,
mobile carriers are generated, which absorb the microwaves.
The —AP/P value rises instantaneously at 0 ps when the excitation
laser is irradiated and reaches a maximum value (—AP/P)yax.
Subsequently, the —AP/P value gradually decreases because of
hole and electron recombination and trapping. Here, the half-
life of —AP/P is defined as the photocarrier lifetime. The half-
lives of the CsPbBr; films deposited under conditions A and B
are significantly long, at 40.4 and 20.3 us, respectively, whereas
the half-life of the CsPbBr; film deposited under condition C is
0.2 ps, which is about two orders of magnitude shorter than
that of the other two samples.

Furthermore, the (—AP/P),,x of the CsPbBr; film deposited
under condition A is 8.2 x 10>, whereas the (—AP/P) . values
of the CsPbBr; films deposited under conditions B and C
are 3.3 x 107° and 2.4 x 10~ °, respectively. As suggested by
the structural analysis data shown in Fig. 2 and the optical
analysis data shown in Fig. 3, the CsPbBr; film prepared under
condition A, which has the best film quality, exhibits the high-
est photoconductivity. In contrast, the CsPbBr; film deposited
under condition C exhibits the precipitation of the CsPb,Brs
impurity phase, deteriorating its photoconductivity characteristics.

Fig. 4(b) shows the excitation intensity dependence of the
normalized ((—AP/P)max/lex) for the CsPbBr; film prepared
under condition A, which exhibits the maximum value of
(—AP/P)max- When the excitation light energy is high, the value
of ((—AP/P)max/Iex) is small because of secondary hole-electron
recombination. As the excitation light intensity decreases, the
effect of secondary hole-electron recombination weakens, and
((—AP/P)pax/Iex) becomes larger and saturates at a maximum
value. A bell-shaped excitation light intensity dependence is
observed for CsPbBr; films deposited by PLD."” In PLD, the
kinetic energy of the plume is high and the plume responds to
the CsPbBr; film, forming defects in the thin film.5"%?
In contrast, in IR-MBE, the CsPbBr; raw material is heated
using a pulsed IR laser, and thin-film crystals can be deposited
under much milder conditions than that in PLD; thus, the
formation of defects is suppressed. The dependence of the bell
shape on the excitation light intensity is not shown in Fig. 4(b).

A significant benefit of TRMC measurements is that the
effective mobility and half-life of &g > i can be quantitatively
compared with previously reported values using eqn (2),
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(a) Transient profiles of signals for CsPbBrs3 films grown under conditions A and B. The inset shows the transient —AP/P signal under condition C.

(b) Normalized ((—AP/P)max/lex) Value as a function of the excitation laser intensity (/.,) of the CsPbBrs film grown under the optimum condition of A.
(c) Pc 3 of the CsPbBrs films as a function of 71,,. The circle and square denote the excitation laser energies of 0.03 and 0.68 pJ cm™2, respectively.
For comparison, the yellow diamonds and purple triangles plot the TRMC results for the CsPbBrs films in ref. 58 and 59. The gray dashed and dash-dotted
lines denote the measurement data of the CsPbBrz powder and single-crystal samples, respectively. The double-dash-dotted lines denote the reported
11/ Of the CsPbBrs single-crystal sample in ref. 64. The gray area represents the photocarrier lifetime of CsPbBrs single-crystal samples.

making it possible to determine the quality of the film. Using a
reference sample of the anatase thin film, ®cg > u was
calculated®® and plotted as a function of the half-life of the
TRMC signal. As shown in Fig. 4(c), the ¢ > i values of films
deposited under conditions A, B, and C were estimated to be
0.27, 0.08, and 0.11 cm® V' s, respectively. The values of 1,
were 40.4, 20.3, and 0.2 ps. In addition to the three samples, the
TRMC measurements of a series of CsPbBr; films prepared by
IR-MBE were plotted for comparison. To perform high-
throughput screening of the TRMC signals of several CsPbBr;
films, measurements were performed at two excitation light
intensities. The gray circles and squares show the TRMC results
measured at 0.03 and 0.69 pJ cm 2, respectively. From the
overall plot, as the film quality improves, the defect density
decreases and nonradiative recombination is suppressed, lead-
ing to longer 14/, values and larger ®@¢g Y u values. This means
that the high-quality CsPbBr; film is plotted in the upper-right
position in Fig. 4(c) and the low-quality CsPbBr; film is plotted
in the lower left position. The formation of defects reduces the
&cG > pand 14, values due to the nonradiative recombination.

To reconfirm that the 7y, value of the measured TRMC
signal is a parameter derived from the film quality of CsPbBr;,

J. Mater. Chem. C

the 74/, values of the commercial CsPbBr; powder and single
crystals are plotted in Fig. 4(c). The gray dashed and dot-dashed
lines show the measurement data for the CsPbBr; powder and
single-crystal samples, respectively.?” The two gray dot dashed
lines represent the reported value for the CsPbBr; single-crystal
sample.®* The 74/, values of the commercial powder and single
crystal are 0.258 and 13.4 ps, respectively. The improvement
in crystallinity suppresses nonradiative recombination and
extends the photocarrier lifetime. Comparing the literature
data with those of the CsPbBr; film, the 74/, of the CsPbBr;
films deposited under conditions A and B are located in the
gray area, which denotes the photocarrier of the CsPbBr; single
crystal. When the mobility is 0.27 cm® V™' s, the measure-
ment temperature is 300 K, and the measurement frequency is
8.5 GHz, the TRMC probing depth is estimated to be 9.1 nm by
extrapolating from ref. 54 and 60. Then, the diffusion constant D,
which changes depending on the mobility, can be estimated from
the following Einstein equation (D = pkgT/q), where kg is the
Boltzmann constant, T is the temperature, and q is the elementary
charge. When the mobility u is 0.1 cm® V- ' s7, the diffusion
coefficient D is calculated to be 33 x 10~* em” s~ . The diffusion
length L can be calculated from L = (Dt)"?, where ¢ is the time.
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Since the time domain measured by TRMC is on the order of
microseconds, the diffusion length after 1 ps is estimated to be
approximately 500 nm. In other words, even if the penetration
depth is only 9.1 nm, the TRMC measurement time domain is
sufficient to measure the charge that has diffused into the bulk.
From the SEM images shown in Fig. S6, the domain size of the
CsPbBr; films deposited under conditions A, B, and C is approxi-
mately 1 pm, which is sufficiently larger than the probing depth.
Therefore, the film has a crystallinity comparable to that of a
single crystal within the probing depth range.

To further clarify the advantages of the unique film synth-
esis process of IR-MBE, the previously reported TRMC values
of the CsPbBr; films prepared using the spin-coating method
are plotted in Fig. 4(c).*®> Both the films contained CsPbBr;
nanoparticles embedded in the matrix. Compared with reported
values, the maximum half-life of the CsPbBr; film deposited by
pulsed IR-MBE is two orders of magnitude longer. However, no
significant change is observed in the value of ®¢g Y  u. The
largest ®cg Y. shown in Fig. 4(c) is due to the interface
between the CsPbBr; nanoparticles and the TCNQ (7,7,8,8-
tetracyanoquinodimethane) ETL.*° The unique interface for-
mation enhances the value of @, leading to a large value of
@ci Y, u. For the bare CsPbBr; films deposited by each process
without considering the effect of the interface, the @cg > u
value is 0.16 cm® V! s™', which is almost the same as
the ®@cg 5" i obtained by IR-MBE, which is 0.27 ecm® V' s,
Both films are polycrystalline and strongly affected by grain
boundary scattering. In the IR-MBE method, to further improve
Pcc Y 1, it is essential to form a thin film in which the crystals
grow in a uniform in-plane direction without domain bound-
aries such as that of single crystals.

Finally, the half-life of the TRMC was compared with that of
the TRPL for the best CsPbBr; film deposited under condition
A. The half-life of TRPL is 10.6 ns, whereas the half-life of TRMC
is 40.4 ps, which is about three orders of magnitude longer than
that of TRPL. A large difference between the two measure-
ments has been reported not only for CsPbBr; films>® but also
for single crystals of MAPbI;>® and CsPbl; films deposited by
vacuum evaporation.’® TRMC measures the photoconductivity,
which is proportional to the time-dependent concentration n
and mobility p of free mobile electrons and holes, by the decay
of microwaves. In contrast, the TRPL of the CsPbBr; films
reflects the radiative recombination of excitons. Therefore,
the decay obtained by TRMC cannot be directly compared with
that obtained by TRPL because the two techniques detect
different carrier dynamics.>® Moreover, particularly for the
TRPL, PL emission is caused by the recombination of un-
relaxed charges before they are fully trapped, according to the
previous report.®®> On the other hand, the TRMC signal of
—AP/P is proportional to the product of the mobile charge
number and the sum of the carrier mobilities, as shown in
eqn (2). As the excited electrons relaxes to trap states, the TRMC
signal decreases. However, if the trapped charges were still
mobile, the TRMC signal would continue. While the further
detailed experimental investigation is necessary, the difference
is expected to account for the large difference in lifetimes
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between TRPL and TRMC. At least, the advantage of TRMC
is that it is sensitive to non-radiative recombination because
the loss of mobile carriers attenuates the observed signal,
whether radiative or non-radiative. Furthermore, the behavior
of mobile carriers can be observed continuously throughout the
sample, making it sensitive to bulk and defects. Therefore, the
mapping shown in Fig. 4(c) is useful for comparing the optical
functions of perovskite thin films, which are strongly process-
dependent.

Conclusions

We performed a closed-loop operation based on Bayesian
optimization to explore the growth window that improves
the crystallinity of CsPbBr; films grown by pulsed IR-MBE.
After 20 deposition trials, we succeeded in exploring a growth
window that not only improved the film crystallinity but also
maximized the functional properties of optical absorption and
emission. In particular, photoconductivity was significantly
improved by depositing CsPbBr; films in the growth window.
The evaluation of the photocarrier lifetime by TRMC revealed
a long photocarrier lifetime of 40.4 ps, which is comparable to
that of a single crystal. The synthesis of a thin film with high
crystallinity suppressed the formation of defect structures,
which cause non-radiative recombination. Consequently, the
photocarrier lifetime was significantly extended. This unique
film process that extends the photocarrier lifetime plays an
important role in enhancing the functions of devices such as
solar cells, LEDs, and photocatalyst materials. A film process
associated with machine learning for determining the growth
window efficiently and quickly is expected to improve the
functionality of halide perovskite devices.
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