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Perovskite materials are potential photo-absorbers, and their solution-processed perovskite layers are
widely reported in photodetection devices. However, defects in perovskites pose a serious challenge to
device performance. One possible way to overcome this set-back is growing a perovskite single crystal
and deploying it in photon detection devices. Herein, we report the growth of pure and Bi-doped
CsPbBrs perovskite single-crystals and their high-energy photodetection characteristics. The Bi-doped
CsPbBrz perovskite single-crystals exhibited good photodetection characteristics in the visible, X-ray and
gamma-ray regions. Under an illumination of 470 and 530 nm, the Bi-doped CsPbBrs perovskite single-
crystal photodetector displayed a linear response for the biasing voltage ranging from 2 V to 5 V. The
device displayed a higher magnitude of photocurrent and exhibited a better ON/OFF ratio of ~596 at
A =470 nm and ~24 at A = 530 nm. The gamma ray detection properties of the Bi-doped CsPbBrz
perovskite single crystal were studied using two different radioactive sources with varying activity levels.
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A characterization study using a portable X-ray device revealed an excellent response to varying tube
voltages and currents. The present study reveals the versatility of the Bi-doped CsPbBrs perovskite
single-crystals in photon detection under a wide range of illumination.
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Introduction

Photodetectors are among the most commonly used sensor
devices for acquiring information. Among the various radiation
detectors, sensitive gamma-ray detectors are notable in various
applications in medical imaging,’ nuclear energy,” scientific
research,® and radiation protection.®® In general, two radiation
detection techniques are used: direct and indirect. In the direct
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radiation detection technique, high-energy photons are mostly
directly converted into electronic signals for which semicon-
ductor crystals can be primary contenders.*®’” Semiconductor
crystals are viable as gamma-ray spectral detectors as they have
higher stopping power, higher mobility lifetime for efficient
charge collection, large resistance to noise for better signal
quality, lower trap density for decreased charge trapping, and
low cost for a measurable structure.** Gamma-ray spectroscopy
can resolve the energy of incoming gamma rays and identify radio-
active species and isotopes. Germanium has been widely used for
gamma-ray spectroscopy for over 40 years.'”'* Recently, organic-
inorganic lead halide perovskites have been demonstrated as a
promising candidate for developing high performance radiation
detectors because of their impressive optical and electronic
properties,>'? including long change-carrier diffusion lengths,
tuneable bandgaps, low defect density,”* high mobility-lifetime
(ut) and unique defect tolerant nature."* In recent decades, several
semiconducting materials, such as CdTe,"'® mercuric iodide
(Hgl,),” and CdZnTe (CZT),"” have been studied for direct radiation
detection applications.'® Unfortunately, none of them is an ideal
candidate. Specifically, it is expensive to achieve high-quality
spectral grade crystal CdZnTe, which is grown using the high-
temperature processing Czochralski method. Lead halide
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perovskite-based materials are widely used in radiation detection
and are considered important in this field.>® Several studies have
tuned the optical and electronic characteristics of halide perovs-
kites by doping them with certain hetero-valent cations. In this
respect, cations In®", Ag”, Sb*" and Bi*" are particularly interesting
because their valence electronic shell is isoelectronic to lead, and
the ns® lone pair is essential for defect tolerance.">*® In a highly
symmetric chemical environment, certain ions combine to form
narrow-band compounds that are essential for optical applications
in halide perovskites. Bi** is of particular interest as a dopant due
to its stability and ionic radius, which is similar to lead (1.03 and
1.19 A).”" One of the critical issues addressed by doping halide
perovskites with bismuth is the possibility of shifting the absorp-
tion threshold toward longer wavelengths, which was assumed due
to the optical bandgap tuning by the doping concentration level. It
is found that the doping of bismuth into CsPbX; ternary com-
pounds, where X (Br or Cl), is known for its high density, high
resistivity, and wide bandgap, makes them ideal materials for
gamma-ray and X-ray detection at room temperature. The modified
solution process was used to grow large single crystals of CsPbX;
compounds. CsPbBr; has already been shown to be effective in
detecting X-rays.””> However, even a tiny concentration of native
defects and impurities can act as traps and recombination centres,
negatively impacting the detector’s performance. When photo-
excited carriers are trapped at defects, it decreases the spectral
resolution, and the surface recombination of carriers reduces the
charge collection efficiency.”*** Additionally, the value of ut, an
essential property of these materials, is degraded by defect con-
centrations as low as few ppm or even lower.>* Most measurement
techniques lack the sensitivity due to detect defects at low levels.**
They cannot ignore native defects, such as vacancies and anti-site
defects, which can reduce prt values and detector efficiency.

In this paper, we successfully doped bismuth into a CsPbBr;
single crystal and found that it partially replaced Pb®" with Bi** in the
crystal system. Further, we studied their structural and photophysi-
cal properties using XRD, SEM, RAMAN and photoluminescence
emission spectroscopy. We fabricated a planar-type photodetector
device with an Au/Bi-doped CsPbBr;/Au structure and measured the
dark current and photocurrent response at different wavelengths to
evaluate the device performance. We also characterized the X-ray
and gamma-ray sensing properties of the Bi-doped CsPbBr; perovs-
kite single-crystal photodetector and discussed the results in detail.

Experimental methods

Chemicals and reagents

Lead bromide (PbBr, >98% Aladdin), cesium bromide (CsBr
>99.9% Aladdin), bismuth iodide (Bil; >99%, Aladdin) dimethyl
sulfoxide (DMSO, >99.9%, Macklin), N,N-dimethylformamide
(DMF, >99.5%, Aladdin) and cyclohexanol (CyOH) were pur-
chased and used without further purification.

ITC growth of Bi-doped CsPbBr; single crystals

Single crystals of CsPbBr; were grown by applying a modified
inverse temperature recrystallization process.*?® Initially, a
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mixture of dimethylsulfoxide (DMSO), dimethylformamide (DMF)
and cyclohexanol (CyOH) was prepared. CsBr and PbBr, were then
dissolved in 40 ml of DMSO at concentrations of 0.5 M and 1 M,
respectively. The solution mixture was filtered and heated to a
temperature range of 50-85 °C. Once it reached this temperature
range, 10 ml of CyOH and DMF (prepared by mixing 5 ml of each)
was added to the solution. It was then slowly heated to 80 °C at a
rate of about 2 °C per day. At the end of the reaction, a tiny seed
crystal was formed inside the beaker. Tiny and transparent seeds
were picked and placed on the bottom of the beaker to allow for
considerable crystal growth. The temperature of the beaker was
initially increased by about 2 °C per day and then maintained at
around 82 °C. The beakers were covered with glass slides to avoid
the fast evaporation of the DMSO. This slow evaporation process
allowed supersaturation to be achieved. After one week, a single
bar-shaped crystal was extracted from the solution; then, it was
washed and dried in a vacuum. After that, Bi-doped CsPbBr; was
synthesized, and the top of the Bil; layer was coated on the CsPbBr;
single crystals by the spin coating, followed by annealing at 100 °C
for 6 hours. This allows the partial replacement of Pb®" with Bi*" in
the crystal system.

Fabrication of a Bi-doped CsPbBr; perovskite-based X-ray
photodetector

The single-crystal perovskite-based X-ray detector has the ver-
tical structure of Au/Bi-doped CsPbBr;/Au, and the effective
area (electrode area) of the device is 1 cm?, which is obtained by
the deposition of ~30 nm thick gold electrodes on both sides
of the sample by thermal evaporation.>”*®

Characterization

The single crystal’s surface morphology was analyzed using
field emission electron microscopy (FESEM, FEI Quanta 200
FEI). Single crystal elemental analysis using energy dispersive
X-ray spectroscopy (EDX) was carried out using an X-act Oxford
Instrument system attached to the SEM. The prepared sample’s
crystallinity and phase purity are measured from X-ray diffrac-
tion (XRD) with the Smart Lab 3 diffractometer, covering the 20
range from 10° to 80°. UV-absorption measurements were
carried out by applying a spectrophotometer (Shimadzu UV-
2450), and Edinburgh FS5 took photoluminescence (PL) emis-
sion studies. The PL lifetime measurements were carried out
using a HORIBA Deltaflex IBH time-correlated single-photon
counting (TCSPC) system. Perovskite single crystals were char-
acterized by RAMAN measurements using a Horiba LABRAM
HR excited by a 785-nm laser. The current-voltage (I-V) and
current-time (I-t) features were measured using the Keithley
4200-SCS parameter analyzer tool with an EPS150FA probe
station. AUTO LAB Metrohm PGSTAT M101 has a system used
for spectral response behaviour under 470 nm and 530 nm
wavelength (LED sources Thorlabs).

Characterization of gamma and X-ray sensing applications

The samples of such single crystals of CsPbBr; were measured
to determine the counts per minute of gamma and X-rays.
A data acquisition system was employed, comprising a *°Co

© 2024 The Author(s). Published by the Royal Society of Chemistry
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radioactive source, *’Cs, and a portable X-ray, connected to a
scintillation detector and an analog-digital converter (ADC) elec-
tronic system. This system interfaced with a computer and data
processing software. The gamma radiation sources (*°Co and
37Cs) exhibited low activity. The half-life and IL/I0 = 1 ratio
determined the maximum expected radioactive energy emitted,
indicating no energy absorption by the medium. This value was
independent of the radioactive sample’s activity. When material
was introduced between the radiation detector and the °°Co,
137Cs, and portable X-ray sources, interactions occurred between
the radiation and the matter. In the setup described above, ®°Co
(Energy: 1.25 MeV) with an activity of 1 pCi and *’Cs (energy:
0.662 MeV) with an activity of 0.93 puCi were emitted for 60
seconds. The results of the trials demonstrated that the measured
disintegrations per second (counts per second) agreed well with
the theoretical values with excellent accuracy. Photon counting
was performed consistently for 60 seconds, which improved the
counting of photon emission events and enabled more precise
statistical adjustments. Additionally, measurements were taken at
various tube voltages and tube currents using a portable X-ray
device (MARS 4.2, Litex).

Results and discussion

Structural characterization of the Bi-doped CsPbBr; perovskite
single crystals

An orange-coloured CsPbBr; single crystal with a size of 5 mm
was grown at 65-85 °C using the inverse temperature recrys-
tallization method (ITC) (represented in Scheme 1). The tiny
seed crystals were formed initially, amongst which the trans-
parent seed crystals were selectively chosen to grow large single
crystals. On top of the large single crystal (5 mm in size), Bils
was spin-coated to achieve the Bi-doped CsPbBr; perovskite
single crystals. During the process, bismuth ions were inter-
calated into the surface of CsPbBr; as represented in Fig. S1
(ESIf). The crystallographic characteristics were investigated by
XRD characterization. The powder XRD patterns of the synthe-
sised pure CsPbBr; and Bi** intercalated CsPbBr; perovskite
single crystals are shown in Fig. 1. The diffraction peaks found
at 15.15°, 27.31°, 30.62°, 46.60°, and 64.56° for both CsPbBr;
and Bi-doped CsPbBr; single crystal samples correspond to the
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Fig.1 Room-temperature X-ray diffraction pattern of CsPbBrz and Bi-
doped CsPbBrs single crystals. (Inserted image is the single crystal and its
crystal structure.).

(110), (111), (220), (330) and (440) planes, which are in good
agreement with the reports.'>”>*° The pure CsPbBr; perovskite
single crystal exhibits an orthorhombic structure (ICSD 97851) with
the Pnma space group. A considerable decrease in the diffraction
peak intensity is observed for the Bi-doped sample compared to the
bare CsPbBr; perovskite single crystal. This can be ascribed to the
occupation of Bi** into the Pb vacancies of the CsPbBr; perovskite
single crystal, as reported elsewhere.”*' However, the 20 values
were slightly shifted to a lower Braggs angle by 0.10° in the Bi-
doped CsPbBr; single crystal due to the incorporation of bismuth
halide, which has different ionic radii that could have reacted
interracially or superficially in the pure CsPbBr; crystal. Hence, the
doping of bismuth resulted in significant changes in the peak
intensities of the perovskite diffractogram.®**

Photo-physical properties of the Bi-doped CsPbBr; perovskite
single crystals

Fig. 2 represents the results obtained from the UV-vis absorp-
tion and photoluminescence (PL) emission spectroscopic ana-
lyses for CsPbBr; and Bi-doped CsPbBr; single crystal samples,
respectively. It is observed that there are no distinct peaks in
the UV-vis absorption spectrum of both samples. Moreover, the

DMF:CH,,
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2
é

CsBr PbBrz

CsPbBr;

Scheme 1 Schematic representation of CsPbBrz single-crystal growth formation.
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(a) UV-vis absorbance spectrum, (b) photoluminescence emission spectrum, (c) schematic representation of Bismuth trap state formation near

the conduction band edge and (d) TCSPC lifetime decay curve of solution-processed grown CsPbBrz single-crystal and Bi-doped CsPbBrz samples.

as-prepared CsPbBr; sample exhibited an absorption onset at
520 nm (Fig. 2a), and the Bi-doped CsPbBr; sample displayed a
slight red-shift around 532 nm. The Tauc plot for the above
samples was drawn, and the calculated direct band gap values
were 2.46°*7¢ and 2.41 eV for the pure CsPbBr; and Bi-doped
CsPbBr; single-crystal samples, respectively®”>° (Fig. S2, ESI¥).
The observed redshift in the absorption onset and the corres-
ponding decrease in the band gap value are due to the introduc-
tion of shallow traps resulting from the Bi doping process.***° It
has to be noted that the difference in the bandgap values of the
corresponding samples is not appreciable, which is due to the
lower dopant concentration. Similar observations have been
reported for the Bi-doping in CsPbX; single crystals regardless
of the halogen element.'® The photoluminescence emission
properties of pure and Bi-doped CsPbBr; single-crystal samples
were studied by recording the PL emission spectrum at an
excitation wavelength of 420 nm. As illustrated in Fig. 2b, the
pure CsPbBr; single crystal exhibited two sharp peaks at 530
and 580 nm, which are attributed to the band edge and Br
vacancy centre-based recombination, respectively, as reported
elsewhere.’®"! The broadening of the PL emission peak at
530 nm along with a slight red-shift in the case of Bi-doped
single crystal is attributed to the introduction of shallow traps
during the doping process. This observation is in accordance
with the UV-vis absorption analysis of the corresponding

6312 | Mater. Adv, 2024, 5, 6309-6318

sample. The introduction of trap states is schematically
depicted in Fig. 2c.

The PL decay curves of the undoped CsPbBr; and Bi-doped
CsPbBr; single-crystal samples were recorded at their respective
emission maxima (at 530 nm) and are shown in Fig. 2d. The
average lifetime values are calculated to be 2.67 ns for undoped
CsPbBr;, which decreases to 2.25 ns after doping with bismuth.
The observed decrease in the PL lifetime values can be attrib-
uted to the shallow trap-mediated recombination of photo-
excited charge carriers, which is supported by the UV-vis and
PL results. Because these shallow traps are introduced inside
the band gap near the conduction band edge, a relatively
quicker recombination resulted.*” The TCSPC lifetime values
of the pure CsPbBr; and Bi-doped CsPbBr; single-crystal sam-
ples are shown in Table S1 ESI.{ The average lifetime value is
longer for bare and Bi-doped CsPbBr; single crystals compared
to other nanoparticles and thin films, indicating more efficient
extraction of photogenerated electrons. The scanning electron
microscopy characterization was carried out, and the micro-
graphs are displayed in Fig. 3a and b. The energy-dispersive
X-ray spectroscopy (EDX) elemental graph results of pure
CsPBr; and Bi-doped CsPbBr; single crystal samples indicate
the elemental composition and purity of the corresponding
samples (Fig. 3c and d). The Raman spectroscopic analysis was
carried out for the CsPBr; and Bi-doped CsPbBr; single crystal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) and (b) Scanning electron microscopy (SEM) image, (c) and (d) energy-dispersive X-ray spectroscopy (EDX) elemental graph and (e) room-

temperature RAMAN spectra (excited at a 785 nm laser) of the CsPbBrs single crystal and Bi-doped CsPbBrs samples.

samples, and the results are shown in Fig. 3e. The pure CsPbBr;
single crystal sample exhibited Raman bands at 72, 127 and
313 cm™ *,*® whereas the Bi-doped sample displayed the bands
at 94, 165, 181, and 442 cm ™. The vibrational bands at 72 and
94 cm™ " are assigned to the bending mode of the Br-Pb-Br
and its antisymmetric partner, respectively.**** The peak at
165 cm™ ! can be assigned to the symmetric Pb-Br stretching
mode, whereas the peak at 127 cm™ ' is the asymmetric partner.
The bands at 165 cm™ ' and 313 cm ™' can be attributed to the
liberation of cations involving the deformation of the inorganic
cage. The observed vibrational modes of the CsPbBr; and Bi-

© 2024 The Author(s). Published by the Royal Society of Chemistry

doped single crystals elucidated that they are derived mainly
from [PbBrg]*~ anion.

Photocurrent analysis of Bi-doped CsPbBr; perovskite single
crystals

The orthorhombic CsPbBr; and Bi-doped single crystals
were used to construct the photodetector with Au/(Bi-doped)
CsPbBrs;/Au device structure. The band alignment of CsPbBr;
single crystals with the Au electrode and the schematic diagram
of the Bi-doped CsPbBr; photodetector are shown in Fig. 4a and
b, respectively. Fig. 4c depicts the introduction of shallow trap

Mater. Adv,, 2024, 5, 6309-6318 | 6313
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conduction band edges by incorporating the bismuth dopant.>43

states within the band gap of Bi-doped CsPbBr;, positioned
near the bottom of the conduction band edge. The photocur-
rent measurements were carried out using a low-power illumi-
nation of 5 pW to ensure that the light absorption occurred only
on the surface of the single crystal. We measured the current-
voltage (I-V) characteristics of the undoped CsPbBr; and Bi-
doped CsPbBr; single-crystal photodetectors in the dark and
under light illumination with a bias voltage range of —100 to
100 V. The plots are shown in Fig. 5a and b. The pure CsPbBr;
single crystal showed a dark current value of 0.026 nA for a
biasing voltage of 10 V. Upon illumination, the photocurrent
increased to 0.83 nA. The Bi-doped CsPbBr; single crystal
produced a dark current value of 0.49 nA for a biasing voltage
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1l (b)

3

Au

Au

(a) and (b) Schematic representation of the Bi-doped CsPbBrs; photocurrent device and (c) Fermi level and defect state density, valence and

of 10 V. An interesting increase in the photocurrent value was
observed upon illumination. For the same biasing voltage of
10V, the photocurrent value increased to 5.77 nA. The I-V plots
exhibited good linearity in the entire measurement range,
thereby indicating that the constructed photodetector devices
exhibited good responsivity and sensitivity.

In general, perovskite light absorbers suffer from innumer-
able complications, such as ion migration, lattice distortion and
phase segregation, when subjected to an applied electric field.
The absence of such instances in the present case indicates the
crystal quality of the samples and resultant resistance to phase
change under the applied electric field. Thus, the crystal quality
can be indirectly evaluated by analyzing the drift in the dark
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Fig. 5 (/-V) photocurrent studies of (a) the undoped CsPbBrs and (b) Bi-doped CsPbBrs perovskite single crystal.
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the photon energy according to the XCOM database.*®

current of the detectors. The detectors were biased using a high
electric field of 100 V, and the resulting dark current was
recorded, as demonstrated in Fig. 5b.

X-ray and gamma-ray sensing applications

Introducing perovskite materials in gamma-ray detection is
particularly challenging due to the high-voltage accelerated
ion migration. The as-prepared Bi-doped CsPbBr; single crystal
was subjected to X-ray and gamma-ray detection. The response
characteristics are displayed in Fig. 6a. The Bi-doped CsPbBr;
single crystal responded well to the Cobalt (*°Co, energy - 1.25
MeV, activity = 1 pCi) and Cesium (**’Cs, energy - 0.662 MeV,
activity = 0.93 nCi) sources within the operating voltage ranging
from 300 to 600 V, which falls within the GM region, as shown in
Fig. 6a. The ®°Co produces more particle counts compared to the
137Cs; this is because the ®°Co has higher energy and activity than
the *’Cs. A portable X-ray characterization study shows a good
response to different tube voltages and different tube currents, as
shown in Fig. 6b and c. The response of the device was observed as
the X-ray tube current varied, which represented the relative dose
rate. It was found that the device demonstrated a highly linear
response to the variation in the dose rate. This linearity is
particularly important for applications in radiation dosimetry.
Our recent study showed that the tube voltage ranges from 40 to
100 kV in a unit of 20 kv, and the tube current 122 ranges from 50

© 2024 The Author(s). Published by the Royal Society of Chemistry

to 300 mA in a unit of 50 mA. Fig. 6d shows the mass attenuation
coefficients of CsPbBr;, MAPbBr;, MAPbI; and MAPbCI; and CZT
versus the photon energy according to the XCOM database.*” The
increase in tube voltage represents the increase in the number of
counts (resulting from the increase in the number of particles). It
is therefore clear that the Bi-doped CsPbBr; single crystal can be
used for both X-ray and gamma ray detection and can also be used
for high-energy X-ray detection in the future.

Photocurrent analysis of Bi-doped CsPbBr; single crystal thin film

We fabricated Bi-doped CsPbBr; thin films by dispersing single
crystals in DMSO/DMF and spin coating on an FTO substrate.
The spin-coated thin films were used to construct photodetec-
tors with FTO/Bi-doped CsPbBrs/Au device structure.*®*” Sche-
matic representation of Bi-doped CsPbBr; perovskite-based
thin-film photodetector fabrication is shown in Fig. S3 (ESIf).
The crystallographic characteristics were investigated by XRD
characterization. The powder XRD patterns of the CsPbBr; and
Bi-doped CsPbBr; perovskite thin-film samples on the FTO
substrate are shown in Fig. S4 (ESIT). Spectral response curves
obtained from the thin-film photodetector study for wave-
lengths of 470 nm and 530 nm were measured over time at
two biasing voltages of 2 V and 5 V. The photocurrent curves in
Fig. 7(a-d) show that the prepared thin-film samples exhibit an
increase in the photocurrent values as the biasing voltage
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increases. While irradiating the device with 470 nm and 530 nm
light sources, the photocurrent values were observed to be 0.25
mA and 0.20 mA, respectively, for the 5 V bias. The rise and
decay time were recorded at an applied bias voltage of 5 V by
periodically switching the light ON and OFF at 30-second
intervals.

The device exhibited a higher magnitude photocurrent value
under a low-intensity power A = 470 nm LED source with an ON/
OFF ratio of I,,/Iax = 596 and for A = 530 nm LED source, and the
ON/OFF ratio was about Ion/lgac ~24 at 5 V biasing voltage,
recording a fast response and recovery time (Table S2, ESIt). The
samples tested with low-power intensity illumination are shown in
Fig. S5 (ESIt). The calculated responsivity of the Bi-doped CsPbBr;
thin-film perovskite photodetector was 0.35 A W~ ', Furthermore,
based on the current-voltage curves, the Bi-doped CsPbBr; thin-
film perovskite device demonstrated a better response to blue
(470 nm) when compared to the green (530 nm) wavelength. The
device maintained good performance after being stored under
ambient conditions for over three months.

Conclusions

We successfully demonstrated the synthesis of high-quality Bi-
doped CsPbBr; single crystals by using the ITC solution growth
method, and their photophysical properties and sensing were
investigated in detail. The photophysical characterization of the
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CsPbBr; and Bi-doped CsPbBr; system and enhancement in the
photocurrent measurements were tested with different radioactive
sources, and we characterized both X-ray and gamma rays at various
activity levels. A portable X-ray characterization study demonstrated
an excellent response to different tube voltages and tube currents.
This linearity is particularly important for applications in radiation
dosimetry. The thin-film-based photodetector results reflected the
device performance of the Bi-doped CsPbBr; thin-film perovskite
device, which demonstrated a better response to blue (470 nm)
when compared to green (530 nm) wavelength, even after being
stored under ambient conditions over three months. Based on the
overall performance, the Bi-doped CsPbBr; perovskite crystal can be
used for X-rays and gamma rays. High-energy X-rays can also be
detected in the near future using this crystal.
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