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ABSTRACT: Highly luminescent CsPbBr; perovskite quantum dots (QDs) are very attractive for applications in power-
generating devices. The CsPbBr; QD solution and its corresponding solid films were satisfactorily prepared. The obtained QDs
were characterized by various techniques such as transmission electron microscopy, X-ray diffraction, ultraviolet—visible
spectrophotometry, and photoluminescence and radioluminescence spectroscopy. The performance of the CsPbBr; QD films as
an energy conversion material in radioluminescent nuclear batteries was analyzed and discussed. The output performance of
different nuclear batteries based on CsPbBr; QD films was compared and the feasibility and advantages of using them as
radioluminescent layers were investigated. On this basis, a long-term equivalent service behavior study was conducted to
evaluate the irradiation stability of the CsPbBr; radioluminescent layer and predict the service life of this type of nuclear battery.
The distribution state and penetration depth of hydrogen ions in the films were analyzed and evaluated using physics simulation
software. Optical and electrical characteristics confirmed that this perovskite material could offer an efficient, stable, and scalable
solution for energy conversion and photoelectric detection in the future.
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1. INTRODUCTION

Nuclear batteries, which convert particle radiation energy to
electricity, have played an important role in many fields for
power generation, such as pacemakers, underwater low-power
systems, and equipment for exploring the outer planets.' ™
Due to their high-energy density, extremely long life, and
strong endurance under harsh conditions, nuclear batteries are
a new type of energy with great potential for application. A
radioluminescent nuclear battery, which is an extensively
researched important branch of batteries nowadays, consists of
three main components, namely, radiation sources, radio-
luminescent materials, and photovoltaic devices.”™ The usual
conversion approach converts the radioisotope energy into
photons via a phosphor and then converts these photons to
electricity via a semiconductor junction device. Although the
additional radioluminescence (RL) step may lead to a decrease
in energy conversion efficiency, this approach can also protect
the irradiation-sensitive semiconductors from lattice dam-
age.””” In order to improve the electrical properties of the
radioluminescent nuclear batteries, the specification parame-
ters and structural optimization of these three components

-4 ACS Publications  © 2019 American Chemical Society

have been extensively explored and summarized.'*”"* Numer-
ous corresponding studies have also been carried out, such as
using diverse energy conversion materials, optimizing the
structure design, adopting a mixture of radioactive sources and
phosphor layers, and adjusting the physical parameters.'*~"°
Previous studies have shown that it is a very effective
measure to adopt a high-energy, high-activity excitation source,
and superior energy conversion materials with high radio-
luminescence and photoelectric efficiency in improving the
output power of the nuclear battery. Moreover, if there is a
good coupling between the components, the performance
output of the battery will be improved significantly.'”~" These
matches include the incident particle range approximating the
thickness of the radioluminescent materials, the RL spectra
consistent with the photovoltaic response interval of the
photovoltaic devices. The radioactive source itself can
continuously release energy. However, during the actual
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Figure 1. (a) 3D schematic structure and (b) working principle of the fabricated radioluminescent nuclear battery. (c) A series of typical
luminescence spectra and photographs of CsPbX; (X = Cl, Br, and I) perovskite QDs. (d) Preparation of CsPbBr; QDs into a thin film and its RL.

application, the service life of the transducing material is an
important factor that categorically determines the effective
working time of the battery, especially for the radioluminescent
material directly irradiated by the radioactive particles.

After decades of development, conventional phosphors, such
as metal-doped zinc sulfide matrices and rare-earth-doped
metal oxides, used for nuclear batteries have reached a certain
bottleneck. In recent years, artificial semiconductor quantum
dots (QDs) have attracted attention and presented many
technological applications for new types of light-emitting
displays, optoelectronic devices, and radiation detectors. QDs
are characterized using a wide absorbance spectrum, large
absorption cross-section, high quantum yield, and excellent
photostability, which can control and manipulate the
luminescence behavior.””~** Different emission peak wave-
lengths can also be obtained by altering the particle size or
material composition of the QDs.”*~>” This feature breaks the
limitations of traditional radioluminescent materials and
increases the feasibility of matching. Based on their unique
physical and chemical properties, QDs have significant
application values in the field of radiation energy conversion.
Considering the luminescence characteristics induced by
radioactive particles (such as beta-particles and X-ray) and
the excellent radiation stopping power of the all-inorganic
halide perovskite CsPbBr; QDs, this type of nanomaterials may
be very good candidates for radioluminescent nuclear
batteries.”*

In this study, the feasibility of using CsPbBr; as a
radioluminescent nanostructured film under beta-particle or
X-ray excitation was examined (Figure 1). The choice of
nanomaterials has the hidden advantage of being able to
convert radiation into precisely tuned luminous wavelengths
that match the optimal wavelength for photovoltaic devices to
be best converted into electricity, which will render the new
system considerably more efliciency than previous traditional
models. Specifically, CsPbBr; QDs were synthesized using the
hot-injection technique and characterized under radiation
particle excitation. The irradiation stability of the material was
also presented.

2. RESULTS AND DISCUSSION

2.1. Morphology and Optical Characterization. Figure
2 illustrates the transmission electron micrographs of the
CsPbBr; perovskite QDs. The morphologies of the CsPbBr;
QDs were clearly observed. The QDs had a uniform size with a
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Figure 2. (a—c) Transmission electron micrographs and (d) particle
size histogram of CsPbBr3 QDs. The scale bars are 20, 10, and S nm
for (a—c).

regular square structure. The as-obtained cubic QDs had high
crystalline quality and favorable monodispersity in solution,
which is in well-accordance with published results.”’ > The
detailed size distribution of the QDs was calculated by
transmission electron microscopy measurements, and the
average diameter was estimated to be 6.5 nm with a size
deviation of 0.8 nm. Figure 2d shows distinct lattice fringes of
CsPbBr; QDs representing an interplanar distance of
approximately 0.31 nm. In X-ray diffraction (XRD) spectra,
significant diffraction peaks can be observed, and strong
intensity diffraction peaks indicate the preferred orientation of
nucleation formation and growth (Figure 3). The XRD
patterns are in very good agreement with the XRD spectrum
of a typical perovskite crystal structure. The peak positions of
the two correspond to each other, indicating that the
synthesized CsPbBr; QDs have a uniform composition and
no other phases, which is suitable for crystal growth.”>™>" At
the same time, the result further confirms the cubic structure
and high crystallinity of the prepared CsPbBr; QDs.

The optical properties of CsPbBr; QDs were further
investigated. The absorption and photoluminescence (PL)
spectra in Figure 4 show the absorption edge at about 507 nm
and a strong and symmetrical PL peak centered at 518 nm.
The PL signal was quite narrow and with a full width at half-
maximum of 18 nm. In addition, the band gap values E, (eV)
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Figure 3. XRD patterns of CsPbBr; QDs compared with the
theoretical diffraction pattern.
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Figure 4. Optical absorption and steady-state PL emission spectra of
CsPbBr; QDs dispersed in toluene. The inset shows the photographs
of the QD sample under normal indoor light and UV light (365 nm)

illumination, respectively.

of CsPbBry QDs were calculated from the spectral curves and
empirical formula as follows

Eg = hc/A (1)

where h is Planck’s constant (4.1357 X 107" eV-s); ¢ is the
speed of light (2.9979 X 10° m/s); and A is the wavelength
(m) extracted from the absorption and PL spectra. A
comparison of the wavelengths and the corresponding band
gap values from Table 1 shows that the absorption edge
position slightly deviated from the luminescence peak position,
which is consistent with the Stokes shift effect in previous
studies. The test results and bright purple PL emission

Table 1. Band Gap Values for CsPbBr; QDs Calculated
from Absorption and PL Emission Spectra

E, calculated from  PL peak  E, calculated
absorption aﬁsorption spectra  position from PL
compound edge (nm) (eV) (nm) spectra (eV)
CsPbBr; 507 2.446 518 2.394

indicated the high quality of CsPbBr; QDs synthesized by the
hot-injection method.

2.2. PL and RL Properties of CsPbBr; QD Films. We
fabricated and comprehensively investigated the CsPbBr; QD
films with a tunable thickness. The polymerization and
spinning method is a versatile technique to prepare QD films
by mixing with polymethylmethacrylate (PMMA). The
fluorescence spectra of CsPbBr; QD films were recorded in
the visible light range at room temperature. The PL spectra of
CsPbBr; QD films with different thicknesses and the effect of
beta-irradiation on luminescence properties and X-ray-induced
luminescence properties were studied, and the results are
presented in Figure S. Table 2 shows specific parameters of the
CsPbBr; QD films and the corresponding experimental
conditions. Further characteristic analysis such as absorption
spectrum and transmission spectrum were performed, as
shown in Figure SI.

Although varied luminescence intensities were exhibited by
the QD films with different thicknesses, the same clear and
strong emission wavelength at approximately 520 nm green
light was observed under fluorescence and radiation excitation.
The emission intensity increased with the thicknesses of the
CsPbBr; QD films. Importantly, the maximum intensity at 520
nm was associated with a mean light photon energy of 2.38 eV.
No noticeable changes were observed in the band centered
position of QD solutions and QD films. However, the
radioluminescence intensity of the CsPbBr; QD films under
beta excitation was very weak. This phenomenon may be due
to the lower activity of the beta source and the lower particle
emission rate of the surface. Previous studies showed that the
luminescence intensity can be significant with increased
irradiation intensity.”'’ Considering the available source
conditions in the current laboratory, the X-ray emitting device
exhibited good experimental results and could be used for
subsequent effect testing and regular analysis. The prepared
QD films showed a good flexible bending effect, which could
greatly expand the application of these films. These results
showed that the CsPbBr; perovskite QD films exhibited good
RL and reproducibility. The steady RL properties of the
CsPbBr; QD films substantiate the feasibility of the films as
luminescence display and their promising potential for energy
conversion.

2.3. CsPbBr; QD Films Used in Radioluminescent
Nuclear Batteries. Based on the above optical experimental
results, a new type of radioluminescent nuclear battery based
on a CsPbBr; QD film was prepared. The CsPbBr; perovskite
QD film acted as a transducer, converting the beta-particles or
X-rays to visible light. Then, visible light was captured using a
photovoltaic device, such as gallium arsenide (GaAs) or silicon
(Si) solid-state semiconductors, and an electrical signal was
generated and recorded. The films were added to elevate the
energy conversion and transmission behavior between the
excitation source and the photovoltaic device. Figure S2
displays the experimental equipment and test control
interfaces. The beta sources used were consistent with the
sources used for the RL test in Section 2.2. X-rays were
radiated free-in-air using 25 and 50 kV tube voltages and 0.5
and 1.0 mA tube currents, respectively. High-conversion
efficiency GaAs with 1 cm” effective area was selected as the
photovoltaic device for this study. The external quantum
efficiency curve of the GaAs photovoltaic device is compared
with the RL spectrum of the CsPbBr; QD film, as detailed in
the Supporting Information (Figure S3).
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Figure S. (a) PL and RL emission spectra of CsPbBr; QD films. (b) Photographs, (c) dimension, and (d) excellent bending demonstration of QD
film samples. Sample 1, 2, 3, and 4 represent different samples, and the specific parameters are shown in Table 2.

Table 2. Properties of CsPbBr; QD Films and Excitation
Conditions of PL and RL

film

CsPbBr; thickness excitation
QD films (um) condition detailed parameter
sample 1 24.88 excitation ~390 nm

wavelength
sample 2 69.19 Ni source 4.75 mCi/cm?
sample 3 103.90 “Pm source 0.78 mCi/cm?
sample 4 151.14 X-ray tube tube voltage: SO kV, tube

current: 1 mA

Figure 6 illustrates the measurement of the corresponding
current—voltage (I—V) characteristics of different combinato-
rial nuclear batteries. The electrical output performance of the
batteries under excitation by the beta sources was relatively
weak in this experimental test. We also compared the electrical
properties of two different cases without QD films (direct
conversion, i.e., from radiant energy to electrical energy) and
with CsPbBr; QD films (indirect conversion, i.e., from radiant
energy to light energy to electrical energy). The optimal output
performance is achieved with tradeoffs between the blocking
effect of radiating particles, absorption of fluorescence photons,
and light emission intensity of the QD films. For beta sources
shown in Figure 6a, the I-V curves of the batteries with and
without films, and films with different mass thicknesses
differed. The same radioluminescent materials and photo-
voltaic devices had different electrical output parameters under
distinct beta source irradiation. Overall, the films did not
significantly enhance the performance but even reduced the
battery output. This result is consistent with previous optical
test results.

Figure 6b shows a comparison of the current produced by
the direct conversion with the same GaAs photovoltaic device
as that by indirect conversion using the CsPbBr; QD films for
X-rays under different tube voltages and tube currents. The
maximum output power (P,.) of nuclear batteries can be
extracted using eq 2 as follows

B..=Mx(IXV)=1_V

mp ¥ mp (2)
where P, is the maximum value of the product of the current
and voltage in the I-V characteristic curves; and I, and V,,,
are the current and voltage at the point of P, respectively.
The short-circuit current (I.) corresponds to the short circuit
condition when the impedance is weak, and this parameter is
calculated when the voltage is zero. The variations in I and
P, are demonstrated in Figure 7. The energy and amount of
X-ray emitted and the electrical output of the battery increased
with the tube voltage or current. The results of the
experimental test showed that the CsPbBr; QD film increased
the current output by 4.76% (from 4.11 to 4.31 yA) and the
power output by 11.34% (from 1.19 to 1.34 yW) compared
with the battery without films. For the determination of
radiation excitation conditions and photovoltaic devices, the
performance of QD films in the nuclear batteries was closely
related to the corresponding RL conditions. The optimally
chosen material parameters could evidently increase battery
power (Figure S4). The results of radioluminescent nuclear
batteries using the QD films as energy conversion materials
were satisfactory, breaking the stereotype that direct
conversion is necessarily superior to indirect conversion.
This result also shows that CsPbBr; QD films have great
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Figure 6. [-V curves of several CsPbBry QD film-based radioluminescent nuclear batteries. Excitation sources: (a) beta-source and (b) X-ray tube.
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Figure 7. Short-circuit current I;. and maximum output power P, of
radioluminescent nuclear batteries with different X-ray tube
parameters.

application potential in the fields of radiation detection and
photoelectric conversion.

2.4. Irradiation Stability Tests of CsPbBr; QD Films.
Considering that CsPbBr; QD films were used in a radioactive
environment, the RL behavior might cause a performance
regression. The irradiation stability of CsPbBr; QD films
during long-term energy conversion requires further clarifica-
tion and investigation. To accelerate the irradiation experi-
ment, we performed the proton irradiation in the QD films at
the Institute of Modern Physics, Chinese Academy of Sciences.
The films were irradiated by 150 and 200 keV hydrogen ions
(H") with fluency ranging from 1.0 X 10" to 1.0 X 10" ions/
cm? at room temperature, respectively. Figure 8 demonstrates
that the H" ion with an energy of 150 and 200 keV will
propagate at approximately 9.1 and 12.4 um, respectively, in
the CsPbBr; QD film and stop inside, as modeled and
estimated using the Monte Carlo software SRIM. The H*
concentration increased with the film depth, and the
corresponding interstitial atoms and vacancies were gradually
formed. Thus, numerous defects formed around the Bragg’s
peak. These defects produced abundant carrier traps and
recombination centers, and further reduced the efficiency of
energy conversion. Thus, the luminescence intensity was

degraded.

Based on the simulation results and experimental processing
conditions, four types of CsPbBr; QD films with different
thicknesses were prepared and used to assess their stability
under irradiation conditions. Table 3 provides the specific
proton radiation parameters of the film samples. The optical
properties of the film samples with varying thickness gradients
were investigated before and after irradiation with different
proton energy and fluence, respectively. Figure 9 illustrates the
obtained optical transmission spectra. As the radiation
parameters increased, the transmissivity of the films decreased.
The higher the energy of irradiating particles, the more severe
the effect on the films.

The RL spectra of the CsPbBr; QD films were treated under
different conditions (Figure S5). The emission intensity
increased for the films with an increase in X-ray irradiation
parameters. The luminescence intensities of films with different
thicknesses were inconsistent, but the regularities were
consistent. The emission intensity decreased moderately after
the H* ion irradiation. Figure 10 shows that the peaks of the
luminescence intensity of the films treated with different
techniques were compared under various X-ray tube
parameters. The luminescence intensity has been enhanced
by increasing the current or voltage of the X-ray tube. Based on
certain two tube voltages, the enhancement degree of the
luminescence intensity differed when the tube current was
promoted from 0.5 to 1 mA. The higher the tube voltage was,
the higher the promoted intensity. Similarly, for the two
different tube currents, the larger the tube current, the greater
the increase in the luminescence intensity as the tube voltage
increased. A comparison of the optical output characteristics of
films with different thicknesses showed the optimal thickness
to achieve the best performance. For the same series of
samples, the degradation of the optical performance increased
as larger the energy or fluence parameter of proton irradiation.
Hence, with the increase in X-ray tube parameters, the
performance of the same series of film samples after the various
irradiation conditions gradually increased. This result indicates
that the stronger the radiative excitation conditions, the better
the RL during energy conversion. These results are important
to understand the radioluminescence properties of composites
based on CsPbBr; QDs and to select the appropriate
parameters of the excitation source and the composite QD
films that would facilitate the attainment of high luminescence
intensity.

The electrical performance of the irradiated CsPbBr; QD
film samples for radioluminescent nuclear batteries was tested
using various X-ray parameters at room temperature. After
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Table 3. Properties of CsPbBr; QD Films and Proton Radiation Parameters

sample thickness per sample sample sample
type (um) number radiation parameter number radiation parameter number radiation parameter
~39 1 stored at room temperature, without 1# 1.0 X 10" ions/cm?, 1## 1.0 X 10" ions/cm?,
irradiation 150 keV 200 keV
~115 2 2# 1.0 X 10" ions/cm?, 244 1.0 X 10" ions/cm?,
150 keV 200 keV
~166 3 3# 1.0 X 10** ions/cm?, ki 1.0 X 10" jons/cm?,
150 keV 200 keV
~215 4 4# 1.0 X 10* ions/cm?, A 1.0 X 10" jons/cm?,
150 keV 200 keV
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Figure 9. (a) Transmission spectra of the CsPbBr; QD films before and after irradiation, and (b) photographs of the irradiated QD films under UV
light illumination. The numbers represent different samples and the specific parameters are shown in Table 3.
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Figure 10. RL intensity contrast of several CsPbBr; QD films before and after irradiation.

processing the experimental data, a series of similar I-V
characteristic curves of the batteries are tested, and the current
changed exponentially with the voltage (Figure S6). The open-
circuit voltage (V,.) was obtained when no current passed
through the battery. The fill factor (FF) is essentially a measure
of the quality of the nuclear battery. This parameter was
calculated by comparing the maximum power to the theoretical
power (Pr) that would be the output when V. and I, were
considered together, as follows

14196

P Im Vm
FF = _max _ TP TP
PT Iscvvoc (3)

Figure 11 shows the change in the corresponding electronic

performance parameters for the battery with different CsPbBr;
QD film samples. The degradation of the electrical perform-
ance was observed and evaluated after the proton irradiation
with different energies and fluences. Overall, the I, and P,
fluctuated greatly within the range of 25—50 kV tube voltage
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Figure 11. I, V, P, and FF of the radioluminescent nuclear batteries with different CsPbBr; QD film samples.

and 0.5—1 mA tube current. Moreover, in this range, the
variations in the V. and FF were relatively small and with
similar trends. Analogous to previous radioluminescent test
results, electrical performance was enhanced as the tube
parameters were increased. The result of the present study was
in agreement with that of a previous report.”'”*" In the same
series of samples, more severe performance degradation was
observed as the irradiation parameters were increased. CsPbBr;
QD film-based radioluminescent nuclear batteries lost 8.29,
11.21, 18.52, and 38.75% (from 1, 2, 3, and 4 to 1##, 2##, 3##,
and 4##) of the initial output power after irradiating with 200
keV protons with an integral fluence of 1.0 X 10" to 1.0 X 10"
ions/cm?, respectively. Thus, this type of nuclear battery will
reduce the electrical performance output by 50% after
approximately 755.87 days of continuous irradiation with
conventional high energy and high activity beta sources for
batteries. Moreover, if the energy or activity of the excitation
source is higher, this life expectancy will be shortened
accordingly. The minor variation in V. and FF of CsPbBr;
QD film-based radioluminescent nuclear batteries also
indicates that the overall performance of the battery remained
relatively stable and reliable after long-term irradiation. The
results of the radiation stability tests reflect the degradation of
the optical properties of the CsPbBr; QD films and the
electrical properties in the nuclear battery. The results from the
test data analysis show that the radiation resistance of the
composite film samples was not poor. The results can also be
utilized to evaluate film reliability and expected service life.
The phenomena and mechanisms involved in the process have
great potential in laser devices, luminescent displays, and
portable power applications.

3. CONCLUSIONS

The excellent properties of CsPbBr; QDs prepared by the hot-
injection method were verified by microscopic morphology
characterization and optical test analysis. CsPbBr; QD films
were obtained by uniformly mixing the QDs with PMMA
solution, followed by spin coating and drying. In this work, the
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feasibility of using CsPbBr; QD films as a radioluminescent
material in the nuclear battery was proved, and satisfactory
results were obtained. Under suitable film parameters, the
electrical output using the indirect energy conversion mode
was higher than that using the direct energy conversion mode.
Under the constant excitation source conditions, the output
power of the battery with QD films could even be increased by
28.3%. The influence of proton irradiation resulted in the
degradation in transmissivity, luminescence intensity, and
electrical output. However, no significant changes in the
peak position and emission spectrum pattern were observed,
and the performance attenuation was not very remarkable. For
a film of approximately 166 pum, exposure to 200 keV proton
irradiation with a cumulative fluence of 1.0 X 10'° ions/cm*
reduced the RL intensity and the output power of the battery
by approximately 35.86 and 18.52%, respectively, compared
with those before irradiation. Moreover, the results from a
series of comparative studies indicated that the degree of
attenuation would be lower if the parameters of the excitation
source and the film were properly selected. In future studies,
different kinds and physical parameters of QDs may be
explored to study the effect of wavelength regulation for the
development of applications in optoelectronic devices and for
radiation protection coating.

4. EXPERIMENTAL SECTION

4.1. Preparation of CsPbBr; QD Films. All-inorganic perovskite
nanoparticles (CsPbBr;) were synthesized by the traditional colloidal
hot-injection method. CsPbBr; QDs were obtained by reacting CsBr
with PbBr, in toluene solution. A long-term colloidal stable QD
solution was obtained after low-temperature cooling nucleation,
multiple centrifugation, and redissolution. CsPbBr; QDs and PMMA
were dissolved in toluene solution and mixed by mechanical stirring.
The mixed solution of QDs and PMMA with a volume ratio of 3:1
was formed as a solid transparent film with a spinner under vacuum
conditions. The films were dried at 80 °C and subsequently cured to
the desired size. The final QD film was mainly determined by slurry
concentration, spin speed, and duration.

4.2, Material Characterization and Property Measurements.
The crystal structure, morphology, and size distribution of CsPbBr;
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QDs were characterized using a FEI Tecnai G2 transmission electron
microscope operating at an acceleration voltage of 200 kV. The
nanocrystals were deposited from the diluted solutions onto copper
grids. The optical transmittance of the films in the visible-light region
was measured with a Shimadzu 3600 UV—vis spectrophotometer. The
steady and high-resolution PL spectra were recorded with a Cary
Eclipse luminescence spectrophotometer (Agilent Technologies
G9800a, Malaysia). The RL spectra from the beta or X-ray sources
were recorded, and the luminescence spectrophotometer recorded the
wavelength from 300 to 800 nm simultaneously at any given
excitation energy. I—V curves were plotted using a semiconductor
measuring instrument (Keithley 4200-SCS, USA), which provided
valuable information on the electrical parameter characteristics of the
nuclear batteries. The QD thin films were irradiated using 150 and
200 keV hydrogen ions with a fluence of 1.0 X 10" to 1.0 x 10"
cm™?, respectively. The cumulative dose effect changed the optical
and electrical properties of the QD films. The optical luminescence
tests, material irradiation experiments, and electrical output perform-
ance tests were conducted at room temperature around 298 K and
one bar pressure.
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