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Abstract CsPbBr; quantum dots (QDs) were synthesized
with toluene and n-hexane as solvent by hot-injection
method. Radioluminescence spectra of CsPbBr; QDs were
characterized under different solvents, concentrations, and
X-ray irradiation environments. The RL accounted for
more than 18.1% of the total fluorescence of CsPbBr; QDs
with toluene (10 mg/ml). The CsPbBr; QDs with n-hexane
only showed RL under X-ray irradiation. Significant linear
relationship was found between the RL relative intensity
and tube current and solution concentration of CsPbBrs
QDs. Thus, CsPbBr; QDs is promising scintillator material
for X-ray scintillator detection and radioluminescent
nuclear batteries.

Keywords CsPbBr; quantum dots - Radioluminescence
effect - Linear response - X-ray scintillator
Introduction

Recent studies have focused on organic—inorganic hybrid

perovskite materials, such as low-cost perovskite solar
cells, with certified photo-conversion efficiency rapidly
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increased from 3.81 to 21% [1, 2]. This remarkable
development has broken the monopoly of various tradi-
tional semiconductors. These organic—inorganic hybrid
perovskite materials have been applied to photodetectors,
field effect transistor, light-emitting diode [3, 4], laser, and
memristor [5, 6] because of their unique optical and
semiconducting characteristics. Owing to the rapid devel-
opments in perovskite materials, its application has rapidly
been expanded to various fields. Thus, these materials have
become a research hotspot for advance application to X-ray
detectors.

In 2015, Yakunin reported a photoconductor with
methyl ammonium triiodide (MAPbI3, MA = methy-
lamine) as a highly sensitive photoconductor operated in
the UV-visible, near-infrared, and soft X-ray spectral
regions [7]. This photoconductor can be processed in a
solution and used to directly convert the X-ray photon into
current. In 2016, semiconductor hybrid lead halide per-
ovskite (MAPbl;, MAPbBr3, and FAPbl;; MA = methy-
lamine and FA = formamidinium) obtained by 0.3—1 cm
solution with single-crystal growth) has been demonstrated
to be applicable to semiconductor radiation detectors [8].

In 2016, Birowosuto et al. successfully built a set of
X-ray scintillator detectors with three types of single-
crystal perovskites, namely, MAPbl;, MAPbBr;, and
(EDBE) PbCl,. The light output of these were recorded in
10-300 K, in which (EDBE) PbCl; reached maximum
light output of 120,000 photons/MeV at 130 K, while
MAPbDI; and MAPbBr; reached maximum light output of
150,000 photons/MeV at 10 K [9]. Organic—inorganic
hybrid perovskite material at appropriate operating tem-
perature achieves 3—4 times the light output of widely used
Nal (T1) scintillator (approximately 40,000 photons/MeV).

In 2013, Kanatzidis et al. reported the CsPbBrj single
crystals which is a direct band gap semiconductor and the
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high resistivity, high attenuation, and significant photo-
conductivity response. They considered CsPbBr; as a
promising candidate material for X-ray detector which
resolution is comparable to that of commercial [10].
Existing studies have shown that the stability of all-inor-
ganic halide perovskite materials in solar cells and LED,
among others, is better than that of organic—inorganic
hybrid perovskite materials [11, 12]. Organic—inorganic
hybrid perovskite materials have been successfully applied
to X-ray detectors. These materials can also be applied in
semiconductor and scintillator detectors. However, related
studies on all-inorganic halide perovskite materials and
their application in scintillator detectors have not been
reported. In this paper, we report the CsPbBr; QDs in
different solvent environments. The results demonstrate
that X-ray can interact directly with CsPbBr; QDs to
induce radioluminescence (RL) effect.

In 2016, Valais et al. reported an investigation of
luminescence and radiation detection properties of the
CdSe/ZnS quantum dots nanocrystals. The results demon-
strated that the CdSe/ZnS quantum dots has great potential
for detection of X-rays and medical imaging applications
[13].

In this paper, we report the CsPbBr; QDs in different
solvent environments. The results show that X-ray can
interact directly with CsPbBry QDs to induce radiolumi-
nescence (RL) effect. Based on the stability of the material
to produce RL properties, all-inorganic halide perovskite
CsPbBr; QDs were applied to the scintillator of an X-ray
scintillator detector and the radioluminescent energy con-
version material of radioluminescent nuclear batteries.
Using these QDs in radioluminescent nuclear batteries is
advantageous because of the feasibility of controlling the
emission spectrum of the radioluminescent material by
tuning the composition and size of all-inorganic halide
QDs. This process results in a more suitable radiolumines-
cent material for photovoltaic devices. Consequently, the
energy conversion efficiency and output power of radio-
luminescent nuclear batteries can be remarkably improved
[14-17].

Experimental
Synthesis of CsPbBr; QDs

All-inorganic halide perovskite QDs were synthesized
using a hot-injection method with oleylamine (OAm) and
oleic acid (OA) as surfactants [18]. The carboxyl and
amine groups in OA and OAm were adsorbed or grafted
onto the surface of the QDs during the reaction. Surface
alkyl promotes the dispersion of CsPbBr; QDs in an
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organic solvent and disperses CsPbBr; QDs in common
organic solvents, such as toluene and n-hexane.
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Fig. 1 a Physical diagram and b Schematic diagram of radiolumi-
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Fig. 2 RL spectra of CsPbBr; QDs (10 mg/mL) with toluene and n-
hexane as solvent at 60 kV and 1000 pA
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Methods
RL Spectra Measurement

The RL emission spectra of the CsPbBr; QD solutions
were measured and characterized to determine the char-
acteristic emission peaks of the solvent and solute. The
X-ray source was an X-ray tube with a W target and
operated at 10-60 kV and 100-1000 pA (Shanghai Key-
Way Electron Company Ltd. KYW900A, China). A fluo-
rescence spectrophotometer (Cary Eclipse Spectrometer,
Agilent Technologies Inc., Malaysia) was used, and the
emission spectrum is recorded for 200-1000 nm. The slit
width of the emission monochromator was set to 20 nm,
and the tube voltage of photomultiplier to 800 V. The

Frequency (%)
&
T

physical and schematic diagrams of the RL spectral mea-
surement system are shown in Fig. 1.

High-resolution transmission electron microscopy: One
drop of CsPbBr; QD solution was dispersed onto a Cu grid.
HRTEM images were taken on a Tecnai G2 F30 S-TWIN
instrument.

Results and discussion
Characterization of CsPbBr; QDs
Two common organic solvents, namely, toluene and n-

hexane, were used as solvents to synthesize the all-inor-
ganic halide perovskite CsPbBr; QDs. The CsPbBr; QDs
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Fig. 3 High-resolution transmission electron microscopy (HRTEM) images and particle size distributions of CsPbBr; QD solutions with

a toluene or b n-hexane as solvent
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Fig. 4 a Different concentrations of CsPbBr; QDs solution in visible
light: C1, 0.3125 mg/mL; C2, 0.625 mg/mL; C3, 1.25 mg/mL; C4,
2.5 mg/mL; C5, 5 mg/mL; and C6, 10 mg/mL. b Different concen-
trations of CsPbBr3; QDs solution under 365 nm UV lamps. ¢ The RL
spectra of an empty cuvette, toluene, and CsPbBr; QDs of different
concentrations at 60 kV and 1000 pA

were prepared using hot-injection method under two dif-
ferent solvent environments. Only the solvent differed in
the centrifugation and dispersion step.

The RL spectra of the CsPbBr; QD solutions with
identical concentrations (10 mg/mL) but different solvents
were compared at 60 kV and 1000 pA (maximum X-ray
energy and maximum X-ray flux in the experiment; Fig. 2).

The peak position of the RL spectrum of CsPbBr; QDs
with n-hexane is 528.05 nm, while that of CsPbBrz QDs
with toluene is 512.98 nm. The emission spectrum of
toluene has a wide emission spectrum near 300 nm. This
phenomenon is observed in the RL spectrum of CsPbBrj
QDs with toluene at different concentrations and X-ray
irradiation environments. However, this phenomenon is not
observed in the RL spectrum of CsPbBr; QDs with n-
hexane. The emission peak positions of the RL spectra of
the two distinct CsPbBr; QD solutions differ because of the
varied particle sizes of the quantum dots [18, 19]. HRTEM
images and results from the particle size analysis of the two
CsPbBr; QDs solutions are presented in Fig. 3.

@ Springer

HRTEM images show distinct particle sizes of the two
synthesized QDs. The difference in the reaction conditions
during synthesis primarily causes the difference in the
emission peak position of the RL spectra of the two dif-
ferent CsPbBr3; QD solutions.

CsPbBr; QDs with toluence solvent
RL spectrum

The tube voltage of the X-ray tube was 10-60 kV, at
increment of 10 kV, and tube current was 100—-1000 pA,
at increment of 100 pA. The RL emission spectra of
CsPbBr; QDs solution with different concentrations of
C1-C6 were tested. The spectra at 60 kV and 1000 pA is
illustrated in Fig. 4. The experimental solution (1.5 mL)
was compared with toluene solution (AR) with identical
volume. Sample CO (~ 0.156 mg/mL) was discarded,
because the characteristic peak of the RL spectrum of the
CsPbBr; QDs was not obvious as shown at the right ends
of Fig. 4a and b.

The experimental results show that the toluene solution
at different tube currents and tube voltages has an emission
peak near 300 nm. Another emission peak appears near
300 nm in all CsPbBr; QDs solution with toluene. The
molecular structure of toluene contains benzene rings. The
molecular structure of the organic matter that produces
fluorescence generally contains conjugated double or m
bonds. The larger of the conjugated system is, the more
easily the delocalized © is excited, and the more easily
fluorescence occurs. Most fluorescent materials have aro-
matic or heterocyclic rings. For example, benzene and
naphthalene fluorescence are located in the UV region.
Anthracene is located in the blue zone [20]. Thus, based on
the theoretical basis and experimental results, the peak of
the RL emission spectrum near 300 nm is attributed to the
RL of toluene.

The results show two significant emission peaks in the
RL emission spectra of CsPbBr; QD solutions with dif-
ferent concentrations. One of the peaks of the emission
peak is identical to the RL peak of toluene. The peaks
position and peak values in the RL spectrum of the Cl1-
C6 samples are illustrated in Fig. 4. The peak profile
matching of the RL spectrum emission peaks at
255-400 nm was obtained by the normalized spectrum in
Fig. S1 (Supporting Information), and samples with dif-
ferent concentrations of C1-C6 were analyzed. The peak
value of the characteristic peak of the QDs increases with
the concentration of CsPbBr; QDs solution. The peak
value is changed from below the toluene characteristic
peak value to higher than this value. For CsPbBr; QDs
solutions with toluene, there may be two physical pro-
cesses that result in the characteristic fluorescence of
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Fig. 5 a Emission spectra of
C1-C6 with toluene at the tube
voltage of 60 kV and tube
current of 100-1000 pA.
CsPbBr; emission peak areas
with variations in b tube current
and c tube voltage
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CsPbBr; QDs under X-ray irradiation. X-ray interacts
directly with toluene to produce UV light near 300 nm. In
addition to that, the fluorescence of CsPbBr; QDs con-
tains the photoluminescence (PL) of CsPbBr; QDs by UV
light and the radioluminescence (RL) of CsPbBr; QDs by
X-ray.

Whether X-ray can directly act on CsPbBr; QDs in the
CsPbBr; QD solution with toluene was quantitatively
analyzed. Moreover, the ratios of the PL and RL of the
CsPbBr; QDs solutions with toluene were determined.
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Variation in the RL spectrum of CsPbBr; QDs
with X-ray parameters

The RL spectra of CsPbBr; QDs with different concen-
trations of C1-C6 were investigated at different X-ray
irradiation environments (tube voltage of 10-60 kV and
tube current of 100-1000 pA). The RL spectra of 360
experimental groups were analyzed. The responses of RL
relative intensity of CsPbBr; QDs to concentration, tube
voltage, and tube current were determined. The RL spectra
of CsPbBr; QDs with fixed tube voltage of 60 kV, tube

@ Springer



2332

J Radioanal Nucl Chem (2017) 314:2327-2337

1000 - o510 kV
o0l —O 20KV
—4— 30 kV
2 80T —v4okv
:g 700 L —<—50kV
g —<— 60 kV
5 600 |-
@]
2 -
S 500 3
> ~
g 400 | :
>
= 300 | 3
[} z
&
200 | ¥
100 | 0 I S S
L, e e

100 200 300 400 500 600 700 800 900 1000
Set-up X-ray tube Current (uA)

Fig. 6 Real tube current curve of the X-ray tube under different tube
voltages (10-60 kV)

B 10KV
- I 20 kv
30 kV

L I 40 kV
B 50 kv
L I 60 kv

40

30

K (a.u)

C1 C2 C3 C4

Voltage: 10 kV-60 kV

C5 Cé

8000
7000
6000

S 5000

& L
X 4000
3000
2000

1000

100 200 300 400 500 600 700 800 900 1000
Current: 100 uA-1000 uA

currents of 100-1000 pA, and different concentrations of
C1-C6 are illustrated in Fig. 6. The x-axis of the RL
spectrum of the CsPbBr; QDs is transformed according to
Eq. (1) [21]. Then, the full spectral integral areas of the
characteristic emission spectra of toluene and CsPbBrj
QDs were calculated accordingly. Under identical experi-
mental conditions, the emission peak area can be equiva-
lent to the RL relative intensity. The relationships between
RL relative intensity and X-ray tube current, tube voltage,
and concentration were analyzed.

E=hv, A-v=c, = E=hc/l= E(eV)

= 1239.6/A(nm) (1)

The RL spectra of C1-C6 in different X-ray irradiation
environments with toluene as solvent show two significant
characteristic emission peaks (Fig. 5a). Two characteristic
emission peaks are at ~ 300 nm for toluene and
at ~ 512.98 nm for the CsPbBr; QDs. The RL relative
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Fig. 7 The slopes, K values, and R* values of the linear fitting of CsPbBry QDs emission peak area to a tube current and b concentration
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intensity (RL emission peak area) of the CsPbBr; QDs is
proportional to the response of the tube voltage and tube
current and linearly related to the tube current (Fig. 5b, c).
This linear relationship was further investigated under
different tube voltages and concentrations. Given the out-
put power limitation of the X-ray tube, the real tube current
of the X-ray tube is inconsistent with the set tube current at
the lower tube voltage (Fig. 6; the box-plot of the real tube
current under the various tube voltages).

The X-ray tube used in the experiment cannot achieve a
current of 1000 pA at tube voltages of 10, 20, 30, and
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40 kV, because of the output power limitation (Fig. 6). The
deviation from the real tube current explains the gentle
variation in the emission peak areas of the CsPbBr; QDs
near the maximum tube current at different concentrations
of C1-C6 at low tube voltage (Fig. 5b).

The R-square value is generally less than 0.9 at tube
voltage of 10 kV because of the deviation from the real
tube current. However, these values are generally greater
than 0.9 at tube voltages of 20-60 kV. The emission peak
area of CsPbBr3 QDs is well fitted with the tube current,
and emission peak area of CsPbBr; QDs is linearly related
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to concentration. The specific values are shown in
Tables S2 and S3 (Supporting Information) (Fig. 7).

The relative variations in the peak areas of the charac-
teristic emission peaks of toluene and CsPbBr; QDs under
different concentrations and identical X-ray irradiation
environments were compared. The ratios of RL and PL in
the RL emission spectra of CsPbBr; QDs under different
X-ray irradiation environments were determined for
quantitative analysis. The concentration of C1 (0.3125 mg/
mL) was used as a reference. The characteristic peak area
of toluene and CsPbBr; QDs of reference sample C1 were
subtracted from those of C2-C6 with different concentra-
tions to obtain the relative peak areas of toluene and
CsPbBr; QDs with different concentrations of C2-C6.
These relative peak areas were analyzed under different
tube voltages of 10-60 kV (Fig. 8).

At 10 kV, the average energy of X-ray emitted by the
X-ray tube is lower, and the current is less than 1000 pA.
Although the linearity of the experimental data before 700
PA is significant, the CsPbBr; QDs characteristic emission
peak is not clearly characterized because of the low aver-
age X-ray energy and unattained tube current value. The
experimental results under 10 kV are not representative
and cannot be used for comparative analysis. By contrast,
at tube voltages of 20-60 kV, C1-C6 samples, relative
peak areas of the characteristic emission peaks of toluene
and CsPbBr; QDs show a significant linear relationship
with tube current. For the C6 sample (10 mg/mL), the
relative peaks of CsPbBr; QDs are generally higher than
the relative peak area of toluene under different tube
voltages (20-60 kV) and tube current (100—1000 pA).

The fluorescence emitted by CsPbBr; QD solution under
different X-ray irradiation environments, including toluene
RL, the CsPbBr; QDs PL by the UV light of toluene, and
other exciting forms. Additional forms of excitation are
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Fig. 9 a Different concentrations of CsPbBr; QDs solution in visible
light: C1, 0.3125 mg/mL; C2, 0.625 mg/mL; C3, 1.25 mg/mL; C4,
2.5 mg/mL; C5, 5 mg/mL; and C6, 10 mg/mL. b Different concen-
trations of CsPbBr3; QDs solution under 365 nm UV lamps. ¢ The RL
spectra of an empty cuvette, toluene, and CsPbBr; QDs of different
concentrations at 60 kV and 1000 pA

considered to be contributed by the X-rays directly acting
on the CsPbBr; QDs which induced RL effects (the addi-
tional fluorescence is presumed to be the contribution of

Table 1 Ratios of radioluminescence (RL) to total fluorescence in sample C6 (10 mg/L)

Current (LA) Voltage (kV)

20 30
RLY(PL® + RL) (%) RL/(PL + RL) (%)

100 24.28 26.48
200 29.03 30.59
300 31.82 33.17
400 33.48 33.62
500 33.17 34.34
600 34.02 33.40
700 33.68 34.13
800 32.87 32.03
900 23.71 29.76
1000 24.62 25.51

40 50 60
RL/(PL + RL) (%) RL/(PL + RL) (%) RL/(PL + RL) (%)
31.35 25.53 26.21
30.16 29.94 26.46
30.78 29.26 25.48
32.79 29.58 25.86
30.09 28.88 24.38
29.73 29.23 24.09
30.23 28.41 23.27
29.44 26.39 21.98
29.53 25.98 21.48
23.79 21.76 18.10

RL?: ratio of the RL produced by the CsPbBr; QDs to the total fluorescence. PLP: ratio of the PL produced by the CsPbBrs QDs to the total

fluorescence
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Fig. 10 a CsPbBr; emission
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RL effects). Additional forms of excitation are considered
to be contributed by the X-rays directly acting on the
CsPbBr; QDs which induced RL effects (the additional
fluorescence is presumed to be the contribution of RL
effects). The photons emitted by toluene can be completely
transformed by the CsPbBr; QDs (assuming that the
quantum efficiency of the CsPbBr; QDs is 100%, and the
quantum efficiency of the actual CsPbBr; QDs is approx-
imately 88%). The effect of X-rays directly acting on the
CsPbBr; QDs in inducing RL effects can be fully proved.
For sample C6 (10 mg/mL), the ratios of the fluorescence
produced by the RL to the total fluorescence (PL + RL)
under 20-60 kV and 100-1000 pA are shown in Table 1.

The results show that the ratio of CsPbBry QDs RL is
more than 18.1% under 20-60 kV and 100-1000 pA. N-
hexane was selected as solvent for more in-depth studies to
directly demonstrate that X-ray can directly act on the
CsPbBr; QDs to induce RL effect.

CsPbBr; QDs with n-hexane solvent

Based on the study with toluene solvent, n-hexane was
selected as solvent under 40-60 kV and 100-1000 pA for
further study. The RL emission spectra of CsPbBr; QDs
solutions with different concentrations of C1-C6 at 60 kV
and 1000 pA are illustrated in Fig. 9. The experimental
solution (1.5 mL) was compared with n-hexane solution
(AR) with identical volume. Sample CO (~ 0.156 mg/mL)
was discarded, because the characteristic peak of the RL
spectrum of the CsPbBr; QDs was not obvious as shown at
the right ends of Fig. 9a and b.

The RL spectra of C1-C6 samples with n-hexane as
solvent show only one significant characteristic emission
peak under different X-ray irradiation environments
(Fig. 9¢). The characteristic emission peak of CsPbBr;
QDs is found near 528.05 nm. Figure 10b and c show that
the fluorescence intensity of the CsPbBrs QDs with dif-
ferent concentrations is proportional to the X-ray tube
voltage and tube current and linearly related to the tube
current. These results are consistent with the experimental
results with toluene as solvent. The linear relationship
between the RL relative intensity and tube current with
different concentrations of CsPbBr; QDs is illustrated in
Fig. 10b, c.

The linear fitting results show that the R-square values
of the CsPbBr3 QDs with n-hexane are more than 0.99, and
the CsPbBr; QDs emission peak area has a significant
linear relationship with the tube current at 40, 50, and
60 kV. Significant linear relationship is also found between
the peak area and concentration of CsPbBr; QD solutions.
The specific values are shown in Tables S4 and S5 (Sup-
porting Information). In the previous discussion, the addi-
tional fluorescence with toluene solvent is assumed to

@ Springer

contribute to the RL effect of the CsPbBr; QDs. The results
with n-hexane as solvent prove that X-ray can directly act
on the CsPbBr; QDs to induce RL effect.

Conclusions

CsPbBr; QDs with toluene or n-hexane as solvent were
synthesized by hot-injection method, and the HRTEM
images show that the resulting particle sizes are 8.13 nm
and 9.63 nm, respectively. The specific physical processes
of CsPbBr; QDs solution with different concentrations
under distinct X-ray irradiation environments (various tube
currents and voltages) were investigated. The results con-
firm that the emission spectrum near 300 nm in the RL
spectrum of the CsPbBr; QDs solution with solvent is
derived from the RL of the toluene solvent. The emission
spectrum near 512 nm is derived from the PL and RL of
the CsPbBr; QDs.

Moreover, the RL relative intensity of CsPbBrz QDs of
the C6 sample (10 mg/mL) with toluene is much larger
than that of toluene solvent under different X-ray irradia-
tion environments. X-ray (tube voltage of 20-60 kV and a
tube current of 100-1000 pA) can directly act on the
CsPbBr; QDs to induce RL effect, which accounts for
more than 18.1% of the total fluorescence produced by
CsPbBr; QDs. With n-hexane as a solvent, the emission
spectrum appears only in the RL spectrum of the CsPbBr;
QD solutions. Thus, the fluorescence of the dots is com-
pletely generated by RL. CsPbBr; QDs with toluene or n-
hexane show a significant linear relationship between RL
relative intensity and tube current and solution
concentration.

The CsPbBr; QD solution with toluene or n-hexane
shows a significant linear response to the 20-60 kV beam
current. Thus, the CsPbBr; QDs is a promising scintillator
material for X-ray scintillation detectors and radiolumi-
nescent nuclear batteries. A scintillation material that
matches the peak wavelength of the photomultiplier tube
should be synthesized for scintillator detectors. The
FWHM of the spectrum is approximately 30 nm, which is
much smaller than that of widely used scintillator materi-
als. These characteristics are beneficial in improving the
overall performance of scintillator detectors. Consequently,
more suitable radioluminescent material for PV device can
be obtained. The proposed process can effectively improve
the energy conversion efficiency and output power of
radioluminescent nuclear batteries. The X-ray energy
response for CsPbBr; QDs was not studied in detail. The
relationship between CsPbBr; QDs RL effect and X-ray
energy response and the RL effect of CsPbBr; QDs with
charged particles o and B will be further examined.
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