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The output properties of X-ray radioluminescence (RL) nuclear batteries with different phosphor layers were
investigated by using low-energy X-ray. Results indicated that the values of electrical parameters increased as
the X-ray energy increased, and the output power of nuclear battery with ZnS:Cu phosphor layer was greater
than those of batteries with ZnS:Ag, (Zn,Cd)S:Cu or Y,O3:Eu phosphor layers under the same excitation con-
ditions. To analyze the RL effects of the phosphor layers under X-ray excitation, we measured the RL spectra of

the different phosphor layers. Their fluorescence emissions were absorbed by the GaAs device. In addition,
considering luminescence utilization in batteries, we introduced an aluminum (Al) film between the X-ray
emitter and phosphor layer. Al film is a high performance reflective material and can increase the fluorescence
reaching the GaAs photovoltaic device. This approach significantly improved the output power of the battery.

1. Introduction

Nuclear batteries have potential uses as power supplies in micro-
electromechanical systems (MEMS) because they exhibit high energy
density, stability, and long life [1-5]. Several investigations on nuclear
batteries were conducted. Low-energy X-ray nuclear batteries are at-
tracting widespread interest because of their excellent properties [6-8].
They can be easily shielded in contrast to y-ray batteries and are safe
because they only emit low-energy X-ray photons [9-11]. However, the
semiconductor material will suffer radiation damage when exposed to
intense fluxes of low-energy X-ray for a long time [12-15].

An alternative method to direct conversion of X-ray batteries is the
addition of a phosphor layer and substrate, which directly absorb low-
energy X-rays. Radiation energy is converted into luminescence energy,
which is then converted into electricity [16-18]. Thus, the semi-
conductor is shielded from X-ray radiation damage. In such nuclear
batteries, the phosphor layer and substrate material are exposed to X-
ray irradiation, but radiation damage is slowed down because of these
components [19]. Thus, low-energy X-ray radioluminescence (RL) nu-
clear battery can reduce radiation damage effectively. However, studies
on low-energy X-ray RL nuclear batteries are rare.

The objective of this study is to investigate the characteristics of low
energy X-ray RL nuclear batteries with different phosphor layers by
using different low-energy X-rays. The optical properties of luminescent
materials and spectral responsitivity of a GaAs device were analysed. In

batteries, output power can be enhanced by increasing luminescence
intensity and improving the degree of response between an RL and
photovoltaic material. Moreover, output performance can be improved
after loading an aluminum (Al) film on the surface of the phosphor
layer. Our findings indicated that Al films can improve luminescence
utilization rate.

A low-energy X-ray RL nuclear battery is composed of an X-ray
source, phosphor layer, and photovoltaic material. A schematic pre-
sentation of the operating principles of the battery is shown in Fig. 1.
Low-energy X-ray RL nuclear batteries utilize X-ray to produce visible
luminescence in phosphor materials. The photovoltaic material receives
visible luminescence from the phosphor layer and creates electron-hole
pairs. These electron-hole pairs are then separated by a built-in elec-
trical field, and the battery delivers an output current after being con-
nected to an external circuit.

2. Materials and methods
2.1. Experimental materials

An X-ray tube (Shanghai KeyWay Electron Company Ltd.,
KYWO900A, China) was used to simulate the low-energy X-ray source for
convenience and easy adjustment of the intensity of the emitted X-rays.
The basic specifications of the X-ray tube are listed in Table 1.

Under excitation condition of 10 kV tube voltage, the X-ray energy
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Fig. 1. Schematic of a low-energy X-ray RL nuclear battery.
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Table 1
Specification of the X-ray tube.

Anode voltage Anode Maximum power  Filament Filament
current voltage current
50kV 0-1mA 50w 2.0V 60KkV/1 mA,
Ir=17A
Thickness of the Target Focus spot size Grounded Target
beryllium angle mode
window
200 pm 10° 0.1mm x 0.1 mm  Grounded- Molybdenum
cathode
2000 T T T T T T T T T
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Fig. 2. X-ray energy spectrum for a tube voltage of 10 kV.

spectrum was obtained by CdZnTe detector as shown in Fig. 2. It can be
observed that the energy thereof is mainly concentrated in the middle
section. The horizontal and vertical coordinates represent the photon
energy and the photon numbers, respectively.

Four different phosphor layers were fabricated with ZnS:Ag, ZnS:Cu,
(Zn,Cd)S:Cu, and Y,03:Eu phosphor powder, and the size of each
phosphor layer was 2 cm X 2 cm. The grain diameters of corresponding
phosphor powders were 6.2, 38.0, 6.0, and 5.8 um. Four different
phosphor layers under 365 nm UV lamps are illustrated in Fig. 3. The
colors of the phosphor layers were blue, green, yellow, and red. The
ZnS:Ag, ZnS:Cu, and (Zn,Cd)S:Cu phosphor layers were more brightly
colored than Y,O3:Eu phosphor layer as illustrated in Fig. 3.

10

Fig. 3. Four different phosphor layers under 365 nm UV lamps (from left to right: ZnS:Ag,
ZnS:Cu, (Zn,Cd)S:Cu, and Y,03:Eu phosphor layers).
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Fig. 4. Transmission and absorption spectra of the PMMA substrate.

Polymethylmethacrylate (PMMA) substrates were used as substrate
materials for the phosphor layers because they have ultralight mass and
exhibit good light transmittance [20,21]. The transmission and ab-
sorption spectra (Fig. 4) of the PMMA substrate were measured with an
ultraviolet-visible spectrophotometer (Shimadzu UV-2550, Japan) at
375-750 nm scanning range. The values of various parameters of the
PMMA substrate are listed in Table 2.

The GaAs device with compact structure [22], direct band gap
structure, large light absorption coefficient, wide band gap [23,24], and
high crystal quality [25] was employed in the RL nuclear battery. The
active area of the GaAs device was 10 mm X 10 mm. The prototype and
structure schematic of the GaAs device are illustrated in Fig. 5.
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Table 2
Parameters of the PMMA substrate.

Dimensions (mm) Mass (g) Transmittance (%) Absorbance

20 X 20 x 2 0.835 >91 < 0.035

2.2. Experimental measurements

2.2.1. Electrical test

An X-ray tube was placed 2 cm above the phosphor layer, and the
electrical properties of RL nuclear batteries with different phosphor
layers, such as short circuit current (I;.) and open circuit voltage (V,.),
were obtained with a dual-channel system source-meter instrument
(Model 2636A, Keithley, USA) at room temperature. The maximum
output power (Pp,,,) and fill factor (FF) can be calculated by Egs. (1)
and (2) as follows:

Frax = Vinax X Imax (€8]
FF = Vinax X Imax
Voe X L (2)

where Vi.x and I, are the voltage and current, respectively, at the
maximum power point.

2.2.2. Optical test

The RL spectra of different phosphor layers under different tube
voltages (10, 15, 20, 25, 30kV) were tested with a Cary Eclipse fluor-
escence spectrophotometer (Agilent Technologies G9800a, Malaysia)
when the tube current was 800 pA. The data mode of Cary Eclipse lu-
minescence spectrophotometer was set as bio/chemiluminescence, and

N-Aly;GaAs

X-ray tube (KYW900A)

0.12pm
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the emission slit and photomultiplier detector voltage were 20 nm and
800 V, respectively. The spectral response curve of the GaAs device was
measured at room temperature by quantum efficiency spectrometer
(Bentham PVE300, Britain). The electrical and optical measurement
systems are shown in Fig. 6.

3. Results and discussion
3.1. Electrical characterization of nuclear battery

The tube current was set to 800 pA, and the tube voltages were set
to 10, 15, 20, 25, and 30 kV, respectively. The electrical performances
of the X-ray RL nuclear batteries with different phosphor layers were
measured during continuous and direct X-ray exposure. The corre-
sponding -V characteristics are illustrated in Fig. 7. Both I and Vi,
increased significantly at increased tube voltage for four different
phosphor layers.

Fig. 8 shows the changes in I, Voc, Pmax, and FF for the RL nuclear
batteries with different phosphor layers as a function of tube voltage
(10-30kV). Remarkable changes in the electrical performances were
observed after the tube voltage was increased (Fig. 8). Obvious in-
creases in the Iy, Vo, Pmax, and FF values were also observed. The rate
of I, and P, sped up and became faster than those of V,. and FF. The
FF value stabilized at 25-30kV. In Fig. 8a and c, the Iy and Py, values
of the battery with ZnS:Cu phosphor layer were greater than those of
the batteries with ZnS:Ag, (Zn, Cd)S:Cu, and Y»05:Eu phosphor layers at
the same tube voltage. In Fig. 8b, the V,. value of the battery with
ZnS:Cu phosphor layer was extremely close to that of the battery with
(Zn, Cd)S:Cu phosphor layer and was greater than those of batteries
with ZnS:Ag and Y,03:Eu phosphor layers.

Fig. 5. (a) Prototype and (b) structure schematic of GaAs
device.
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Fig. 6. Testing system for electrical performance and optical
performance.
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(a) 000 005 010 015 02 025 03 035 (k) 000 005 010 015 020 025 030 03 Fig. 7. I-V curves of the batteries with different phosphor
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ALy T I = T T layers under different tube voltages: (a) ZnS: Ag, (b) ZnS:
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3.2. Optical characterization of the phosphor layers increased tube voltage. However, the emission peak wavelengths of the

phosphor layers remained steady and unchanged at different tube

The RL spectra of the ZnS:Ag, ZnS:Cu, (Zn,Cd)S:Cu, and Y,03:Eu voltages. The emission peak wavelengths of ZnS:Ag, ZnS:Cu, (Zn,Cd)
phosphor layers under different tube voltages are provided in Fig. 9. S:Cu, and Y,03:Eu phosphor layers were approximately 450, 530, 560,
The RL relative intensities of the phosphor layers were enhanced at and 613 nm, respectively. Besides, another emission peak wavelength

12



Z.-R. Zhang et al.

Nuclear Inst. and Methods in Physics Research B 415 (2018) 9-16

Fig. 9. RL spectra of phosphor layers under different tube

voltages: (a) ZnS:Ag, (b) ZnS:Cu, (c) (Zn,Cd)S:Cu, and (d)
Y,03:Eu.
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of the Y,03:Eu phosphor layer was approximately 708 nm.

The RL spectra of ZnS:Ag, ZnS:Cu, (Zn,Cd)S:Cu, and Y,O3:Eu
phosphor layers at the same tube voltage are all shown in Fig. 10 to
facilitate comparison and analysis. The phosphor layers exhibited
different emission spectra because of the presence of different lu-
minescent materials. The RL spectra of the phosphor layers the
fluorescence emissions at 375-750 nm wavelength range. The RL
intensities of the ZnS:Ag, ZnS:Cu, (Zn,Cd)S:Cu, and Y,03:Eu phos-
phor layers were weakened when the phosphor layers were subjected
to the same excitation conditions. This phenomenon indicated
that the ZnS:Ag and ZnS:Cu exhibit higher RL efficiencies than
(Zn,Cd)S:Cu and Y,03:Eu under excitation by X-rays. Furthermore,
the luminescence transmissions of the phosphors with large particle
sizes were significant and effective. This finding was mentioned
in Ref. [26], and the scattering coefficient (s) can be calculated as
follows:

Ins = Ink—Ing + 0.5In2J, 3)

where k is a constant, g is the average particle size of the phosphors,
and J is the standard deviation of g. According to the formula, as the
average particle size g increases, and the scattering coefficient s de-
creases, which eventually leads to an increased luminescence trans-
mission efficiency.

3.3. Degree of spectral matching between the phosphor layers and GaAs
device

The spectral response curves of the GaAs device and the RL spectra
of different phosphor layers are shown in Fig. 11. The GaAs device can
offer high responsibility and wide spectrum. The external quantum
efficiency of the GaAs device was 80%-94% at a wavelength range of

T
500

13

T T T
600 700 800

Wavelength (nm)

500-750 nm, where light was absorbed efficiently by the GaAs device.
However, when the phosphor layer emitted RL with a range of
375-450 nm, the external quantum efficiency of the GaAs device was
only 19%-74%. Therefore, a good match between the RL spectra of
ZnS:Cu, (Zn,Cd)S:Cu, and Y,O3:Eu phosphor layers and the spectral
response of the GaAs device were observed. This finding indicated that
the ZnS:Cu, (Zn,Cd)S:Cu, and Y,03:Eu phosphor layers are more sui-
table than ZnS:Ag to couple with the GaAs device.

3.4. Battery enhanced by introducing the Al film

Considering the RL utilization and the performance output of
battery, one possible method is to introduce a thin Al film between
the X-ray emitter and phosphor layer. Al film is a reflector which is
thin enough so that it does not stop the low energy x-rays but thick
enough so that it can reflect the light from the phosphors. The aim of
this method is to reduce luminescent loss and increase luminescence
availability. The structure schematic and prototype of the battery are
shown in Figs. 12 and 13. An Al film of 10 pm thickness was loaded
on a phosphor layer, and the batteries were excited by an X-ray tube.
The tube voltage was set to 30kV, and the tube current was set to
800 pA. Fig. 14 shows the I-V and P-V characteristic curves of the
GaAs low-energy X-ray RL nuclear batteries before and after loading
the Al film, and the corresponding electrical parameters are illu-
strated in Table 3.

As shown in Fig. 14, the I, and P,,.x values of batteries with
ZnS:Ag, ZnS:Cu, and (Zn,Cd)S:Cu increased obviously after loading
the Al film. However, in the batteries with Y,O3:Eu, the I, and P, .
values decreased slightly after loading the Al film. The amount of
luminescence that entered PV material was affected by X-ray energy
and luminescent utilization. Excited by X-rays, the phosphor layer
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Fig. 10. RL spectra of different phosphor layers under excitation by (a) 10, (b) 15kV, (c) 20, (d) 25, and (e) 30 kV tube voltages.
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Fig. 11. Spectral response curves of the GaAs device and RL spectra of different phosphor
layers under excitation by 30 keV.

generated visible luminescence. The light emission of the phosphor
layer was isotropic, and the intensity of the light emitted toward the
X-ray emitter was equal to that emitted toward the GaAs device. The
Al film is an excellent reflective material and can increase lumines-
cent flux on the GaAs device by reflecting the luminescence emitted
toward an X-ray emitter. In the phosphor layers, the Al film blocked
the X-rays and reduced their energies. In other words, the RL in-
tensity from the phosphor layer was reduced to some extent. In the
batteries with ZnS:Ag, ZnS:Cu, and (Zn,Cd)S:Cu phosphor layers, the
photon reflection-increase effect of the Al film was stronger than it’s
X-ray-blocking capability. However, the photon reflection-increase
effect was weaker than X-ray-blocking capability for battery with
Y>03:Eu phosphor layer.

In Table 3, Py« values of the batteries with ZnS:Ag and (Zn,Cd)S:Cu
increased by 5.23% and 15.77%, respectively, after the Al film was
loaded. Especially for the battery with ZnS:Cu, Py, increased by
34.22% after loading the Al film. However, Py, of the battery with
Y-03:Eu decreased by 6.79% after loading the Al film.

Low Energy X-ray

Aluminum film

Phosphor Layer

PMMA Substrate
~~Photon Energy—
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Fig. 13. Prototype of the GaAs X-ray RL nuclear battery enhanced by the Al film.

4. Conclusions

The GaAs low energy X-ray RL nuclear battery was investigated
under different low energy X-rays. In this proof of concept experiment,
the output performance of the battery was largely determined by RL
wavelength and RL intensity. The results showed that the RL relative
intensity increased as the tube voltage increased for the phosphor
layers. The ZnS:Cu is more suitable than ZnS:Ag for coupling with the
GaAs device, and a good match between the RL spectra of ZnS:Cu
phosphor layers and the spectral response of the GaAs device was ob-
served. In addition, ZnS:Cu exhibited higher RL efficiency than (Zn,Cd)
S:Cu and Y,03:Eu under X-ray excitation. The I, and Py, values of the
battery with ZnS:Cu phosphor layer were greater than those with
ZnS:Ag, (Zn, Cd)S:Cu, and Y,O3:Eu phosphor layers under the same
excitation conditions. The Al film was loaded into the surface of the
phosphor layers to increase the availability of luminescence. After
loading, the output power of the batteries significantly improved, ex-
cept that of the battery with Y,03:Eu phosphor layer. Therefore, Al film
can be used in X-ray RL nuclear batteries, and it can improve output
performance.

Fig. 12. Schematic of the GaAs X-ray RL nuclear battery
enhanced by the Al film.
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Table 3
Electrical parameters of the GaAs X-ray RL nuclear batteries before and after loading Al film.
Phosphor layers ZnS:Ag ZnS:Ag + Al film ZnS:Cu ZnS:Cu + Al film (Zn,Cd)S:Cu (Zn,Cd)S:Cu + Al film Y,03:Eu Y,03:Eu + Al film
I (uA) 0.563 0.626 0.718 0.908 0.685 0.777 0.582 0.564
Voe (V) 0.314 0.312 0.314 0.328 0.314 0.320 0.299 0.296
Prax (W) 107.1 112.7 127.4 171 122.4 141.7 94.3 87.9
FF 0.606 0.577 0.565 0.574 0.569 0.570 0.542 0.527
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