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The design of a new gamma/GaAs multi-level structure radiovoltaic microbattery enhanced by an Y,SiOs
(YSO) crystal is proposed. By introducing the YSO crystal in the GaAs radiovoltaic cell, the output power
from the cell was significantly improved. We focus on the enhancement mechanisms of performance out-
put in one level of a multi-level structure. The radioluminescence spectra of the YSO crystal revealed its
fluorescence in the wavelength range of approximately 300-700 nm. Light at the exact wavelength would
normally be totally absorbed by the GaAs photovoltaic material. The radiovoltaic cells were tested using
an X-ray tube to simulate the gamma rays emitted by a gamma-radioactive source. Experimental inves-
tigation showed that the YSO crystal can increase the cell output power. The output power of the new
GaAs/YSO radiovoltaic cell was enhanced by more than four times compared to that of the conventional
GaAs radiovoltaic cell. In addition, considering the importance of the YSO crystal in the new GaAs/YSO
radiovoltaic cell, the irradiation resistance of the YSO crystal under X-ray excitation was also analysed.
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1. Introduction

With the rapid development of micro-electromechanical sys-
tems (MEMS) in military, aerospace and biomedical applications,
there is an increasing demand for power sources [1-4]. A promis-
ing candidate is the radiovoltaic battery for use as a power supply
in MEMS because of its high energy density, stability and long life
[5-8]; however, a rapid degradation in both alpha- and beta-
voltaic microbatteries (the main representatives of the class known
as radiovoltaic batteries) was observed because of the energetic
charged particles that induced defects therein [9-12]. Low-
energy charged particles (such as o and B particles) can minimize
radiation damage in the semiconductor, but are easily absorbed
by radioisotopes themselves when low-energy sources are used
in microbatteries; this eventually leads to a very low conversion
efficiency [13,14]. However, an alternative radioactive isotope that
would avoid these problems is a y source that can reduce device
damage risks, resulting in a substantially increased microbattery
lifetime. Therefore, a y source can be used as the excitation source
for such a microbattery. X-ray emitters can also be used for the
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development of long-life microbatteries, with reduced damage risk
for the converter device. A prototype GaAs >°Fe radioisotope micro-
battery was developed using a low-energy >°Fe radioisotope X-ray
source and a GaAs device [10,11].

Because y photons could pass through a single GaAs device,
more than one GaAs device needs to be used as the semiconductor
material in a GaAs y-ray microbattery (Fig. 1) to improve the y-ray
energy utilisation. In this situation, most of the y-ray energy is
absorbed by the GaAs substrate and the back electrode, and less
energy is absorbed by the GaAs photovoltaic (PV) material; this
is because the thickness of the PV material is much less than those
of the GaAs substrate and the back electrode, thus leading to a con-
tinuous low performance. To exploit the y-ray energy to a greater
extent, this paper proposes the introduction of the Y,SiOs (YSO)
crystal for a multi-layer structured GaAs <y-ray microbattery.
Fig. 2 shows the structure of the new multi-level gamma/GaAs
radiovoltaic microbattery. A piece of the YSO crystal and the GaAs
device were considered as one level in the new multi-level gamma/
GaAs radiovoltaic microbattery. The theoretical schematic of the
new gamma/GaAs radiovoltaic microbattery (indicated by the
dotted box in Fig. 2) is shown in Fig. 3.

As illustrated in Fig. 3, the new gamma/GaAs radiovoltaic micro-
battery is composed of three parts: a y source, a GaAs device (the
back electrode/substrate/GaAs PV material) and the YSO crystal.
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Fig. 1. Structure of (a) multi-level GaAs y-ray microbattery and (b) the GaAs device

y-ray

-—— = o

Fig. 2. Structure of the new multi-level gamma/GaAs radiovoltaic microbattery.

The working principle of the new gamma/GaAs radiovoltaic micro-
battery is as follows: when y photons pass through the back elec-
trode into the PV material, many electron-hole pairs are
generated. The y photons then penetrate the PV material and move
towards the YSO crystal and produce luminescence. The PV material
receives radioluminescence from the YSO crystal and creates many
electron-hole pairs. All these electron-hole pairs are separated by
the built-in electrical field, and the battery delivers an output
current after being connected to an external circuit.

This paper focuses on discussing the mechanisms designed to
enhance microbattery output performance in one level of a
multi-level structure. In the experiment, the tunable X-ray emis-
sions from the X-ray tube were used to simulate the y-rays emitted
by a y-radioactive source because of the modulation of the inten-
sity of the emitted X-rays [15,16]. The findings indicate that an

YSO crystal can absorb the y-rays that penetrate the GaAs device,
thus generating radioluminescence. The radioluminescence can
increase the output power of the battery to a significant extent.
We also studied the irradiation resistance of the YSO crystal. The
results of this research indicate that such a cell is stable and
efficient over long periods of time.

2. Materials and methods
2.1. Experimental materials

An X-ray tube (Shanghai KeyWay Electron Company Ltd.
KYWO900A, China) was used to simulate the y-rays in one level of
the multi-level structured gamma/GaAs radiovoltaic microbattery.
The specific parameter values of the X-ray tube are listed in
Table 1.

An equivalent model was built to represent the relationship
between the X-ray and 7y-ray energy spectra by GEANT4 when
the tube voltage was 60 kV. The X-ray energy spectrum was
obtained by GEANT4 as shown in Fig. 4: it can be observed that
the energy thereof is mainly concentrated in the low-energy sec-
tion. The horizontal and vertical coordinates represent the electron
energy and the photon numbers generated by an electron at differ-
ent energies, respectively.

The number of X-ray photons (A) generated by the X-ray tube
per second can be calculated by Eq. (1) as follows:

A=, (1)

where I is the tube current, e = 1.602 x 10~'° C is the charge of the
electron, T=1s is the time and n, = 0.001157 is the number of pro-
tons generated by an electron at the tube voltage of 60 kV. The
activities of the gamma sources were calculated to be 5.77 x 10'?
and 7.22 x 10'2 Bq for the tube currents of 800 and 1000 pA,
respectively; the average energy of X-rays was 16.73 keV at tube
voltages of up to 60 keV.

A GaAs device was used as the converter material: this offers
several advantages over a conventional silicon device such as its
compact structure [17], direct band gap structures, large light-
absorption coefficient, wide band gap [18,19], low leakage currents
[20,21] and high radiation resistance [22]. The thickness of the
GaAs device was less than 2 mm, and the active area measured
10 mm x 10 mm. The GaAs device is illustrated in Fig. 5, and its
specific parameter values are listed in Table 2.
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Key parameters of the X-ray tube.
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Fig. 3. Schematic of the new gamma/GaAs radiovoltaic microbattery.
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Fig. 4. X-ray energy spectrum for a tube voltage of 60 kV.

YSO crystals were used as luminescent materials in the experi-
ment, as shown in Fig. 6. By using an ultraviolet-visible spec-
trophotometer (Shimadzu UV-2550, Japan), the transmission
spectra and the absorption spectra (Fig. 7) of the YSO crystal were
measured over the scanning range from 400 to 800 nm. The values
of various parameters of the YSO crystal, such as its size, mass and
optical spectrum, are listed in Table 3.

The YSO crystal has a monoclinic crystal structure [23] and is an
excellent optical material [24-26]. It has a high luminous effi-
ciency, excellent resistance to chemical corrosion and good heat
stability [27-30]; therefore, it has a great potential for broader
application. Table 3 shows that the average transmission rate of
the YSO crystal in the visible range is above 93%. This high trans-
mission rate indicates that the radioluminescence released from
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Fig. 5. The picture of the GaAs device.

the YSO crystal is not easily absorbed by the crystal itself, thus
resulting in a high transmission efficiency.

2.2. Experimental measurements

2.2.1. Radioluminescence spectra of the YSO crystal and spectral
responsivity of the GaAs device

With the chosen KYW900A X-ray tube (tube voltage: 30 kV,
tube current: 600 pA) excitation, the radioluminescence spectra
of the YSO crystal under test were measured by using a Cary
Eclipse fluorescence spectrophotometer (Agilent Technologies
G9800a, Malaysia), and the spectral response curve of the GaAs
device was measured by quantum efficiency spectrometer
(Bentham PVE300, Britain).

2.2.2. 1-V test

The electrical properties of the microbatteries, such as their
short circuit current (Isc) and open circuit voltage (V,.), were mea-
sured at room temperature by using a dual-channel system source-
meter instrument (Keithley 2636A, USA). The maximum output
power (Pmax), fill factor (FF) and experimental microbattery effi-
ciency () were calculated as follows:

Prax = Vimax X Imax (2)
Viax X [

FF — Jmax X Imax 3

Ve x Isc 3

_ Voe x Iye x FF

Fig. 6. Picture of the Y,SiOs crystal.

where P« is the maximum output power of the battery; V.« and
Imax are the voltage and the current, respectively, at the maximum
power point; and Py, is the incident X-ray power, which was
obtained from the integral of the X-ray energy spectrum.

3. Results and discussion
3.1. Optical performances of the YSO crystal

The radioluminescence spectra of the YSO crystal are shown in
Fig. 8. Fig. 9 shows the relationship between the external quantum
efficiency of the GaAs device and the incident wavelength.

From Fig. 8, it can be observed that the maximum wavelength
was approximately 420 nm, and the FWHM was approximately
78 nm. There was a good match between the radioluminescence
spectra of the YSO crystal and the spectral response curves of the
GaAs device; thus, radioluminescence that penetrates the PV mate-
rial at that exact wavelength would normally be absorbed effi-
ciently without waste.

3.2. Electrical performances of the microbattery

As the vy rays have strong penetrability and can pass through a
GaAs device easily, the design of the new gamma/GaAs multi-level
structured radiovoltaic microbattery (Fig. 2) is proposed to
improve the y-ray energy utilisation.

Considering the y-ray energy utilisation and the performance
output of this microbattery, the advantages and shortcomings of
two different battery structures were analysed. Two different bat-
tery structures (Model A: “X-ray + back electrode/substrate/GaAs
PV material” and Model B: “X-ray + back electrode/substrate/GaAs
PV material + YSO crystal”) were tested. Model A was deemed the
more “conventional structure” and Model B the “YSO crystal-
enhanced structure”. The aim of this project is to discuss whether
the YSO crystal offers any enhancement of the performance of the
cell under X-ray excitation. The tube voltage was set to 60 kV, and
the tube current was set to 800 and 1000 pA, corresponding to the
two different X-ray excitation conditions.

The structure schematic and the prototype of the two kinds of
x 100% (4)
Py battery are shown in Fig. 10. The actual size of the cell was
Table 2
Parameters of the GaAs device.
Layer no. Material Composition(x) Thickness(nm) Doping level(cm~3) Type
6 GaAs - 300 >2 x 10" P
5 AlGaAs 0.8 30 2-5 x 108 P
4 GaAs - 200 2-5x 10" P
3 GaAs - 4000 1-3 x 10"7 N
2 AlGaAs 0.3 120 1-5x 108 N
1 GaAs - 300 1-5x 10'8 N
Substrate GaAs - 350,000 1-4 x 10'8 N
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Fig. 7. Transmission spectra and absorption spectra of the Y,SiO5 crystal.
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Fig. 8. Radioluminescence spectra of the YSO crystal under X-ray excitation.

10 mm x 10 mm. The [-V characteristics were measured during
the continuous, direct X-ray exposure. I-V curves of the two bat-
tery structures are shown in Fig. 11. The maximum output power
comparison chart for the two battery structures was obtained by
calculation, as shown in Fig. 12.

As shown in Figs. 11 and 12, Is, Vo and Ppax of the YSO crystal-
enhanced structure were far greater than those of the conventional
structure under the same excitation conditions.

A comparative analysis of the electrical parameters of Models A
and B is given in Table 4. It can be observed that at tube voltages of

up to 60keV, the short-circuit currents of the YSO crystal-
enhanced structure were 2.65 and 2.77 times greater than those
of the conventional structure for the tube currents of 800 and
1000 pA, respectively. Moreover, the values of P, of the YSO
crystal-enhanced structure were 4.08 and 4.37 times greater than
those of the conventional structure for the tube currents of 800
and 1000 pA, respectively. This result indicates that the YSO crystal
can significantly improve the output power of the cell.

3.3. Influences of irradiation on the YSO crystal

An experimental study of the effects of irradiation on the YSO
crystal was carried out depending on the structure: X-ray + YSO
+ GaAs device, and the excitation conditions were as follows: (1)
tube voltage: 17 kV, tube current: 400 pA; (2) tube voltage:
17 kV, tube current: 800 pA; (3) tube voltage: 52 kV, tube current:
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Fig. 11. [-V curves of the two battery structures under different X-ray excitation
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400 pA; (4) tube voltage: 52 kV, tube current: 800 pA: (5) tube
voltage: 60 kV, tube current: 800 [LA: (6) tube voltage: 60 kV, tube
current: 1000 pA. The radiation resistance of the YSO crystal was
evaluated by observing the changes in FF with time. The relation-
ship between the changes in FF and the time is shown in Fig. 13.
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@

Fig. 10. (a) Schematic of the conventional structure, (b) schematic of the YSO-enhanced structure, (c) prototype of the conventional structure and (d) prototype of the YSO
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Fig. 12. Maximum output power comparison chart for both battery structures
under different X-ray excitation conditions.

Fig. 13 shows that there was no obvious variation in FF over
time under the same excitation conditions. The values of FF were
stabilised at approximately 0.31, 0.35, 0.50, 0.55, 0.57 and 0.59
under the six different excitation conditions, respectively. From

Table 4
Comparison of short-circuit current, open-circuit voltage, maximum output power and efficiency (Models A and B).
Battery structure Excitation conditions Isc (nA) Voe (MV) Prax (NW) n (%)
Model A 60 kV, 800 LA 0.202 4.27 242 x 107 0.48
60 kV, 1000 pA 0.269 4.96 3.02x 1074 0.53
Model B 60 kV, 800 pA 0.535 7.00 9.88 x 1074 1.98
60 kV, 1000 pA 0.746 9.01 132 x 1074 231




Z.-R. Zhang et al./ Nuclear Instruments and Methods in Physics Research B 398 (2017) 35-41 41

T T T T T T T
0.60 E
e e
0000 o ¢ 0 0 ¢ 00 0 ¢ 0 0 o ©
055 A A o AA—A A A, A , , A A , 44 i
0501 vY~—v¥ vV V" vy v v v vrvvrwyv
] —=— 60KV+1000 A ]
W 0.45 - —e— 60KV+800pA i
—4a— 52kV+800pA
040 4 —v— 52kV+400pA 1
: —&— 17kV+800pA
—<— 17KV+400pA
0.35 .’W‘M—O i
030] Tttt
T T T T T T T

0 5 10 15 20 25 30 35
Time(minute)

Fig. 13. Relationship between FF and time at different tube voltages and tube
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this result, it can be said that the performance of the YSO crystal
did not significantly change after irradiation, and the crystal exhib-
ited a high resistance to gamma irradiation for 30 min. In addition,
the values of FF increased with an increase in the tube voltage and
tube current.

4. Conclusions

A GaAs radiovoltaic cell enhanced by an YSO crystal was demon-
strated for the first time using an X-ray tube to simulate the gamma
rays emitted by a gamma-radioactive source. The electrical proper-
ties and the optical performance of this cell and the irradiation resis-
tance of its YSO crystal were studied. Experimental results showed
that there was a good match between the radioluminescence spec-
tra of the YSO crystal and the spectral response curves of the GaAs
device. Under both excitation conditions (tube voltage. 60 kV, tube
current: 800 pA; tube voltage: 60 kV, tube current: 1000 pA), the
values of I, Vo and Ppax of the YSO crystal-enhanced structure
were much greater than those of the conventional structure,
especially in the case of Py, which was more than quadruple that
of the conventional structure. This clearly shows that the YSO crys-
tal could significantly improve the output power and current of the
cell. Under six different excitation conditions, the values of FF could
be stabilised at approximately 0.31, 0.35, 0.50, 0.55,0.57 and 0.59 in
30 min. This indicates that the YSO crystal has a high resistance to
gamma irradiation that was developed quickly. In addition, it was
found from the experimental results that the values of FF increased
with an increase in the tube voltage and tube current.

Most of the X-ray energy cannot penetrate through the back
electrode because of the tube voltage being no more than 60 kV,
as provided by the existing X-ray tube in the laboratory, and only
a small percentage of the X-ray energy can be absorbed by GaAs PV
materials or the YSO crystal. This was the reason for the very low
output power of both structures (conventional and YSO crystal-
enhanced) in these experiments.
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