
lable at ScienceDirect

Journal of Science: Advanced Materials and Devices 8 (2023) 100611
Contents lists avai
Journal of Science: Advanced Materials and Devices

journal homepage: www.elsevier .com/locate/ jsamd
Original Article
63Ni-based radioluminescent isotope cells with enhanced photon
transport interfaces

Tongxin Jiang a, Zan Ding a, Renrong Zheng a, Xiaobin Tang b, Zhiheng Xu b, **, Xin Li c,
Lifeng Zhang c, Xue Li c, Haisheng San a, *

a Pen-Tung Sah Institute of Micro-Nano Science and Technology, Xiamen University, Xiamen, 361005, China
b Department of Nuclear Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing, 211106, China
c China Institute of Atomic Energy, Beijing, 102413, China
a r t i c l e i n f o

Article history:
Received 25 May 2023
Received in revised form
7 July 2023
Accepted 19 July 2023
Available online 22 July 2023

Keywords:
Radioluminescent
Isotope cell
Spin-coated ZnS:Cu
Metal reflective film
* Corresponding author.
** Corresponding author.

E-mail addresses: xuzhiheng@nuaa.edu.cn (Z. Xu),
Peer review under responsibility of Vietnam Nati

https://doi.org/10.1016/j.jsamd.2023.100611
2468-2179/© 2023 Vietnam National University, Hano
licenses/by-nc-nd/4.0/).
a b s t r a c t

Radioluminescent isotope cells (RLICs) have the advantages of a long lifetime and high stability due to
the use of phosphor material with excellent radiation resistance. Current research efforts mainly focus on
the improvement of energy conversion efficiency. This study presents a 63Ni-based RLIC with enhanced
photon transport interfaces. The ZnS:Cu phosphor layer is spin-coated directly onto the surface of an
AlGaInP-based photovoltaic cell (PC) to achieve efficient coupling of photons by optimizing the trans-
mission interface, and a metal film is sputtered onto the ZnS:Cu layer to reflect radioluminescence to-
wards the PC. Theoretical simulations and experiments are used to compare and validate the integration
designs of the ZnS:Cu layer and metal reflective films (Ag, Al, and Ni). It is demonstrated that the RLIC
based on the spin-coated ZnS:Cu/PC structure with a 100 nm thick Ag film can increase the output power
by 52.6%, compared to conventional RLICs based on adhesive ZnS:Cu/BOPP/PC structure. Maximum ef-
ficiency of 0.92% is expected under beta radiation of 63Ni. The enhancement of photon transport is
attributed to fluorescence backward reflection and refractive index matching at the interfaces.

© 2023 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nuclear cells have the advantages of long life, strong stability,
and high energy density [1e3], which have a huge potential for
application in harsh environments, such as deep sea, space, polar
regions and deserts [4e7]. Radioluminescent isotope cells (RLICs)
can convert energy from radioactive decay into light using a
phosphor material and then into electricity using a photovoltaic
cell (PC) [8]. Compared to betavoltaic and alphavoltaic cells, which
directly convert the radiation energy into electricity, RLICs have a
longer lifetime due to the use of phosphor materials with higher
radiation resistance than semiconductors [9e11]. However, the
indirect energy conversion process results in a decrease in overall
energy conversion efficiency (ECE). Therefore, research efforts
related to RLICs are mainly focused on improving ECE [12e14] and
reliability [15e17]. In previous work, the optimal matching of
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radioisotope sources and phosphor layers has been studied. Alpha-
decay radioisotopes such as Americium-241 (241Am), Polonium-210
(210Po), and Plutonium-238 (238Pu), exhibit high ionization energy,
which can result in significant radiation damage to energy con-
version materials [18]. As a result, these radioisotopes are rarely
used as radiation sources for RLICs [19]. Gamma sources such as
Cobalt-60 (60Co) and Cesium-137 (137Cs) generate high-energy
electromagnetic radiation with higher penetration ability and,
thus, lower energy deposition in energy conversion materials [20].
Hence, they are often combinedwith scintillation crystals [21,22] or
used for irradiation aging experiments [23,24]. Considering the
effective deposition of radiation energy and the stability of con-
version materials, beta-decay radioisotopes are considered more
suitable for RLICs [25]. Tritium-3 (3H) has the advantages of super-
high specific activity and low cost, but its average decay energy is
relatively low at 5.7 keV [26,27]. Promethium-147 (147Pm) has a
higher average decay energy (62 keV) but a short half-life of only
2.6 years [28]. Therefore, neither is regarded as an ideal beta-
radiation source. Strontium-90 (90Sr) and Nickel-63 (63Ni) have
greater potential for application. In particular, 90Sr has an average
decay energy of 196 keV, with an energy deposition depth up to
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millimeter-level in the fluorescent materials. It requires the design
of phosphor layers with corresponding thicknesses, which would
result in severe self-absorption loss of photons in such thick ma-
terials [29,30]. ZnS:Cu material can generate radioluminescence
efficiently [31], but its fluorescence self-absorption (FSA) effect is
significant due to its low transmittance [32]. Therefore, the 63Ni
radioisotopewith a moderate average decay energy of 17.4 keV, can
make maximum energy deposition at a micrometer-level depth
(close to the powder particle size of fluorescent material) with the
FSA effect as low as impossible. This makes it an ideal radiation
source for achieving high ECE in RLICs [33].

The conventional RLIC typically uses a planar sandwich struc-
ture (Fig. 1 (a)) consisting of a radiation source, a phosphor layer on
a transparent substrate, and a PC. There are two energy transport
interfaces (the radiation source/phosphor layer interface and the
phosphor layer/PC interface), which can cause significant fluores-
cence transport loss. Firstly, radioluminescent photons generated
from the phosphor layer are emitted at a 4p space angle, but only
the photons within a 2p half-space angle are incident on the PC.
The other photons incident towards the radiation source cannot be
collected and utilized, resulting in a radioluminescence energy loss
of about 50%. Secondly, the radioluminescent photons must pass
through the transparent substrate and an air interface medium
before they can be collected by the PCs. In the photon transport
process, the mismatch of refractivity between different transport
media (e.g., low refractivity for transparent substrate and high
refractivity for phosphor materials and PC materials) can induce
serious photon reflection at the two interfaces, thereby diminishing
the amount of fluorescence captured by PCs.

In this study, two approaches were adopted to enhance the
fluorescence transport efficiency. On the one hand, the ZnS:Cu layer
was spin-coated directly on the surface of PCs to weaken the
interface photon reflection caused by the transparent substrate and
air, as shown in Fig. 1(b). On the other hand, a metal film was
deposited on the spin-coated ZnS:Cu to reflect the backward fluo-
rescence towards the PCs, as shown in Fig. 1(c). The effects of the
spin-coated phosphor layer and reflective metal film on the output
power of RLICs were investigated both theoretically and experi-
mentally. This novel interface structure design provides a new
strategy for improving the ECE of RLICs.
2. Experiment

2.1. Materials and devices preparation

It has been demonstrated that the ZnS:Cu phosphor layer pre-
pared on the surface of a Biaxially Oriented Polypropylene (BOPP)
substrate using the adhesion method can match well with 63Ni
Fig. 1. Schematic diagrams of three types of RLIC structures. (a) Conventional sandwich str
reflective film.
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radiation source [17]. In this study, the RLIC is designed as an in-
tegrated structure, as shown in Fig. 1(c). The ZnS:Cu phosphor layer
was directly spin-coated onto the surface of the PC, and then a
reflective filmwas sputtered on top surface of ZnS:Cu layer. Then, a
63Ni planar source was placed on top of the reflective film.

ZnS:Cu paste was prepared by mixing ZnS:Cu powder with a gel
composed of Xylene (60%wt) and polymethyl methacrylate
(PMMA) (40%wt). The ZnS:Cu paste was then spin-coated onto the
surfaces of the PCs. To evaluate the optical performance of the spin-
coated ZnS:Cu layer, the ZnS:Cu paste was also spin-coated onto a
PMMA substrate to form the spin-coated ZnS:Cu/PMMA layer. For
comparison, ZnS:Cu powder was adhered to a BOPP substrate to
form the adhesive ZnS:Cu/BOPP layer. The AlGaInP-based PCs,
which have a high external quantum efficiency (EQE) in the emis-
sion spectrum of ZnS:Cu phosphor, were used to convert the radi-
oluminescence into electricity. Ag, Al and Ni were selected as the
metal materials for the reflective films on the surface of the phos-
phor layer, respectively. Ag and Al are generally regarded as ideal
candidate materials for preparing reflective layers. Ni was
employed to verify the feasibility of using 63Ni as both a radioactive
and reflective layer. Magnetron sputtering (Denton, EXPLORER-14)
was utilized to prepare the metal films on the surface of ZnS:Cu
phosphor layer.

2.2. Characterization

The source meters (Keithley 2450 and Keithley 2636) were used
to test electrical performance of devices in a dark Faraday cage. The
radioluminescence (RL) spectrum of the adhesive and spin-coated
ZnS:Cu layer was measured by fluorescence spectrophotometer
(Agilent, Cary Eclipse). The photoluminescence (PL) spectrum of
the spin-coated phosphor layer with different metal films was
measured using another fluorescence spectrophotometer (HITA-
CHI, F-7000). The morphologies of the spin-coated and adhesive
ZnS:Cu layers were characterized by scanning electron microscopy
(Zeiss, SUPRA55 SAPPHIRE).

3. Results and discussion

Fig. 2(a) and (b) show the photos of the PC before and after spin-
coating with the ZnS:Cu layer. The thickness of the spin-coated
ZnS:Cu layer was measured to be around 15 mm when using a
spin-coating speed of 2000 rpm/5 s, 5000 rpm/10 s, and
10,000 rpm/200 s, successively, which matches the energy depo-
sition depth of 63Ni simulated using the Monte Carlo (MC) method.
Fig. 2(c) shows a partial SEM image of the junction of the spin-
coated ZnS:Cu and PC. It can be observed that the spin-coated
ZnS:Cu layer was closely attached to the top surface of the PC,
ucture. (b) Spin-coated integrated structure. (c) Spin-coated integrated structure with



Fig. 2. Photos of the (a) PC and (b) spin-coated ZnS:Cu/PC structure. Partial SEM images of (c) the junction of the spin-coated ZnS:Cu and PC (d) the interface of the spin-coated
ZnS:Cu/PC structure. The enlarge SEM morphology of (e) spin-coated and (f) adhesive ZnS:Cu layers.
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without an air interface between them. The ZnS:Cu layer exhibits a
rough and porous surface morphology as shown in Fig. 2(d), which
is beneficial for the capturing of incident beta particles and thus the
reduction of backscattering. Fig. 2(e) and (f) exhibit enlarged SEM
images of spin-coated and adhesive ZnS:Cu layers, respectively. It
can be seen that the size of ZnS:Cu particles ranges from 0.5e5 mm,
and the gel can be clearly seen mixed with the spin-coated ZnS:Cu
particles.

A comparison of the energy distribution of beta particles
deposited in adhesive and spin-coated ZnS:Cu layers and the en-
ergy deposition trend of each layer (100 nm) are shown in Fig. 3(a),
which was simulated using the Monte Carlo N-Particle Transport
Code (MCNP). It can be observed that beta particles incident into
the spin-coated layer deposit around 18.3% of their energy in the
1 mm thick gel and 68.1% in the ZnS:Cu particles. The beta-energy
deposition in the ZnS:Cu of adhesion layer is 79.8%, which is
11.65% higher than that in the spin-coated layer. The backscattering
loss of the spin-coated layer is 13.6%, which is lower than that of the
adhesive layer (~20.2%) due to the smaller scattering collision
cross-section of the gel. Each red dot represents the energy
Fig. 3. (a) Comparison of the energy distribution and deposition trend of beta particles incid
the spin-coated ZnS:Cu/PMMA and adhesive ZnS:Cu/BOPP structures, the EQE of the AlGaI
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deposition in a 100 nm thick layer, and the gel material is divided
into 10 layers. As beta particles pass through the gel attached to the
surface of ZnS:Cu particles, the energy deposition density decreases
gradually with depth and then increases sharply at the interface of
gel/ZnS:Cu. This is because that ZnS:Cu material has higher beta-
energy absorbability than gel. Fig. 3(b) shows the radio-
luminescent spectrum of the spin-coated ZnS:Cu/PMMA and ad-
hesive ZnS:Cu/BOPP layers. Since the transmittance of BOPP and
PMMA substrates is approximately the same in the wavelength
range of 400e650 nm, as shown in the inset of Fig. 3(b), the radi-
oluminescence performance of both layers can be compared. It can
be observed that under the same excitation of 63Ni radioactive
source, the adhesive ZnS:Cu layer exhibits a 40.6% higher radio-
luminescence intensity than that of the spin-coated one. This can
be explained by the presence of non-luminescent gel material (as
shown in Fig. 2(e)) in the spin-coated ZnS:Cu layer, which con-
sumes part of the beta energy.

To further investigate the influence of the photon transport
interface on RLIC performance, the reflectance and absorptance
spectra at the PC interface of both structures were simulated with
ent on the adhesive and spin-coated ZnS:Cu layers. (b) Radioluminescence spectrum of
nP cell, and the transmittance of PMMA and BOPP substrates.



T. Jiang, Z. Ding, R. Zheng et al. Journal of Science: Advanced Materials and Devices 8 (2023) 100611
COMSOL, as shown in Fig. 4(a). Since photons are generated from
ZnS:Cu (n ¼ 2.4 at 520 nm) and directly incident into AlGaInP
(n¼ 3.6 at 520 nm)with a positive refractive index gradient (from a
low refractive index material to a high refractive index material),
the ZnS:Cu/PC interface enables a low reflection loss of 2.6% in the
wavelength range of 400e650 nm. As a result, the photons gener-
ated in the spin-coated ZnS:Cu layer can be fully absorbed by PC. In
contrast, the photons generated in the adhesive ZnS:Cu layer will
pass through the ZnS:Cu/BOPP interface and BOPP/PC interface
with a thin air gap before being captured by the PC. Significant
photon reflection occurs at both interfaces when photons are
incident from high refractivity materials into low refractivity ones.
It can be seen from Fig. 4(a) that the reflectance of the adhesive
ZnS:Cu/BOPP/PC structure is higher than that of the spin-coated
ZnS:Cu/PC one, and the average photon absorptivity available for
PC is around 78.6%. Under the same 63Ni radiation source, the IeV
curves of all RLICs were measured, as shown in Fig. 4(b), and the
electrical parameters were extracted and shown in Table 1. The
electrical performance of each PC is slightly different, so 4 PCs
(numbered #1 to #4) were used in the experimental comparison
between the RLICs based on the adhesive ZnS:Cu/BOPP/PC (#1e1 to
#4e1) and the spin-coated ZnS:Cu/PC (#1e2 to #4e2). It can be
observed that the electrical output of all spin-coated ZnS:Cu/PCs is
clearly improved, compared to the corresponding adhesive ZnS:Cu/
BOPP/PCs with the same PC. The average increase in maximum
power (Pmax) and short circuit current (Isc) reaches 30.2% and 18.7%,
respectively. Although the energy deposition in ZnS:Cu grains of
spin-coated layer decreases by 11.65% as shown in Fig. 3(a), the
advantage of spin-coated structure is that it can be directly pre-
pared on the surface of the photovoltaic cell and reduce transport
loss. The spin-coated structure enables a higher photon-coupling-
efficiency interface at the expense of a little beta energy.

The effect of the metal reflective film on RLIC performance was
also investigated. COMSOL simulation was used to analyze the
reflection and absorption of Ag, Al, and Nimetal filmswith different
thicknesses in the wavelength range of 400e650 nm, which is the
emission wavelength of ZnS:Cu, as shown in Fig. 5. It can be seen
that the reflectance-limitation-thickness (RLT) of the Ag film is
100 nm, corresponding to an average reflectance of 98.7% and an
average absorbance of only 1.2% at 400e650 nm (see Fig. 5(a)). The
average reflectance of the Al film is 91.6% at 400e650 nm for an RLT
of 50 nm (see Fig. 5(b)), which is slightly lower than that of the Ag
film, and the average absorbance is as high as 8.3%. In contrast, the
RLT of the Ni film is around 50 nm, corresponding to a minimum
reflectance of 64% at 400 nm. The reflectance gradually increases to
a value of 89% at 650 nm with an increase in wavelength (see
Fig. 4. (a) Absorption spectrum of PC with adhesive ZnS:Cu/BOPP/PC structure and spin-co
curves of RLICs based on adhesive ZnS:Cu/BOPP/PC structures and spin-coated ZnS:Cu/PC i
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Fig. 5(c)). This results in an average reflectivity of the Ni film of
around 81.5% at 400e650 nm. The experimental results indicate
that a 100 nm thick Ag film is the optimum selection for enhancing
the reflection of fluorescence excited by beta radiation. However,
the metal reflective film will result in beta energy loss through
absorption and backscattering, and thus there is a trade-off be-
tween fluorescence reflection and beta energy loss, which depend
on the thickness of the metal film.

In order to experimentally investigate the effect of the metal
reflective film on the optical performance of radioluminescent
structures, 100 nm thick Ag, Al, and Ni films and a 50 nm thick Ni
film were prepared on the spin-coated ZnS:Cu/PMMA samples. PL
spectra were used to assess the influence of the metal reflective
film on fluorescence emission. A schematic diagram of PL spectra
measurement is shown in the inset of Fig. 6(a). An ultraviolet (UV)
light incident on the PMMA substrate at a 45-degree angle was
used to excite the fluorescence of ZnS:Cu layer, which could be
detected from another degree. The UV-excitation in the current
measurement condition cannot completely simulate beta-
excitation, but it does not affect the qualitative assessment of
the metal reflective film on the ZnS:Cu layer. Fig. 6(a) shows the PL
spectrum of spin-coated ZnS:Cu/PMMA samples without and with
metal films. The ZnS:Cu/PMMA structure without a metal film
shows the lowest PL intensity among all samples, implying the
existence of energy loss due to backward light emission. It can be
observed from Fig. 6(a) that the PL intensity increases with the use
of a metal film. Compared to the PL intensity of the ZnS:Cu/PMMA
structure without a metal film, the PL intensity of the ZnS:Cu/
PMMA structure with 100 nm thick Ag, Al, and Ni films increases
by 36.2%, 29.6%, and 14.3%, respectively, while a 50 nm thick Ni
film only leads to a 7.5% improvement in PL intensity. Although
simulation results show that the reflectance and absorbance of Ni
film at 50 nm and 100 nm are the same, the 100 nmNi film enables
a higher PL intensity of around 7% than the 50 nm Ni film in ex-
periments. It indicates that the actual reflectance of a metal film is
positively related to its thickness within a limited range. In
addition, it was also found that the peak wavelength of the PL
spectrum has a slight redshift (5 nm) when using a metal film.
This could be attributed to the excitation of surface plasmon
polaritons (SPPs) on the metal film on the phosphor layer [34].
Since the PL peak is completely covered by the EQE spectra (as
shown in Fig. 3(b)), this slight wavelength shift has no influence
on photoelectric conversion of devices. The experimental result
confirms that reflection from a metal reflective film covered on
the phosphor layer enhances luminescence intensity by reflecting
backward photons.
ated ZnS:Cu/PC structure, and the reflection of the photon transport process. (b) IeV
ntegrated structures.



Table 1
Electrical parameters of RLICs based on adhesive ZnS:Cu/BOPP/PC structure and spin-coated ZnS:Cu/PC structure.

Adhesive ZnS:Cu/BOPP/PC Pmax (nW) Isc (nA) Voc (V) FF Spin-coated ZnS:Cu/PC Pmax (nW) Isc (nA) Voc (V) FF

#1e1 0.45 2.71 0.43 0.39 #1e2 0.52 3.24 0.44 0.37
#2e1 0.41 2.71 0.40 0.38 #2e2 0.54 3.30 0.43 0.38
#3e1 0.45 3.19 0.40 0.35 #3e2 0.56 3.42 0.44 0.37
#4e1 0.33 2.65 0.37 0.34 #4e2 0.47 3.36 0.40 0.35

Fig. 5. Reflectance and absorbance of (a) Ag, (b) Al, and (c) Ni film with different thickness.

Fig. 6. (a) PL spectrum of the spin-coated ZnS:Cu/PMMA samples without and with metal films. (b) Simulated energy distribution of beta energy incident on ZnS:Cu layers without
and with metal films.
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Fig. 6(b) shows the disturbance of the metal film on incident
beta particles, allowing for the calculation of energy deposition in
the phosphor layer, energy in the metal film, and backscattering
energy. Without using a metal reflective film, the energy loss of
incident beta energy is around 19.8%, which is entirely attributed to
backscattering from the surface of the ZnS:Cu layer. When using a
100 nm thick Ag film, absorption and backscattering energy losses
reach 11.7% and 23.1%, respectively. In contrast, absorption and
backscattering energy losses for a 100 nm thick Al film are 4.9% and
18.5%, respectively. Due to the fact that Al has a lower atomic
weight than Ag, and thus the energy loss of Al induced by the
interaction between beta particles and Al atoms, is lower than that
of Ag. The effect of Ni film thickness on electron backscattering is
not significant. The backscattering energy loss of a 50 nm thick Ni
5

film is approximately equal to that of a 100 nm thick Ni film, with
energy losses reaching 19.9% and 20.1%, respectively. However, the
absorption energy loss of a 50 nm thick Ni film reaches 6.8%, which
is slightly higher than half that of a 100 nm thick Ni film. As seen in
Fig. 6(b), beta energy deposition in the ZnS:Cu layer without a
reflective film reaches 80.2%, which is the highest compared to that
with a reflective film. Among all structures with a metal film, the
100 nm thick Al film enables the maximum beta energy deposition
with 76.6% in the ZnS:Cu layer.

RLICs based on spin-coated ZnS:Cu/PCs with different metal
reflective films (100 nm thick Ag, Al, and Ni films, and a 50 nm Ni
film) were assembled. An RLIC without any metal film was also
assembled for performance comparison with the above devices.
Fig. 7 shows the IeV and PeV characteristics of RLICs based on spin-



Fig. 7. IeV and PeV characteristics of the spin-coated ZnS:Cu/PC without a metal film and with (a) 100 nm Ag film, (b) 100 nm Al film, (c) 50 nm Ni film, and (d) 100 nm Ni film.
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coated ZnS:Cu/PC with and without metal film, and the electrical
parameters are shown in Table 2. It can be seen that RLICs with Ag
and Al reflective films produce a larger output power than those
without a metal reflective film. The Ag film enables the highest
17.2% increase in Pmax compared to other metal films (see Fig. 7(a)),
which is consistent with PL measurement results. However, the Al
reflective film is not as effective as the Ag film, with only a 3.0%
increase in Pmax (see Fig. 7(b)). This could be due to the relatively
lower reflectance and higher absorbance of Al compared to Ag film,
as the simulation results shown in Fig. 5. In contrast, 50 nm and
100 nm thick Ni films lead to a significant 72.4% (see Fig. 7(c)) and
59.7% (see Fig. 7(d)) reduction in Pmax compared to devices without
a metal film, respectively. It is considered that the significant
decline in electrical performance after using Ni film should be
attributed to the serious absorption and relatively low beta energy
deposition in the ZnS:Cu layer when beta particles pass through the
Ni film. Therefore, Ni metal is not suitable as a reflective film on the
phosphor layer nor as a radioactive layer. In contrast, a 100 nm thick
Ag metal film is the optimal choice for enhancing the electrical
output.

In comparisonwith previous work using adhesive ZnS:Cu layers
(hNi-63 ¼ 0.64% under radioisotope source excitation and helectron

beam ¼ 0.87% under electron beam excitation) [25], this work pro-
poses using an Ag/spin-coated ZnS:Cu/PC structure to improve the
Table 2
Electrical parameters of RLICs based on spin-coated ZnS:Cu/PCs with metal reflec-
tive films.

Metal reflective film Pmax (nW) Isc (nA) Voc (V) FF

#1e2 with 100 nm Ag 0.62 3.55 0.45 0.39
#2e2 with 100 nm Al 0.56 3.49 0.43 0.37
#3e2 with 50 nm Ni 0.15 1.74 0.29 0.30
#4e2 with 100 nm Ni 0.19 2.21 0.29 0.29

6

electrical performance of RLICs, which can achieve an increase in
output power as high as 52.6% compared to the adhesive ZnS:Cu/
BOPP/PC structure. It is expected to achieve a maximum h (63Ni) of
0.98% and a maximum h (electron beam) of 1.33%.
4. Conclusion

In conclusion, this study presents a 63Ni-based RLIC with
enhanced photon transport interfaces to improve the energy
coupling of beta-excited fluorescence to electricity. Compared to
conventional RLICs based on adhesive ZnS:Cu/BOPP/PC structures,
an improved design is suggested inwhich the ZnS:Cu/PC integrated
structure is proposed to reduce the reflection of interfaces and
enhance photon coupling efficiency, and a metal reflective film is
prepared on the ZnS:Cu layer to reflect radioluminescence towards
the PC. It is verified that introducing a transparent substrate (such
as BOPP or PMMA) between the ZnS:Cu layer and PC can result in
high fluorescence loss of around 21.4% due to refractive index
mismatch at transport interfaces. Furthermore, the metal film on
the phosphor layer to reflect the backward emission of photons is
proved to be effective. The optimal design of Ag, Al and Ni metal
film thickness on radioluminescent performance and fluorescence
reflection were studied through MC and COMSOL simulations. A
100 nm thick Ag film is suggested as the optimal choice for
balancing fluorescence reflection and beta energy loss, with
Pmax ¼ 0.62 nW, Isc ¼ 3.55 nA and Voc ¼ 0.45 V under beta radiation
of 63Ni. It is demonstrated that an RLIC using an Ag (100 nm)/spin-
coated ZnS:Cu/PC structure can achieve an increase of 52.6% in
output power compared to the conventional structure RLICs with
adhesive ZnS:Cu/BOPP/PC structure. The fluorescence backward
reflection and refractivity matching at interfaces are responsible for
the enhancement of photon transport.
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