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A B S T R A C T   

A new type of wireless energy transfer (radiation energy to electricity) power system is proposed for small-scale 
distributed energy utilization. To utilize radiation energy efficiently, energy conversion technologies based on 
different conversion modules and dissimilar material combination schemes are used. A variety of schemes such as 
single photovoltaic cell and single/multilayer fluorescent layer integrated with photovoltaic cell are designed. 
The maximum power density ranges from 7.93 nW/cm3 (tube voltage: 30 kV, tube current: 1 mA) to 6.7 µW/cm3 

(tube voltage: 110 kV, tube current: 1 mA). After the structure layout of the system is matched and optimized, the 
maximum output power in radio-luminescent mode can be much higher than that in radio-voltaic mode. In 
particular, the maximum output power of conversion modules with a stacked layer can be increased by more 
than 36 times in radio-luminescent mode compared to radio-voltaic mode. At the same time, the effect of the 
distance of wireless energy transfer on the output performance of the energy conversion module is analyzed. To 
adjust the radiation intensity and field parameters better, X-ray tube is used as the radiation excitation source for 
performance testing and analysis. The performance attenuation of different energy conversion modules is similar 
when responding to X-ray over long distances. Compared with the radio-voltaic mode, the findings of this paper 
show that the output power of the system based on the radio-luminescent mode can be an order of magnitude 
higher.   

Introduction 

The environment we live in is full of various kinds of energy, such as 
solar energy, chemical energy, mechanical energy, deformation energy, 
biological energy, wind energy, heat energy, radiation energy, and many 
others [1–4]. We can make full use of energy conversion technology, for 
example, to transport energy over long distances and then convert it into 
electricity to power electronic devices, to realize wireless self-powered 
or self-driven power supply/detection/monitoring systems [5–8]. With 
the rapid development of the space industry, the pace of human explo-
ration is going further, and the new power supply technology along with 
it is becoming a challenging problem [9]. At present, most space 
equipment is powered by external solar panels, which depend on light, 
or built-in chemical cells, which are usually limited in capacity and 
uneconomic to maintain [10,11]. Radiation energy is almost ubiquitous 
in these situations and is often difficult to perceive. How to utilize it and 

at the same time monitor its intensity is a key issue that needs to be 
addressed. 

Through the interaction between the energy conversion device and 
radioactive particles [12–14], its radiation energy is absorbed and 
converted into electrical energy, which can directly supply power to 
micro low-power electronic devices. It not only enables effective 
monitoring and feedback of the radiation field but also eliminates the 
need for a dedicated battery to power the device, thus reducing the cost, 
weight, and potential riskiness of the device in service. This power 
generation method can obtain energy from the radiation field in the 
environment and is suitable for the demand of long-life, maintenance- 
free, and self-powered systems under special conditions. As mentioned 
at the beginning of this paragraph, its potential application in energy 
engineering is manifested by harvesting radiant energy and powering 
low-power devices such as MEMS in space missions. There is also great 
potential for applications in radiation environment monitoring, 
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intelligent communication, national defense and military [15,16], 
Internet of Things [17,18], and wireless sensor networks [19]. 

X-rays are a form of high-energy electromagnetic radiation [20,21], 
which is one of the common and widely used types of radiation [22–24]. 
A thorough understanding of the interaction between X-rays and matter 
has stimulated our motivation to further explore and expand the po-
tential applications of X-ray radiation fields and to explore the feasibility 
of using them for power generation. Two main modes of transduction 
were used to convert the radiant energy of X-rays into electricity: the 
radio-voltaic (RV) mode and the radio-luminescent (RL) mode. In the RV 
mode, radiation was directly absorbed by the photovoltaic cell and 
converted into electricity. In the RL mode, radiation was firstly con-
verted into photons in a specific wavelength by the fluorescent material 
and then converted into electricity by the photovoltaic effect. Most of 
the current research is focused on transducer materials, device structure 
optimization, and performance stability. Some research teams are 
devoted to the preparation of fluorescent materials with excellent 
luminescence properties and high-quantum-efficiency photovoltaic 
cells. Xu et al. prepared CsPbBr3 quantum dot films, whose peak emis-
sion was well suited with the peak spectral responsivity of GaAs 
photovoltaic cell. The output power was increased by 28.3 % compared 
with direct conversion under suitable film parameters [25]. Like- 
mindedly, Li et al. prepared Cs3Cu2I5:Mn scintillators with high ther-
mal stability and irradiation hardness, and the output power was 
increased by 237 % compared with direct conversion [26]. By contrast, 
photovoltaic cells with suitable quantum efficiency were selected. Zhao 
et al. optimized the bandgap of the photovoltaic cell to match GAGG:Ce 
scintillators, resulting in a 10-fold increase in conversion efficiency [27]. 
The feasibility of converting the radiant energy of X-rays into electricity 
is well illustrated, including our earlier work, and also indicates the 
ways to improve the electrical energy output performance. Among them, 
achieving a good match of each component, including an efficient 
response between the radioluminescence spectra of the fluorescent 
material and the quantum efficiency of the photovoltaic cell, is the key 
to improving the output. 

However, the above-mentioned works mainly explored the value of 
X-rays for power supply, and the variation of electrical parameters 
representing the output performance with the intensity of the radiation 
field were not adequately studied. On this basis, this work dissects in 
detail the variation rules of electrical parameters with radiation field 
intensity, proposes a new performance optimization scheme, and as-
sesses the prospects for other applications. Considering the huge appli-
cation potential of wireless energy transfer and the advantages of the 
radiation energy conversion technology, it is meaningful to carry out the 
research on the response law of radiation conversion materials to rays 
and the design of the energy conversion module combination. 

In this work, X-ray generators with different energy conversion 
modes and different combinations of fluorescent materials were 
designed to meet the demand for different levels of output power within 
a certain range. The effects of factors such as short-circuit current (Isc), 
open-circuit voltage (Voc), maximum output power (Pmax), and power 
decay rate were investigated. The potential for other applications such 
as radiation intensity monitoring and wireless energy transfer was 
further exploited. The results provide a design basis for the development 
of devices that combine the dual functions of radiation energy conver-
sion and radiation monitoring without relying on an external power 
source. 

Materials and methods 

Energy conversion materials 

Photovoltaic cell 
To adapt to X-ray transduction better, the structural parameters of 

the GaAs and AlGaInP-based photovoltaic cells are specially designed 
and fabricated. Structure details are shown in Fig. S1. The effective area 

of the two photovoltaic cells is approximately 1 × 1 cm2, and the overall 
thickness of the photovoltaic cells is minimized to less than 1 mm. As 
shown in Fig. 1, the quantum response wavelength range of GaAs is 
wider than that of AlGaInP. This can be an explanation for the difference 
in bandgap and radiation conversion capabilities between GaAs and 
AlGaInP. 

Fluorescent material 
CsI scintillator and ZnS:Cu fluorescent layer were selected as the two 

representative radioluminescent materials. The ZnS:Cu fluorescent layer 
was made by uniformly coating ZnS:Cu phosphors on a highly trans-
parent and flexible substrate with a thickness of just 0.11 mm. The CsI 
scintillator is 1 cm in thickness and has four faces coated with a 
reflective layer. 

Fig. 1 also shows the peak wavelengths of the radioluminescence 
spectra of both CsI and ZnS:Cu lie in the range where the quantum ef-
ficiency is high, satisfying the matching requirement. The excellent 
optical properties of CsI and ZnS:Cu such as high light yield and high 
luminescence intensity have been demonstrated in imaging, radiation 
detection, and illumination displays [28,29]. This is equally attractive 
for energy conversion in RL mode. Our previous works showed that ZnS: 
Cu is a class of fluorescent materials with good luminescence and anti-
radiation properties [30–32]. While the transmittance of the two ma-
terials corresponding to the peak wavelength of the emission spectra 
differs considerably, as shown in the green area of Fig. S2. 

Experimental conditions and test methods 

Optical properties test 
The RL spectra were measured by a Cary Eclipse fluorescence spec-

trophotometer (Agilent Technologies, G9800a) using the X-ray tube to 
irradiate the ZnS:Cu fluorescent layer and CsI scintillator located in the 
sample compartment. The emission spectra were recorded for 300–800 
nm. The slit width of the emission monochromator was set to 20 nm and 
the tube voltage of photomultiplier was set to 800 V. The transmittance 
spectra were measured by UV-visible spectrophotometer (Aucy, 
UV1901PC). The transmittance spectra were recorded for 300–800 nm. 
EQE curves were measured by QE-R (Enli Tech). 

Electrical performance test 
An X-ray tube (SC-T160/1.2–80, Beijing Research Institute of Me-

chanical & Electrical Technology) was used to generate the radiation 

Fig. 1. Radioluminescence spectra of ZnS:Cu fluorescent layer and CsI scintil-
lator, EQE curves of GaAs and AlGaInP. 
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field. The maximum tube voltage is 160 kV, and the maximum tube 
current is 1.2 mA. The tube voltage was set at 30, 50, 70, 90, and 110 kV, 
and the tube current was fixed at 1 mA. In the long-distance test, the 
photovoltaic cells and the fluorescent materials were fixed within the 
range of the radiation field on the lead plate, and the distance between 
the lead plate and the exit of the tube was continuously increased from 
10 to 90 cm. I-V curves were measured using a dual-channel source 
meter (Keithley, Model 2636A) after the tube voltage and tube current 
stabilized. I-V curves under the same radiation field intensity condition 
were measured at least three times to ensure the accuracy of the data. All 
tests were carried out in a dark radiation-shielded lead room under 
standard atmospheric pressure and room temperature. 

Results and discussion 

Radio-voltaic mode analysis 

GaAs and AlGaInP photovoltaic cells were placed directly at the X- 
ray tube exit, and the electrical output was tested at different tube 
powers. The measured I-V curves are shown in Fig. 2. The I-V curve 
consists of a series of points with voltage as the horizontal coordinate 
and current as the vertical coordinate. Two points are most special 
because they are the intersection of the curve with the horizontal and 
vertical axes, representing Voc and Isc. These two parameters continue to 
rise with increasing tube power. The Isc of GaAs is always well ahead of 
AlGaInP, whereas the Voc is the opposite as the result of the band gap 
limitation. A reciprocal relationship is formed between Voc and Isc. Pmax 
can also be obtained from the point on the I-V curve where the product 
of the horizontal and vertical coordinates is the largest. The current and 
voltage corresponding to Pmax are Imp and Vmp. Pmax can be calculated as 
follows: 

Pmax = MAX ( I × V ) = ImpVmp (1) 

A brief judgement is made on the trend of Voc, Isc, and Pmax. The I-V 
curves of GaAs and AlGaInP reveal Isc shows a relatively uniform in-
crease with the intensity of the X-rays, whereas the Voc increases faster 
and then slower. From the rate of increase of the data it can be observed 
that the Isc of GaAs seems to be more sensitive to the response of the 
intensity of the radiation field. Compared with GaAs, AlGaInP varies 
more smoothly in both parameters. Moreover, the variation degree of 
Pmax with the intensity of the radiation field is different for GaAs and 
AlGaInP. The sensitivity of the three parameters of current, voltage and 
power output to the radiation field can be fully utilized to accurately 
select different photovoltaic cells and to play the effect of their radiation 
energy transfer applications. Photovoltaic cells are expected to fulfil the 
dual functions of radiant energy conversion and radiation intensity 
monitoring, such as self-powered monitoring devices. 

Radio-luminescent mode analysis 

As shown in Fig. 3, the Isc of AlGaInP in both modes increases by a 
factor of 11.74 when the tube power rises from 30 W to 110 W. This 
result inspires us that Isc may be an ideal parameter to reflect the in-
tensity of radiation. The possibility that our photovoltaic cells can be 
used for radiation monitoring has been initially proven. After the 
addition of ZnS:Cu fluorescent layer, the overall increase in Isc of GaAs 
and AlGaInP is about 13 % and 70 %. 

However, the ZnS:Cu fluorescent layer may not always play a uni-
directional positive role in the energy conversion process. The variation 
pattern of Voc, FF, and Pmax with X-ray tube power before and after the 
addition of the ZnS:Cu fluorescent layer is fascinating. An example is the 
undulation in Voc of both photovoltaic cells before and after the addition 
of the ZnS:Cu fluorescent layer. The Voc of AlGaInP increases slightly, 
whereas the drop in Voc of GaAs is more pronounced as the tube power 
decreases. The rise and fall of Pmax also exhibits the two-faced role of the 
ZnS:Cu fluorescent layer. Fig. 4 shows the Pmax of AlGaInP in the RL 
mode increases by more than 70 %, whereas the Pmax of GaAs in the RL 
mode is lower than that of the RV mode. At its lowest, the former is only 
53.7 % of the latter. As the tube power of the X-ray rises, the disparity 
between RL and RV modes narrows. 

FF is the bridge that establishes the link among Pmax, Isc, and Voc. It is 
calculated as follows: 

FF =
Pmax

IscVoc
=

ImpVmp

IscVoc
(2)  

Thus, FF can also be used to measure the proximity of Imp to Isc and Vmp 
to Voc. Fig. S3 shows the change in FF of GaAs is similar to that of Voc 
after the addition of the ZnS:Cu fluorescent layer. The lower the X-ray 
tube power, the greater the deviation from the ideal situation compared 
to the RV mode. Even an increase in Isc cannot eliminate the drop in Pmax 
caused by this deviation. In contrast, Isc, Voc, and FF of AlGaInP all in-
crease after the addition of the ZnS:Cu fluorescent layer. Pmax also in-
creases in parallel. Fluctuations in Pmax are the result of the combined 
effect of Isc, Voc, and FF. According to the prediction, Voc and FF will be 
saturated gradually, so the contribution of these two to Pmax will be 
reduced, and then Isc will dominate. This agrees with the experimental 
results that the two parameters of Isc and Pmax of AlGaInP are positively 
correlated after the addition of ZnS:Cu fluorescent layer. Therefore, the 
Pmax may serve as a parameter comparable with Isc in reflecting the in-
tensity of radiation. 

To verify the effect of different fluorescent materials satisfying the 
matching requirement on the output performance in the RL mode, the 
CsI scintillator was selected for testing. Figs. 5 and S4 show the output 
performance of GaAs and AlGaInP when coupled with the CsI scintil-
lator. The Isc and Pmax of both photovoltaic cells are raised to a whole 
new level. They achieve an order of magnitude jump at a tube power of 

Fig. 2. I-V curves of two photovoltaic cells in RV mode: (a) GaAs and (b) AlGaInP.  
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110 W. Tables S1 and S2 comprehensively show the comparison of Isc 
and Pmax of the photovoltaic cells in both modes. The use of different 
types of radiation energy can be achieved by the targeted selection of 
suitable scintillators and matching photovoltaic cells in accordance with 
the characteristics of each type of radiation. These results are equally 
informative for wireless energy transfer for other types of radiation. The 
exponential increase of Isc and Pmax with radiation field intensity also 
provides a reference for the design of micro detectors. 

Output performance enhancement with stacked layer 

Based on the above, the scheme of a stacked layer consisting of two 

fluorescent materials was further investigated. The schematic diagram 
of the stacked layers is shown in Fig. S5. Fig. S2 shows the transmittance 
of CsI scintillator increases with increasing wavelength, whereas the 
transmittance of the ZnS:Cu fluorescent layer increases and then de-
creases, eventually stabilizing at around 5.5 %. In the corresponding 
wavelength range of the peak emission spectrum (about 500–550 nm), 
the difference in transmittance between the two is more than 7 times. 
The main reason for setting the stacked layer is to enhance the inter-
action between the fluorescent material and the X-rays and to reduce the 
self-absorption losses of fluorescent photons due to differences in 
transmittance simultaneously. 

Fig. 6 shows the Isc and Pmax of GaAs and AlGaInP, when they are 

Fig. 3. Isc of two photovoltaic cells in two modes: (a) GaAs and (b) AlGaInP.  

Fig. 4. Pmax of two photovoltaic cells in two modes: (a) GaAs and (b) AlGaInP.  

Fig. 5. (a) Isc and (b) Pmax of two photovoltaic cells in the RL mode with CsI scintillator as fluorescent material.  
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coupled with the ZnS:Cu fluorescent layer, CsI scintillator, and the 
stacked layer, respectively. The stacked layer once again boosts Isc and 
Pmax. Compared with the case with the CsI scintillator only, Isc and Pmax 
rise by 25 %–33 % and 28 %–43 %, respectively. It is encouraging to see 
that the stacked layer produces an enhancement similar to the syner-
gistic effect. This enhancement is foreseen to be even more prominent 
when the radiation field increases. This result also provides a new idea 
for improving the output performance in RL mode. 

Assessment of prospects for radiation monitoring applications 

As shown in Fig. 7, Isc and Pmax show a linear relationship with tube 
power. The fitting degrees of all fitted curves reach more than 99 %. 
Tube power can be interconverted with other physical quantities that 
reflect the strength of the radiation field, such as dose and flux. This 

result validates the reasonableness of our inference that Isc and Pmax 
could be important parameters for monitoring intensity of the radiation 
field. 

In terms of monitoring effectiveness, GaAs is more preferable to 
AlGaInP considering Isc. This is a determination primarily based on the 
slopes of the fitted curves in Fig. 7(a). Due to the difference of band gap, 
the numerical difference of Isc between GaAs and AlGaInP is more 
evident when the tube power increases. Adjusting the band gap of the 
photovoltaic cell is an alternative way to improve the monitoring 
effectiveness. However, from the point of view of Pmax, AlGaInP coupled 
with the ZnS:Cu fluorescence layer is more effective. This finding sug-
gests suitable materials play an active role in wireless energy transfer 
and radiation field intensity monitoring in the RL mode. 

Fig. 6. Isc and Pmax of photovoltaic cells with different fluorescent material solutions: (a) Isc of GaAs, (b) Isc of AlGaInP, (c) Pmax of GaAs, and (d) Pmax of AlGaInP.  

Fig. 7. (a) Isc and (b) Pmax of two photovoltaic cells as a function of tube power.  
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Assessment of prospects for wireless energy transfer applications 

X-rays with high energy and strong penetrating ability can realize 
long distance propagation in the air, using this characteristic X-rays can 
accomplish non-contact energy transfer. The effect of distance on the 
effectiveness of this kind of wireless energy transfer cannot be ignored. 
Four AlGaInP-based energy conversion modules were tested to analyze 
their output performance at a distance of 10–90 cm from the exit of the 
X-ray tube. Fig. 8(a–b) and Figs. S6–S7 show that the coupling of 
AlGaInP with the stacked layer is consistently superior to three other 
combinations for the same distance and tube power. The advantage of 
the stacked layer becomes more prominent with higher tube power and 
equal distance. As can be seen from Fig. 8 (a-b), the increase in Isc and 
Pmax of AlGaInP coupled with the stacked layer can even exceed 100 % 
when the tube power increases from 70 W to 110 W per 20 W interval 
when the distance is fixed at 10 cm. When the tube power is fixed at 110 
W, the Isc and Pmax of AlGaInP coupled with CsI or stacked layer are 20 
times or more than the other two conversion modules. The superiority of 
the stack layer is again apparent. This outcome indicates that X-rays 
retain some intensity after a certain distance of transmission. The con-
tent of X-ray-based wireless energy transfer technology is further 
enriched and extended. 

Fig. 8(c–d) show the decay of Isc and Pmax with distance for different 
combinations at a tube power of 30 W. Data for X-ray tube powers of 
50–110 W are shown in Figs. S8–S9. The decreasing speed of Isc and Pmax 
is first fast and then slow. When the distances between AlGaInP and X- 
ray tube outlet increase from 10 cm to 30 cm, the decrease is the largest. 
Compared with Isc, the attenuation trend of Pmax is more consistent. 
According to the fitted curve, the attenuation law of the Pmax with dis-
tance conforms to the following relation: 

y = a∗exp
(

-
x
b

)
+ c (3) 

The values of a, b, and c are shown in Fig. S10. The performance 

attenuation of different modules is similar. Hence, the maximum dis-
tance at which X-rays can be converted is approximately the same for 
different modules. That the attenuation of X-rays with distance is not 
dependent on their intensity can be assumed. This assumption can be 
further borne out by the fact that the fitted relationship shown in Eq. (3) 
is consistent with the pattern of X-ray attenuation in air. The fitted 
relationship is also of great importance for the the selection of the power 
of the electrical devices and intensity monitoring at different locations in 
the radiation field. Additionally, these two aspects can be considered 
together, for example, installing micro-alarms of different power at 
different locations in the radiation field. 

Conclusion 

In this work, the module integrating a compact photovoltaic cell with 
a highly matched fluorescent material realized the dual functions of 
energy conversion utilization of external radiation field and intensity 
monitoring. A new method was proposed to characterize X-ray intensity 
based on the linear variation of electrical properties such as Isc and Pmax 
with the intensity of the radiation field. The correct selection of fluo-
rescent materials helped to improve the effect of energy conversion and 
radiation monitoring. More than 20 times improvement in output per-
formance provided by the stacked layer was quite impressive. Moreover, 
the feasibility of using X-rays for wireless energy transfer was verified 
and the maximum output power of all four energy conversion modules 
showed an exponential decay trend with distance. These results also 
provide important references for the development of wireless energy 
transfer technology based on X-ray and new X-ray detection methods. 
On this basis, a series of new semiconductor devices that respond to 
radiation fields can be derived, such as X/γ radiation detector and ra-
diation sensors. 

Fig. 8. (a) Isc of different conversion modules when the distance is fixed, (b) Pmax of different conversion modules when the distance is fixed, (c) attenuation of Isc 
with distance for different conversion modules, and (d) attenuation of Pmax with distance for different conversion modules. 
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