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A B S T R A C T   

Cooling solar cells towards ambient temperature is essential for photovoltaic conversion since the elevated 
temperature has significant adverse consequences on the efficiency and reliability of solar cells. Here, a full- 
spectrum synergetic management strategy that is developed by enhancing radiative cooling of solar cells in 
the Mid-Infrared and selectively reducing the cell’s sub-band-gap (sub-BG) absorption in solar wavelengths, is 
proposed to cool solar cells. To experimentally demonstrate the feasibility of the concept, a cooling system demo 
is developed by integrating a spectral-selective mirror (SS-Mirror) to selective block sub-BG photons and a 
radiative cooler for heat radiation. A temperature drop of 7.1 ◦C and an open-circuit voltage enhancement of 38 
mV are observed under a solar simulator with 1 sun input. Moreover, a model is applied to capture the cooling 
performance of the proposed idea of solar cell cooling under various conditions, including for concentration 
photovoltaic cases. This study proposes a full-spectrum synergetic management method to passively cool solar 
cells and makes an experimental validation, providing a new pathway to cool solar cells.   

1. Introduction 

Photovoltaic (PV) conversion can convert solar energy into clean 
electricity directly and has attracted much attention since it has been 
widely recognized as one of the promising clean solutions to the world’s 
energy problems [1–4]. At present, the efficiency of commercial solar 
cells is in the region of 20–30%, while the solar absorption of solar cells 
is generally over 0.9, which means the majority of absorbed solar energy 
is converted into heat and then improves the operating temperature of 
solar cells. However, the efficiency [5–7] of solar cells degenerates at 
high temperatures as well as the reliability [8]. For commonly used 
monocrystalline silicon solar cells, the theoretical upper limit for power 
conversion efficiency is about 33.7% [9], while the solar absorption of 
the cell reaches more than 0.9 due to the synergistic effect of intrinsic 
absorption and anti-reflection design, resulting in nearly 600 W⋅m-2 
heat flux will be generated in solar cells under the AM 1.5 solar spec
trum. The waste heat improves the cell’s temperature to 30-50 ◦C above 
ambient temperature [10–12] and decreases its relative efficiency by 
approximately 13.5%–22.5% [13]. Therefore, cooling solar cells is 
critical for PV conversion. 

According to the heat transfer theory, three heat transfer modes that 

include heat conduction, heat convection, and heat radiation can be 
potentially used in the cooling of solar cells. Most of the previously 
published works use heat convective or conductive modes to cool solar 
cells, including air cooling [14], water cooling [15], microchannel [16], 
and phase change materials (PCMs) [17,18], which require additional 
energy consumption and extra complex heat exchange/storage struc
tures. For example, the structure of PCMs-based solar panels is 
comparatively complex, and continuous cooling is not achieved since 
the solar heating of the panel is greater than the latent heat of the PCMs. 
For active water cooling, additional components (e.g., copper tubes and 
water pump) and extra electrical energy are required. In recent years, 
radiative cooling of solar cells based on heat radiation mode has been 
proposed and increase much interest [19–26], which is a passive cooling 
method without extra energy input. The fundamental principle is to 
place a radiative cooler that is solar transparent but strongly emissive 
over mid-infrared wavelengths, especially within the atmosphere 
transparency window from 8 to 13 μm, on top of solar cells to enhance 
heat dissipation. The radiative cooler does not degrade the optical per
formance of solar cells but does generate a significant cooling effect for 
solar cells by mainly emitting waste heat to outer space (~3 K). In 2014, 
Zhu et al. [27] proposed the concept of radiative cooling of solar cells 
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and predicted that a temperature reduction of 18.3 K can be obtained 
using a periodic pyramid micro-structure-based silica cooler. Besides, an 
experimental demonstration is also conducted to reveal that the silicon 
solar cell can be radiatively cooled by 13 K after using a silica photonic 
cooler. These findings have aroused much attention for radiative cooling 
of solar cells [28–33]. Zhou et al. theoretically improved the thermal 
emissivity of low-iron soda-lime glass by an additional multilayer [34] 
or patterned surface [35] to enhance the radiative cooling capacity of 
the glass cover. In addition to silicon-based solar cells and flat plate solar 
PV conversion (i.e., no solar concentration), radiative cooling methods 
can be also used to cool different types of solar cells (e.g., CIGS [36] and 
GaAs [37,38] solar cells) and various PV applications (e.g., CPV 
[38–40], thermal PV (TPV) [35], and outer space PV applications [41]). 

Although radiative cooling can provide sustainable passive cooling 
for solar cells, the cooling performance can be improved when 
combining the solar splitting method. Specifically, if solar cells can 
effectively reflect sub-band-gap (sub-BG) photons, the operating tem
perature can be further reduced. Sun et al. [36,42] found that the solar 
cell can be further cooled by approximately 6 ◦C after reflecting sub-BG 
photons. The reason for this scenario is that only above-band-gap 
(above-BG) photons can stimulate the generation of electron-hole 
pairs, while the sub-BG photons produce thermal effects. Li et al. [43] 
proposed a photonic cooler design that can simultaneously achieve 
radiative cooling of solar cells and selectively reduce the cell’s sub-BG 
absorption. Simulation results show that a solar panel can be cooled 
by over 5.7 ◦C after using the photonic cooler. Zhao et al. [44] also 
designed a similar 2D photonic cooler to cool solar cells. The combined 
optical, thermal, and electrical simulation shows that the temperature of 
solar cells can be reduced by approximately 8 ◦C. Analogously, An et al. 
[45] proposed a photonic radiative cooler with near-ideal spectral 
selectivity from the sunlight to the infrared band for thermal manage
ment of solar cells. It is demonstrated that the absolute efficiency of the 
solar cells is increased by ~0.43% and a reduction in the solar cells 
operating temperature by ~10.16 ◦C can be obtained. Although the 
above-mentioned cooling idea of solar cells is a kind of combination of 
spectral splitting cooling and radiative cooling, the reported works are 
all simulations that involve thermal performance prediction and optical 
filter design. The main reason for this scenario is that a single optical 
filter is used for both spectral splitting and radiative cooling, which is 
currently difficult for structure design and fabrication. Thus, the 
experimental demonstration of this full-spectrum management for cell 
cooling based on an appropriate implementation solution is emergently 
required. 

Herein, we propose a full-spectrum synergetic management (FSSM) 
strategy to cool solar cells, which combines radiative cooling and 
spectral splitting to enhance radiative heat dissipation and reduce the 
waste heat generated by the absorption of sub-BG photons. An experi
mental demonstration for the proposed FSSM strategy is conducted. A 
cooling system demo is designed by integrating an individual spectral- 
selective mirror (SS-Mirror) and an individual radiative cooler. The 

SS-Mirror is applied to selective block sub-BG photons and the radiative 
cooler is used for heat radiation dissipation. The cooling of solar cells 
demonstration is conducted under 1 sun condition using a solar simu
lator and the temperature and open-circuit voltage of the solar cell are 
monitored. Moreover, a mathematical model is developed to predict the 
cooling performance of the proposed idea for solar cells under various 
conditions, including for various concentration ratios. 

2. Results and discussion 

2.1. The full-spectrum synergetic management strategy 

The main principle of the proposed full-spectrum synergetic man
agement (FSSM) strategy is that an SS-Mirror and a radiative cooler are 
separately applied in the cell cooling system to block the sub-BG photons 
and enhance thermal emission (Fig. 1a), which is quite different from 
the published strategy that uses a single optical film to simultaneously 
regulate spectral behavior for sunlight and mid-infrared thermal radia
tion. For crystalline silicon cells, the spectral selective requirements of 
the SS-Mirror and radiative cooler are shown in Fig. 1b. The SS-Mirror 
needs to have high reflectivity within the wavelength region of 
0.3–1.1 μm since the bandgap of the silicon cell is around 1.1 eV, 
ensuring that above-BG photons can be reflected to solar cells for elec
tricity generation. Besides, low reflectivity in the wavelength region of 
over 1.1 μm is also desired for SS-Mirror to maximally block the sub-BG 
photons. Moreover, the radiative cooler needs to have high solar 
reflection and strong thermal emission so that the cooler can act as an 
efficient radiative heat emitter. 

2.2. SS-mirror and radiative cooler 

According to the spectral requirements, an SS-Mirror and a radiative 
cooler are prepared for the cooling system demo. The SS-Mirror (Fig. 2a) 
is a 3 M ESR film, which is widely used in previously published papers on 
the topic of radiative cooling [19,46]. The 3 M ESR film is composed of 
multilayer polymer layers and the radiative cooler with excellent solar 
reflection and strong infrared emission is a metamaterial that contains 
micrometer-sized silica spheres randomly distributed in the matrix 
material of polymethylpentene and coupled with a highly reflective 
silver layer on the back [47]. To characterize the optical properties of 
the SS-Mirror and radiative cooler, the spectral reflectivity and trans
missivity of the planar samples are measured and the emissivity values 
are then obtained using the law of energy balance and Kirchhoff’s law. 
As shown in Fig. 2b, the SS-Mirror exhibits strong reflectivity in the 
region of 0.38–1.1 μm with a weighted reflectivity of nearly 0.95 and has 
great transmissivity for sub-BG photons with a weighted transmissivity 
of nearly 0.83, showing obvious spectrally selective reaction for sun
light. Moreover, the specular reflectivity of the SS-Mirror with different 
incident angles is also evaluated and the results show that the specular 
reflectivity of the SS-Mirror is not sensitive to the angle (Fig. 2c), which 

Fig. 1. (a) Schematic of the FSSM strategy. (b) Spectral requirements of the SS-Mirror and radiative cooler.  
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is a great feature for the design of the cooling system. For the radiative 
cooler (Fig. 2d–e), it has a strong solar reflection in the solar band to 
prevent the solar heating on the cooler and it behaves like a blackbody in 
the mid-infrared wavelength band to radiatively dissipate heat into 
outer space. 

2.3. Experimental demonstration 

A demo of the cell cooling system based on the FSSM strategy is built 
to investigate the cooling performance of the proposed strategy for sil
icon solar cells. The schematic and diagram of the system design are 

Fig. 2. (a) The photo of the SSM mirror. (b) Measured reflectivity and transmissivity of the SS-Mirror in the solar band. (c) Measured specular reflectivity of the SS- 
Mirror with different incident angles. (d) The photo of the radiative cooler. (e) Measured reflectivity of the radiative cooler in the solar band and thermal emissivity of 
the radiative cooler in the mid-infrared wavelength band. 

Fig. 3. (a) Schematic of cooling system demo. (b) Photo of the cooling system demo. (c) Measured transient temperature of the solar cells for Case A, B, C, and D. (d) 
Measured Voc difference of solar cells in different cases. 
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shown in Fig. 3a–b, the SS-Mirror is fixed with an inclination angle of 
45◦ to selectively reflect the parallel light generated by the solar simu
lator for the vertical direction. A solar cell assembly is fixed at the center 
of the chamber to receive the above-BG photons reflected by the SS- 
Mirror. The surfaces of the chamber (Fig. S1) are made of black 
PMMA to avoid interference from external light and scattered light. The 
solar cell assembly (Fig. S2) is a multi-layer structure. A silicon solar cell 
is fixed at a copper plate using thermally conductive grease and radia
tive coolers are attached to the backside of the copper for heat dissipa
tion. Besides, a reflective layer is also attached to the front side of the 
copper to minimize the solar heating of the copper plate. To simulate the 
properties of the cold sky, an aluminum box (0.8 m × 0.8 m × 0.1 m) 
with dry ice filled in is used as a heat sink and similar assumptions and 
experiments have been already reported [19,48]. The box surface is 
covered with a layer of black paint and its emissivity is shown in Fig. S3. 
The temperature of the chamber surface is approximately 208 K 
(Fig. S4). To keep the heat sink at a low temperature, dry ice is 
continuously added to the aluminum box during the whole experiment 
process with an interval period of 20 min. At the steady-state, the 
open-circuit voltage (Voc) of the solar cell is measured by the PVIV test 
station (PVIV-10A-I-AMP, Newport). During the experiment, T-type 
thermocouples are applied to monitor the temperature of the solar cell. 

Four different conditions, including Case A, B, C, and D, are 
considered in the experiment. Case A represents the proposed FSSM 
strategy since SS-Mirror and radiative cooler are both applied. Case B 
only applies an SS-Mirror, which means the copper surface of the solar 
assembly is directly exposed to the heat sink. Case C uses a Normal- 
Mirror that has a high solar reflection in the whole solar band and a 
radiative cooler. The reflectivity of the copper and Normal-Mirror are 
shown in Fig. S5, with the solar absorptivity of the silicon cell plotted as 
a reference. Case D is a reference. Fig. 3c shows that the temperature of 
the solar cell for Case A is always the lowest among the four cases. At a 
steady-state, the temperature of the solar cell for Case A is about 7.1 ◦C 
lower than that for Case D, which demonstrates the passive cooling 
performance of the proposed FSSM strategy. Moreover, the temperature 
values of the solar cell for Case B and Case C are also lower than that for 
Case D, which means radiative cooling and selective harvesting of 
photons are also alternative cooling methods for solar cells. It is noted 
that the steady-state temperature of solar cells still varies at a very slow 
rate and this is due to the fluctuation of ambient temperature in the 
room and the continuous formation of frost on the surface of the heat 
sink. Besides the cell temperature, the Voc of the solar cell is also 
measured for comparison, and results (Fig. 3d) clearly show that the Voc 
of the solar cell for Case A is the highest among the concerned four cases. 
As expected, the change of Voc is opposite to the variation of operating 
temperature among the four cases. Specifically, the Voc of the solar cell 
for Case A is 38 mV higher than that of the reference case, corresponding 
to an improvement of 1.7%. Besides, the temperature of the bare cell 
under direct sunlight is also tested, and the result shows that the tem
perature of the cell is 12.8 ◦C higher than that under case A, which also 
causes a reduction of Voc. Both the benefit of temperature reduction and 
Voc improvement demonstrate the passive cooling effect of the proposed 
FSSM strategy. 

Notably, although the FSSM strategy brings advantages to solar cells 
in terms of Voc and operating temperature, the effect of the optical ef
ficiency should be further considered in future work. The use of the SS- 
Mirror may reduce the effective reflection for above-BG photons because 
the spectral properties of the SS-Mirror are not good enough, which 
corresponds to the efficiency reduction. So, spectral optimization of the 
SS-Mirror for effective spectral splitting is also an important topic for 
photovoltaic conversion. 

A brief comparison among existing passive cooling methods for solar 
cells is conducted and is shown in Table 1. PCMs have a good cooling 
effect, but the structure is comparatively complex and the cooling time is 
restricted due to the limited cooling capacity of PCMs. Besides, the use of 
PCMs will enlarge the quality of the system and bring the additional 

problem of heat storage/release process [49,50]. Using heat sinks for 
solar cells is also a passive cooling method, but the cooling effect is 
limited, and additional heat sinks are required. Radiative cooling is an 
emerging passive cooling method for solar cells, which requires no en
ergy input and additional structures, but the cooling performance can be 
further improved after coupling the appropriate management of the 
solar spectrum and this is what we do in this work. 

2.4. Performance prediction 

To further explore the cooling effect of the proposed strategy for 
solar cells under different situations, a simulation study based on a 
steady-state condition is conducted. The energy balance process of the 
solar cell is presented in Fig. 4a and the cell is related to sunlight, at
mosphere, and ambient air. According to the first law of thermody
namics, the governing equation of the cell can be expressed as: 

Prad(Tcell) − Psun − Patm(Tamb) + Pnon− rad(Tcell, Tamb) = 0 (1)  

where Tcell is cell temperature and Tamb is ambient temperature. The 
radiative heat flux of the solar cell Prad(Tcell) is expressed as: 

Prad(Tcell)= 2π
∫ ∞

0

∫ π
2

0
IBB(λ, Tcell)εcell(λ, θ)cos θ sin θdθdλ (2)  

where IBB(λ, Tcell) is the spectral radiance density of a blackbody at Tcell, 
εcell(λ, θ) is the spectral-angular emissivity of the solar cell. The absorbed 
solar flux Psun can be expressed as: 

Psun =Gαcell (3)  

where G is the total solar power flux and αcell is the AM 1.5 weighted 
solar absorptivity of the solar cell. The absorbed atmospheric heat flux 
Patm(Tamb) can be expressed as: 

Patm(Tamb)= 2π
∫ ∞

0

∫ π
2

0
IBB(λ, Tamb)εcell(λ, θ)εatm(λ, θ)cos θ sin θdθdλ

(4)  

where εatml(λ, θ) = 1-τ(λ, 0)1/cosθ [56] is an estimate of the spectral 
angular emissivity of the atmosphere and τ(λ, 0) is the transmittance of 
the atmosphere at the vertical direction. The non-radiative heat flux of 
the solar cell Pnon-rad(Tcell, Tamb) is can be described using an overall heat 
transfer coefficient hc: 

Pnon− rad(Tcell, Tamb)= hc(Tcell − Tamb) (5) 

During simulation, the spectral atmospheric transmittance in mid- 
latitude winter is used and obtained from the MODTRAN [57]. The 
ambient temperature is set as 293 K and the overall heat transfer 

Table 1 
Summary of the experimental solar cell passive cooling methods. (Notes: RC 
means radiative cooling; SS means spectral splitting).  

Authors Method Type of cell Temperature 
reduction 

Notes 

Hasan et al. 
[51] 

PCMs Poly-Si cell 18 ◦C Outdoor 
experiment 

Nada et al. 
[52] 

PCMs Poly-Si cell ~8.1 ◦C Outdoor 
experiment 

Oztop et al. 
[53] 

Heat 
fins 

Poly-Si cell <1 ◦C Outdoor 
experiment 

Zhu et al. 
[23] 

RC p-doped 
silicon 

5.2 ◦C Without cover 
13 ◦C With cover 

Zhao et al. 
[26] 

RC Si cell 3.6 ◦C With cover 

Wang et al. 
[54] 

RC Si cell 4 ◦C With cover 

Gao et al. 
[55] 

RC Si cell 17 ◦C Within 
insulation box 

This work RC & SS Si cell 7.1 ◦C Without cover  
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coefficient is set to be 10 W m− 2 K− 1 (~2.4 m/s wind speed) [27]. The 
spectral properties used in the simulation are shown in Fig. S5. Besides, 
1000 W m− 2 solar irradiance with AM 1.5 solar spectrum is also selected 
as input. Fig. 4b shows the steady-state temperature of solar cells under 
different cases with different hc values. It can be found that the tem
perature of the solar cell under case A is always the lowest, which is 
consistent with the experimental results presented in Fig. 3c, indicating 
that the proposed FSSM strategy has the best cooling effect for solar 
cells. For example, the temperature of the solar cell under case A is 24 ◦C 
lower than that under case D when hc equals 10 W m− 2 K− 1 and this 
temperature difference enlarges to 57 ◦C when hc decreases to 3 W m− 2 

K− 1 (nearly windless). Besides, when hc increases, the temperature of the 
solar cell under different cases decreases due to the enhancement of 
convection heat dissipation. Notably, the temperature of the solar cell 
under the ideal case (i.e., Case A_ideal) with perfect spectral properties 
of SS-Mirror and radiative cooler is also considered and the temperature 
curve is very close to that of Case A, showing the great cooling potential 
of the current SS-Mirror and radiative cooler. To analyze the potential of 
the proposed strategy, an annual simulation analysis with typical 
meteorological year data at different locations (i.e., Hefei, China and 
Jiuquan, China) is conducted (Fig. S7). In the two places, the solar cell’s 
operating temperature under Case A is lower than that of Case D. Spe
cifically, the mean temperature difference in Hefei, China is about 5.1 K, 
and the cooling performance in Jiuquan, China is better than that in 
Hefei with a mean temperature difference of 8.1 K, which corresponds to 
about 3.6% relative efficiency promotion for silicon cell in terms of the 
temperature effect. 

The effect of the concentration ratio of solar cells is also evaluated 
due to the potential application of concentration PV (CPV). As shown in 
Fig. 4c, the temperature of the solar cell under Case A is still the lowest. 
Besides, the temperature of the solar cell increases almost linearly with 
the increased concentration ratio, but the temperature increase rate of 
the cell with enhanced radiative cooling is obviously lower than others. 
This scenario is caused by the reason that the radiative heat power of the 
radiative cooler is proportional to the fourth power of the temperature 
so that the cooling effect of radiative cooling is highlighted at high 
temperatures. To further show the cooling performance of the proposed 
FSSM strategy for solar cells in CPV applications, a cooling ratio (CR) is 
defined and applied: 

CR=
Tn − TFSSM

Tn − Tamb
(6)  

where Tn is the temperature of the solar cell under Normal-Mirror 
without radiative cooling completely in mid-infrared (i.e, Case 
D_ideal) and TFSSM denotes the temperature of solar cell under proposed 
FSSM with ideal spectral properties (i.e., Case A_ideal). Ambient tem
perature Tamb is set as 293.15 K. CR increases almost constantly with the 
increase of concentration ratio and reaches up to over 0.7 at 10 suns, 
which is great than those for Case B and Case C, showing the proposed 
FSSM is a good cooling method candidate for CPV applications at high 
concentration ratio. 

The above investigations are conducted based on crystalline silicon 
solar cells. Here, the proposed FSSM cooling strategy is extended to 
various solar cells with different band-gap properties. We define a 

Fig. 4. (a) Energy balance process of the solar cell. (b) The temperature of the solar cell under different hc values. (c) The temperature of the solar cell under different 
concentration ratios. (d) The temperature of the solar cell under different ER_useful energy. 
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parameter ER_useful energy to describe the proportion of energy of 
photons that can generate electricity to the energy of total photos of 
incident light. Fig. 4d shows the temperature of the solar cell under Case 
A and Case B are sensitive to ER_useful energy since selective utilization 
of sunlight is included, while the cell temperature under Case C is stable. 
It can be also found that the temperature of the solar cell under Case B 
and Case C is the same at critical ER_useful energy (~0.56). When 
ER_useful energy enlarges than the critical point, the cooling effect of 
radiative cooling becomes more efficient, while selective utilization of 
sunlight is more useful at low ER_useful energy. Importantly, the cell 
temperature under Case A is always the lowest, demonstrating the 
cooling potential of the proposed FSSM. 

3. Experimental procedures 

3.1. Material characterizations 

The spectral reflectivity and transmissivity of the sample in the 
wavelength region of 0.3–2.5 μm are measured by a UV–Vis–NIR spec
trometer (SolidSpec-3700 DUV, Shimadzu) equipped with a Teflon- 
coated integrating sphere. The angular-specular reflectivity of the 
sample is measured by a variable angle measuring attachment for 
SolidSpec-3700 DUV. Besides, the spectral reflectivity of the sample in 
2.5–20 μm is measured by a Fourier transform infrared spectrometer 
(Nicolet iS 50, Thermo Scientific) equipped with a gold-coated inte
grating sphere. 

3.2. Cooling performance measurement 

A solar simulator (Oriel Sol3A Class AAA, Newport) is used as the 
simulated sunlight. The room temperature and humidity are controlled 
by an air-conditioner throughout the whole experiment process. The 
positions of temperature measurement are marked as red points in Fig. 3 
(a) by T-type thermocouples with an accuracy of ±0.5 ◦C. The data of 
temperature and humidity are all recorded using a data acquisition in
strument (LR8450, HIOKI). To keep the heat sink at a low temperature, 
dry ice is continuously added to the aluminum box during the whole 
experiment process with an interval period of 20 min. At the steady- 
state, the Voc of the solar cell is measured by the PVIV test station 
(PVIV-10A-I-AMP, Newport). 

4. Conclusion 

This paper proposes a full-spectrum synergetic management (FSSM) 
strategy to cool solar cells passively. A cooling system demo, which 
means full-spectrum heat management is experimentally achieved 
firstly, is developed by integrating an SS-Mirror to selective block sub- 
BG photons and a radiative cooler for radiative cooling of solar cells. 
Experiment demonstration and numerical prediction are conducted to 
capture the cooling performance of the solar cell. The results are sum
marized as follows:  

(1) The proposed FSSM strategy can passively cool solar cells. A 
temperature drop of 7.1 ◦C and an open-circuit voltage 
enhancement of 38 mV are obtained under a solar simulator with 
1 sun input.  

(2) The cooling effect of the proposed FSSM strategy is better than 
that of the methods that only enhance radiative cooling and 
selectively harvest photons.  

(3) The proposed FSSM strategy has the potential to effectively cool 
CPV. For 10 suns concentration, the temperature increment of the 
solar cell in CPV condition can be reduced by up to over 70%. 

(4) The proposed FSSM can passive cool solar cells for various con
ditions, including the existence of convection heat transfer, 
different concentration ratios, and various cells with different 
bandgaps. 

In summary, this work proposes an FSSM strategy to passive cool 
solar cells without extra power input and makes an experimental 
demonstration, providing a new pathway to cool solar cells, especially 
for solar cells with high bandgap and CPV applications. 

CRediT authorship contribution statement 

Kegui Lu: Writing – review & editing, Writing – original draft, 
Software, Methodology, Formal analysis. Bin Zhao: Writing – review & 
editing, Supervision, Project administration, Methodology, Funding 
acquisition. Chengfeng Xu: Writing – review & editing, Formal analysis. 
Xiansheng Li: Writing – review & editing, Funding acquisition. Gang 
Pei: Writing – review & editing, Supervision, Project administration, 
Methodology, Funding acquisition. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work was supported by the National Natural Science Foundation 
of China (52106276 and 52130601), Project funded by China Post
doctoral Science Foundation (2020TQ0307 and 2020M682033), the 
Fundamental Research Funds for the Central Universities 
(WK2090000028), and Research center for multi-energy complemen
tation and conversion of USTC. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.solmat.2022.111860. 

References 

[1] L. Zhu, L. Wang, C. Pan, L. Chen, F. Xue, B. Chen, L. Yang, L. Su, Z.L. Wang, 
Enhancing the efficiency of silicon-based solar cells by the piezo-phototronic effect, 
ACS Nano 11 (2017) 1894–1900. 

[2] M. Barbato, E. Artegiani, M. Bertoncello, M. Meneghini, N. Trivellin, E. Mantoan, 
A. Romeo, G. Mura, L. Ortolani, E. Zanoni, G. Meneghesso, CdTe solar cells: 
technology, operation and reliability, J. Phys. Appl. Phys. 54 (2021). 

[3] I. Etxebarria, J. Ajuria, R. Pacios, Solution-processable polymeric solar cells: a 
review on materials, strategies and cell architectures to overcome 10, Org. 
Electron. 19 (2015) 34–60. 

[4] R. Fornari, Optimal-growth conditions and main features of gaas single-crystals for 
solar-cell technology - a review, Sol. Energy Mater. 11 (1985) 361–379. 

[5] P. Singh, N.M. Ravindra, Temperature dependence of solar cell performance—an 
analysis, Sol. Energy Mater. Sol. Cell. 101 (2012) 36–45. 

[6] M. Taguchi, E. Maruyama, M. Tanaka, Temperature dependence of amorphous/ 
crystalline silicon heterojunction solar cells, Jpn. J. Appl. Phys. 47 (2008) 
814–818. 

[7] M. Khalis, R. Masrour, G. Khrypunov, M. Kirichenko, D. Kudiy, M. Zazoui, Effects 
of temperature and concentration mono and polycrystalline silicon solar cells: 
extraction parameters, J. Phys. Conf. 758 (2016). 
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