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1. Introduction 
 

The efficient utilization of solar energy is an effective 

way to replace fossil energy and serve carbon neutrality 

strategy (Arıcı et al. 2020, Lee and Lee 2018). In the recent 

years, many efforts have been done for improving the 

energy conversion of solar energy (Cheng et al. 2021, 

Mateusz et al. 2018). Photovoltaic (PV) conversion, 

photothermal conversion, and photochemical conversion are 

three common methods utilizing solar energy (Evangelos et 

al. 2021). Among above three types of solar energy 

utilization methods, many efforts have been made to 

convert full spectrum solar energy into thermal energy 

(Muhammad et al. 2019, Hu et al. 2022). However, 

photoelectric conversion can convert solar energy to 

electricity (Kruitwagen et al. 2021), which has grown fast 

and reached the global cumulative installed capacity of 756 

GWp by the end of 2020. Crystalline silicon photovoltaic 

cells occupy 95% of the global PV market due to its highly 

efficient and stable operation. Crystalline silicon 

photovoltaic cells are a promising method to serve carbon 

neutrality strategy (Zarmai et al. 2015). 

Crystalline silicon photovoltaic cells are semiconductor 

devices, which means that they can only convert certain part 

of full spectrum solar energy to electricity (Fernandes and 

Schaefer 2021). The sunlight wavelength with photon  
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energy high than the semiconductor band gap can be 

converted to electricity (Klaus et al. 2021). However, the 

sunlight wavelength with photon energy lower than the 

semiconductor band gap is absorbed by free-carriers, as 

presented in Fig. 1(a), which is converted to wasted heat 

(Michel et al. 2017). The wasted heat increases the 

temperature of crystalline silicon photovoltaic cells. Every 

1K increase in temperature would reduce the efficiency of a 

crystalline silicon photovoltaic cells by ~0.4% (Haviv et al. 

2020). 

To remove excess heat of crystalline silicon 

photovoltaic cells, the photovoltaic/thermal (PV/T) system 

was studied (Caselli et al. 2014, Liang et al. 2021). In such 

system, a cooling fluid is flowing below module and 

absorbing thermal energy from module (Ju et al. 2017). 

Many researches have studied and enhanced the 

performance of PV/T system by optimizing optical design, 

geometrical design and operating parameters (Hissouf et al. 

2021). However, such PV/T system increases the cost of 

mechanical components, power, and subsequent 

maintenance.  

On the other hand, the spectral splitting photovoltaic/ 

thermal system has gained great interesting. Two types 

spectral splitting photovoltaic/thermal system like nanofluid 

based spectral splitting photovoltaic/thermal system and 

nanofilm based spectral splitting photovoltaic/thermal 

system are studied intensively (Li et al. 2019, Daulet 2021). 

Farideh et al. (2020) use nanofluids to pre-absorb sunlight 

wavelength with photon energy lower than the semi-

conductor band gap and transmit sunlight wavelength with 

photon energy higher than the semiconductor band gap to 
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Abstract.  Crystalline silicon photovoltaic cells have advantages of zero pollution, large scale and high reliability. A major 

challenge is that sunlight wavelength with photon energy lower than semiconductor band gap is converted into heat and increase 

its temperature and reduce its conversion efficiency. Traditional cooling PV method is using water flowing below the modules to 

cool down PV temperature. In this paper, the idea is proposed to reduce the temperature of the module and improve the energy 

conversion efficiency of the module through the modulation of the solar spectrum. A spectrally selective nanofilm reflector 

located directly on the surface of PV is designed, which can reflect sunlight wavelength with low photon energy, and even 

enhance absorption of sunlight wavelength with high photon energy. The results indicate that nanofilm reflector can reduce 

spectral reflectivity integral from 9.0% to 6.93% in 400~1100 nm wavelength range, and improve spectral reflectivity integral 

from 23.1% to 78.34% in long wavelength range. The nanofilm reflector can reduce temperature of PV by 4.51°C and relatively 

improved energy conversion efficiency of PV by 1.25% when solar irradiance is 1000 W/m². Furthermore, the nanofilm 

reflector is insensitive in sunlight’s angle and polarization state, and be suitable for high irradiance environment. 
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the crystalline silicon photovoltaic cells. And stabilizer has 

been created to make nanoparticles more stable by Qiao et 

al. (2021). Zhang et al. (2022) proposed a flexible control 

strategy for controlling the temperature nanofluid of such 

nanofluid based spectral splitting photovoltaic/thermal 

system, which could satisfy the requirement of radiant floor 

heating. Huang et al. (2021) used 25.4 mg/L Ag@SiO2/ 

CoSO4-PG nanofluid as a nofluid filter, which can produce 

total solar energy conversion efficiency of 63.3% and yield 

economic value enhancement of 67.8% compared to the PV 

only system. Other types of nanofluids (Otanicar et al. 

2018, Ravi et al. 2021), have also been investigated. 

However, the nanofluid additionally absorb part of sunlight 

wavelength with photon energy higher than the 

semiconductor band gap, which is not available in practice 

(Liang et al. 2020). Other scholars use nanofilm-based 

spectral splitting devices to reflect short wavelengths with 

photon energies larger than the semiconductor band gap to 

the solar cell and direct long wavelengths with photon 

energies smaller than the semiconductor band gap to the 

thermal absorber (Huang and Markides 2021). Zhang et al. 

(2021) fabricated a novel double-layer SiNx/Cu SBS film by 

magnetron sputtering, which could have a high 

transmittance of 72.9% and a reflectance of 89.7%. Many 

studies have indicated that nanofluids and nanofilm-based 

spectral splitting devices can be used to decrease the 

temperature of photovoltaic cells (Robert et al. 2012). 

However, the application of these spectral splitting 

photovoltaic/thermal system is restricted by: (1) precise 

optical path requirements that, if unmet, can lead to serious 

light leakage; (2) high optical loss due to the multiple light 

paths between multiple optical devices, such as nanofluids 

and nanofilm-based spectral splitting devices; (3) the 

expensive fabricated fee of nanofilm-based spectral splitting 

devices and the instability of nanofluid. 

In this paper, the idea of using nanofilm reflector to 

reduce the temperature of photovoltaic cells is proposed, 

which overcomes the limitation of high optical loss and 

precise optical path requirements existing in traditional 

 

 

cooling method based on solar spectrum regulation. Such 

nanofilm reflector is located on the surface of crystalline 

silicon photovoltaic cells to reflect sunlight wavelength 

with photon energy lower than the semiconductor band gap, 

as presented in Fig. 1(b). In addition, such nanofilm 

reflector would not reflect sunlight wavelength with photon 

energy higher than the semiconductor band gap 

additionally, which could maintain or even enhance the 

anti-reflection performance in 400~1100 nm for crystalline 

silicon photovoltaic cell. The nanofilm reflector is 

multilayer nanofilm structure, which is globally optimized 

in material, number of layers and thickness of layers. The 

effects of incident angle and polarization on the optical 

performance of crystalline silicon photovoltaic cells with 

nanofilm reflector is studied. The temperature of crystalline 

silicon photovoltaic cells with nanofilm reflector is 

compared to that of crystalline silicon photovoltaic cells 

without nanofilm reflector. The energy conversion 

efficiency of the crystalline silicon photovoltaic cells with 

nanofilm reflector is compared to that of crystalline silicon 

photovoltaic cells without nanofilm reflector. 

Fig. 1(a) the sunlight wavelength with photon energy 

lower than the semiconductor band gap is absorbed by 

crystalline silicon photovoltaic cells, which is converted to 

heat and reduces its conversion efficiency; (b) the sunlight 

wavelength with photon energy lower than the semi-

conductor band gap is reflected when spectrally selective 

nanofilm reflector is placed on the surface of crystalline 

silicon photovoltaic cells, which can improve its conversion 

efficiency. 

 

 

2. Methodology 
 

2.1 Design of nanofilm reflector for crystalline silicon 
photovoltaic cells 

 

The spectral absorption of crystalline silicon 

photovoltaic cells is presented in Fig. 2(a) (Santbergen and 

 

Fig. 1 (a) the sunlight wavelength with photon energy lower than the semiconductor band gap is absorbed by 

crystalline silicon photovoltaic cells, which is converted to heat and reduces its conversion efficiency; (b) the sunlight 

wavelength with photon energy lower than the semiconductor band gap is reflected when spectrally selective 

nanofilm reflector is placed on the surface of crystalline silicon photovoltaic cells, which can improve its conversion 

efficiency 
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Zolingen 2008) The crystalline silicon photovoltaic cells 

have a high absorption in the 400~1100 nm, since the 

silicon band gap is about 1.1ev. It should be noted that the 

intrinsic silicon is transparent at the wavelength range from 

1100 nm to 1700 nm, however, the doping silicon is not 

transparent at the wavelength range from 1100 nm to 1700 

nm. The free-carrier absorption coefficient is a function of 

doping concentration. The maximum n-type doping 

concentration in the emitter typically is 3.3 × 1020cm-3. The 

crystalline silicon photovoltaic cells also have a high 

absorption in the 1100~1700 nm with photon energy lower 

than the silicon band gap. Such absorption of 1100~1700 

nm with photon energy lower than the silicon band gap is 

caused by free-carrier in doped regions (Green 1995). Such 

absorption of 1100~1700 nm with photon energy lower than 

the silicon band gap is about 100W/m2, which is converted 

to heat rather than electricity.    

In order to prevent the 1100~1700 nm sunlight 

wavelength absorbed by the crystalline silicon photovoltaic 

cells, a nanofilm reflector with high selective reflectivity is 

put on the top surface of the crystalline silicon photovoltaic 

cells. As presented in Fig. 2(b), the nanofilm reflector 

should have low reflectivity in the 400~1100 nm to reduce 

the reflection loss, which could make the crystalline silicon 

photovoltaic cells generate as much electricity as possible. 

The nanofilm reflector also should have high reflectivity in 

the 1100~2500 nm to improve the reflection, so as to reduce 

the temperature of the crystalline silicon photovoltaic cell as 

much as possible. 

The nanofilm reflector with high selective reflectivity 

is put on the surface of the crystalline silicon photovoltaic 

 

 

Table 1 Layer thickness of 2-layer film 

Layer number 1 2 

Material  TiO2 SiO2 

Thickness (nm) 95 57 

 

Table 2 Layer thickness of 4-layer film 

Layer number 1 2 3 4 

Material TiO2 SiO2 TiO2 SiO2 

Thickness (nm) 72 37 10 38 

 

 

cells, as presented in Fig. 2(c). In particular, silicon's band 
gap is slightly too low, it has a low absorption coefficient. 
While the low absorption coefficient can be overcome by 
light trapping, silicon is also difficult to grow into thin 
sheets. Therefore, thickness between 200 and 500µm are 

typically used for silicon solar cell. In this study, the p type 
layer is selected as 325µm. In addition, N type layer has a 
higher surface quality than p-type silicon so it is placed at 
the front of the cell where most of the light is absorbed. By 
making the front layer very thin, a large fraction of the 
carriers generated by the incoming light are created within a 

diffusion length of the p-n junction. Therefore, in this study, 
the n layer is selected as 55nm. The nanofilm reflector is 
multilayer nanofilm structure (Taylor et al. 2020). The 
materials of the multilayer nanofilm must be transparent, 
large index mismatch over the 400~2500 nm. The materials 
of the multilayer nanofilm also needs to be inexpensive. 

Therefore, the materials of TiO2 and SiO2 are used in this 
paper.  

 

Fig. 2 (a) the spectral absorption of crystalline silicon photovoltaic cells; (b) the ideal optical property of the nanofilm 

reflector, which should have low reflectivity in the 400~1100 nm and high reflectivity in the 1100~2500 nm; (c) the 

design model of nanofilm reflector placing on the surface of crystalline silicon photovoltaic cells 
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2.2 Calculating the optical property of nanofilm 
reflector 

 
A high refractive index (n1) film with an optical 

thickness of λ0/4 is plated on a substrate with a refractive 

index of ng, the reflectivity is calculated as: 

 (1) 

where n0 is the refractive index of air, n1
2/ng is the  

 

 

 

 

admittance of monolayer film and substrate combination.  

In practice, the refractive index (n1) of the film is 

limited, and the highest reflectance achievable by a single-

layer film will not exceed 50%.  

If a dielectric multilayer film with the thickness of each 

layer being λ0/4 and alternating high and low refractive 

indexes is used, a better reflectivity can be obtained. This is 

because the light beams reflected from all interfaces of the 

film have the same phase when they return to the front 

surface, resulting in constructive interference, and achieving 

high reflectivity.   

2
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Table 3 Layer thickness of 14-layer film 

Layer number 1 2 3 4 5 6 7 

Material TiO2 SiO2 TiO2 SiO2 TiO2 SiO2 TiO2 

Thickness (nm) 57 239 11 36 154 27 15 

Layer number 8 9 10 11 12 13 14 

Material SiO2 TiO2 SiO2 TiO2 SiO2 TiO2 SiO2 

Thickness (nm) 246 18 22 142 13 17 88 

Table 4 Layer thickness of 26-layer film 

Layer number 1 2 3 4 5 6 7 

Material TiO2 SiO2 TiO2 SiO2 TiO2 SiO2 TiO2 

Thickness (nm) 64 40 10 182 12 34 138 

Layer number 8 9 10 11 12 13 14 

Material SiO2 TiO2 SiO2 TiO2 SiO2 TiO2 SiO2 

Thickness (nm) 29 15 230 14 23 152 10 

Layer number 15 16 17 18 19 20 21 

Material TiO2 SiO2 TiO2 SiO2 TiO2 SiO2 TiO2 

Thickness (nm) 28 42 10 227 12 33 25 

Layer number 22 23 24 25 26   

Material SiO2 TiO2 SiO2 TiO2 SiO2   

Thickness (nm) 11 124 14 25 92   

Table 5 Layer thickness of 30-layer film 

Layer number 1 2 3 4 5 6 

Material TiO2 SiO2 TiO2 SiO2 TiO2 SiO2 

Thickness (nm) 58 206 18 24 125 21 

Layer number 7 8 9 10 11 12 

Material TiO2 SiO2 TiO2 SiO2 TiO2 SiO2 

Thickness (nm) 16 207 18 19 139 23 

Layer number 13 14 15 16 17 18 

Material TiO2 SiO2 TiO2 SiO2 TiO2 SiO2 

Thickness (nm) 14 240 16 30 152 18 

Layer number 19 20 21 22 23 24 

Material TiO2 SiO2 TiO2 SiO2 TiO2 SiO2 

Thickness (nm) 34 56 10 281 15 41 

Layer number 25 26 27 28 29 30 

Material TiO2 SiO2 TiO2 SiO2 TiO2 SiO2 

Thickness (nm) 31 10 125 12 29 96 
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In this paper, a series of stacks with G(HL)N A is adopted 

to obtain the preliminary selective reflectivity. Then the 

needle method will be used to optimize the stacks and 

obtain the excepted selective reflectivity. The working 

principle of the needle optimization method is to increase a 

new layer to the stacks and use the local optimization 

method to optimize the new stacks, which is implemented 

in the thin film design software TFCalc (Khan et al. 2020, 

Tikhonravov et al. 1996). The optimized structure 

parameters are listed in Tables 1-5.  

 
2.3 Calculating the energy conversion efficiency 

 
The average absorption (A) of PV is: 

 (2) 

where  is the Solar irradiance spectrum at AM1.5,  

is the spectral absorptivity of the PV.  

According to the literature, it can be known that the 

spectral absorptivity of crystalline silicon photovoltaic cells 

without nanofilm reflector in the 400-1700 nm band is 

between 0.7-1. In this study, the spectral absorptivity of 

crystalline silicon photovoltaic cells without nanofilm 

reflector in the 1700-2500nm band is assumed as 0.7. 

Currently, some PV manufacturers place the grid lines 

underneath, and there are no grid lines on the front of the 

PV, the thermal conversion efficiency ( ) of PV is:  

 (3) 

where  is the energy conversion efficiency of the PV.  

The temperature difference is (Santbergen and Zolingen, 

2008):  

 (4) 

where Tcell is the temperature of the PV, Tamb is the ambient  

 

 

temperature (25℃), G is the solar irradiance, and 

=0.043°C/(W/m2) (Santbergen and Zolingen 2008). 

The efficiency of photovoltaic cells at actual 

temperature ηel (Tcell) is: 

 (5) 

where  is the photoelectric conversion efficiency of 

photovoltaic cells tested under standard condition. β
 

is 

temperature conversion factor of PV, β = -0.45%/°C.  

 
 

3. Model validation 
 
In order to validate the model results in this study, the 

calculated spectral absorptivity and reflectivity are 

compared with the results obtained by solving the 

Maxwell's equations, since the light transport can be solved 

by the Maxwell’s equation (Qiu et al. 2021). The model for 

the validation is the Si/TiO2/SiO2 tandem structure. The 

thickness of the Si, TiO2 and SiO2 are 0.5mm, 58 nm and 94 

nm, respectively. The calculated spectral absorptivity and 

reflectivity are compared with the results obtained by finite-

difference time-domain (FDTD) method, as presented in 

Fig. 3. As presented in the graph, the spectral absorptivity 

and reflectivity calculated by TFC method in this paper 

match well with those calculated using the FDTD method. 

The maximum absolute error between the two methods (

) was less than 1%. According to the 

above two cases, it can be summarized that the method used 

in this study can achieve accurate calculation precision. 

 

 
4. Results and discussion 

 
4.1 Spectral reflectivity comparison 
 

To investigate the possibility of placing nanofilm 
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Fig. 3(a) the spectral absorptivity calculated by TFC method using in this paper match well with those calculated 

using the FDTD method; (b) the spectral reflectivity calculated by TFC method using in this paper match well with 

those calculated using the FDTD method 
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reflector on the existing crystalline silicon photovoltaic 

cells from the perspective of optical properties, the 

reflectivity of the crystalline silicon photovoltaic cells with 

nanofilm reflector is compared with that of the crystalline 

silicon photovoltaic cells without nanofilm reflector 

(Santbergen and Zolingen 2008). The structure of the 

crystalline silicon photovoltaic cells with nanofilm reflector 

is Ag/p-Si/n-Si/TiO2/SiO2 tandem structure. The thickness 

of p-Si layer is 325μm, the thickness of n-Si layer is 55 nm, 

which is same as the structure parameters in Ref 

(Santbergen and Zolingen 2008). The thickness of TiO2 and 

SiO2 layers are 95 nm and 57nm, respectively.  

The spectral reflectivity of the crystalline silicon 

photovoltaic cell with/without nanofilm reflector are 

presented in Fig. 4. As shown in the figure, the reflectivity 

of the crystalline silicon photovoltaic cell with nanofilm 

reflector is above 0.7 in the 1100~1700 nm wavelength 

range, while the reflectivity of the crystalline silicon 

photovoltaic cell without nanofilm reflector is below 0.3 in 

the 1100~1700 nm wavelength range. Therefore, the 

crystalline silicon photovoltaic cell with nanofilm reflector 

exhibits a larger reflection in the 1100~1700 nm wavelength 

range, which indicated that the nanofilm reflector can 

prevent the sub-absorption of the crystalline silicon 

photovoltaic cell that generating heat. In addition, the 

reflectivity of the crystalline silicon photovoltaic cell with 

nanofilm reflector is below 0.05 in the 400~1100 nm 

wavelength range, while the reflectivity of the crystalline 

silicon photovoltaic cell without nanofilm reflector is above 

0.05 in the 400~1100 nm wavelength range. In summary, 

our designed nanofilm reflector has very good anti-

reflection performance, and can reduce the absorption of 

1100~1700 nm by crystalline silicon photovoltaic cell as 

much as possible. 
Therefore, the crystalline silicon photovoltaic cell with 

nanofilm reflector exhibits a lower reflection in the 

400~1100 nm wavelength range, which indicated that the 

nanofilm reflector has anti-reflection effect to improve the 

band to band absorption of the crystalline silicon 

photovoltaic cell for generating electricity. In the 400~1100 

nm wavelength range, the spectral reflectivity integral 

(R400~1100nm) of crystalline silicon photovoltaic cell with 

nanofilm reflector is 6.93%, which is lower than that of the 

crystalline silicon photovoltaic cell without nanofilm 

reflector with the R400~1100nm
 
of 9.0%. In 1100~1700 nm 

wavelength range, spectral reflectivity integral (R400~1700nm) 

of crystalline silicon photovoltaic cell with nanofilm 

reflector is 78.34%, which is higher than that of 

photovoltaic cell without nanofilm reflector with R400~1700nm
 

of 23.1%. Therefore, nanofilm reflector can suppress sub-

absorption and improve band to band absorption.  

 
4.2 Angular and polarization study 
 

The nanofilm reflector with two layers of TiO2/SiO2 can 

suppress the sub-absorption and improve the band to band 

absorption for the sunlight incident normal to surface of 

crystalline silicon photovoltaic cell. However, for practical 

crystalline silicon photovoltaic cell applications, the 

incident sunlight is not normal to surface of the crystalline 

silicon photovoltaic cell all the time. For example, 85° 

 
Fig. 4 The spectral reflectivity of the crystalline silicon 

photovoltaic cell with/without nanofilm reflector 

 

 

irradiation will occur when day and night alternate, and 

surrounding objects will scatter light to the PV with an 

oblique incidence angle. It is important to ensure that 

nanofilm reflector can capture the sunlight with different 

incident angles (Cote et al. 2021, Slauch et al. 2018). In 

addition, if the incident sunlight is oblique, the polarization 

of incident light has an effect on the optical performance of 

the nanofilm reflector. For normal incident light, the 

reflectivity of TE (transverse electrical) polarized state is 

same as that of TM (transverse magnetic) polarized state, 

while for the oblique incident light, the reflectivity of TE 

polarized state is not same as that of TM polarized state. 

Therefore, in this section, the effects of incident angle and 

polarization on the optical performance of the crystalline 

silicon photovoltaic cell with two layers of TiO2/SiO2 

nanofilm reflector are investigated, as presented in Fig. 

5(a).   

The reflectivity of the crystalline silicon photovoltaic 

cell with two layers of TiO2/SiO2 nanofilm reflector under 

unpolarized, TE polarized and TM polarized state in the 

wavelength range of 400~2500 nm, as presented in Figs. 

5(b)-(d). The unpolarized state is the arithmetic mean of 

TM and TE polarized state (unpolarized state = 
TM+TE

2
). As 

shown in the figure, under unpolarized and TE polarized 

state, the reflectivity of the crystalline silicon photovoltaic 

cell with nanofilm reflector is insensitive to the angle in the 

0° ~ 70°, which are lower than 10%. Under TM polarized 

state, the reflectivity of the crystalline silicon photovoltaic 

cell with nanofilm reflector is insensitive to the angle in the 

0° ~ 60°, which are lower than 10%. The reflectivity of the 

crystalline silicon photovoltaic cell with nanofilm reflector 

increases with angle for 70° to 90° for all unpolarized, TE 

polarized and TM polarized state. Especially when the 

angle is above 85°, the reflectivity of the crystalline silicon 

photovoltaic cell with nanofilm reflector tends to 1. For the 

practice, the 85° irradiation will only occur when day and 

night alternate, and the irradiance at this time is usually 

very small. Therefore, when the angle is greater than 85°, 

although the reflectivity of a crystalline silicon photovoltaic 

cell with nanofilm reflector tends to 1, it has little effect on 

its daily power generation. 
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Fig. 5 (a) the effects of incident angle and polarization on the optical performance of the crystalline silicon 

photovoltaic cell with two layers of TiO2/SiO2 nanofilm reflector; (b) the reflectivity of PV with nanofilm reflector 

under unpolarized state; (c) the reflectivity of PV with nanofilm reflector under TE state; (d) the reflectivity of PV 

with nanofilm reflector under TM state 

 

Fig. 6 (a) the effects of the number of layers on the spectral reflectivity; (b) the effects of 2, 4 and 14 layers on the 

spectral reflectivity; (c) the effects of 2, 26 and 30 layers on the spectral reflectivity; (d) the integral of reflectivity in 

400~1100 nm and integral of reflectivity in 1100~2500 nm. 
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4.3 Number of layers study 

 

Next, the effects of the number of layers on the spectral 

reflectivity of crystalline silicon photovoltaic cell with 

nanofilm reflector are investigated, as presented in Fig. 6 

(a). Five different number of layers, 2 layers, 4 layers, 14 

layers, 26 layers and 30 layers, are optimized while leaving 

the other parameters unchanged.  

The effects of the number of layers on the spectral 

reflectivity of crystalline silicon photovoltaic cell with 

nanofilm reflector are shown in Figs. 6(b) and 6(c). As seen 

in the figures, the number of layers evidently influences the 

spectral reflectivity of crystalline silicon photovoltaic cell 

with nanofilm reflector at 400~2500 nm wavelengths. At 

400~1100 nm wavelengths, the number of oscillating 

ripples increases with the increasement of the number of 

layers. The spectral reflectivity of crystalline silicon 

photovoltaic cell with nanofilm reflector is bellower than 

5% when the number of layers is 2, while it is larger than 

5% and fluctuates between 0 with 10% when the number of 

layers increases to 4 layers, 14 layers, 26 layers and 30 

layers. 

At 1100~2500 nm wavelengths, the number of 

oscillating ripples also increases with the increasement of 

the number of layers. The spectral reflectivity of crystalline 

silicon photovoltaic cell with nanofilm reflector fluctuates 

between 70%~85% when the number of layers is 2. The 

spectral reflectivity of crystalline silicon photovoltaic cell 

with 2 layers nanofilm reflector is about 5% higher than that 

of the crystalline silicon photovoltaic cell with 4 layers 

nanofilm reflector. However, the spectral reflectivity of 

crystalline silicon photovoltaic cell with 2 layers nanofilm 

reflector is lower than these of the crystalline silicon 

photovoltaic cell with 14, 26 and 30 layers nanofilm 

reflector, respectively. 

The integral of reflectivity in 400~1100nm (R400~1100nm) 

and integral of reflectivity in 1100~2500 nm (R1100~2500nm) of 

crystalline silicon photovoltaic cell with nanofilm reflector 

are presented in Fig.6(d). As seen in the figure, the integral 

of reflectivity in 400~1100 nm (R400~1100nm) of 2, 4, 14, 26 

and 30 layers are 6.93%, 8.85%, 10.10%, 9.46% and 9.69%, 

respectively. The integral of reflectivity in 1100~2500 nm 

(R1100~2500nm) of 2, 4,14, 26 and 30 layers are 69.73%, 

75.51%, 70.91%, 79.15%, 81.11% and 82.65%, respectively. 

The integral of reflectivity in 400~1100 nm of crystalline 

silicon photovoltaic cell with 2 layers nanofilm reflector is 

only 6.93%, which is lower than those of crystalline silicon 

photovoltaic cell with 4, 14, 26 and 30 layers nanofilm 

reflector, respectively. The integral of reflectivity in 

1100~2500 nm of crystalline silicon photovoltaic cell with 

2 layers nanofilm reflector is 69.73%, which is not much 

weaker than those of crystalline silicon photovoltaic cell 

with 4 layers, 14 layers, 26 layers, and 30 layers, 

respectively. In addition to the integral of reflectivity, the 

authors also calculated the integral after multiplying 

reflectance and solar spectrum, and thus, the calculated 

results indicated that 20% of solar energy is reflected and 

80% of solar energy is absorbed in the wavelength range of 

400~2500 nm.  

As mentioned above, a promising strategy is to allow 

crystalline silicon photovoltaic cell to absorb as much solar 

energy as possible from 400 to 1100 nm, while absorbing as 

little as possible from 1100 to 2500 nm. The integral of 

reflectivity in 400~1100 nm of crystalline silicon 

photovoltaic cell with 2 layers reflector is lower than those 

of crystalline silicon photovoltaic cell with 4,14, 26- and 

30-layers reflector, respectively. Therefore, 2 layers 

reflector allow crystalline silicon photovoltaic cell to absorb 

as much solar energy as possible from 400 to 1100 nm. In 

addition, the integral of reflectivity in 1100~2500 nm of 

crystalline silicon photovoltaic cell with 2 layers reflector is 

almost same as those with 4,14, 26 and 30 layers nanofilm 

reflector. Furthermore, the 2 layers nanofilm reflector is 

easier to implement in terms of process manufacturing, and 

the cost is relatively low. Therefore, 2 layers nanofilm 

reflector is promising. 

 

4.4 Conversion efficiency comparison 
 

In this section, the effects of the nanofilm reflector on 

the temperature and energy conversion efficiency of 

crystalline silicon photovoltaic cell are investigated, as 

presented in Fig. 7. The nanofilm reflector is two layers, 

and the standard energy conversion efficiency of crystalline 

silicon photovoltaic cell under 25℃ is 20%. Figure 7(a) 

presents the temperature difference between the crystalline 

silicon photovoltaic cell and the ambient temperature 

(25°C). As seen in the figure, for crystalline silicon 

photovoltaic cell with 2 layers nanofilm reflector, the 

temperature differences are 13.71℃, 16.46℃, 19.20℃, 

21.94℃, 24.69℃ and 27.43℃ when the solar irradiance are 

500 W/m², 600 W/m², 700 W/m², 800 W/m², 900 W/m² and 

1000 W/m², respectively. While for crystalline silicon 

photovoltaic cell without 2 layers nanofilm reflector, the 

temperature differences are 15.97℃, 19.16℃, 22.36℃, 

25.55℃, 28.75℃ and 31.94℃, when the solar irradiance is 

500 W/m², 600 W/m², 700 W/m², 800 W/m², 900 W/m² and 

1000 W/m², respectively. It can be found that the 

temperature of the crystalline silicon photovoltaic cell will 

increase with the increase of solar irradiance regardless of 

whether the nanofilm reflector is used or not. However, the 

temperature rises of crystalline silicon photovoltaic cell 

with 2 layers nanofilm reflector is smaller than that of 

crystalline silicon photovoltaic cell without 2 layers 

nanofilm reflector. To be precise, the use of nanofilm 

reflector can reduce the temperature of crystalline silicon 

photovoltaic cell by 2.26°C, 2.7°C, 3.16°C, 3.61°C, 4.06°C, 

4.51°C, when the solar irradiance is 500 W/m², 600 W/m², 

700 W/m², 800 W/m², 900 W/m², 1000 W/m², respectively. 

The energy conversion efficiency of the crystalline 

silicon photovoltaic cell with and without 2 layers nanofilm 

reflector are presented in Fig. 7 (b). As seen in the figure, 

the energy conversion efficiency of the crystalline silicon 

photovoltaic cell with 2 layers nanofilm reflector are 

18.84%,18.61%, 18.38%, 18.15%, 17.91% and 17.68%, 

when the solar irradiance is 500 W/m², 600 W/m², 700 

W/m², 800 W/m², 900 W/m² and 1000 W/m², respectively. 

The energy conversion efficiency of the crystalline silicon 

photovoltaic cell without nanofilm reflector are 18.64%, 

18.37%, 18.09%, 17.82%, 17.55% and 17.28%, when the 
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solar irradiance is 500 W/m², 600 W/m², 700 W/m², 800 

W/m², 900 W/m² and 1000 W/m², respectively. It can be 

found that the energy conversion efficiency of the 

crystalline silicon photovoltaic cell will decrease with the 

increase of solar irradiance regardless of whether the 

nanofilm reflector is used or not. This is because the 

temperature of photovoltaic cells increases with increasing 

solar irradiance. The energy conversion efficiency decreases 

of crystalline silicon photovoltaic cell using nanofilm 

reflector is smaller than that of crystalline silicon 

photovoltaic cell that does not use nanofilm reflector. To be 

precise, the use of nanofilm reflector can absolutely 

improve the energy conversion efficiency of crystalline 

silicon photovoltaic cell by 0.13%, 0.13%, 0.15%, 0.21%, 

0.23% and 0.25%, when the solar irradiance is 500 W/m², 

600 W/m², 700 W/m², 800 W/m², 900 W/m², 1000 W/m², 

respectively.  

Next, the crystalline silicon photovoltaic cell with the 

standard energy conversion efficiency of 16.1% is selected, 

and the temperature differences and energy conversion 

efficiency of crystalline silicon photovoltaic cell are 

presented in Figs. 7(c) and 7(d). As seen in these figures, 

the similar trend of temperature and energy conversion 

efficiency could be obtained. It can be seen that, as long as 

the irradiance is the same, the temperature of crystalline 

silicon photovoltaic cell with nanofilm reflector is lower  

 

 

than that of crystalline silicon photovoltaic cell without 

nanofilm reflector, and the energy conversion efficiency of 

crystalline silicon photovoltaic cell with nanofilm reflector 

is higher than that of crystalline silicon photovoltaic cell 

without nanofilm reflector. In addition, the nanofilm 

reflector may be more practical in high irradiance 

environment. 
 

 

5. Conclusions 
 

Traditional cooling PV method based on solar spectrum 

regulation is using nanofluids or nanofilm-based spectral 

splitting devices, which are limited by precise optical path 

and high optical loss. In this paper, the idea of using 

nanofilm reflector to reduce the temperature of photovoltaic 

cells is proposed, which overcomes the limitation of high 

optical loss and precise optical path requirements existing in 

traditional cooling method based on solar spectrum 

regulation. Such nanofilm reflector is located on the surface 

of crystalline silicon photovoltaic cells to reflect sunlight 

wavelength with photon energy lower than the 

semiconductor band gap. In addition, such nanofilm 

reflector would not reflect sunlight wavelength with photon 

energy higher than the semiconductor band gap, which 

could maintain or even enhance the absorption of the 

 
Fig. 7 (a) the temperature difference between the crystalline silicon photovoltaic cell with the ambient 

temperature (25℃) where the standard energy conversion efficiency is 20%; (b) the energy conversion 

efficiency between the crystalline silicon photovoltaic cell with and without nanofilm reflector; (c) the 

temperature difference between the crystalline silicon photovoltaic cell with the ambient temperature (25℃) 

where the standard energy conversion efficiency is 16.1%; (d) the energy conversion efficiency between the 

crystalline silicon photovoltaic cell with and without nanofilm reflector 
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sunlight wavelength with photon energy higher than the 

semiconductor band gap for the crystalline silicon 

photovoltaic cells. The following conclusions can be drawn: 

• the nanofilm reflector can reduce spectral reflectivity 

integral from 9.0% to 6.93% in 400~1100 nm wavelength 

range, and improve spectral reflectivity integral from 23.1% 

to 78.34% in 1100~1700 nm wavelength range; 

• the nanofilm reflector can efficiently work for different 

sunlight’s angle and polarization state; 

• the nanofilm reflector can reduce the temperature of 

PV by 2.26°C, 2.7°C, 3.16°C, 3.61°C, 4.06°C, 4.51°C, 

when the solar irradiance is 500 W/m², 600 W/m², 700 

W/m², 800 W/m², 900 W/m², 1000 W/m², respectively; 

• the nanofilm reflector can improved the energy 

conversion efficiency of PV by 0.13%, 0.13%, 0.15%, 

0.21%, 0.23% and 0.25%, when the solar irradiance is 500 

W/m², 600 W/m², 700 W/m², 800 W/m², 900 W/m², 1000 

W/m², respectively. 

• In the future work, it is important to fabricated such 2 

layers reflector, and conduct long-time stable test.   
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