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We fabricated antireflection structures (ARSs) on the hot side of a thermoelectric generator 

(TEG) to absorb near-infrared (NIR) solar light with low reflective energy loss. First, the 

ARSs, composed of a CuO thin-film coated hemisphere array were designed using rigorous 

coupled wave analysis. Reflective loss was reduced to 6.7% at a grating period of 200 nm, 

as determined by simulation. Then, the ARSs were fabricated on a glass substrate using self-

arranged submicron SiO2 spheres, following the coating of a CuO thin film. Finally, the 

effect of the ARSs on NIR solar light generation was investigated by evaluating the 

generation properties of the TEG with the ARSs on the hot side. In comparison with the TEG 

with the CuO flat thin film on the hot side, the ARSs increased the temperature difference 

between the hot and cold sides by approximately 1.4 times. The CuO-based ARSs absorbed 

NIR solar light effectively. 
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1. Introduction 

Solar light is a candidate for renewable energy. It can be converted to electric energy by two 

main methods, photovoltaic and thermoelectric conversions. Photovoltaic generators are 

commercially available. However, near-infrared (NIR) solar light, which is approximately 

40% of the total solar energy, cannot be converted to electric energy using silicon 

photovoltaic modules. Moreover, the conversion efficiency decreases with increasing device 

temperature1-2). Recently, CIS solar cells, which convert solar light with a wide wavelength 

spectra (350–1300 nm), have been developed. The reduction in the conversion efficiency 

with increasing device temperature is also smaller than that absorbed in the silicon 

photovoltaic modules3). However, the solar energy that cannot be converted into electric 

energy becomes thermal energy. Thermoelectric generators (TEGs) convert thermal energy 

to electric energy, which reduces the dependence on solar light wavelength. TEGs convert 

the temperature difference, created between the hot and cold sides of pn junctions to electric 

energy. The generation voltage proportionally increases with the temperature difference and 

Seebeck coefficient of thermoelectric materials. 

To improve efficiency of the conversion from solar energy to electric energy, 

thermal-photovoltaic hybrid generators have been studied4-5). The NIR solar light dispersed 

from the solar light has been used as thermal energy, which generated a temperature 

difference in the TEGs. We have also been developed a thermal-photovoltaic hybrid solar 

generator using thin-film TEGs6). The hybrid generator is composed of thin-film TEGs, a 

hot mirror, a focusing lens, and a photovoltaic solar panel. The NIR solar light was dispersed 

by the hot mirror and focused onto the hot side of the TEGs using the lens. The focused NIR 

light generated a temperature difference between the hot and cold sides of the pn junctions. 

However, the large volume of the lens and the large NIR focal length make it difficult to 

integrate and reduce the volume of the TEGs for NIR conversion. 

Thin-film TEGs are classified into two by types of structure: a vertical type and a 

planar type. In the vertical type, the temperature difference is created in the thickness 

direction of the thermoelectric thin films7-9). On the other hand, in the planar type, the 

temperature difference is generated on the substrates of the thermoelectric thin films10-16). 

The planar type is advantageous because the temperature difference can be controlled by 

varying the length of the thermoelectric thin-film elements. However, the hot and cold sides 
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of the pn junctions are formed on the same plane, therefore necessitating the use of energy-

focusing lenses for heating the hot sides6). If a large reflection difference on the hot and cold 

sides of the thermoelectric pn junctions is created, the temperature difference can be 

generated by irradiating solar light without the need for focusing lenses. 

 In this work, we designed and fabricated antireflection structures (ARSs) that 

absorb NIR solar light efficiently on the hot sides of TEGs for application in thermal-

photovoltaic hybrid generators. ARSs are periodic structures with a subwavelength period. 

Many studies have focused on the design and fabrication of ARSs for application in optical 

devices such as camera lenses and photovoltaic solar panels to reduce the reflectance of 

available visible light17-21). First, we designed CuO-based ARSs using rigorous coupled wave 

analysis (RCWA) to decrease the energy loss of NIR solar light by taking account of the solar 

light spectra22-24). CuO exhibits higher reflectance and absorbance than SiO2. To reduce the 

reflectance of CuO, a CuO absorber was formed as periodic structures with a subwavelength 

period. Then, we fabricated the ARSs on the hot sides on glass substrates using self-arranged 

submicron SiO2 spheres and a CuO thin-film coating, which has excellent compatibility with 

the conventional microfabrication process25-33). SiO2 spheres, which were monodispersed 

and have excellent sphericity, are easily arranged to form a monolayer. The monolayered 

spheres were more efficiently heated than the multilayered spheres owing to the low heat 

resistance. Finally, we investigated the effect of ARSs on NIR solar generation by setting the 

CuO-based ARSs on the hot side of a bulk thermoelectric module. 

 

2. Procedure 

2.1 Design concept of ARSs 

ARSs with low NIR reflectance were designed. Figure 1 shows a schematic of the ARSs 

composed of a single layer of submicron SiO2 spheres coated with a CuO thin film on a glass 

substrate. To date, various fabrication processes for ARSs have been reported such as 

electron beam lithography, two-beam interference, and self-arrangement of submicron 

spheres25-33). The self-arrangement of submicron spheres is an attractive method of 

fabricating ARSs in a relatively large area. In our study, the ARSs were formed on the hot 

sides of TEGs. In the future, the ARSs are expected to selectively form on the microsized 

hot sides of thin-film TEGs in a relatively large area. These fabrication methods using the 



  Template for JJAP Regular Papers (Jan. 2014) 

4 

self-arrangement of submicron SiO2 spheres and CuO thin-film deposition can be used with 

the fabrication of the microsized thin-film TEGs. Moreover, CuO thin films on the 

submicron SiO2 spheres absorb NIR solar light. In comparison with other high-absorption 

materials such as carbon, CuO has a slightly lower absorbance of NIR solar light. However, 

it is difficult to deposit and pattern carbon thin films at a low temperature on the hot sides of 

TEGs because the melting points of Bi-Te and Sb-Te, which are excellent thermoelectric 

materials, are as lower as 585 and 617°C, respectively, which are lower than the carbon 

deposition temperature34). Carbon films are generally fabricated by chemical vapor 

deposition. The process temperature is as high as approximately 1000°C35). Therefore, the 

fabricated ARSs were expected to reduce their reflectance and absorb NIR efficiently. 

 

2.2 Simulation method 

Theoretical analysis of the reflectance of the ARSs is performed using RCWA (Grating 

Solver Development GSolver 5.2), which solves Maxwell’s equations in a periodic structure 

using the coupled mode theory. The cross sections of the simulation models are shown in 

Fig. 2. By taking account of the absorption of CuO thin films of 300 nm film thickness, a 

periodic hemisphere model was used in the simulation. The energy loss by NIR solar light 

reflection on the ARSs was calculated using the simulation parameters shown in Table I. The 

database of refractive indices determined by the GSolver depended on the calculation 

wavelength. The periodic hemisphere was separated into 12 layers, which were enough for 

the simulation. The NIR solar light at 700−2500 nm was used for the simulation wavelength. 

The period and height of the hemisphere were varied from 100 to 800 nm and from 50 to 

400 nm, respectively, because the ratio of the period to the height was fixed at 2:1. The NIR 

solar light was assumed to be irradiated with TE and TM mixed polarization to the ARSs. 

Therefore, the reflective energy loss on the ARSs was also assumed to be the average of the 

reflectances of TE and TM polarized lights. A diffraction order of ±10th was considered, 

which enabled us to eliminate the calculation loss. First, we calculated the maximal period 

to use the ARSs for the NIR solar light at 800–2500 nm wavelength. Then, we examined the 

dependence of reflectance on wavelength at the condition of various hemisphere periods. 

Finally, we optimized the period of the hemisphere ARSs to reduce the energy loss of the 

NIR solar light reflectance by taking account of the intensity distribution of the NIR solar 



  Template for JJAP Regular Papers (Jan. 2014) 

5 

light.  

 

2.3 Fabrication of ARSs 

The ARSs were fabricated by arranging submicron SiO2 spheres and a CuO thin film on a 

glass substrate of 200 µm thickness. The SiO2 spheres were self-arranged to form a single 

layer by the dip-coating method. The accuracy of the withdrawal speed was 0.1 µm/s. The 

SiO2 spheres were then dispersed in deionized water with the amphiphilic block copolymer 

F-127 as a dispersant using ultrasonic waves. The concentration ratio of SiO2 spheres to 

deionized water to the amphiphilic block copolymer was 3:50:1. The glass substrate was 

dipped and withdrawn from the SiO2 sphere mixed suspension. The withdrawal speed was 

varied from 1.0 to 100 μm/s to arrange the SiO2 spheres into a single layer. The SiO2 spheres 

were observed by scanning electron microscopy (SEM). 

 In addition, CuO thin films were deposited by the radio-frequency (RF) reactive 

magnetron sputtering method without substrate heating. A Cu sputtering target and Ar/O2 

mixed plasma were used for the film deposition. The purity, diameter, and thickness of the 

Cu target were 99.9%, 50.8 mm, and 5.0 mm, respectively. The distance between the target 

and the substrate when performing sputter deposition was 55 mm. The RF power and 

deposition pressure were 30 W and 1.0 Pa, respectively. The partial pressures of Ar and O2 

were 6:4, which were determined in reference to a study on CuO thin-film deposition by 

reactive magnetron sputtering36). 

 

 

 

2.4 Evaluation of the effect of ARSs 

Figure 3 shows the evaluation setup for the ARSs. The effect of the ARSs on NIR solar light 

generation was evaluated using a bulk thermoelectric module. The open-circuit voltage of 

the thermoelectric module was 20.0 mV/K. The internal resistance of the module was 3.1 Ω. 

The glass substrate was fixed on the thermoelectric module using silicone paste, which has 

excellent thermal conductivity. Each ARS was 20 × 20 mm2. The NIR solar light (> 800 nm 

wavelength) was separated from the solar light by a hot mirror that reflects only the NIR 

solar light. The NIR solar light was vertically irradiated to the ARSs. The thermoelectric 

module surface around the ARSs was covered with aluminum foil to reflect the solar light 
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without absorption. The generation voltage and power were evaluated by varying the load 

resistance. The sunlight power density was 81.5 mW/cm2, which was measured as natural 

sunlight on a sunny day using a photodiode power meter (Thorlabs Inc., PM100D) calibrated 

at 632 nm wavelength. 

 

3. Results and discussion 

3.1 Simulation results 

Figure 4 shows the reflectance of only the 0th order and the total reflectance of all the 

diffraction orders at wavelength from 700 nm to 2500 nm. The period was chosen to be 800 

nm. The reflectance of only the 0th order and all the diffraction orders were almost the same 

over an 800 nm wavelength in both TE and TM polarized lights. The reflectances of the TE 

and TM polarized lights were 15.7 and 3.8%, respectively. These results indicate that 

diffraction light was eliminated from the reflection light under the condition that the period 

was smaller than the irradiated light wavelength. Consequently, the period of the ARSs was 

chosen to be less than 800 nm to reduce the reflectance of the NIR solar light to less than 

800 nm wavelength. 

 The relationship between the reflectance and the wavelength is shown in Fig. 5. 

Figures 5(a) and 5(b) show the reflectances of the TM and TE polarized lights, respectively. 

The period of the ARSs was varied from 100 to 800 nm to eliminate the diffraction light of 

the NIR solar light in the wavelength range from 800 to 2500 nm wavelength. The 

reflectance depended on the wavelength and the period of the ARSs. The power of the solar 

light depends on its wavelength. To consider the intensity distribution of the solar light 

spectra for calculating the reflectance of the ARSs, the energy loss lA(λ) by the reflectance at 

a certain wavelength λ and a certain period A was described by the following equation: 

       Erl AA  .    (1) 

Here, the reflectance at a certain wavelength λ and a certain period A was defined as rA(λ). 

The solar energy at the wavelength λ was defined as E(λ). Then, the total energy loss Er by 

the reflected solar light at wavelengths from 800 to 2500 nm is described using the following 

equation: 
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Finally, the energy loss rate of the solar light, LA, was expressed using the total solar energy 

at wavelengths from 800 to 2500 nm, ET, as follows: 

T

r
A E

L
E

 .     (3) 

Both TM and TE polarized light reflectances were calculated using Eq. (3). In general, the 

ratio of TM polarized light to TE polarized light depends on the incident angle of the solar 

light. In this analysis, we assumed that the incident light was vertically irradiated to the ARSs. 

Therefore, the average of the reflectances of TM and TE polarized lights was used for the 

reflectance of the NIR solar light. 

Figure 6 shows the dependence of the energy loss on the period of CuO ARSs. The 

energy loss changed with the grating period. When the grating period was 200 nm, the energy 

loss exhibited a minimum value of 6.7%. The energy loss of the CuO thin film was 20.4%, 

so this result shows that ARSs can reduce energy loss. By taking account of the results, the 

ARSs were designed to have periodic hemisphere structures with a period of 200 nm. 

 

3.2 Fabrication result of ARSs 

The ARSs were fabricated using self-arranged SiO2 spheres and a CuO thin film coating. 

The diameter of the SiO2 spheres used was 200 nm. Figure 7 shows the SEM images of the 

arranged SiO2 spheres. The withdrawal speeds in Figs. 7(a)−7(d) are 50, 10, 2, and 1 µm/s, 

respectively. When the withdrawal speed was higher, as shown in Figs. 7(a) and 7(b), the 

glass substrates were observed. On the other hand, when the withdrawal speed was lower, as 

shown in Fig. 7(d), the multilayered SiO2 spheres were arranged. The single-layered SiO2 

spheres were arranged on the glass substrate at a withdrawal speed of 2 µm/s. SiO2 spheres 

were self-arranged on the substrate with a single layer for the fabrication of the ARSs. A 

CuO thin film of 300 nm thickness was coated onto the arranged SiO2 spheres by RF reactive 

magnetron sputtering.  

 

3.3 Evaluation of the effect of ARSs 

The effect of the ARSs on NIR solar light generation was evaluated by the irradiation of the 

NIR solar light. Figures 8(a) and 8(b) show the generation voltage and power with varying 

load resistance, respectively. The generation voltage of the thermoelectric module with the 

ARSs was larger than that of the module with the CuO flat thin film (without the ARSs). The 
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open-circuit voltages of the bulk thermoelectric module with and without the ARSs were 

6.72 and 5.07 mV, respectively. The temperature difference between the hot and cold sides 

of the thermoelectric pn junctions was estimated to be 0.34 and 0.25°C, respectively, by 

taking account of the open-circuit voltage of the thermoelectric module, i.e., 20 mV/K. It 

indicates that the ARSs increased thier absorption of the NIR solar light by reducing the 

reflectance, resulting in a temperature difference approximately 1.4 times that of the CuO 

flat thin film. The maximum outputs of the module with the ARSs and CuO flat thin film 

(without the ARSs) were 3.81 and 2.05 mW, respectively. The maximum power of the 

module with the ARSs became approximately 1.8 times that of the module without the ARSs. 

We formed that the ARSs fabricated on the hot sides enhanced their thermoelectric 

generation by improving NIR solar light absorption. 

 

4. Conclusions 

We designed ARSs, which are composed of self-arranged SiO2 spheres and a CuO thin-film 

coating, using RCWA. The minimum energy loss was 6.7% when the grating period was 200 

nm as determined by simulation. The ARSs were fabricated using the self-arrangement of 

SiO2 spheres by dip-coating, following CuO thin-film deposition. The effect of the ARSs on 

NIR solar light was investigated using a bulk thermoelectric module. The temperature 

difference of the thermoelectric module with the ARSs increased by approximately 1.4 times. 

We revealed that the ARSs fabricated on the hot side of the TEG enhanced their 

thermoelectric generation by improving NIR solar light absorption. 
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Figure Captions 

Fig. 1. Schematic illustration of the ARSs on a glass substrate. 

 

Fig. 2. Cross section of a periodic hemisphere model for ARSs. 

 

Fig. 3. Schematic of the evaluation setup of the effect of ARSs on TEG. 

 

Fig. 4. Reflectances of 0th order and total of all diffraction orders at wavelength from 700 

to 1300 nm at the grating period of 800 nm. 

 

Fig. 5. Reflectances of the (a) TM and (b) TE polarized solar lights. 

 

Fig. 6. Dependence of energy loss on the period of the CuO ARSs. 

 

Fig. 7. SEM images of the self-arranged submicron SiO2 spheres at the withdrawal speeds 

of (a) 50, (b) 30, (c) 2.0, and (d) 1.0 μm/s. 

 

Fig. 8. I-V and I-P properties of the TEGs with and without the ARSs. 
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Table I.  
Simulation parameters. 

Refractive index (air) at 800 nm 1 

Refractive index (Cu) at 800 nm 0.32+j6.58 

Refractive index (CuO) at 800 nm 2.65+j0.009 

Incident light wavelength (nm) 700–2500 

Incident angle (deg) 0 

Period (nm) 100–800 

Height (nm) 50–400 

Diffraction order ±10 

Layer number 12 
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Fig. 1. 
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Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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Fig. 6. 
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Fig. 7.  
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Fig. 8. 
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