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Abstract: Large differences in the refractive index between semiconductors (Si, GaAs, etc.) and air produces 

considerable Fresnel loss, which can seriously hinder the absorption of sunlight by photovoltaic solar cells. This study 

presents a cost-effective roller nanoimprinting technique for the fabrication of sub-wavelength structures (SWSs) as 

an alternative to conventional anti-reflective coatings used to reduce reflectance in triple-junction InGaP/InGaAs/Ge 

solar cells. The proposed nanoimprinting technology uses a soft PDMS mold duplicated from a hard silicon template, 

which is fabricated using PS sphere lithography and dry etching processes. To evaluate the anti-reflective performance 

of SWSs, we employed rigorous coupled wave analysis (RCWA) to simulate the propagation of electromagnetic plane 

waves in a GaAs substrate. Simulation results demonstrated a considerable reduction in reflectance resulting from a 

gradual change in the refractive index provided by SWSs. Photoelectric conversion efficiency was also increased. 
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Introduction 

The poor photoelectric conversion efficiency (PCE) 

of Gallium arsenide (GaAs) based solar cells can be 

attributed to the large difference in the refractive indexes 

between air (n=1) and GaAs (n≈3.8), resulting in 

considerable Fresnel loss. Anti-reflective (AR) coatings 

can improve the PCE of solar cells by reducing surface 

reflection. Conventional single/multilayer AR thin films 

reduce surface reflection through destructive 

interference. Sub-wavelength structures (SWSs) have 

attracted considerable attention as replacements for 

conventional AR thin films due to their broadband AR 

performance. The refractive index of SWSs provides a 

graded alteration in the volume fraction of the structures, 

which in turn reduces Fresnel reflection. Various 

methods have been proposed to fabricate SWSs, 

including electron beam (EB) lithography, imprinting 

lithography, colloidal lithography, and laser interference 

lithography [1-4]. This study fabricated two dimensional 

hexagonal-close-packed SWSs on a triple-junction 

(InGaP/InGaAs/Ge) solar cell using a rapid, low cost 

process with excellent reusability [5, 6].  

Simulation and Experiments  

Analysis of AR properties using the RCWA method 

To calculate anti-reflection performance, this study 

employed the rigorous coupled wave analysis (RCWA) 

method proposed by Lee et al. [7] to analyze the 

propagation of electromagnetic plane waves in a GaAs 

substrate patterned with SWSs [8]. Figure 1 presents a 

cross-sectional schematic view of a parabolic SWS array 

as well as the parameters used in the simulation. 
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Figure 1. Cross-sectional schematic of SWS array and the parameters used in simulation. 

 

Figure 2. Optical constants of GaAs.  

 

Figure 3. (a) SWSs in a hexagonal close-packed array used for simulation, 
(b) calculated range. 

 

 

Figure 4. Schematic illustration of fabrication process of the silicon template. 

Parameters P, H, D, and d respectively represent the 

period, height, bottom diameter, and top diameter of the 

structures. θ is the incident angle of light, and ns and nm 

are respectively the optical constants (refractive index 

and extinction coefficient of the material) of the 

structure and substrate. In this study, ns is dependent on 

the wavelength of incident light, as shown in Figure 2 and  

nm is a constant with a value of 1.9. The geometrical 

structure of the modeled SWSs and the calculated range 

(unit cell) are respectively shown in Figures 3(a) and 3(b). 

To facilitate comparison with measured results, all 

experimental parameters were duplicated in the 

simulation. 

Fabrication of SWSs 

Fabrication of PDMS mold 

Figure 4 outlines the Si template fabrication 

process. Polystyrene (PS) spheres with a diameter of 600 

nm were uniformly sprayed onto a Si substrate to serve 

as a mask during the high-density plasma (HDP, Unaxis 

GmbH, Nextral 860L) etching. During the HDP process, a 

mixture of Ar, SF6, and O2 gasses were respectively 

introduced at flow rates of 25 sccm, 50 sccm, and 40 

sccm. The pressure was held at 24.8 mTorr for a period of 

5 min, whereupon the remaining PS spheres were 

removed using O2 plasma etching. 
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Figure 5. Schematic illustration of fabrication process of the PDMS mold. 

This study employed a soft polymer PDMS 

(Polydimethylsiloxane) mold to duplicate the patterns 

from the Si template. This fabrication process has the 

advantages of rapid production, simplicity, and low 

fabrication costs. Moreover, for non-planar patterns, a 

flexible mold produces a higher quality imprint. Figure 5 

presents the fabrication procedures for the PDMS mold. 

PDMS solvent, curing agent, and silicone oil were mixed 

(10:1:1 weight ratio) and degassed in a vacuum chamber 

to remove air bubbles. After curing at 100 °C for 30 min, 

the solidified PDMS mold was peeled away from the Si 

template. 

Roller imprinting 

Roller imprinting was used to produce SWSs on the 

surface of InGaP/InGaAs/Ge triple junction solar cells, as 

shown in Figure 6. 

 

Figure 6. Cross-sectional view of the InGaP/InGaAs/Ge triple junction 
solar cell. 

The PDMS soft mold was first sprayed with a 

release agent (SR-5764) at 2000 rpm for 30 s before 

being cured at 110°C for 2 min. This helped to reduce the 

surface energy and make it easier to remove the 

imprinted material from the Si mold. The refractive index 

of the imprinted materials was ~1.9 (OptiNDEXTMA54, 

Brewer Science Inc.). The imprinting material was spun 

onto the PDMS mold at 3000 rpm for 40 sec at 

room-temperature. The solar cell was fixed to the 

translation stage using a vacuum holder, and the 

imprinted material was transferred from the PDMS mold 

onto the solar cell surface using roller imprinting 

equipment, as illustrated in Figure. 7. 

Following the imprinting process, the electrical 

properties of the solar cell were characterized under 

simulated AM1.5G illumination at room temperature and 

at a power of 100 W/m2. 

Results and Discussions  

Reflectance simulation of SWSs 

Figure 8 presents the reflectance spectra of a bare 

GaAs wafer and a GaAs wafer with A54 SWSs in the range 

of 300 nm-1200 nm. The simulated spectrum of the bare 

GaAs wafer was highly similar to that observed in the 

experiment. Therefore, simulations are reliable as 

analytical instruments prior to experimentation. 

Although the refractive index of A54 (1.9) is far below 

that of GaAs, the influence of SWSs on reflectance is still 

obvious. The average reflectance of bare GaAs (35.0%) 

was reduced to 13.9% by the application of SWSs. 

SWS arrays perform like a stack of multi-layer thin 

films, in which the refractive index of each layer gradually 

changes due to changes in the volume fraction provided 

by the shape of the structures. The gradient in the 

refractive index was deduced using effective medium 

theory [9]. By dividing the height of the SWSs into 

several thin layers, an optical multilayer model was used 

to calculate reflectance as a function of height. Figure 9 

illustrates how the effective refractive index varied 

according to the height of the A54 structures. 

 

Figure 7. Schematic illustration of the roller imprinting process. 
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Figure 8. Reflectance spectra of bare GaAs and A54 SWSs/GaAs. 

 

Figure 9. Variations in effective refractive index according to the height 
of paraboloid structures. 

Imprinting SWSs on triple-junction (InGaP/InGaAs/Ge) 

solar cell 

Figure 10 illustrates the HDP etching of Si wafers 

using PS spheres as a mask to fabricate SWSs. The 

paraboloidal structures were assembled in a 

close-packed arrangement at a height of approximately 

600 nm. 

 

Figure 10. SEM images of Si template. 

Figure 11 shows the PDMS mold made from the Si 

template. The surface structure of the PDMS lacks 

uniformity because the viscosity of the PDMS prevented 

the solution from flowing completely into the Si 

structures. This also reduced the depth of the holes to 

approximately 400 nm. 

 

Figure 11. SEM images of PDMS mold. 

Figure 12 shows the imprinted paraboloidal 

structures on the triple-junction (InGaP/InGaAs/Ge) solar 

cell. The refractive index of the imprinted material is 1.9 

and the height of the imprinted structure is 

approximately 390 nm. The imprinting pressure and 

imprinting speed were 300 kgf/cm2 and 2 mm/s, 

respectively. Although the imprinted structures are not 

as closely packed and uniform as the Si structures, a 

reduction in reflectance is still expected due to the 

gradual change in the refractive index produced by the 

SWSs. 

 

Figure 12. SEM images of imprinting structures. 

The electrical properties of the solar cell were 

characterized using simulated AM1.5G illumination at 

room temperature at a power of 100 W/m2, as shown in 

Table 1. The power conversion efficiency of the SWSs cell 

is 24.4%, indicating a 5.2% improvement over the cell 

without SWSs. 

Table 1. Current-voltage characteristics of planar and SWSs solar cell. 

 Voc (V) Isc (mA) 
Filling 

factor (%) 
Efficiency 

(%) 

Planar 
cell 

2.4 3.4 84.5 23.2 

SWSs 
cell 

2.4 3.9 79.6 24.4 

Conclusion  

Nanoimprinting was successfully applied to the 

fabrication of sub-wavelength structures on a 

triple-junction InGaP/InGaAs/Ge solar cell. Rigorous 

coupled wave analysis (RCWA) was used to simulate the 

propagation of electromagnetic plane waves in a GaAs 

substrate with SWSs. According to simulation results, the 

average reflectance of bare GaAs (35.0%) (refractive 

index=1.9) was reduced to 13.9% by the application of 

SWSs. Using a solar simulator to produce the standard 

solar spectrum (AM 1.5G) with a power of 100 W/m2, the 

power conversion efficiency of the SWS cell was 5.2% 

higher than that of the cell without SWSs. 
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