
1. Introduction

To date, crystalline silicon (c-Si) solar cells have been widely 

employed in mainstream photovoltaic (PV) products in solar 

cell industry. In the research area, Si heterojunction intrinsic 

thin-layer (HIT) solar cells showed the highest recorded efficiency 

of 26.6% for c-Si solar cells1). HIT solar cells have attracted 

considerable attention because of their simple structure, as it 

affords the advantage of low-cost manufacturing, which thus 

promotes high efficiency. HIT solar cells have thin hydro-

genated amorphous silicon (a-Si:H) layers covering the anterior 

and posterior faces of a c-Si wafer, and is well known that these 

thin a-Si:H layers can reduce the recombination loss of light- 

generated carriers on the wafer surfaces, increase the open- 

circuit voltage (VOC), and reduce the temperature coefficient of 

the device2).

Although HIT solar cells have demonstrated excellent 

performance as solar cells, many factors, including the following, 

still need to be addressed before they can be effectively applied 

to PV modules: undesirably high temperature coefficient, irra-

diance degradation, soiling damage, spectral dependency, angular 

losses, electrical instability, and optical loss3,4). Because the 

most significant loss in PV modules is optical loss, which occurs 

as a result of reflection on the anterior surface of the cover glass, 

reducing this reflection serves to directly increase the short- 

circuit current (ISC) of a module assembled with HIT solar cells. 

Various approaches such as anti-reflective (AR) coatings 

with dielectric films, localized laser roughening, and surface 

texturing on the anterior surface of a cover glass have been 

implemented to reduce the optical loss. Although the AR effects 

can be simply realized via optical destructive interference, a 

broad interface reflectance reduction requires graded refractive 

index (RI) structures5); graded RI structures such as nano- 

textured surfaces, a porous surface produced by sol-gel liquid 

processing, or nature-inspired moth’s eyes6) can be implemented, 

but the complexity of these structures makes them expensive. 

Furthermore, the implementation of localized laser roughening 

can enable light scattering on the surface to reduce the internal 
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reflection loss between the glass and cell, but it still promotes 

reflection of the cover glass of the module7-9). Conversely, 

texturing a glass surface can be employed as a cost-effective 

means of reducing the optical loss and trapping the incident light 

within the module to increase the ISC of the module10,11). 

Moreover, texturing has the following effects: 1) an anti- 

reflection effect owing to the high angles of incidence, and 2) a 

light-gathering effect owing to the micro-lens structure. 

Cover glass texturing can be achieved via a dry or wet etching 

process. Dry etching entails physical ion bombardment and 

plasma reactive ion etching (RIE) in a vacuum, whereas wet 

etching applies direct surface treatments to the glass using acid 

and base etching solutions12-14). In general, researchers have 

focused on developing a fabrication method for the PV module 

that implements a dry-etching inductively coupled plasma RIE 

process to achieve a surface with high root-mean-square (RMS) 

roughness and a high haze ratio15,16). However, because dry 

etching cannot be effectively applied to large-area cover glasses, 

there is a high manufacturing cost for commercialization. In a 

recent study, Zhang et al. applied chemical wet etching with 

photo-resist (PR) patterns to glass surfaces to realize a high- 

efficiency module17); they demonstrated that the surface 

morphology and haze ratio significantly affect light-scattering 

performance. 

This study was purposed to optimize the textured structure of 

the cover glass of HIT PV modules, and to assess the resulting 

improvement in module efficiency. To realize these aims, we 

applied chemical texturing to the cover glasses of HIT Si solar 

cells and systematically analyzed the effects of texturing on the 

performance of the HIT Si modules. More specifically, we 

applied periodic honeycomb texturing to HIT Si cell cover 

glasses and investigated the resulting optical behaviors and 

effects on the electrical properties of the PV module. 

2. Experimental details

We used a chemical etching method with photolithography to 

obtain a honeycomb-textured structure on glass substrates. The 

periodic texturing patterns were formed on the glass substrates 

by using a combined technique that includes wet chemical 

etching and a hard mask of photoresist/hexamethyldisilazane 

(PR/HMDS); the process is illustrated in Fig. 1(a). First, Corning 

Eagle XG glass was ultrasonically cleaned with acetone, isopropyl 

alcohol (IPA), and deionized water for 10 min. each. A basic 

photolithography process was used to form the hard mask 

needed to create periodic patterns. A spin coater was used to 

apply the HMDS layer in sequential rotation steps (1st step: 1000 

rpm, 5 s; 2nd step: 2000 rpm, 40 s; 3rd step: 1000 rpm, 5 s); the 

HMDS layer was then baked for 3 min. at 150°C to harden the 

HMDS. The PR (AZ GXR-601-46 cps) was also stacked in a 

similar manner by using the spin coater (1st step 1000 rpm, 5 s; 

2nd step 5000 rpm, 20 s; 3rd step: 1000 rpm, 5 s) and baked in a 

dry oven (110°C, 10 min.). The periodic pattern (opened circular 

holes: 3 μm in size with a 6-μm period) was then applied to the 

PR/HMDS by using ultraviolet photolithography before being 

baked for 15 min. at 140°C. The glass-texturing chemical-etching 

technique was performed in a circulating wet etching chamber 

in which the initial etching temperature was maintained 

throughout the etching process. The glass substrates with the 

PR/HMDS masks were etched in diluted hydrogen fluoride 

(HF) etchant (HF 0.5, 1, 5, and 10%) solutions, the concentrations 

of which were carefully determined via preliminary experiments 

in order to regulate the surface etching process.

In this study, the type of glass texturing pattern was changed 

by using the HF-based solutions to vary the etching conditions; 

the three different types of glass texturing patterns fabricated in 

this study are respectively illustrated as Etch-1, Etch-2, and 

Etch-3 in Fig. 1(b). The optimum etching conditions for each 

textured glass structure and HF solution were obtained following 

analysis of the results of multiple etching experiments (Before 

etching of glass: ~ 700 µm, and after etching of glass: ~ 696 µm). 

The scanning electron microscope (SEM) images of each 

textured surface are presented in Table 1 according to the 

etching conditions. Fig. 1(c) shows the layered structure of the 

HIT silicon solar cell to which the textured glass substrate was 

applied. A commercial n-type solar-grade Si wafer (1.5 Ω·cm, 

160 μm thickness, (100) oriented) was used as the base material. 

Standard RCA techniques (RCA-1: H2O2-NH4OH-H2O and 

RCA-2: H2O2-HCl-H2O) were employed to clean the wafer 

after ultrasonic treatment; the base wafers were then dipped into 

diluted HF 1% solution before being placed in the vacuum 

chamber. Very thin a-Si:H layers were deposited at a temperature 

of 200°C via chemical vapor deposition by using a gas source 

comprising SiH4, H2, B2H6, and PH3; the details of this deposition 

technique have been provided in a previous report18). Ag and Al 

electrodes were installed on the indium thin oxide film at the 

front of the cell, and the metal electrodes were installed on a 

zinc-oxide transparent conducting oxide (TCO) film on the 

opposite side; a screen-printing technique that has been proven 

to yield good ohmic contact resistance was used to fabricate the 
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metal electrodes. The textured cover glasses were applied over 

the top layer of the mini-PV module of the fabricated HIT Si 

solar cells, as is shown in Fig. 1(d). 

The total and diffuse transmittance of the textured glasses 

were measured by using an integrating sphere of a quantum 

efficiency (QE) instrument (Model: QEX10, PV Measurements 

(a) (b)

(c) (d)

Fig. 1. (a) Ultraviolet photolithography process for cover glass texturing, (b) types of textured glasses, (c) layers of HIT Si solar cell, 

and (d) module structure including the textured cover glass and HIT Si solar cells

Table 1. Glass texturing structures according to chemical etching conditions, and structural parameters (aspect ratio) and haze values 

(HT)

Structure Etching solution Etch rate (µm/min) Etch depth (µm) HT (%) Aspect ratio

Etch-1

HF 0.5% 0.05 0.59 46 0.17

HF 1% 0.12 0.63 48 0.19

HF 5% 0.61 0.67 39 0.23

HF 10% 1.16 0.61 54 0.17

Etch-2

HF 0.5% 0.05 1.93 65 0.41

HF 1% 0.12 1.94 67 0.43

HF 5% 0.61 1.97 65 0.47

HF 10% 1.16 1.81 72 0.37

Etch-3

HF 0.5% 0.05 1.39 52 0.22

HF 1% 0.12 1.43 83 0.27

HF 5% 0.61 1.45 79 0.28

HF 10% 1.16 1.36 63 0.2
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Inc.,), and the haze ratio was defined as the ratio of the diffuse 

transmittance to total transmittance. We analyzed a cross- 

sectional view of the textured glass surface by using a focused 

ion beam (Model: LYRA3, TESCAN). The performance of the 

mini-PV module was characterized by carrying out current 

density-voltage (J-V) measurements under illumination (AM 

1.5 and 100 mW/cm2) at room temperature (25°C). The QE of 

the PV module was characterized by using a QEX10 solar cell 

measurement system to measure the spectral response, QE, and 

incident photon to current efficiency.

3. Results and Discussion

The ability to perform light scattering is an important 

attribute that PV module covering glass should possess, and it 

can be quantitatively assessed by determining the haze value. 

Because haze is also related to the aspect ratio and structural 

angle of the periodic textured glass structure, it can be controlled 

by varying the etch rate and HF solution concentration, as is 

presented in Table 119, 20). In this study, we defined the structural 

angle as the measured average oblique angle of the textured 

glass structure, and the aspect ratio as the height divided by the 

width of the textured structure. Fig. 2 shows that structural angle 

tends to increase as the aspect ratio increases, and that the 

over-etched structure of Etch-3 yields a smaller aspect ratio and 

structure angle than the moderately etched structure of Etch-2. 

The largest structural angle (57°) was measured from the Etch-2 

structure, which also yielded a high aspect ratio of 0.5 relative to 

aspect ratios determined from Etch-1 structures with structural 

angles within the range of 31–34°. Note that the structural angle 

can be observed to increase in coincidence with the aspect ratio, 

indicating that the AR effect was able to trap incoming light; this 

phenomenon is due to a higher RMS roughness and, consequently, 

a higher current density21).

We investigated the light scattering characteristics of PV 

module cover glass with periodic texturing patterns; the results 

are shown in Fig. 3. Park et al. and other research groups 

reported that light scattering behaviors were enhanced by 

applying periodic texturing patterns, which thus results in 

highly efficient Si-based thin film solar cells22-26). Similarly, we 

simulated the light scattering behavior on three types of textured 

glasses (Etch-1, Etch-2, and Etch-3) by using a finite-difference 

time-domain (FDTD) simulation method, which is a numerical 

analysis method commonly used to model computational 

electrodynamics. For practical comparison, we chose to simulate 

the textured structure for each type as based on the best aspect 

ratio; thus, the structures with aspect ratios of 0.23, 0.47, and 

0.28 were used to represent Etch-1, Etch-2, and Etch-3, 

respectively.

Fig. 3(a) shows the simulated and measured spectral trans-

mittance of the textured glasses; it can be seen that all textured 

glasses have good transmittance; particularly, in simulation, the 

textured glasses were found to exhibit high transmittance (over 

95%) for a spectral range of 400–1100 nm. This is because the 

textured surfaces can effectively suppress the reflectance on the 

front surface; the small discrepancy with the measured values is 

due to the reflection from the rear flat surfaces of the glasses. In 

Fig. 3(b), it can be seen that the simulated and measured average 

transmittance values are in good agreement; the average 

transmittance and reflectance of all textured glasses were 

approximately 95.8% and 4.2%, respectively; these results are 

better than those for bare glass, which has a transmittance and 

reflectance of 92.1% and 7.9%, respectively. The reduced 

reflectance was visualized via FDTD simulation, and the images 

of demonstrating how light waves propagate immediately after 

reaching the selected textured structures (Etch-1, Etch-2, and 

Etch-3) are presented in Fig. 3(c). In the cases of Etch-1 and 

Etch-3, the surface reflectance was higher than that of Etch-2. 

The reason for this is that the notch of the Etch-2 glass collects 

the incident light wave and causes the incoming light wave to 

diffuse before reflection. These results imply that the Etch-2 

textured glass is more suitable for implementation as AR front 

glass than Etch-1 and Etch-327).

Using the cover glasses with the texture structures detailed in 

Table 1, we assembled PV modules with HIT Si solar cells and 

measured their performance parameters, which are listed in 
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Table 2: VOC, JSC, fill factor (FF), and efficiency (�). The 

results presented in Table 2 also indicate that glass with a 

textured structure can improve module performance. We also 

measured the current density-voltage (J-V) characteristics 

associated with each of the selected textured structures, i.e., the 

optimal Etch-1, Etch-2, and Etch-3 structures; the results are 

illustrated in Fig. 4. Because the highest short-circuit current 

density (JSC) value for Etch-2 was 40.2 mA/cm2, which is higher 

than that for the non-textured-glass module (38.9 mA/cm2), the 

PV module with the Etch-2 textured cover glass structure was 

selected for comparison with the non-textured cover glass 

module. The external quantum efficiency (EQE) results are 

illustrated in Fig. 5 as a function of wavelength. As was 

expected, for the wavelength range of 400 to 1100 nm, the PV 
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Fig. 3. FDTD simulation and measurement results for Etch-1, Etch-2, and Etch-3. (a) Spectral transmittance and (b) average 

transmittance for the wavelength range of 400 to 1100 nm, and (c) FDTD simulation images of the light wave propagation 

occurring immediately after light reaches the textured surface

Table 2. Comparison of I-V and structural results of PV modules with different texturing glass

Structure Etching solution VOC (mV) JSC (mA/cm2) FF (%) η (%)

Bare glass 726.3 38.9 76.62 21.65

Etch-1

HF 0.5% 723.4 38.5 76.96 21.43

HF 1% 722.1 38.84 76.3 21.4

HF 5% 725.8 39 76.73 21.72

HF 10% 724.7 38.9 76.35 21.52

Etch-2

HF 0.5% 721.9 39.67 76.47 21.9

HF 1% 726 39.81 76.65 22.15

HF 5% 727.5 40.2 76.62 22.41

HF 10% 726.1 39.58 74.7 21.47

Etch-3

HF 0.5% 725.8 38.86 75.42 21.27

HF 1% 729.3 39.29 76.23 21.84

HF 5% 726.8 39.7 76.38 22.04

HF 10% 731.1 39.42 74.47 21.46
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module with textured cover glass yielded a more desirable EQE 

response than that with non-textured cover glass; this superior 

EQE response consequently significantly increases the JSC. This 

relatively increased JSC is due to the fact that the increased 

aspect ratio and structural angle of textured cover glass 

promotes sufficient light scattering and low reflectivity.

4. Conclusion

We developed and evaluated glass texturing patterns that can 

be applied to the cover glass of HIT Si solar cell PV modules. 

Periodic honeycomb textures were formed on the PR-patterned 

glass surface by using HF solutions. The HF solutions and 

corresponding optimal etching conditions were varied to 

develop three different types of textured structures. Analysis of 

the textured structures revealed that the texturing parameters 

can be controlled over wide ranges of structural angle (31–57°) 

and aspect ratio (0.17–0.47). Moreover, by evaluating the haze 

ratio and spectral transmittance of each textured structure, we 

optimized the texturing parameters for each type of textured 

structure. FDTD simulations were also performed, the results of 

which demonstrated that the transmittance increased for all 

textured glasses because the reflectance was suppressed on the 

textured surface, and that Etch-2 most effectively reduced the 

surface reflectance. The various textured structures developed 

in this study were applied to the cover glass of PV modules with 

HIT Si solar cells. Texturing the surfaces of cover glasses was 

also found to increase the JSC of the PV module, with the Etch-2 

structure yielding the highest JSC value of 40.2 mA/cm2. Our 

approach can be applied to various PV modules, not only for 

high-performance HIT Si solar cells, but also for conventional 

crystalline Si solar cells; thus, it has the potential to further 

strengthen the industrial and technical competitiveness of 

crystalline silicon solar cells.
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