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Improved Light Absorption of GaInP/GaAs/Ge
Solar Cell Modules With Micro/
Nanoengineered Coverglasses
Eun Kyu Kang, Chan Il Yeo, Seok Jin Kang, Jung Wook Min, Young Min Song, and Yong Tak Lee

Abstract—We report on advanced types of coverglasses, which
include the hierarchical micro- and subwavelength-structured surfaces for improved absorption efficiency of photovoltaic modules.
Prism-shaped microstructures (PSMSs) help eliminate the optical
shading caused by the metal grid of solar cells. The subwavelength
structures (SWSs) with a tapered shape behave as a refractive index
matching layer to reduce the surface reflection at the interface of
air and coverglass. The geometries of the PSMSs and SWSs were
designed by ray-tracing and the rigorous coupled-wave analysis
method simulations, respectively, which provided the design guidelines. The PSMSs and SWSs were fabricated by a simple two-step
process consisting of an isotropic wet etching process with hydrofluoric acid solution using a SiNx mask and a self-masked dry etching
process, respectively. A hybrid patterned coverglass incorporating the PSMSs with SWSs were mounted on GaInP/(In)GaAs/Ge
triple-junction solar cells with a precise alignment process. The
measured power conversion efficiency of the subreceiver module
with the patterned glass reached 32.97% for 1 sun, which is 11.19%
higher compared with a subreceiver module with a flat coverglass.
Index Terms—Coverglasses, microstructure, self-masked dry
etching (SMDE), solar cells, subwavelength structure.

I. INTRODUCTION
OMPOUND semiconductor multijunction (MJ) solar cells
are the attractive choice for space and terrestrial application due to their high efficiency (obtained by stacking materials
of different bandgap), excellent lifetime/reliability, and favorable manufacturing costs [1]–[5]. However, their performance
in commercially available cells still has not reached the theoretical limit. As a result, research on compound semiconductorbased solar cells often focuses on three categories: 1) optimizing multiple layer stacking by bandgap engineering, 2) effective
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photocurrent extraction by fine tuning the metal grid design,
and 3) micro- or nanoengineered geometry for managing light
absorption. To be effective in converting the incident photons to
electricity, all these issues need to be considered simultaneously
and without producing detrimental effects on each features.
For example, one instance is the relation between optical
and electrical properties determined by the metal grid lines.
Finely designed front metal grids, which effectively extract the
generated photocurrent, occupy approximately 10–15% of the
surface area of the III–V-based MJ solar cell [6]–[8]. However,
the metal grids also result in optical shadowing, which causes
a decline in the power conversion efficiency (PCE) of the solar
cells. Therefore, light management is necessary to guide the
incident sunlight to avoid the metal grid area, to reduce the metal
grid optical losses and thereby improve the PCE of III–V-based
MJ solar cell with solar tracking system and concentrator [9].
In previous studies, cylindrical microstructures patterned cover
materials were used to reduce the shadowing effect caused by
metal grids [10]–[12]. However, these cover materials did not
eliminate the Fresnel reflection of front surface. In order to
boost the module PCE, the preferred light management structure should also include broadband antireflection properties
[13]–[14].
In this report, we present an optical management technique
to reduce optical losses using advanced coverglasses, including prism-shaped microstructures (PSMSs) and subwavelength
structures (SWSs). The light incidence angle was controlled using PSMSs so that all light incident to the coverglass could be
propagated to the solar cell, avoiding the metal grid. In other
words, the optical loss produced by the metal grids due to its
shadowing effect is decreased by the PSMSs. In addition, broadband antireflection structures (BARSs) [15] on the cover surface
such as SWSs can solve the refractive index mismatch problem.
Hybrid (PSMS/SWSs) structures (HSs) patterned coverglass
(HSC) capable of reducing two types of optical losses were
fabricated using simple wet and dry etching [16]–[17]. First, a
PSMS array with 4-μm height and 20-μm width was fabricated
using isotropic wet-etching process with 49% hydrofluoric (HF)
solution. Then, a self-masked dry etching (SMDE) process was
used to form the SWSs over the entire surface. The detailed
mechanism of the SMDE process is explained in our previous
study [18]. The HSC was mounted using a flip-chip bonder
(Fineplacer femto) with a precise alignment process; misalignment is closely related to optical loss [19]. Silicone resin was
used for the adhesive layer in the mounting process, since the
refractive index of the silicone resin is similar to glass [20]. As
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Fig. 2. Ray-tracing simulation of SC patterned coverglass and PSMSC with
the metal grid of a solar cells.

Fig. 1. Schematic illustration of cross-sectional view of TJ GaInP/(In)
GaAs/Ge solar cell with HSs patterned coverglass. The right figures show process steps for fabricating the HSs patterned coverglass.

a result, reflection loss was minimized at the interface of the
coverglass and the top surface of the solar cells.
The simply fabricated HSC has two functions: the PSMSs
can effectively refract light due to their geometrical shape, and
the SWSs also reduce light reflection by acting as a refractive
index matching layer at the interface between air (n = 1.00)
and coverglass (n = 1.47) [20]. Before fabricating the HSC,
theoretical calculations based on ray-tracing [21] and rigorous
coupled-wave analysis (RCWA) method [22] was utilized as
guidance for determining the geometrical effect of the PSMSs
and SWSs, respectively. The optical properties of the HSC were
investigated by transmittance spectra measurement and were
confirmed by the characterization of the coverglass mounted
solar cells.
II. EXPERIMENTAL DETAILS
Fig. 1 shows the schematic of the triple-junction (TJ)
GaInP/(In)GaAs/Ge solar cell with HSC. In this experiment, the
solar cell (active area = 0.25 mm2 ) consists of a TiO2 /Al2 O3
double layer antireflection coating and top metal grid having a
width of 17 μm and a period of 163 μm. The solar cell was
mounted on an alumina substrate with a gold-plated thick copper electrode using cream-type solder (Sn96.5 /Ag3.0 /Cu0.5 alloy
metal). The soldering process was carried out on a hot plate at
260 °C. Then, the solar cell was encapsulated by a silicone resin
and the HSC was mounted on the top of the silicone resin using the flip-chip bonder. After that, the silicone resin hardening
process was performed at 150 °C for 5 min.
The HSC fabrication steps are described in the right image of
Fig. 1. First, a 1-μm-thick SiNx layer was deposited on the coverglass substrate (BoroFloat 33, Schott) using plasma-enhanced
chemical vapor deposition, and a conventional photolithography
process was performed to form mask patterns. The photoresist
(PR) patterns had a width of 30 μm so as to overlap the top metal
grid of the solar cell. The period of the pattern was 163 μm.
SiNx was dry etched using RIE with CF4 (30 sccm), rf power

of 100 W, and process pressure of 100 mTorr for 20 min. After
the RIE process, the remaining PR was removed in acetone with
ultrasonic agitator. The flat coverglass (FC) with SiNx etching
mask was dipped into the 49% HF solution at room temperature
for 240 s. Surface morphologies of the fabricated coverglass
were characterized by a field-emission scanning electron microscope (FE-SEM, Hitachi 4700).
PSMSs were formed by isotropically wet etching the glass
in HF solution. Then, SWSs with tapered profiles were formed
on the PSMS array patterned cover glass (PSMSC) using the
SMDE method, under optimum RIE conditions, i.e., CF4 /O2
(40/10 sccm) with rf power of 50 W, and process pressure of
50 mTorr for 7 min. After the SMDE process, the coverglass
was cleaned using acetone/methanol/deionized water for 3 min,
respectively. The SWSs were uniformly formed on the entire
surface of the PSMSC.
The transmittance of the fabricated SWSs patterned coverglass (SWSC), PSMSC, and HSC were evaluated from 400to 1800-nm wavelength, using a spectrophotometer (Cary 500,
Varian) with an integrating sphere. Three kinds of coverglass
with an area of 30 mm2 were mounted on solar cells having
similar properties using a flip-chip bonder. The PSMSs and HSs
patterns were precisely aligned with the metal grid of the solar
cells because any misalignment strongly reduces the PCE of
the solar cells module. Current density–voltage (J–V) characteristics of the coverglass mounted solar cells were measured
using a solar simulator (Sol3A, Oriel, USA) under AM 1.5G
(1000 W/m2 ) irradiation at room temperature.
III. RESULTS AND DISCUSSION
A. Optical Simulations and Fabrications
Prior to fabricating the HSC, theoretical calculations were
conducted to determine the geometrical features of HSs that result in desired properties. Ray-tracing and a RCWA method were
used to obtain the desirable micro- and nanostructures because
of the limited time and resources available for each simulation
tool [21]. To determine a desirable microstructure, a semicylinder (SC) array and a PSMS array with 20-μm width and 10-μm
height were considered. In this simulation, the thickness of the
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Fig. 4. Calculated transmittance of SWSC as a function of height of SWSs
in the wavelength range from 300 to 1800 nm using the RCWA method. Inset
indicates a calculation model.

Fig. 5. SEM image of cross-sectional view of fabricated HSC. (a) Fabricated
PSMS has 4.5-μm height, 20-μm width, and a tapered profile. (b) SWSs formed
on PSMS using the SMDE process. (c) Magnified view of inclined area of HSC.
(d) Magnified view of flat area of HSC.

Fig. 3. (a) Schematic illustration of a model to calculate incident angledependent transmittance of PSMSC as a function of θ and Φ. The inset on
the right shows an enlarged cross-sectional view. (b) Contour plot of calculated
effective transmittance of PSMSC in detail. In these calculations, the geometry of the PSMSC was fixed as p = 163 μm, h = 4.5 μm, w = 20 μm, t1 =
500 μm, and t2 = 150 μm. (c) Schematic illustration of a solar tracking system
and a parabolic trough concentrator.

glass (n = 1.47) and silicone resin (n = 1.50) were fixed at 500
and 150 μm, respectively. Optical properties of the metal grid
with 17-μm width were set to have 50% reflection and 50%
absorption at a wavelength of 550 nm. Fig. 2 shows that the
PSMS was more effective in increasing the light absorption of
the solar cell compared to the SC. The light incident at the top
area of the SC had a small angle of refraction, while light rays
that were incident at the edges of the SC had a larger angle
of refraction [23]. Therefore, for the SC structure, some of the
light rays were incident on the metal grids, while for the PSMS,

none of the refracted rays were incident on the metal grids due
to their similar refracting angle.
The incident angle-dependent transmittance of the PSMSC
was also calculated since in a practical solar energy system,
the incident angle of sunlight changes with season and time.
In the calculations, θ (parallel incident angle) and Φ (vertical
incident angle) were changed from 0° to 60°. Fig. 3(a) and (b)
shows the simulation model and the calculated transmittance of
the PSMSC, respectively. The transmittance of the PSMSC was
influenced by variations in the vertical incident angle, while it
remained unaffected by variations in the parallel incident angle. Nonetheless, the vertical incident angle-dependent transmittance of PSMSC can be minimized by using a solar tracking
system and a parabolic trough concentrator [24], [25] because
the direction of installation of the solar module with PSMSC
can be controlled as shown Fig. 3(c).
To further increase transmittance by suppressing approximately 4% of the surface reflection loss (Fresnel reflection loss)
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Fig. 7. (a) Calculated EQE of the TJ solar cells with four different coverglasses. Inset indicates a calculated model. (b) J–V characteristics of solar
cells with four different types of coverglasses under AM 1.5G (1000 W/m2 )
irradiation.

TABLE I
SIMULATED DEVICE CHARACTERISTICS OF THE SOLAR CELL FOR FOUR TYPES
OF COVERGLASSES

Fig. 6. (a) Measured transmittance of four difference coverglasses in the
wavelength range from 400 to 1800 nm. (b) CCD image of PSMSC using white
backlight. (c) FC, SWSC, PSMSC, and HSC under fluorescent light. Water
droplet on fabricated coverglass with corresponding contact angle.

due to the difference in refractive index between air and coverglass, SWSs were employed like BARs on the top surface of the
coverglass. Fig. 4 shows the calculated transmittance of SWSs
with a period of 100 nm and a width of 100 nm as a function of
their heights (0, 150, 200, 250, 300 nm) in the wavelength range
from 300 to 1800 nm using the RCWA method. The calculated
transmittance of the FC is also shown for comparison. The FC

With FC
With SWSC
With PSMSC
With HSC

V o c (V)

J s c (mA/cm2 )

Fill Factor (%)

Efficiency (%)

2.55
2.55
2.56
2.56

13.86
14.47
15.31
15.92

85.55
85.56
85.64
85.65

30.16
31.57
33.56
34.87

exhibits transmittance of ∼93% at all wavelengths of the spectrum. In contrast, the SWSCs transmittance tends to increase,
particularly at short wavelengths (i.e., visible wavelengths). The
transmission spectrum of the SWSC is more favorable for enhancing the transmittance of sunlight into the solar cell, as can
be seen in Fig. 4.
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Fig. 8. (a) Process for mounting coverglass to solar cell using flip-chip bonder. The inset on the bottom shows a cross sectional view. (b) J–V characteristics of
solar cells without glass and with four different types of coverglasses under AM 1.5G (1000 W/m2 ) irradiation.

The HSC was fabricated using parameters based on calculation results. Fig. 5(a) and (b) shows SEM images of the crosssectional view of the fabricated PSMSC and HSC, respectively.
The fabricated PSMSs have approximately 4.4-μm height,
20-μm width, and 35° slope of the tangent. SWSs with 270–
280 nm height, 80–100 nm width, and 80–100 nm period were
uniformly formed on the entire surface of the coverglass as
shown in Fig. 5(c) and (d). The SMDE process used in this
study is very useful for forming SWSs on an uneven surface because the nanoscale mask is generated by the reaction between
the etching gas and material during the etching process.
Fig. 6(a) shows the measured transmittance spectra of four
different types of coverglasses at wavelengths of 300–1800 nm.
As expected, the SWSC and HSC increased the transmittance
from ∼93% (i.e., transmittance of the FC) up to ∼96%. It is
observed that the transmittance of the PSMSs were almost the
same as the FC at short wavelengths (400–1000 nm) because
the bottom side of fabricated coverglass does not include the
metal grids. Therefore, the transmission enhancement due to the
presence of microstructure is not apparent in Fig. 6(a). The spike
near 800-nm wavelength was produced as a result of changing
the source and detector in the UV-Vis-NIR spectrophotometer
during the measurement.
To confirm the light guiding effect of the PSMSs, a chargecoupled device (CCD) camera and white backlight were used
[26]. Fig. 6(b) shows the dispersion of light in PSMSC. The
dark area in the figure is the PSMSs patterned region on the
PSMSC, which means that the light incident on the metal grid
can be refracted by the PSMSs. Therefore, the effective transmittance can be enhanced by eliminating the shadowing effect.
The difference of reflectance and wetting properties in FC and
three different types of coverglasses is displayed in Fig. 6(c).
After wet and dry etching of glasses, contact angle (θc ) of a liquid droplet is changed due to the surface energy changes [27].
The contact angle measurement system (Phoenix-300 Touch,
SEO Co., Ltd., Korea) was used to measure the contact angle of
a water droplet. The three etched glasses (SWSC: θc ∼ 17.1◦ ,
PSMSC: θc ∼ 31.4◦ , and HSC: θc ∼ 16.8◦ ) exhibited improved
hydrophilicity compared with that of FC glass (θc ∼ 49.3) due
to chemical treatment (HF, CF4 , O2 ) and surface roughness.

Hydrophilic properties of glass surface can provide the selfcleaning function [28]–[30].
B. Calculation of External Quantum Efficiency
Silvaco simulation was conducted to confirm the enhancement of external quantum efficiency (EQE) and short-circuit
current density (Jsc ). In the simulation, the optical calculation
results obtained by Lightools simulation are utilized as transmittance of each glass. For the simulation, the incident angle
is assumed to be normal since the change in the incident angle
as the light rays pass through PSMSC is negligibly small. In
Fig. 7(a), four types of coverglasses are incorporated to TJ solar
cells, and among them, HSC shows the highest EQE. Fig. 7(b)
shows the J–V curves of four types of coverglasses. Since the
amount of light that is transmitted is determined by the coverglasses, Jsc that has linear relation with number of absorbed
photons is greatly affected by the effective enhancement in the
light transmission. Table I shows the detailed characteristics of
TJ solar cells with different types of coverglasses. The TJ solar
cells with the HSC showed the highest Jsc of 15.92 mA/cm2
and PCE of 34.87%. The Jsc and PCE of the solar cell module
with HSC is enhanced by 14.86% and 15.61%, respectively,
compared with that of the solar cell module with the FC.
C. Device Characteristics of the Fabricated Solar Cells
To determine the effect of the four types of coverglasses on solar cell performance, the fabricated coverglasses were mounted
on the TJ solar cells using a flip-chip bonder with silicone resin.
In this experiment, TJ solar cells that had similar performance
without a coverglass were selected in order to avoid any interference arising from the solar cell itself. Fig. 8(a) shows the
mounting process using a flip-chip bonder. Solder balls were
placed on the n-metal using laser solder jetting system (SB2Jet). Then, the metal wire (Cu) was placed on the solder ball with
thermal process at 200 °C to contact n-type metal and metal pad
of the alumina substrate. Silicone-resin-coated solar cell module was loaded in the flip-chip bonder. The coverglass was lifted
by the pick-up tool of the flip chip bonder. After precise alignment (metal grids and PSMSs), each coverglass was mounted

KANG et al.: IMPROVED LIGHT ABSORPTION OF GaInP/GaAs/Ge SOLAR CELL MODULES WITH MICRO/NANOENGINEERED

TABLE II
DEVICE CHARACTERISTICS OF THE SOLAR CELL FOR FIVE DIFFERENT TYPES
OF COVERGLASSES

Without glass
With FC
With SWSC
With PSMSC
With HSC

Vo c
(V)

Js c
(mA/cm2 )

Fill Factor
(%)

Efficiency
(%)

Enhancement
ratio (%)

2.54
2.54
2.54
2.55
2.55

13.60
13.91
14.57
15.00
15.60

83.82
83.93
83.71
83.90
82.91

28.95
29.65
30.97
32.09
32.97

2.41
6.97
10.84
13.88

on the TJ solar cells and was bonded with silicone resin using
the thermal hardening process.
The measured J–V curves of the solar cell modules without
coverglass and with four different types of coverglasses under AM 1.5G (1000 W/m2 ) irradiation at normal incidence are
presented in Fig. 8(b). To establish the reliability of the measurement results, the performance of each sample was measured
five times and averaged. The obtained device characteristics are
summarized in Table II. The solar cell module without a coverglass exhibited a Jsc of 13.60 mA/cm2 and a PEC of 28.95%.
The Jsc and PEC were slightly enhanced by incorporating the
FC, to 13.91 mA/cm2 and 29.65%, respectively, due to the refractive index matching of the coverglass (n = 1.47) between
air (n = 1.00) and Al2 O3 (n = 1.80).
The solar cell modules with patterned coverglasses showed
significantly enhanced Jsc and PEC compared with the module
with the FC. Among them, the solar cell module with the HSC
showed the highest Jsc of 15.60 mA/cm2 and PCE of 32.97%.
The Jsc and PCE is enhanced by 12.14% and 11.19%, respectively, compared with that of the solar cell module with the FC,
due to the efficient light management. The open-circuit voltage
(Vo c ) and the fill factor remained similar.

IV. CONCLUSION
An advanced HSC was fabricated by isotropic wet etching and
SMDE processes to enhance the PCE of a GaInP/(In)GaAs/Ge
TJ solar cell. Optical characteristics of the fabricated SWSC,
PSMSC, and HSC were investigated as a function of wavelength.
Theoretical calculations were conducted using ray-tracing and
RCWA method to provide fabrication guidelines. The TJ solar
cells with HSC exhibited greatly enhanced photovoltaic performance as a result of both the elimination of optical shadowing and the reduction of surface reflection by PSMSs and
SWSs, respectively. From these results, we expect that HSC
have promising potential for improving the performance of various photovoltaic devices.
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