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Abstract Silicon (Si) subwavelength grating (SWG) struc-
tures were fabricated on Si substrates by holographic litho-
graphy and subsequent inductively coupled plasma (ICP)
etching process using SiCl4 with or without Ar addition for
solar cell applications. To ensure a good nanosized pattern
transfer into the underlying Si layer, the etch selectivity of
Si over the photoresist mask is optimized by varying the
etching parameters, thus improving antireflection character-
istics. For antireflection analysis of Si SWG surfaces, the
optical reflectivity is measured experimentally and it is also
calculated theoretically by a rigorous coupled-wave analy-
sis. The reflectance depends on the height, period, and shape
of two-dimensional periodic Si subwavelength structures,
correlated with ICP etching parameters. The optimized Si
SWG structure exhibits a dramatic decrease in optical reflec-
tion of the Si surface over a wide angle of incident light (θi),
i.e. less than 5% at wavelengths of 300–1100 nm, leading
to good wide-angle antireflection characteristics (i.e. solar-
weighted reflection of 1.7–4.9% at θi < 50°) of Si solar
cells.
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1 Introduction

There has been a growing interest in low-cost broadband an-
tireflection coatings (ARCs) for various device applications.
Optoelectronic devices including solar cells, photodetectors,
and displays require antireflection layers to suppress the sur-
face reflection of an optical window over a wide wavelength
range [1–3]. Recently, periodic nanostructures with a period
smaller than the incident light wavelength which can lead to
an effective refractive-index gradient between the semicon-
ductor and the air have attracted much attention for antire-
flection properties, showing long-term thermal stability as
well as good durability [4, 5]. Thus, subwavelength grating
(SWG) structures with optimized shapes have appeared as a
more promising candidate for ARC applications compared
to the conventional single-layer or multilayer thin films
[6–8]. Electron-beam lithography or nanoimprint lithogra-
phy is widely used to fabricate nanosized patterns, but it is
expensive and complex [9, 10]. Holographic lithography is
a simple, fast, cost-effective, and large-scale technique, al-
lowing for an economical production process [11, 12].

Especially, for thin-film Si solar cells, efficient light in-
coupling is crucial because of their low optical absorption
coefficient. In order to improve the efficiency in Si-based
solar cells, it is necessary to employ broadband and omni-
directional ARCs which can cover a wavelength range of
the solar spectrum. However, it is inherently difficult for
single-layer ARCs to cover a broad wavelength range. Al-
though multilayer ARCs can overcome this problem, they
require more expensive fabrication and critical layer thick-
ness control [13]. The SWG structures can be used for the
fabrication of wide-angle broadband antireflection surfaces
in solar cells. Antireflection characteristics depend strongly
on the size, shape, and array geometry of the SWGs. The
etch selectivity can affect the aspect ratio of the SWG struc-
tures. For solar cell applications, it is essential to reduce the
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solar-weighted reflection (SWR) over a wide angle of inci-
dent light. In this paper, we fabricated optimally antireflec-
tive Si SWGs by properly controlling the process conditions
using both holographic lithography and inductively coupled
plasma (ICP) etching for solar cell applications. The opti-
cal reflectivity of fabricated SWG structures was measured
and compared to that from numerical simulation based on
rigorous coupled-wave analysis (RCWA). The influence of
the angle of incidence on the reflectance and SWR was also
investigated for the optimized Si SWG structures.

2 Experimental details

Figure 1a shows the schematic diagram of the pattern trans-
fer process steps for the fabrication of the Si SWG structures
on Si substrates. For the fabrication of Si SWG structures,
AZ5206 photoresist (PR) was deposited on Si substrates by
a spin coating process. The PR thickness decreased with the
increase of dilution and rotation speed. The dilution and ro-
tation speed were determined to obtain the desired optimum

Fig. 1 (a) Schematic diagram of the pattern transfer process steps for
the fabrication of the Si SWG structures on Si substrates and (b) etch
rate of Si and etch selectivity of Si over PR as a function of RF power

PR thickness. After prebaking on a hot plate at 90◦C for 90 s,
the PR was then exposed twice by the interference of two
crossed beams using an Ar-ion laser operating at a wave-
length of 363.8 nm to form two-dimensional periodic nano-
sized PR patterns. The grating period (Λ) of the PR patterns
is given by the well-known equation Λ = λ/[2 sin(θ/2)],
where λ is the laser source wavelength and θ is the angle
between the two beams [14]. Thus, the grating period can
be easily controlled by varying θ , which is adjusted by ro-
tating the rotation stage. For a hexagonal pattern, the sam-
ple was rotated by 60◦ between exposures. After the devel-
opment, the nanosized patterns are transferred from the PR
into the Si surface by using ICP etching for SWG structures.
For high etch selectivity of Si to the nanosized PR pattern,
it was found that SiCl4 is superior to SF6 in ICP etching.
The underlying Si was etched in SiCl4 plasma with or with-
out Ar addition at room temperature. The overall etching of
the PR-patterned Si substrate until complete removal of PR
leads to extremely fast etching at the rim and slower etch-
ing at the center, producing a smooth tapered profile grating.
For a desirable etched profile, the etch rate and etch selectiv-
ity can be controlled by varying etching parameters includ-
ing RF power, SiCl4 flow rate, and additional Ar flow rate.
The RF power was changed from 25 W to 100 W and the
SiCl4 flow rate was changed from 2.5 sccm to 10 sccm. Ar
of 0–20 sccm was added in the SiCl4 plasma. The process
pressure was fixed at 10 mTorr. From scanning electron mi-
croscope (SEM) measurements, the etched profile and depth
of fabricated Si SWG structures were observed. The opti-
cal reflectivity was measured by using a UV–Vis–NIR spec-
trophotometer and spectroscopic ellipsometer.

3 Results and discussion

The etched profile, which is closely associated with the opti-
cal reflectivity of the Si surface, depends strongly on the etch
selectivity of Si over PR during the overall etching. To ob-
tain good antireflection characteristics, therefore, the etch-
ing parameters should be optimized with a desirable etched
profile in terms of etch rate and etch selectivity. Figure 1b
shows the etch rate of Si and etch selectivity of Si over PR
as a function of RF power. The SiCl4 flow rate was 5 sccm
and the process pressure was 10 mTorr. The density of ac-
tive particles in the ion energy flux increases with RF power.
Thus, the etch rate of Si increased from 9.7 nm/min at 25 W
to 19 nm/min at 100 W as the RF power was increased. The
RF power also has a strong effect on the etch selectivity of
Si over PR. The etch selectivity was decreased from 1.6 at
25 W to 0.3 at 100 W with increasing the RF power due to
the enhanced erosion of the PR mask pattern.

Figure 2a shows the SEM images of the etched Si SWG
structures with a pattern period of 300 nm for different RF



Effect of etching parameters on antireflection properties of Si subwavelength grating structures for solar cell 893

Fig. 2 (a) SEM images and (b) measured reflectance spectra of the
etched Si SWG structures with a pattern period of 300 nm for different
RF powers: (i) 25 W, (ii) 50 W, (iii) 75 W, and (iv) 100 W. The top-
and side-view SEM images of the etched structures are shown in (i) of
(a). For comparison, the calculated reflectance spectra for the Si SWG
structures etched at 25 W and 100 W are shown in (b). The refractive
index of bulk Si used in this calculation is also shown

powers: (i) 25 W, (ii) 50 W, (iii) 75 W, and (iv) 100 W. The
top-view SEM image of the etched structures exhibits two-
dimensional periodic hexagonal nanopatterns as shown in
the inset of (i) of Fig. 2a. The etched depth was decreased
with increasing the RF power due to the reduced etch selec-
tivity of Si over PR. At 100 W, it is noted that the depth was
very low with an etched dot array. At 25 W, the etched struc-
ture exhibited a gradually tapered conical shape (side view)
in a closely packed arrangement due to the high etch rate
and etch selectivity as shown in the inset of (i) of Fig. 2a.
Figure 2b shows the measured reflectance as a function of
wavelength for the etched Si SWG structures with a pattern
period of 300 nm at (i) 25 W, (ii) 50 W, (iii) 75 W, and
(iv) 100 W. For comparison, the calculated reflectance spec-
tra for the Si SWG structures etched at 25 W and 100 W
are shown in Fig. 2b. The refractive index of bulk Si used
in this calculation is also shown. The specular reflectance

was measured by linearly polarized light at normal inci-
dence. The reflectance of the bulk Si substrate is also shown
as a reference. For bulk Si, the reflectance was high, i.e.
more than 32% over a wavelength of 300–1100 nm. The
reflectance was reduced in a wide wavelength range as the
RF power was decreased. As expected, the reflectance de-
pends strongly on the etched profile of the array patterns. At
100 W, the reflectance was reduced compared to the bulk Si
despite the dot array pattern with low heights as shown in
(iv) of Fig. 2a. The calculated and measured results give a
reasonable consistency, though there exist slight differences
in some wavelength regions. For the smooth tapered con-
ical structure fabricated at 25 W, the reflectance was sig-
nificantly reduced to less than 5% in the visible and near-
infrared wavelength regions and it was lower than 0.75% at
the wavelengths of 535–700 nm.

Figure 3 shows the measured reflectance spectra of the
etched Si SWG structures with a pattern period of 300 nm
(a) for different SiCl4 flow rates and (b) for different flow
rates of additional Ar. The reflectance was lowest on av-
erage (especially, λ < 630 nm) at 5 sccm of SiCl4, and it
was increased with the increase or decrease of SiCl4 flow
rate. Around λ ∼ 370 nm, there is a strong variation of re-
flectance because Si has a relatively high refractive index at
this wavelength. The etch rate and etch selectivity of Si over
PR as a function of SiCl4 flow rate at 25 W and 10 mTorr are
shown in the right-hand inset of Fig. 3a. Although there is
no considerable change in the etch rate for SiCl4 flow rates
of 2.5–10 sccm, the highest etch rate and etch selectivity
were observed at 5 sccm of SiCl4. The increase in chemical
reactant species of SiCl4 enhances chemical etching with a
reduced etch selectivity, leading to a smoothly rounded con-
ical shape as shown in the left-hand inset of Fig. 3a. At 2.5
sccm of SiCl4, the increased reflectance may be ascribed
to the low etch rate and etch selectivity by low chemical
reactant species. As shown in Fig. 3b, the reflectance was
increased on average (especially, λ < 750 nm) as the addi-
tional Ar flow rate to SiCl4 was increased. The right-hand
inset of Fig. 3b shows the etch rate and etch selectivity of Si
over PR as a function of Ar flow rate in 5 sccm of SiCl4 at
25 W and 10 mTorr. With addition of 20 sccm Ar, the etch
rate was decreased to 5 nm/min and the etch selectivity was
also reduced to 0.7. This means that the 5 sccm of SiCl4 is
enough to obtain the highest etch rate as seen in the right-
hand inset of Fig. 3a. The Ar addition prevents the chemical
reactant species. The reduction in etch selectivity is proba-
bly due to the increased PR erosion rate.

Figure 4a shows the measured reflectance of the etched Si
SWG structures in 5 sccm of SiCl4 plasma at 25 W and 10
mTorr as a function of wavelength for the periods of 300 nm,
400 nm, and 500 nm. The SEM images of the Si SWG struc-
tures with different periods are shown in the inset of Fig. 4a.
The period of the PR patterns was changed by tuning the ro-
tation stage angle and the patterns were transferred to the Si
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Fig. 3 Measured reflectance spectra of the etched Si SWG structures
with a pattern period of 300 nm (a) for different SiCl4 flow rates and
(b) for different flow rates of additional Ar. The left-hand insets of (a)
and (b) show the SEM images of Si SWGs for SiCl4 of 10 sccm and
for Ar of 20 sccm, respectively. The right-hand insets of (a) and (b)
show the etch rate and etch selectivity as functions of SiCl4 flow rate
and Ar flow rate, respectively

substrate. The reflectance spectra also depend on the period
of the Si SWG structures. Due to the reduced packing den-
sity, the reflectance was, on the whole, increased with the
increase of period as shown in the SEM images. As the pe-
riod of the SWGs was increased, the low-reflectance band
shifted towards the longer-wavelength region and its mini-
mum values were increased. The Si SWGs with the periods
of 400 nm and 500 nm exhibited relatively high reflectance
in the visible wavelength range. However, this is not de-
sirable for solar cell applications. For theoretical analysis,
the reflectance calculations of Si SWG structures were car-
ried out by using the RCWA method. The model was con-
structed by the mean shape of the SEM image and it was as-
sumed to be a truncated cone for simplicity. Figure 4b shows
the influence of the period of Si SWG structures on the re-
flectance as a function of the wavelength for a cone height of

Fig. 4 (a) Measured reflectance of the etched Si SWG structures in
5 sccm of SiCl4 plasma at 25 W and 10 mTorr as a function of wave-
length for the periods of 300 nm, 400 nm, and 500 nm and (b) influence
of the period of Si SWG structures on the reflectance as a function of
the wavelength for a cone height of 300 nm. The inset of (a) shows the
SEM images of the Si SWG structures with different periods

300 nm. The discrepancies between the measured and cal-
culated results are attributed to the difficulty in matching ex-
actly the geometric simulation model to the actual fabricated
structure. However, the calculated results indicate a similar
overall trend to the experimental data. The low-reflectance
band broadens and shifts towards the higher-wavelength re-
gion with increase of the period of the Si SWGs. For peri-
ods above 300 nm, the band splits into two bands with re-
flectance of less than 0.5%, including a band which is in-
dependent of the period of 200–450 nm at wavelengths of
around 600 nm. This implies that low reflectance in a spe-
cific wavelength range can be obtained by adjusting the Si
SWG period without changing its height.

Figure 5a shows the measured reflectance spectra of op-
timized Si SWGs at different angles of incident light using
a spectroscopic ellipsometer. Linearly polarized light was
used, as defined with respect to the plane of incidence in
the inset of Fig. 5a. The system was calibrated with a Si
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Fig. 5 (a) Measured reflectance spectra of the optimized Si SWGs at
different angles by linearly polarized light incidence using a spectro-
scopic ellipsometer and (b) measured reflectance spectra of the opti-
mized Si SWGs at normal incidence in specular and total reflectance
modes. For comparison, the reflectance spectra of bulk Si at θi = 0◦
and θi = 70◦ are also shown in (a). The inset of (a) shows the mea-
sured reflectance as a function of incident angle of light at λ = 635 nm
for the optimized Si SWGs

substrate and the incident angle was varied from θi = 20◦
to θi = 70◦. The dashed line show the reflectance spectrum
obtained from the UV–Vis–IR spectrometer at normal inci-
dence (θi = 0◦). The reflectance spectra of bulk Si at θi = 0◦
and θi = 70◦ are also shown in Fig. 5a for comparison. The
inset shows the measured reflectance as a function of inci-
dent angle of light at λ = 635 nm for optimized Si SWGs.
The reflectance was kept low for the incident angles up to
θi = 40◦ over a wavelength range of 300–1100 nm. The re-
flectance spectrum was significantly shifted upward across
the entire wavelength range above θi = 60◦, exhibiting the
reflectance of more than 15%. However, the reflectance at
θi = 70◦ is still lower than that of the bulk Si substrate at
θi = 0◦ and θi = 70◦. For bulk Si, the reflectance at θi = 70◦
has a higher value than that at θi = 0◦ above ∼475 nm while
it has a rather lower value below ∼475 nm. At λ ∼ 635 nm,

Fig. 6 Solar-weighted reflectance as functions of incident angle of
light and RF power for Si SWGs

the reflectance of a Si SWG remained below ∼5% up to an
incident angle of θi = 50◦. The comparison between spec-
ular and total reflectances of the optimized Si SWG struc-
ture at normal incidence is shown in Fig. 5b. For total re-
flectance, an integrating sphere was used to capture the spec-
ularly and the diffusely reflected light from the Si SWG. The
total reflectance spectrum was in good agreement with the
specular reflectance spectrum over a wide wavelength range
of 400–1025 nm. This means that the scattering effects in
SWG structures are not considerable (i.e. almost negligible)
in this wavelength range because the grating period satisfies
the zero-order grating as demonstrated in other references
[15, 16]. However, above λ ∼ 1025 nm, the rapid increase
in total reflectance is caused by the backscattered light [17].

Figure 6 shows the solar-weighted reflectance as func-
tions of incident angle of light and RF power for Si SWGs.
The simulated internal quantum efficiency (IQE) spectrum
of a Si solar cell is shown in the inset of Fig. 6. The IQE
spectrum was obtained with further optimization from the
experimentally reported microcrystalline Si solar cell struc-
ture in [18]. The SWR, i.e. the ratio of the useable photons
reflected to the total useable photons, is a useful parameter to
optimize the antireflection structure of solar cells. The SWR
was calculated by normalizing the reflectance spectra with
the IQE spectra of a solar cell and the terrestrial air mass 1.5
global (AM1.5g) spectrum, given by [19, 20]

SWR =
∫

F(λ)IQE(λ)R(λ)dλ
∫

F(λ)IQE(λ)dλ
, (1)

where F(λ) is the photon flux (i.e. AM1.5g) and R(λ) is the
surface reflectance. The overlap integral was performed in
the wavelength range of 300–1100 nm, considering the ab-
sorption band of crystalline Si. As expected, the SWR was
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decreased from 26% to 1.7% as the RF power was decreased
from 100 W to 25 W. Clearly, the reduced reflectance of the
optimized Si SWG structure is responsible for the signifi-
cant improvement in SWR for Si solar cell applications. It is
noted that the SWR of a multicrystalline Si solar cell with a
silicon nitride antireflection layer is ∼7.8% [21]. The SWR
was kept below 4.9% at θi < 50◦, indicating good antireflec-
tion characteristics over a wide range of incident angles for
Si solar cells.

4 Conclusion

To reduce the surface reflection of Si for solar cell applica-
tions, Si SWG structures fabricated on Si substrates by holo-
graphic lithography and ICP etching were investigated in
terms of etching parameters, together with theoretical analy-
sis using RCWA simulation. It was found that high etch
rate and etch selectivity were achieved at a low RF power
of 25 W. The SiCl4 plasma of 5 sccm without Ar addition
exhibited a high etch selectivity of Si over PR for the fab-
rication of Si SWG structures. The surface reflection of Si
is significantly decreased, i.e. to less than 5% over a wide
wavelength range of 300–1100 nm, by optimizing the SWG
structures. The reflectance depends strongly on the height,
period, and shape of the Si SWG structures. Thus, the geo-
metric Si SWG structures should be optimized for low sur-
face reflection at the required wavelengths. The measured
results of the fabricated Si SWG structures were reason-
ably consistent with the simulated results. From the angle-
dependent measurement, the low reflectance was obtained
up to θi = 50◦ for optimized Si SWGs. The low SWR of
1.7–4.9% at θi = 0–50◦ was achieved for Si solar cells, in-
dicating good wide-angle broadband antireflection charac-
teristics.
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