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Antireflective submicrometer gratings on thin-film
silicon solar cells for light-absorption enhancement
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This study reports highly efficient light-absorbing structures based on submicrometer gratings (SMGs) for
thin-film crystalline silicon solar cells. The integration of SMGs into the cell structure leads to superior
broadband antireflection properties compared to conventional antireflection coatings. With careful design
optimization, an improvement of the cell efficiency of nearly 25.1% was obtained compared to double-layer
coated solar cells. Optimized SMG structures were fabricated on a silicon substrate using interference lithography and a lenslike shape transfer process. The fabricated SMG structures exhibited low reflectivity in
the wavelength range of 300–1200 nm, indicating good agreement with the simulated results. © 2010 Optical Society of America
OCIS codes: 050.6624, 040.5350, 260.2710.
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absorbing capability of the SMG structures, the
RCWA method is used to calculate the reflectance
and the absorption efficiency. The simulated model is
assumed to be a closely packed truncated cone array
with a period of 400 nm and a height of 400 nm. For
comparison, we also calculated the reflectance of c-Si
solar cells with a flat surface, a single-layer antireflection coating (ARC), and a double-layer ARC. Figure 1 shows the calculated reflectance spectra of thinfilm c-Si solar cells with the Al metallic backreflector
for different surface structures. For all surface structures, plots of the reflectance show smooth curves in
the wavelength range below ⬃500 nm. This is similar to the reflectance of a bulk silicon substrate with
both surface structures [8]. In the wavelength range
above ⬃500 nm, however, ripple patterns occur owing to the interference of light reflected at the top
surface and the c-Si/metal interface, which is analo100
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Thin-film crystalline silicon 共c-Si兲 solar cells are one
of the promising candidates for low-cost photovoltaic
applications because of commercially compatible
mass-production processes. However, the relatively
thin absorption region tends to degrade the cell efficiency, which is the main drawback of thin-film solar
cells [1]. To improve light absorption in thin-film solar cells, it is mandatory to minimize the Fresnel reflection at the air/silicon interface in the range of the
entire solar spectrum. Moreover, to achieve a high
absorption efficiency for the entire day, an angleindependent antireflection property is required. Although multilayer antireflection coating is commonly
used, it has problems related to material selection,
thermal mismatch, and instability of the thin-film
stacks [2]. Over the past decade, submicrometer grating (SMG) structures with a tapered feature have
been focused on as a more practical method for ultrabroadband and omnidirectional antireflections [3–7].
While excellent antireflection properties of SMG
structures have been demonstrated via reflectivity
characterizations, there are few studies of SMG integrated solar cells [6,7]. In this Letter, thin-film c-Si
solar cells integrated with SMGs are proposed for the
enhancement of light absorption. The SMG structure
is optimized toward a high cell efficiency using a rigorous coupled-wave analysis (RCWA) method. As a
preliminary result, SMG structures were fabricated
on silicon substrates, and their reflection properties
were characterized in comparisons with theoretical
simulation results using experimentally measured
data.
The inset of Fig. 1 shows a schematic illustration of
a 2 m thin-film c-Si solar cell with SMGs. The SMG
structures on the top surface of c-Si are used as an
antireflective medium instead of single- and doublelayer coatings. An aluminum (Al) metallic reflector is
attached onto the rear side of the c-Si substrate for
light trapping enhancement. To quantify the light-
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Fig. 1. (Color online) Calculated reflectance spectra of
thin-film c-Si solar cells with the Al metallic backreflector
for different surface structures. The inset shows schematic
illustration of the thin-film silicon solar cell with SMGs.
© 2010 Optical Society of America

February 1, 2010 / Vol. 35, No. 3 / OPTICS LETTERS

gous to a Fabry–Perot etalon [9]. Despite these fluctuations, as shown in Fig. 1, it is clear that the SMG
structure has broader antireflection regions compared to that of a single-layer or a double-layer ARC.
To maximize the absorption efficiency over a wide
wavelength range, it is important to find the optimum period of the SMG structures. Figure 2(a)
shows a contour plot of the variation of the absorption efficiency by the Si region as a function of the period and wavelength for a cone height of 400 nm. The
absorption efficiency is decreased as the period increases at a shorter wavelength, while it is increased
at a longer wavelength. These phenomena can be explained by the fact that the reflection minima are
shifted toward a higher wavelength region as the period of the SMGs increases [10]. From Fig. 2(a), it is
possible to estimate that the optimal period is approximately 400 nm, providing a relatively high absorption efficiency in the visible (VIS) and nearinfrared (NIR) wavelength regions. For a
quantitative analysis, the solar cell efficiency was
calculated using the equation  = JscVoc⌫f / Pin [11,12],
where Jsc is the short-circuit current density, Voc is
the open-circuit voltage, ⌫f is the filling factor, and
Pin is the total incident power under the AM1.5 solar
spectrum. In our calculation, the collection efficiency
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of 85% with a 5% shadowing effect from the electrode
was used. The reverse bias saturation current was
taken to be 1.5⫻ 10−15 A / cm2, and the filling factor
was fixed to 80%. The details of the procedure used
can be found in the literature [12]. Figure 2(b) shows
the calculated cell efficiency of thin-film c-Si solar
cells with SMGs versus a cone period with 2, 5, and
8 m cell thicknesses. The calculated cell efficiency
of the SMG integrated solar cells has higher values
than that of the reference double ARC solar cells
(11.53%) in the period range of 100–800 nm. As expected from Fig. 2(a), the cell efficiency of the 2 m
thick SMG solar cells has a maximum value at a period of 400 nm. The maximum cell efficiencies of the
2-, 5-, and 8-m-thick solar cells were 14.36%,
18.44%, and 20.42%, respectively, corresponding to a
period of 400 nm. This indicates that the optimal period is not dependent on the cell thickness.
To analyze the effect of varying the height of the
SMG structures on the cell efficiency, further simulations were performed. Figure 3 shows a contour map
of the cell efficiency of the SMG integrated thin-film
c-Si solar cells as a function of the cone period and
height. At small heights, the cell efficiency is relatively low over the entire period range as the effective
refractive index appears abrupt to the incoming light.
As the height is increased, the cell efficiency is enhanced and the region with a high cell efficiency become broadens. In practical solar cell applications,
however, it is clear that a taller cone requires complex process steps, which increases the fabrication
cost. Therefore, the cone height and period should be
carefully chosen according to this contour map. As
shown in Fig. 3, SMG structures with a period of 400
nm and a height of 400 nm exhibit a higher cell efficiency in a reasonable process range.
To verify the validity of the silicon SMG structures,
SMG structures were fabricated with a period of 400
nm and a height of 400 nm on silicon substrates as a
preliminary result of SMG c-Si solar cells. For the
fabrication of the SMGs, the pattern transfer of a
lenslike-shaped photoresist formed by a thermal reflow process was used together with interference lithography using a 363.8 nm argon laser [5]. The inset
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Fig. 2. (Color online) (a) Contour plot of the variation of
absorption efficiency as a function of period and wavelength for a 400 nm cone height. (b) Calculated cell efficiency of thin-film c-Si solar cells with SMGs versus the
cone period for 2, 5, and 8 m cell thicknesses.
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Fig. 3. (Color online) Contour map for the cell efficiency of
the SMG integrated thin-film c-Si solar cells as a function
of the cone period and height.
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Fig. 4. (Color online) Measured and simulated reflectance
as a function of wavelength for the bulk silicon and the fabricated silicon SMG structure. The inset shows the SEM
image of the fabricated silicon SMG structures with 400
nm period and 400 nm height.

of Fig. 4 shows a scanning electron microscope (SEM)
image of the silicon SMG structures fabricated with a
period of 400 nm and a height of 400 nm. The fabricated SMG structures consist of tapered grating arrays, resulting in a graded index profile. The reflectance of the fabricated silicon SMG structures was
measured at normal incidence using a UV-VIS-NIR
spectrophotometer and was also calculated by the
RCWA method. As shown in Fig. 4, the measured reflectance values of the silicon SMG structures are significantly reduced compared to the bulk silicon, and
the values are in good agreement with the calculated
values.
The influence of the incident angle of light on the
efficiency of a solar cell is crucial for the device performance. Figure 5 shows the cell efficiency of the
2-m-thick c-Si solar cells with four different surface
structures as a function of the incident angle. The
cell efficiency of c-Si solar cells with a flat surface
drops rapidly as the incident angle increases due to
the increased reflection loss as shown in Fig. 5. In the
SMG integrated solar cells, however, the cell efficiency is sustained at an incident angle in excess of
60°, and it is degraded by only 8.3% at 70° compared
to that at 0°. This angle-independent optical property
is required for the device to operate efficiently by day
and night. More interestingly, the device exhibits a
better performance at a slightly tilted incident angle
compared with the normal incidence angle. This efficiency enhancement is attributable to the extended
optical path length [12].
In summary, SMG integrated thin-film c-Si solar
cells that can be used to enhance the absorption efficiency over a wide wavelength range and for a wide
angle of the incident light are presented. The preliminary SMG structures fabricated by simple process
steps on a silicon substrate exhibit a reflectance of

Fig. 5. (Color online) Cell efficiency of the 2-m-thick c-Si
solar cells with four different surface structures as a function of incident angle. The period and height of SMG structures are both 400 nm.

less than 10% in 300–1200 nm range, which is in
good agreement with the simulation results. This
proposed structure is expected to be an effective approach for increasing the cell efficiency for realizing
high-efficiency, low-cost, thin-film c-Si solar cells.
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