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In this report, the results of the fabrication of nanostructured Si molds by e-beam lithography and

chemical wet etching are presented. A home-made pneumatic nanoimprint system was used to transfer

the mold patterns to a PMMA layer on a Si template using the spin-coating replication/hot-embossing

techniques. The patterned PMMA layer was peeled off from the Si template and directly transferred

onto the surface of a poly-Si P–N junction solar cell device to serve as the anti-reflection (AR) layer. It

provides a simple and low-cost means for large-scale use in the production of AR layers for improving

solar cell performance. A drastic reduction in reflectivity of the AR layer over a broad spectral range was

demonstrated. In addition, the great improvement on the light harvest efficiency of the solar cells from

10.4% to 13.5% using the nanostructured PMMA layer as the AR layer was validated.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

An anti-reflection (AR) layer is a type of coating applied to the
surface of a material to reduce light reflection and to increase light
transmission. The AR layers can be used in the solar cell, planar
displays, glasses, prisms, videos, and camera monitors. Surface-
relief gratings with the size smaller than the wavelength of light,
named sub-wavelength structure (SWS), behave as anti-reflection
surfaces. By using a mechanically continuous wavelike grating
(e.g., pyramidal, triangular, conical shapes), the SWS grating acts
as a surface possessing a gradually and continuously changing
refractive index profile from the air to the substrate. Deeper SWS
grating can greatly enhance the anti-reflection effect, since the
refractive index value changes smoothly and continuously.
Tapered SWSs have been fabricated through different methods
[1–3]. Ishimori et al. used an e-beam lithography technique to
generate triangular structures in the photoresist and utilized a
focused SF6 fast atom beam (FAB) to produce tapered sub-
wavelength structures. However, the fabrication costs, which
involve either electron-beam lithography or various etching
processes, can be significant. Recently, versatile SWSs have
emerged as promising candidates for AR coatings such as etching
with self-aggregated nanodot mask [4,5], moth-eye like fabrica-
tion [6,7], nanorod fabrication [8–10], and nanostructures
employing oblique-angle deposition methods [11,12].

Nanoimprint lithography (NIL), which was first demonstrated
by Chou et al. [13], is a lithography technique performed by
ll rights reserved.

un).
pressing the patterned mold so that it makes contact with the
polymer resist directly. The patterns on the mold will transfer to
the polymer resist without any exposure source. Therefore, the
diffraction effect of light can be ignored and limitation is
dependent only on the pattern size of mold rather than the
wavelength of exposure light. This technology provides a different
way to fabricate nanostructures with easy processes, high
throughput, and low cost. It is capable of replicating patterns
with a linewidth below 10 nm in a parallel manner [14]. NIL has
been used to produce large-area polymer sheets with SWS as
AR layers [15,16]. Most of the research presented good anti-
reflection properties with the imprinted polymer layers. However,
there is no report on the fabrication, nor tests of the properties
of the real Si P–N junction solar cell devices incorporated
with the nanoimprinted SWS as the AR layers. In this paper,
we combined the NIL technology with solar cell devices and
provided a promising technique for the fabrication of high
efficiency solar cell.
2. Material and methods

The flow charts of the mold fabrication and spin-coating
replication/hot-embossing NIL processes are shown in Fig. 1. A
silicon wafer was used as the substrate for the hot-embossing NIL
mold fabrication. The substrate surface was first cleaned up with ACE,
IPA, and D.I. water by ultrasonic agitation. A 50 nm SiO2 was
deposited on the surface as the mask of the wet etching. The sample
was then coated with ZEP-520A photoresist and exposed to the
electron beam (Elionix ELS-7500EX 50 kV Electron Beam Lithography
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Fig. 1. Steps used for (a) the mold fabrication and (b) the spin-coating replication/hot-embossing processes.

Fig. 2. SEM images of the e-beam defined grating patterns with pitches of (a) 700 nm (b) 1000 nm and (c) 1500 nm. SEM images of the fabricated silicon molds with

pitches of (d) 700 nm (e) 1000 nm and (f) 1500 nm.
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Fig. 3. Reflection spectra of the fabricated silicon molds with different pitches and

bare Si.

Fig. 4. SEM images of the replicated PMMA sub-wavelength structures with

pitches of (a) 700 nm (b) 1000 nm and (c) 1500 nm.
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system). 2D patterns within a square area measuring 5 mm by
5 mm, as shown in Fig. 2(a)–(c), were defined on the mold
surface with a linewidth of 80 nm and pitches of 700, 1000, and
1500 nm, respectively. After developing with ZED-N50, the
e-beam defined patterns were first chemically etched in a solution
mixture of HF and NH4F (1:6) for 15 s to transfer the pattern on the
SiO2 mask. Then, the entire mold was dipped into KOH solution
mixture with 30% KOH and 20% IPA for 1–5 min at 80 1C. Due to the
transverse etching of the acid solution and the anisotropic etching of
KOH solution, the wet etching process resulted in different tapered
nano-post arrays as shown in Fig. 2(d)–(f). For the mold with 700 nm
pitch, the nanostructures have a tapered angle cone shape with a
square base. However, for the mold with pitches of 1000 and
1500 nm, the structures formed octagonal-shaped cones with a flat
top. The depths of the three molds were all near 700–900 nm. The
reflection spectra of the molds, as shown in Fig. 3, were measured by
an n&k analyzer (n&k technology, Inc./n&k analyzer 1280) for
wavelengths that ranged from 300 to 1000 nm. Spectra of all molds
showed significantly reduced reflectance (o6%) through the entire
wavelength range at normal incidence. The mold with a period of
700 nm shows the lowest reflectivity among the three due to its
tapered angle cone shape [1–3]. The processes of transferring the
patterns on the mold to the solar cells are given as follows.

The spin-coating replication/hot-embossing techniques and a
home-made pneumatic nanoimprintor were used to transfer the
patterns on the molds to a PMMA layer on a Si template. Before
the imprinting processes, the mold was first placed in a closed
bottle filled with vaporized 1H,1H,2H,2H-perfluoro-octyltrichlor-
osilane at 250 1C for 1 hr. The mold release agent coated on the
mold can facilitate the separation of the replica from the mold
after the imprinting process. A layer of PMMA of 950 K molecular
weight and solid contents of 15% in anisole was spin-coated on
the mold at 1000 rpm. The substrate and mold were then
combined and placed on the sample stage in our home-made
nanoimprintor. The PMMA films were hot-embossed at a
temperature of 120 1C under a pressure of 0.4 kg/cm2. The
pressure was relieved and the sample was de-molded after the
stage has cooled down to room temperature.
3. Results and discussion

The resulting patterns on the PMMA layers after the imprinting
processes are shown in Fig. 4(a)–(c). The nanostructures after the
NIL have the same depth as the molds. The ability of the PMMA to
fill completely the molds when it was spin-coated on the mold
accounts for this. In Fig. 5(a), the reflectance spectra and the
comparisons of AR performance of the nanostructured PMMA
layers with bare Si are shown. In contrast to the AR measurements
from the molds, the nanostructured PMMA layer formed by the
mold with a pitch of 1500 nm now has the lowest reflectivity for
the entire wavelength range. In general, the tapered cone
structure with a very steep angle and a polygon base can lead
to the gradually and continuously change of the refractive index
profile from the air to the substrate [1–3]. Therefore, it can greatly
reduce the reflection from the surface. That is why the
nanostructured Si mold with period of 700 nm (as shown in
Fig. 3) has the lowest reflectivity. However, after the imprint
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Fig. 5. (a) Reflection spectra of the replicated PMMA sub-wavelength structures

with different pitches and bare Si. (b) Reflection spectra of the poly-Si P–N

junction solar cells with and without the nanostructured PMMA layer with a pitch

size of 1500 nm. (c) Current–voltage characteristics, fill factor, and conversion

efficiency of the solar cells with and without the nanostructured PMMA layer.
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processes, the nanostructured PMMA layer with a pitch of
1500 nm (as shown in Fig. 4(c)) now has a more significant
tapered cone shape in compared to the PMMA layer with the pitch
of 700 nm, which has a much less sharp tapered structure (as
shown in Fig. 4(a)).
Finally, the PMMA layers were peeled off from the Si templates
and directly transferred onto the poly-Si solar cell surface. In this
work, the solar cells were fabricated on boron-doped poly-Si
substrates with a thickness of 200 mm. The substrate was first
doped to n-type with Centrothem E-2000 APCVD. The ion
implanting depth was 80 nm. After the dopant activation, the
top and backside contacts were formed by a printer system
(Baccini screen printing line) with Ag and Al. Finally, the cell was
annealed at 850 1C to form Ohmic contacts on both sides. It should
be noted that, due to the metal contact on the cell, the PMMA thin
film could not completely sit flat on the surface. The reflectivity of
the PMMA film on the solar cells was increased slightly than when
sitting on a flat surface [see Fig. 5(b)]. The poly-Si solar cell with
PMMA thin film was characterized under the Air mass 1.5 global
(AM 1.5G) illumination condition and was compared to the cell
that did not undergo the anti-reflection treatment. The measured
current–voltage characteristics are shown in Fig. 5(c). The short-
circuit current was enhanced by 23% due to the PMMA
nanostructured film. The light conversion efficiency of the solar
cells was improved from 10.4% to 13.5% with the use of PMMA
thin film as the AR layer.
4. Conclusions

In summary, we present a simple and low-cost method to
produce polymer sheets with 2D periodic structures using the
spin-coating replication/hot-embossing nanoimprint lithography,
lift-off, and direct transfer techniques. The structures can reduce
surface Fresnel reflection over a broad spectral range. This
technology was used for AR applications in solar cells for
improving their light conversion efficiency. The light harvest
efficiency of the poly-Si solar cells was improved by over 30% with
the AR layers. It can find applications in other electro-optical
devices.
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