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ABSTRACT: Two-dimensional (2D) periodic photonic nanostructures are fabricated by nanoimprint lithography (NIL) and
dry plasma (Dry-NIL) etching on 40 μm thick epitaxially-grown crystalline silicon (c-Si) foils, resulting in nanostructures with
a parabolic profile. These nanostructures are integrated in a 40 μm thick double side contacted c-Si/aSi:H heterojunction solar
cell architecture. The front side is processed when the foil is attached to the parent substrate while the back side is processed
when the foil is bonded to the glass carrier. Although the efficiency of the nanopatterned cell was lower compared to the random
pyramid textured cells it had a better absorption and spectral response for long wavelengths, highlighting a better light trapping
behavior.
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INTRODUCTION

introducing extra process steps, surface nanopatterns are
shown to affect the functioning of crystalline-silicon (c-Si)
solar cells. On the one hand, nanopatterns are expected to
increase the cells’ photon absorption, and thus to affect
positively their short-circuit current density (Jsc), and on the
other hand they are shown to negatively impact the cells’
open-circuit voltage Voc and fill-factor FF [13].
In this contribution we report on the integration of 2D
photonic nanostructures and the effect of this light trapping
scheme on the optical and electrical properties (absorption,
current, voltage, FF) of the cells. A benchmarking of the
nanopatterned cells with respect to random pyramid textured
cells is done.

In order to increase the competitiveness of photovoltaics
(PV) with respect to the cost of grid electricity supplied by
fossil fuels, nuclear power or even other renewable sources,
a combination of reduced fabrication costs and high solar
cell efficiencies is required [1]. With crystalline silicon (cSi) being an important part of the module cost, using thinner
c-Si substrates has been a major trend. However, this trend
poses two main challenges: issues with handling and
processing of such thin substrates within the current c-Si
solar cell fabrication methods and the material’s poor light
absorption due to the indirect band-gap of c-Si.
Regarding the fabrication of thin c-Si layers, the
epitaxial growth of 40 µm foils with high lifetimes has been
reported [2, 3]. Such thin-film c-Si layers are held by a
carrier substrate, thus eliminating the handling issues while
enabling the processing on module level. Moreover, the
fabrication of 43 μm thin solar cells with efficiencies up to
19% has already been reported [4]. Those cells incorporate a
conventional light trapping scheme based on the formation
of random pyramids on the front side of the device.
However, micron sized random pyramids on one hand reach
their limitations [5, 6] due to insufficient light trapping and
on the other hand the material waste (a few microns) during
their fabrication becomes critical with such thin layers.
Therefore, other approaches for highly efficient advanced
light trapping are needed.
Various theoretical works suggest that light trapping
beyond the commonly accepted limit of Lambertian light
scattering is possible through the use of periodic photonic
nanostructures [7, 8]. The fabrication of such nanostructures,
their optical performance and their passivation has been
studied [9-12]. However, integrating them in a solar cell
device is shown to be challenging due to a critical trade-off
between optical and electrical properties. In fact, by
modifying the photoactive material’s surface and by
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EXPERIMENTAL DETAILS

Two dimensional photonic nanostructures were
fabricated by soft thermal nanoimprint lithography (NIL)
[14] and etching. Regarding NIL, a thermoplastic polymer
resist was spin coated on the substrates and a thermal imprint
of a periodic array of circular openings was performed at
130˚C as presented in [9-12]. Regarding the etching of
silicon, dry plasma (Dry-NIL) was used in order to transfer
the pattern from the etch-mask to silicon. A capacitively
coupled single wafer reactive ion etching (RIE) system was
used. The period of the nanostructures was around 850 nm.
For the formation of the random pyramid texturing, 20%
TMAH in water at 80 ˚ C was used.
The 40 µm epifoils were fabricated as presented in [3]
and the cell fabrication (flow shown in Figure 1) included
the processing of the front side on the parent substrate, the
bonding to a glass carrier, the detachment of the foil and the
process of the rear side of the cell. In particular, the front side
texturing (periodic nanostructures or random pyramids) was
done as described earlier. Intrinsic and n-type doped
amorphous silicon (i/n+ a-Si) was deposited by PECVD for
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the passivation and front surface field formation. Indium tin
oxide (ITO) was sputtered in order to form the antireflection
coating, also serving as the transparent conductive oxide.
Ti/Pd/Ag contact were e-beam evaporated through shadow
masks as the front metallisation. After the front side
processing, the foil was detached and bonded to a glass
carrier, giving access to the back side processing sequence.
During bonding, holes that had been pre-drilled in the glass
were aligned to the front side busbars to be able to contact
the front side of the cells at the end. Intrinsic and p-type
doped amorphous silicon (i/p+ a-Si) was deposited by
PECVD for the passivation and the emitter formation.
Regarding the back metal dielectric stack, ITO was sputtered
and Ag was e-beam evaporated. Finally, the cells were
separated by dicing the full cell stack and the glass carrier.

quantum efficiency (EQE) measurements, and current–
voltage (I–V) measurements under a calibrated AM1.5 solar
simulator.
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RESULTS AND DISCUSSION

Figure 2 shows the front textured topographies of the
photonic nanostructures (Dry-NIL) with a parabolic profile
and the micron scale random pyramids. In the SEM pictures,
the films (aSi and ITO) deposited on top of the front side
texturing are also visible.

Figure 2. Topography of (a) Dry-NIL and (b) the reference
random pyramid texturing.
The cell results are summarized in Table I. It should be
noted that since the cells have an area of 1.1 cm2, the
parasitic effects which originate from the non-passivated
diced edges become important. The efficiency of the random
pyramid textured cell was higher than the nanopatterned
cells. The random pyramid textured cell had a Voc of 675
mV while Dry-NIL showed a lower value of 635 mV.
Following a similar trend, the fill factor (FF) reduced from
75 for the random pyramids to 73 for the nanopatterns.
Regarding the current, the EQE was used for a more accurate
extraction of the current: since the spot size used during the
spectral response measurements was 0.54 mm wide, the
measurement was localized towards the center of the cells,
minimizing the effect from the unpassivated edges. By
integrating the measured spectral response of the cells, the
current which is mentioned in the parenthesis of Table 1 was
calculated. In this way, a current of 32.6 mA/cm2 was
calculated for the random pyramids. The current was less
(30.8 mA/cm2) for the Dry-NIL due to a worse antireflective
performance with respect to the random pyramids.

Figure 1. Epifoil double side contacted solar cell fabrication
process flow sequence (up) and schematic cross section of
the final stack (down).
The total epifoil area was 7x7 cm2 bonded on a glass carrier
sample with an area of 15.6 x 15.6 cm2. The nanopatterned
area was 5 x 5 cm2. After dicing, the cells had an area of 1.1
cm2 including the busbar.
The topography was characterized with scanning
electron microscopy (SEM). The optical properties of the
nanopatterns were characterised by spectrally resolved
reflectance measurements, within a wavelength range from
300 to 1170 nm using an integrating sphere. Absorption is
then extracted as A(λ) = 100 - R(λ) - T(λ). Since there was a
full metal on the back, transmission was zero. The integrated
values of absorption are the proportion of the solar photons
absorbed over the range from 300 to 1200 nm taking into
account the AM1.5 global tilt intensity distribution. The
electrical performances of the cells were evaluated by

Table I. Solar cell characteristics. The Jsc values in the
parenthesis correspond to the one extracted from EQE)
Jsc
Voc
FF
Eta
Sample
[mA/cm2]
[mV]
[%]
[%]
Dry-NIL
25.2 (30.8)
635
73
11.8
Random
pyramids
26.1 (32.6)
675
75
13.2
More precisely, the area fill fraction of the Dry-NIL shown
in Figure 2 is low (part of the topography is flat) and
therefore, as discussed in [11], the antireflective properties
of this topography is expected to be low. In fact, the
absorption (integrated value of 90 %) of the Dry-NIL, shown
in Figure 3, was lower than the random pyramids (91.5 %).
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The reason for such low current values is due to the parasitic
absorption in the front side thin films. Both the 75 nm of ITO
and the 30 nm of aSi are responsible for large part of the
incoupled light being parasitically absorbed in this part of
the cell. This is obvious from the very low EQE (Figure 3)
of both cells for the short wavelengths of light.
Finally, from the absorption and EQE of the cells shown
in Figure 3, we can see that the optical performance of the
random pyramid texturing is better for the short wavelengths
which results to a higher spectral response for this
wavelength range (300-600 nm). However, for long
wavelengths (900-1200 nm) the absorption and spectral
response of the nanopatterned cell is better than the random
pyramid cell, highlighting a better light trapping behavior.
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Figure 3. Absorption (solid lines) and EQE (lines with
marker) for the random pyramid textured and Dry-NIL 40
µm cells.
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CONCLUSION AND OUTLOOK

The integration of 2D periodic photonic nanostructures
in a 40 µm thick epitaxial crystalline silicon solar cell was
presented. The efficiency of the nanopatterned cell was
lower compared to the random pyramid textured cells.
However, we were able to show that thanks to the
nanopattern, a better absorption and spectral response for
long wavelengths was achieved, highlighting a better light
trapping behavior with respect to the random pyramid
texturing. With more process optimisation, better
performance could be reached. Future process optimization
include the reduction of the parasitic absorption losses on the
front side, a better antireflective performance for the
nanopatterned cells while maintaining the good light
trapping performance and higher Voc by better passivated
surfaces.
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