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We present a nanoimprint based approach to achieve efficient
light management for solar cells on low temperature transpar-
ent polymer films. These films are particularly low-priced,
though sensitive to temperature, and therefore limiting the
range of deposition temperatures of subsequent solar cell
layers. By using nanoimprint technology, we successfully
replicated optimized light trapping textures of etched high
temperature ZnO: Al on a low temperature PET film without

1 Introduction For flexible solar cells both the inves-
tigation and improvement of light management concepts
are of greatest importance. A commonly used approach for
improved light management is the insertion of textured
surfaces at the back or at the front contact of the solar cell
to scatter or diffract the light, thus increasing the optical
path length of the light within the absorber layer of a solar
cell [1]. In the superstrate configuration of solar cells the
light scattering is usually realized at the front contact of the
solar cell, for example by texturing of the substrate [2, 3],
or with a textured transparent conductive oxide (TCO) lay-
er [4—6]. These TCO layers have to fulfil a number of re-
quirements on its electrical and optical properties, such as
high sheet conductance, high transparency in the relevant
wavelength range, light scattering features and preferably
optical index matching. In the substrate configuration of
the solar cell also non-transparent substrates can be used,
which relaxes the trade-off between electrical and optical
properties of the layers.

So far, most developments on flexible thin-film silicon
solar cells were done on devices in substrate configuration,

Wiley Online Library

deterioration of optical properties of the substrate. The im-
print-textured PET substrates show excellent light scattering
properties and lead to significantly improved incoupling and
trapping of light in the solar cell, resulting in a current density
of 12.9 mA/cn’, similar to that on a glass substrate. An over-
all efficiency of 6.9% was achieved for a flexible thin-film
silicon solar cell on low cost PET substrate.

prepared on non-transparent metals or high temperature
polymer (such as polyimide) films [7-9], which are rela-
tively expensive but provide high temperature compatibil-
ity. In contrast, existing transparent polymer films can be
used as low cost and transparent alternative to further re-
duce the costs of device. Polyethylene terephthalate (PET)
as polymer substrate has the major advantage of extremely
low cost. Despite this economic advantage, using PET film
as substrate in the solar cells implies additional require-
ments on the solar cell layers, for example more strict limi-
tations in the process temperature range or attack of the
plastics by process solvents. These limitations significantly
reduce the choice of available light trapping approaches
and materials of TCO layers. For example, the deposition
temperature of layers must be below 150 °C [10], which
can be considered a severe constraint because optimal light
scattering properties of TCO layers are obtained for mate-
rial prepared at higher temperatures (up to 500 °C) [11]. A
significant challenge is therefore to combine existing high
temperature TCO textures and light-trapping schemes with
low temperature transparent substrates. Two different ap-

© 2015 The Authors. Phys. Status Solidi RRL published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



=l 4

216

K. Wilken et al.: Nanoimprint texturing of transparent flexible substrates

proaches where addressed so far to overcome this particu-
lar challenge: (i) hot-embossing technique, where textures
were directly forced into the polymer film [3, 12] and (ii)
nanoimprint lithography where the texture is realized via
an overlay on the polymer film. This latter technique has a
number of advantages, including a higher spatial resolution
compared to hot embossing [13], but was only applied to
non-transparent flexible substrates (steel or polymer film
covered with Ag) for solar cells in substrate configuration
up to now [13-15].

In this work, a UV nanoimprint process is applied to
texture the low temperature transparent plastic substrate
(PET) for light trapping in solar cells. The random texture
on the PET substrate is obtained by replicating a texture of
high temperature magnetron sputtered and wet chemically
etched ZnO: Al with optimized light scattering morphology
[16]. This texture has shown excellent light management
properties in former studies on non-flexible glass sub-
strates. We show that the light scattering properties of the
PET/TCO stack are significantly improved by introducing
the imprinted texture without deterioration of the transpar-
ency of the substrate. We further demonstrate, on the ex-
ample of thin-film silicon solar cell, that the imprint-
textured PET substrates significantly improve light trap-
ping and overall device performance of solar cells, with the
values of similar performances as state-of-the-art solar
cells fabricated on glass substrates.

2 Experimental Two types of substrates were used in
this work: Flexible PET film substrates and rigid glass sub-

strates as reference, covered with aluminium doped zinc
oxide (ZnO:Al) layers. Heat stabilized PET substrate
(Melinex ST 504, 125 um) was used as a transparent plas-
tic film for the flexible solar cells. For the reference solar
cells on glass, Corning Eagle XG substrates covered with
ZnO:Al as well as commercially available Asahi(U)-type
SnO,:F coated glass substrates were used. An overview of
the cell types and process flows is shown in Fig. 1.

ZnO: Al layers were prepared by radio-frequency mag-
netron sputtering using a ZnO:Al (99/1 wt%) target and
argon as sputtering gas at a pressure of 1.3 pbar. The sub-
strate had a nominal temperature of 125 °C to stay below
the upper temperature limit of the PET substrate [10], and
was rotating during the deposition process to improve the
homogeneity. The layer thickness was 240 nm in the case
of PET substrates and around 450 nm for the textured
ZnO:Al on glass, after wet chemical etching [6, 11] for
30 s in 0.5% HCI solution. The nanotexture of the imprint-
textured PET films was replicated using a two-step nano-
imprint lithography process. First, the inverse of the sur-
face texture of a wet chemically etched ZnO:Al substrate
prepared at high temperature (300 °C) [17] was transferred
into a soft polymer mold via hot embossing. Second, the
original texture was replicated into a spin coated resist on
the flexible substrate via UV nanoimprint lithography.
Additional details on the process can be found in [18§].
The applied UV-sensitive resist has a refractive index simi-
lar to glass after UV exposure (Ormocomp from Micro-
resist Technology GmbH). Measurements of total (7iy)
and diffuse (Ty) transmittance were performed using
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Perkin—Elmer LAMBDA 950 UV/VIS/NIR spectropho-
tometer.

Thin film solar cells with an amorphous silicon
(a-Si:H) absorber layer were prepared in p—i—n deposition
sequence by plasma enhanced chemical vapour deposition
(PECVD) in a multichamber UHV deposition system at a
substrate temperature of around 125 °C. Additional details
can be found in [19]. The area of the solar cells was de-
fined by evaporation of silver pads as back contact and was
0.1 cm®. The total thickness of silicon layers was around
450 nm. Before characterization, the solar cells were an-
nealed at 120 °C in air for 150 minutes.

J-V curves of the solar cells were measured at 25 °C
using a class A sun simulator which provides AM 1.5 illu-
mination with a power density of 100 mW/cm®. External
quantum efficiencies (EQE) were determined by measur-
ing the differential spectral response of the solar cells.

3 Results

3.1 Substrate properties Characterization of the
substrates and texture is discussed in the following. The
effects of the imprinted texture on the optical properties of
flexible PET substrates covered with 240 nm thick ZnO: Al
layers were investigated. The types of substrates covered
with ZnO: Al are shown in Fig. 1. Figure 2 shows the total
(T and diffuse (Tg) transmittance of the PET/ZnO: Al
substrates without (substrate A) and with (substrate B) ap-
plied imprint-texturing. For the purpose of comparison, the
figure also includes texture-etched glass/ZnO: Al substrate
(substrate C). The nanoimprint has no negative influence
on the transmission of the PET film substrate, as can be
seen from Fig. 2(a), where total transmittance in the wave-
length range below 400 nm for substrate A and B is identi-
cal. Furthermore, interferences resulting from reflection in
the ZnO: Al layer are reduced due to the increased rough-
ness of the imprint-textured PET film. In the case of sub-
strate C, a thicker layer of the texture-etched ZnO: Al leads
to higher absorption in the layer, resulting in a reduced
transmittance of the substrate. The scattering properties of
the PET film are substantially improved by the nanoim-
print, evaluated by measurements of diffuse transmittance
Tgifr, as shown in Fig. 2(b). Comparing substrates A and B,
introduction of a texture leads to an increased Ty over the
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Figure 2 (a) Total transmittance T, and (b) diffuse transmittance
T4 as a function of wavelength for the substrates covered with
low temperature ZnO:Al. A: non-imprinted PET substrate (red

dotted line), B: imprint-textured PET substrate (blue dashed line),
C: glass + etched ZnO: Al (black solid line).

whole wavelength range; with a maximum value of 51.9%
compared to 2.2% for the non-textured PET film. This sub-
stantial improvement of the light scattering properties is
due to the morphology of the textured ZnO: Al layer pre-
pared at high temperature (300 °C), where superior long
wavelength scattering abilities are maintained [17]. In con-
trast, texture-etched ZnO:Al layer prepared at low tem-
perature of 125 °C (substrate C), where smaller features
are typically observed [11], shows lower Ty values in the
investigated wavelength range.

Regarding the electrical properties, the ZnO: Al layer
appears to be unimpaired by the substrate texturing, show-
ing a similar sheet resistance of 46 Q for both film sub-
strates A and B (see Table 1). As the ZnO:Al on glass
(substrate C) is twice thicker, a correspondent lower sheet
resistance would be expected, however, the sheet resistance
is only slightly lower (40 Q) compared to that on PET sub-
strates (46 Q). The origin of the increased sheet resistance
is related to the rough surface of the chemically etched
ZnO: Al layer (substrate C), which can result in an overes-
timation of the electrically active volume, as discussed in
[20]. Compared to Asahi(U) substrates, which usually
show a sheet resistance of around 10 Q, the sheet resist-
ance of the ZnO:Al layers (A, B, C) is rather high, which

Table 1 Properties of the investigated substrates covered with TCO: layer thickness drco, sheet resistance Ry, total (7;) and diffuse
(Tyip) transmittance at a wavelength of 600 nm and photovoltaic parameters of solar cells on the different types of substrates (best cell
per substrate). Corresponding J—V curves for the solar cells and average photovoltaic parameters of the three best cells per substrate are
shown in Fig. S2 and Table S1 of the Supporting Information, respectively.

substrate substrate properties solar cell parameters
drco [nm] R [Q] T [%] T [%] n[%]  FF[%]  Ve[mV]  Ji[mA/em’]
A —PET + ZnO: Al (flat) 240+ 12 463  81.6 1.6 4.8 54.3 855 10.4
B — PET + imprint + ZnO: Al 240+ 12 463  83.6 38.7 6.9 61.8 870 12.9
C —Glass + ZnO: Al (etched) 450+ 22 40+2  79.7 22.8 7.0 63.0 865 12.9
D — Asahi(U) - 9+1 829 8.7 8.0 67.6 900 13.1

* Tor and Taigr at a wavelength of 600 nm.
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results from the inferior electrical properties, particularly
lower carrier mobility values, caused by the lower deposi-
tion temperature of the layers [21]. The electrical and opti-
cal properties of the different substrates are given in Ta-
ble 1.

We can summarize: The non-imprinted PET substrate
with ZnO: Al prepared at 125 °C has an appropriate trans-
mittance but rather poor light scattering properties. The
electrical conductance of these layers is lower as compared
with state-of-the-art TCO prepared at high temperature
above 300 °C, but still sufficient for solar cell application.
Imprint-texturing of the flexible PET substrate improves
light scattering significantly beyond the scattering proper-
ties of etched low temperature ZnO: Al, while maintaining
a high overall transmittance and without deterioration in
the electrical conductance.

3.2 Solar cells To evaluate the effect of the imprint-
texturing on the device performance, solar cells were de-
posited on the substrates A—C. The EQE of the solar cell
on PET film, which is shown in Fig. 3(a), is significantly
improved over the entire wavelength range by imprint-
texturing of the substrate compared to non-imprinted PET
film. This confirms the excellent scattering properties of
the imprint-textured PET film, which results in enhanced
light trapping due to the replicated texture and therefore
enhanced absorption in the solar cell in the wavelength
range above 500 nm. Moreover, the reflectance of the solar
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Figure 3 (a) External quantum efficiencies EQE and cell absorp-
tion 4 =1—R of the solar cells on A: non-imprinted PET with
ZnO: Al (red dotted line) and B: imprint-textured PET substrate
with ZnO: Al (blue dashed line). (b) External quantum efficien-
cies EQE of the solar cells on B: imprint-textured PET substrate
with ZnO:Al (blue dashed line), C: glass + etched ZnO:Al
(black solid line), D: Asahi(U) (grey solid line).
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cell in the wavelength range below 500 nm is reduced,
which is most probably due to improved light incoupling
into the solar cell introduced by rough interfaces [22].

In the following, the solar cell on imprint-textured PET
film is compared with two types of reference solar cells:
(i) a solar cell on texture-etched ZnO:Al on glass (sub-
strate C) and (ii) a solar cell on a commercial highly opti-
mized Asahi(U) substrate (D). EQE curves are shown in
Fig. 3(b). The solar cell on imprint-textured PET film (cell
B) shows nearly identical quantum efficiency compared to
the cell prepared on glass/texture-etched ZnO: Al substrate
(C) over the entire wavelength range. Compared to
Asahi(U) substrates, quantum efficiencies are also similar
for wavelengths longer than 400 nm. The higher EQE for
the cell on Asahi(U) substrate in the short wavelength
range below 400 nm is caused by higher transparency of
the SnO,:F on the Asahi(U) substrate compared to low
temperature ZnO: Al (see also Fig. S1 in the Supporting In-
formation).

The photovoltaic parameters of the four different solar
cells are shown in Table 1 for the best cell per substrate. In
the case of the flexible substrates A and B, the imprint
texturing improves the short-circuit current density by
2.5 mA/cm®. Furthermore, fill factor and open-circuit volt-
age of the solar cell are significantly improved from 54.3%
to 61.8% and from 855 mV to 870 mV, respectively, by in-
troduction of a texture onto the PET film. The reproduci-
bility of the trend is also evident in Table S1 (Supporting
Information) where the average values of the three best
cells per substrate are shown. A possible explanation may
be related to an improved microstructure of the ZnO: Al
and/or silicon layers when the textured surface may act as
stress reliever and reduces the compressive stress that is
caused by the difference in thermal expansion coefficients
of PET and solar cell layers, as suggested in [23]. We
speculate that the observed improvement in FF and V,,
values could possibly originate from reduced stress in the
layers and corresponding reduced formation of voids or
cracks, which may, in turn, improve the electrical proper-
ties of the layers. Compared to the reference cells, the cell
on imprint-textured PET substrate reaches a short-circuit
current density of 12.9 mA/cm?, similar to that on etched
ZnO: Al substrate and only slightly lower than the cell on
Asahi(U) substrate. The cell on the Asahi(U) substrate
benefits mainly from the low sheet resistance of the
SnO,:F, which results in improved FF values, and from
the slight improvement in the short wavelength transmis-
sion of the substrate. Fill factor and open-circuit voltage
values for the imprint-textured PET substrate are nearly
similar to that of etched ZnO:Al, reaching 61.8% and
870 mV respectively, resulting in an efficiency of 6.9%.
This is the highest reported value for amorphous silicon so-
lar cells on low temperature transparent PET films in su-
perstrate configuration up to now.

4 Conclusion Imprint texturing of a flexible transpar-
ent polymer substrate can significantly improve the light
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scattering properties without deterioration of the optical
properties due to the textured resist layer, and exceeding
the values for diffuse transmittance for textured low tem-
perature ZnO:Al. Application of the imprint-textured
PET film in a solar cell significantly improves light trap-
ping as well as incoupling compared to flat devices,
achieving an improvement in current density from
10.4 mA/cm? to 12.9 mA/cm?. In addition to that, fill factor
and open-circuit voltage are improved which may be re-
lated to reduced stress in the device. We have demon-
strated, using an example of thin film solar cells, that an
improved performance similar to that of cells on glass can
be achieved on flexible PET substrates. Using the nanoim-
print technology, we achieved to implement an optimized
high temperature texture in a low temperature TCO layer
on a flexible transparent plastic substrate, reaching a high
efficiency value of 6.9% for flexible thin-film silicon solar
cells.

Supporting Information Additional supporting informa-
tion may be found in the online version of this article at the pub-
lisher’s website.
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