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In this work, a rapid, replicable method for imprinting concave nanostructures to be used as functional light-trapping
nanostructures in organic thin-films is presented. Porous anodic alumina templates were fabricated both by anodization
of thick Al foils and by anodization of submicrometer thin Al films evaporated via e-beam evaporation on Si substrates.
The template formation leads to natural patterning of the underlying Al layers that are used as rigid masters for stamp
fabrication, after selective etching of the porous anodic alumina. PDMS stamps were made after replicating the Al
concave patterns and used for imprinting of spin coated photoresist on glass substrates. We have investigated semi-
periodic and aperiodic imprinted large concave patterns fabricated from rigid masters after anodization of Al in H3PO,.
We show that metal covered imprinted concaves show enhancement in absorption that is attributed to field enhancement
and diffuse scattering, leading to efficient light trapping for a selected active layer material (P3HT:PCBM).
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1. INTRODUCTION

Solar devices made from organic materials have
gained increasing attention in the past years compared to
their inorganic counterparts, due to promising advantages
such as transparency, flexibility and ease of processing [1].
Despite the fact that the efficiencies of the organic solar
cells have increased to 10.6 % [2], their power conversion
efficiencies are still lower than those of their inorganic
counterparts that approach efficiencies of more than 20 %
[3]. This issue can be addressed by integration of
structured electrodes in organic solar cell architectures,
which can lead to an enhancement of light absorption and
thereby an increase of power conversion efficiency [4—6].

At present, efficient light-trapping strategies via
nanostructuring can be divided into non-plasmonic related
designs and plasmonic related designs [7,8]. In such
designs, employment of features at the nano- and micron-
scale that trap light of specific wavelengths can increase
the light absorption and charge generation in the active
layer, and furthermore improve charge extraction at the
electrodes surface. Textured or rough surfaces in the solar
device enhance the absorbance by diffuse scattering of
light within the active layer [9, 10], periodic gratings are
used to diffract light into the active layer in the solar cell
[11-13], nanoparticles improve either absorption by
scattering of incident light, or concentrate the
electromagnetic near-field by employing localized surface
plasmon resonances [14—17].

The application, though, of such techniques to devices
with dimensions that exceed those at the laboratory scale,
together with faster fabrication methods, is challenging.
Imprinting techniques are convenient methods for
patterning surfaces at the nanoscale, and they act as an
appealing alternative to the expensive tools used in UV-
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lithography and electron-beam lithography [18, 19].
Organic solar cells can for example be structured by soft
imprinting of grating structures using a resist or by direct
patterning of interfacial layers, printing of nanodots etc.
[20-22].

For the majority of the imprinting processes, the time
consuming and small scale patterning method of electron
beam lithography for the fabrication of rigid masters,
which are used for imprinting, is applied. Porous anodic
alumina templates (PAA) [23—-25] have been realized as
an alternative method to implement faster imprinting
processes and also obtain larger nano-patterned areas in the
fabrication of nanostructures [26]. This involves usually
the anodization process of high purity Al foils in selected
acidic electrolytes to tailor the surface morphology of
organic layers [27], imprinting of polymer layers for the
formation of ordered pillars [28, 29], or formation of
nanovoids for imprinted localized plasmonic structures
[30]. In this work, we present a method that uses the
underlying concave pattern resulting from the anodization
process of Al. Fabrication of such Al concave patterns
after anodization of thick Al foils are known in literature
and their relation to the formation mechanism of porous
alumina film and the operating conditions has been
investigated [31—33]. Thick Al foils though have a rough
surface on the microscale introducing the necessity of
additional pre-treatment steps [34, 35].

We anodize untreated thick Al foils as well as thin Al
films on supporting surfaces, and compare their resulting
imprint patterns. We show that the formation of Al
concaves on supported substrates after anodization of
submicrometer Al films evaporated on Si results in shorter
processing times for the anodization and at the same time
avoids the irregularities present on untreated Al foils. The
concave patterns are then replicated using PDMS
(polydimethylsiloxane) for the fabrication of reusable soft
imprinting stamps for imprinting of spin coated photoresist
on glass insulating substrates. The imprinted samples are
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compatible with metal evaporation techniques and can be
used for the formation of nanopatterned electrodes for
organic thin films. To demonstrate the effect of the
structures on the optical properties we conduct reflectivity
measurements on devices consisting of evaporated metal
layers on the imprinted concave nanopatterns decorated
with a mixture of poly-3-hexyl thiophene (P3HT): phenyl-
Ce1-butyric acid methyl ester (PCBM).

2. EXPERIMENTAL

Fig. 1 shows in brief the process flow to obtain
nanoimprinted concaves on photoresist with a schematic
representation of the samples in the left column and SEM
images of samples made after a series process in the right
column. For the fabrication of a rigid master, a thin Al
layer is initially anodized in HsPO, under constant voltage
and temperature to form a porous template (Fig. 1 a). The
formed PAA template is then etched selectively in a
H,CrO4/H3sPO, mixture to expose the underlying Al
concave patterns (Fig. 1b), a process that is typically
employed in double step anodization of thick Al foil to
induce guided pore formation and better pore arrangement
during the second anodization [36, 37]. Following this, a
PDMS stamp is fabricated by replicating the rigid master,
resulting in an inverse pattern of the Al concave
nanostructures (Fig. 1 c). Finally the PDMS stamp can be
used multiple times to imprint spin coated resist on quartz
samples (Fig. 1 d).

a

Fig. 1. Schematic overview (in the left column) and SEM images
(in the right column) of the samples fabricated at each
step of the fabrication line for imprinting structures: a-—
PAA template from anodization of Al; b—Al dimples
after etching PAA in (a); c—PDMS stamp after replication
of the concave sample in (b); d—Imprinted resist, on
quartz, using the PDMS stamp

For the fabrication of the Al concave nanostructures
we anodized 0.25 mm thick Al foil (99.999 % pure,

Goodfellow) and thin Al films evaporated on supporting
surfaces. For the supported samples, we used as a substrate
single side polished p-type Si wafers (1-100 Qcm, (100)
crystal orientation). Prior to metal evaporation we cleaned
the wafer by 15 minute sonication in acetone followed by
15 minute sonication in isopropanol and nitrogen-based
drying. Metal evaporation took place in a Cryofox
Explorer 600 physical vapor deposition system by
subsequent e-beam evaporation of a 10nm Ti layer
(0,05 nm/s), followed by 800 nm of Al layer (0,15 nm/s).
Evaporation occured under high vacuum conditions with a
pressure of 3 x 10° mbar, while maintaing the substrates
temperature at 20 °C during the evaporation. The Si wafers
were hand-cut with a diamond cutter into pieces of size
25 x 25 mm?, followed by a rinse in isopropanol and
nitrogen-based drying.

Anodization of the Al samples was conducted in a
home-built Teflon container, with a Brinkmann LAUDA
RM 6 cooling system, under constant voltage supply by a
Keithley 2400. During the anodization the temperature of
the sample was maintained at a constant temperature of
0 °C for the supported samples and 5 °C for the Al foil,
while the potential applied was 170 V for 10 % phosphoric
acid. The anodization times for the Al foil were 51 min for
the first anodization, followed by selective etching of the
PAA for 6 hours, and 125 min for the second anodization
following by selective etching of the PAA for 12 hours.
The anodization of the evaporated Al film was 10 min
followed by 1 hour PAA removal. PAA templates were
etched selectively in an H,CrO4/HsPO, mixture
(20g1™ /70 mll™®) at constant temperature of 60 °C.

The nanopatterned Al concave samples were then used
as rigid masters to fabricate the PDMS stamp. For the
fabrication of the PDMS stamp we used a two-part silicone
elastomer Sylgard 184 (Dow Corning). The PDMS was
prepared by mixing pre-polymer and curing agent in a
10: 1 ratio and vigorous stirring. After the mixture was
prepared, it was placed in a desiccator for 1 hour in order
to remove any air bubbles in the mixture that were
introduced by the stirring process. The Al concave masters
were cleaned by sonication in acetone for 5 minutes,
followed by sonication in isopropanol for 5 minutes and
nitrogen-based drying. Following the cleaning process, the
Al concave samples were placed in an in-house made mold
by clamping the sample between two metallic plates sealed
with a 20 mm in diameter and 0.2 mm thick O-ring. The
thickness of the O-ring was chosen to define the thickness
of the PDMS stamp. The assembly was placed in a
desiccator and let to cure for 48 hours in ambient
conditions according to vendor specifications. The cured
PDMS stamps were peeled off from the Al concave
masters in a cleanroom environment (ISO5) to avoid
contaminants residing on the PDMS surface.

For the fabrication of nanoimprinted samples, a BK7
glass wafer (500 um thick, 100 mm diameter, double side
polished, University wafers) was diced using a dicing saw
(Disco DAD-2H5) into 20 mm x 15 mm sized samples.
The diced samples were then cleaned following the same
cleaning process as for the Si wafer mentioned earlier.
Resist (AZ 5214 E from Microchemicals GmbH) was spin
coated on the cleaned samples for 20 seconds at 4000 rpm.
Directly after the spin coating process, the PDMS stamp



was firmly applied on the fresh photoresist, and a screw
press was used to apply constant pressure onto the
stamp/resist covered sample assembly during curing
process on a hotplate at 140 °C for 5 minutes. After curing
of the resist the PDMS stamp was peeled off from the
sample and cleaned by immersing the stamp in toluene
[38], rinsing with acetone followed by rinsing in
isopropanol and finishing by nitrogen-based drying. In
order to remove subsequently the solvents causing swelling
of the PDMS stamp and reuse it, the stamp was placed on a
hotplate for 1 hour at 100 °C.

For the realization of devices, metal layers were e-
beam evaporated on the nanoimprinted glass samples. The
cell cathodes were fabricated by evaporation of 10 nm Ti
adhesive layer (0.05 nm/s), followed by 80 nm of Al
(0.15 nm/s) and 8 nm of Ti (0.05 nm/s). The sample was
left to for 24 hours, in order for the 8 nm Ti layer to
transform into a thin TiO, layer. Such a layer serves as a
cathode interfacial layer in organic solar cells [39, 40].

The active layer was prepared from a solution of
400 mg of P3HT:PCBM (1:1) diluted in 10 mL of
chlorobenzene and steered overnight at 600 rpm, while
heated at 65 °C [40]. The active layer was then spun onto
the imprinted samples in a glovebox under controlled
nitrogen environment at 4000 rpm for 45 seconds and
annealed at 140 °C for 5 minutes, resulting in a total film
thickness of approximately 200 nm.

The fabricated Al concaves were investigated by
scanning electron microscopy (SEM) (Hitachi S-4800) and
reflectivity spectra were measured in a microscope setup
with a 50x objective, (Nikon, model: Eclipse ME600D)
using a Halogen light source and a fiber coupled
spectrometer (MAYA 2000 PRO, OceanOptics), with a
wavelength range from 165 nm to 1100 nm (spot size
12 um). The morphologies of Al concaves, PDMS stamps,
and imprinted concave nanopatterns were characterized by
a Veeco Dimension 3100 Atomic Force Microscope
(AFM) running in Tapping mode.

3. RESULTS AND DISCUSSION

In the left column in Fig.2, 3D AFM images are
shown. In (a) of a PDMS stamp fabricated after replication
of Al concave patterns from Al foil, in (b) the imprinted
pattern transferred on a resist covered glass sample and in
(c) the imprinted pattern of the same resist covered sample
in (b) directly after metal evaporation. The right column
shows profile plots of the dotted black lines (left-hand
side) for each AFM scan. The distance for a “hill”-to-“hill”
feature (Fig. 2 a) is measured to be 438 nm, which is
related to the imprinted features on the resist, measured to
be 441 nm (Fig.2b) and the metal coated pattern
measured to be 479 nm (Fig. 2 ¢). In addition, the width
measured in the middle of each structure was measured to
be 269 nm for (a), 271 nm for (b) and 280 nm for (c).
Moreover, the height, measured as the distance from the
highest to the lowest point, is 86.2 nm for the structures in
(a), 67.8 nm for the imprinted resist in (b) and 73.6 nm for
the metal covered structures in (c). These measurements
indicate adequate replication of the concave patterns
during the imprinting process with low rate of deformation.

The deviations in the values are attributed to statistical
distribution of features on the rough surfaces and the fact
that we are not able to compare the same areas in the three
samples throughout the replicating process.
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Fig. 2. Left column show 3D AFM images of: a—PDMS stamp
from Al dimples (Z-range = 354 nm); b—resist imprinted
quartz sample after (a) (Z-range =223.8 nm); c-—the
sample in (b) after coverage with 10 nm Ti/80 nm Al/8
nm Ti metal layer (Z-rage = 285.5 nm). The right column
shows the respective profiles of the black doted lines

Large concave nanostructures can easily be replicated
and imprinted onto a resist surface. During anodization of
Al, the formation of the PAA templates and the quality of
the pores are strongly dependent on the initial Al surface
[41]. On the anodization of thick Al foils this is translated
to an additional step of electropolishing to create a smooth,
low roughness surface for pore initialization. Without this
additional step the rough surface will propagate during the
anodization process, resulting in a rough underlying Al
concave pattern. The effect of the surface on the
microscale is shown in Fig. 3, where in (a) the red arrow
points at a line irregularity in the Al concaves, which is
directly transferred onto the PDMS stamp (b) fabricated
from such template and therefore will end up on the
imprinted resist.

a

Fig. 3. SEM images of: a— Al concaves after selective removal of
PAA made after anodization of Al foil in 10% H3;POy;
b—a PDMS stamp after replication of the concave Al
patterns




In addition, double anodization of Al foil s
implemented to form a sacrificial PAA template during the
first anodization [42] that can compensate for some
irregularities on the surface. In contrast, evaporated Al
films result in thin films on the substrate where surface
roughness can be controlled by controlling the evaporation
parameters [43, 44], resulting in films with low surface
roughness. Fig. 4 a shows SEM images of Al concaves
fabricated by double anodization of Al foil (no pre-
treatment) where irregularities are present. Fig. 4 b shows
the result for anodization of a thin Al film evaporated on
Si, where due to a smooth Al film no irregularities are
observed. The SEM insets in (@) and (b), show
magnifications of the Al concave patterns for the Al foil
and the Al thin film, respectively. It can be easily observed
that the structures in (a) have a more regular honeycomb
like pattern as compared to (b). This is an effect of the
longer anodization process of the thick Al foil [45] as well
as the two step anodization process [46].

a b

Fig. 4. SEM images of: a— Al concaves after selective removal of
PAA made after anodization of Al foil in; b— Al concaves
after selective removal of PAA made after anodization of
thin film of Al on Si substrate. SEM insets in show zoom
areas for better visualization of the ordering of the
concave patterns. The scale bar in the SEM insets is
500 nm

The size of the Al concaves for the semi periodic Al
concave patterns fabricated after double and long
anodization of Al foil is 368 nm, while the aperiodic
concave patterns fabricated after anodization of a thin Al
film supported on Si result in a size of 324 nm. The
deviation of the sizes of the differently fabricated Al
concaves is relatively small if one takes into consideration
that in order to anodize the Al foil two anodizations take
place with a total time of 176 min, while the anodization of
the thin Al film requires only 10 min. In addition, one
should bear in mind that anodization of supported Al film
results in irregularity free surface.

Fig. 5 shows 3D AFM images (left column) of the Al
concave master stamp fabricated after anodization of a thin
film on supporting substrate (a) and the resulting concaves
with metal evaporated on top (b), after imprinting resist
with a PDMS stamp. The right column shows the
respective profiles of the dotted lines on the 3D AFM
scans. Both surfaces show arrays of concaves with similar
dimensions, denoting again that the concave patterns
remain preserved throughout the imprinting process. Of
importance is the height of the structures where for the Al
concave master in (a) the Z-range reaches a maximum at
437.6 nm denoting that a thick organic film would be
required to cover the structures in order to avoid contact of
anode and cathode. in contrast, the imprinted concave
pattern has a maximum Z-range of 158.8 nm, a value that

is more favourable due to active layer thickness limitations
in organic devices [47].
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Fig. 5. Left column show 3D AFM images of: a— Al concaves on
Si (Z-range = 437.6 nm); b —imprinted quartz sample after
(@) (Z-rage =158.8 nm). The sample in (b) is after
coverage with 10 nm Ti/80 nm Al/8 nm Ti metal layers.
The right column shows the respective profiles of the blue
doted lines

The light-trapping effect of the structured surface was
experimentally evaluated from reflectivity spectra of a
device with non-structured metal layers on glass samples,
used as a reference device, and of imprinted concave
nanostructures on glass with metal layers on top. An active
layer, consisting of P3HT:PCBM, was spin coated under
the same parameters for both sets of devices (Fig. 6). The
reflection spectrum of the reference device with planar
metal layers matches with reports in the literature for
P3HT:PCBM [48, 49].
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Fig. 6. a—schematics showing the device configuration for the
reflectivity measurments; b—reflectivity spectra of the
reference device with planar Al layer, and devices with
imprinted concave patterns after replication of Al
concaves from Al foil and after replication of Al concaves
from thin Al film on Si substrate

The reflection spectrum of the device made from
replication of Al concaves fabricated on Al foil (red curve)
shows a decrease in the overall reflectivity, which
corresponds to an increase in the absorption in the active
layer due to the metal covered imprinted concaves. A
decrease in reflectivity is also observed for devices made



from replication of Al concaves fabricated from the thin Al
film (green curve). Here, a pronounced reduction in
reflectivity is observed for wavelengths above 470 nm,
whereas for the imprinted concaves from Al foil the
reduction starts at wavelengths above 410 nm. To evaluate
the accuracy of the measurements, we obtained multiple
reflectivity spectra from different areas on a sample in the
case of the concaves made from Al films. The uncertainty
is 10 % which is clearly smaller than the presented
reduction effect for wavelengths of around 500 nm and
above. A similar broadband reduction effect has previously
reported for larger structures acting as backside reflectors
in a-Si:H solar cells, where the reduction in reflectivity of
the structures has been related to diffuse scattering from
the concave structures and thus related to the dimensions
of the metallic nanostructures [50]. Note, however, that the
overall decrease in reflectivity (and thus the increase in
absorptivity) is stronger for concaves made from films as
compared to concaves made from foils. The difference
most probably results from the fact that the imprinted
concaves from anodization of Al foil differ in dimensions
and ordering from the imprinted concaves from
anodization of Al thin films. This is in agreement with
Tsao et al. [51]. Here, reduction in reflectance was more
pronounced for structures having a more random
arrangement, rather than a periodic ordering. Recently we
have also shown that Al concaves can result in plasmonic
field enhancements over a broad wavelength range [52],
which, though, depends very sensitively on details of the
actual surface morphology such as slopes and ridges. The
effect of a given imprinted structure on the reflectivity
spectra is thus difficult to predict.

4. CONCLUSIONS

In this work, we have presented a novel, fast method
for fabrication of imprinted concave nanostructures. The
nanostructures were made by anodization of (a) thick Al
foils and (b) thin Al films on Si substrates in H3PO, under
controlled conditions, followed by selectively etching the
formed porous templates. The resulting Al concave
patterns were replicated via PDMS into a flexible stamp
used for imprinting spin coated resist layers on glass
samples.

The dimensions of the structures are similar for
imprints transferred from the PDMS stamp made from
semi periodic concaves from Al foil and from the PDMS
stamp made from aperiodic concaves from thin Al film.

The devices with integrated metal covered imprinted
concaves show a measured reduction in reflectivity
denoting enhanced light absorption due to the concave
patterns. The origin of the enhancement is attributed to the
light trapping abilities of concave patterns presented
elsewhere, and is objective of further research currently
under investigation. The presented method is fast and
reliable and the resulting patterns can easily be up-scaled
and thus used as an alternative approach to time consuming
lithographic techniques.
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