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ABSTRACT

We describe the conditions for optimal formation of Laser Induced Periodic Surface Structures

(LIPSS) over poly(3-hexylthiophene) (P3HT) spin-coated films. Optimal LIPSS on P3HT are



observed within a particular range of thicknesses and laser fluences. These conditions can be
translated to the photovoltaic blend formed by the 1:1 mixture of P3HT and [6,6]-phenyl C7i-
butyric acid methyl ester (PC71BM) when deposited on an indium tin oxide (ITO) electrode coated
with (poly(3,4 — ethylenedioxythiophene) : poly(styrenesulfonate) (PEDOT:PSS). Solar cells
formed by using either a bilayer of P3HT structured by LIPSS covered by PC71BM or a bulk
heterojunction with a P3HT:PC71BM blend structured by LIPSS exhibit generation of electrical
photocurrent under light illumination. These results suggest that LIPSS could be a compatible

technology with organic photovoltaic devices.

1. INTRODUCTION

Several materials are being investigated as alternative candidates to the well-established silicon
solar cells. Among them organic photovoltaics (OPV) involve the use of =m-conjugated
semiconducting polymers for light absorption and charge transport!®. Polymer blends and
inorganic/organic hybrid solar cells have attracted a great interest due to their potential in
combining the advantages of both components ', In particular polymer-fullerene mixtures of
poly(3-hexylthiophene) (P3HT) with [6,6]-phenyl Cei-butyric acid methyl ester (PCs1BM) or
[6,6]-phenyl C71-butyric acid methyl ester (PC71BM) have been widely used as model system in
organic photovoltaics (OPV) * > I despite other material combinations have reached meanwhile
much higher power conversion efficiencies '®2!. In general, the interfacial area between the donor
material, P3HT, and the acceptor one, either PCs1BM or PC71BM, which form the heterojunction,
is a critical factor for the performance of the OPV devices '!*?>. OPVs can be fabricated by different

techniques, such as spin coating, spray deposition, vapor phase deposition and printing”>?%, The



modification of the photoactive layer with periodic structures has been extensively studied recently
because it can be an effective way to improve light harvesting?’. In particular, several approaches
have been followed in order to fabricate controlled P3HT micro- and nanostructures for OPV
applications including soft lithography 27, nanoimprint lithography 28°, templating by anodic

11,32 "and spray deposition >3, among

aluminium oxide (AAO) membranes !, solvent annealing
others. Laser techniques in general and Laser-Induced Periodic Surface Structures (LIPSS) ** in
particular can be considered potential alternatives to other lithography processes, with the added
advantage of avoiding, in principle, the need for sophisticated facilities like clean rooms or the
fabrication of delicate stamps. Ripples created by LIPSS can develop on the polymer surface as a
result of interference between an incoming linearly polarized laser beam and the surface-scattered
waves which results in a heterogeneous light intensity distribution on the surface *°. Irradiation
with multiple laser pulses enhances the effect by a feedback mechanism that is needed for LIPSS
generation *> 3¢, The ripple period depends on the laser wavelength, on the effective refractive
index of the material and on the incidence angle of the laser beam **. Either nanosecond *’ or
femtoseconds lasers *® can be used to produce LIPSS on polymers. In particular LIPSS have been
used in order to create sub-micron gratings on P3HT 3. It was shown that, in spite of the well-
known photodegradability of P3HT and of the high power of the laser pulses applied, LIPSS on
this material obtained with a wavelength of 532 nm are produced with a weak impact on its
chemical structure. However the electrical conductivity of the rippled P3HT films exhibits a
heterogeneous nature consisting of the alternation of conducting valleys and non-conducting hills
36, On the basis of Raman spectroscopy and of X-ray scattering measurements, a reduction of the

crystallinity of the hills was proposed as the cause of these effects *¢. From the perspective of OPV,

several questions arise about the potential integration of P3HT LIPSS in solar cell architectures



40 These include: 1) the possibility of creating LIPSS on an active layer comprising P3HT and
PC71BM, 2) the feasibility of intercalation of the LIPSS active layer between a bottom ITO
electrode coated with a thin layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) and a metallic top electrode and 3) the impact of the heterogeneous electrical
conductivity of the P3HT LIPSS surface on the OPV device properties.

Thus, the novelty of this work is the attempt to provide some answers to the above-mentioned
questions by presenting a precise description of LIPSS formation in P3HT spin-coated films of
variable thickness. Once the conditions for optimal LIPSS formation were found we created LIPSS
on P3HT:PC7:BM blends for their potential integration in solar cell architectures. Due to the fact
that irradiation of a conjugated polymer, extremely photodegradable, by intense laser pulses leaves
the polymer capable of generating photocurrent is not a trivial aspect, we have used the LIPSS
nanostructured films to prepare solar cells devices and their performance has been measured and

compared with that of the non-structured counterparts.

2. EXPERIMENTAL

2.1 Poly(3-hexylthiophene) thin films

Poly(3-hexylthiophene) (P3HT) was purchased from Ossila with a molecular weight My=
65.500 g/mol (Batch M101, tradename lisicon®, regioregularity of 96.6%). Thin polymer films
were prepared by spin-coating using a spin processor (Laurell WS-650 Series). The conductive
silicon wafers (100) (ACM, France) were cut into pieces of 2x2 c¢cm?, cleaned by acetone and 2-
propanol and then dried under Nitrogen flow. A P3HT polymer solution in chloroform was
prepared with a concentration of 32 g/L and was stirred at room temperature for 30 min. A fixed

amount of 0.2 mL of solution was spun coated on silicon wafers at a rotation rate of 2400 rpm kept



during 120 s. Different film thicknesses were obtained by diluting the initial solution. Both
thickness and roughness of the obtained thin films were estimated by Atomic Force Microscopy
(AFM).

2.2. Laser irradiation

Laser irradiation was accomplished under atmospheric conditions and normal beam incidence
by using a linearly polarized beam from a Q-switched Nd:YAG laser (Lotis TII LS-2131M, pulse
duration of 8 ns). The second harmonic (532 nm) was used for the experiments since P3HT absorbs
quite efficiently at this wavelength*!, being its absorption coefficient ~ 9 x 10* cm™ as determined
by absorption spectroscopy using a UV-VIS-NIR spectrophotometer (UV-3600 Shimadzu). The
irradiation fluences were determined by measuring the laser energy in front of the sample with a
Joulemeter (Gentec-E, QE25SP-H-MB-DO0) and by calculating the area of the irradiated spots,
considering 5 mm as the diameter of the laser beam. P3HT films were irradiated with 3600 pulses
at a fluence in the range from 23 to 31 mJ/cm?, at a constant repetition rate of 10 Hz for all samples.
A general description of the application of this technique to polymers has been published

elsewhere®*,

2.3. Sample characterization

2.3.1. Atomic Force Microscopy

Atomic Force Microscopy (AFM) (MultiMode 8 equipped with a Nanoscope V controller,
Bruker) was used under ambient conditions in order to investigate the topography of the samples.
AFM images were collected in tapping mode using silicon probes (NSG30 probes by NT-MDT).
Heights and periods were measured in 3 different zones of the sample to examine the film

uniformity. Analysis of images was carried out using Nanoscope Analysis 1.50 software (Bruker).



2.3.2. Grazing Incidence X-ray Scattering

Grazing Incidence Small and Wide Angle X-ray Scattering (GISAXS, GIWAXS respectively)
experiments were performed at the DUBBLE beamline of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) *% #?. A X-ray wavelength of 0.103 nm, with a beam size
(Horizontal xVertical) of 0.7 x 0.3 mm? was employed. To acquire GISAXS patterns, the samples
were placed with its surface horizontal and parallel to the X-ray beam and at a height which
intercepted half of the beam intensity. The sample was then tilted to reach different incidence
angles between the sample surface and the beam. In our case, incidence angles of 0.14°, 0.2°, 0.3°
and 0.4° were used to obtain information at different depths of the film. GISAXS patterns were
acquired with a Pilatus detector of 981 x 1043 pixels, pixel size 172 x 172 pm?, located at 7.2 m
from the sample. The exposition time was set 5 s. For GIWAXS measurements, the scattered
intensity was recorded by a Frelon detector of 2048 x 2048 pixels with a resolution of 46.8 um per
pixel, with a sample-detector distance of 79.32 mm. Patterns acquired with an exposition time of
10 s were corrected from background scattering and analyzed by the Fit2D software *°.

2.3.3. Preparation of P3HT:PC7BM solar cells

For preparation of organic solar cells, solutions of P3HT (Ossila, Mw= 34100 g/mol, PDI= 1.7,
regioregularity= 94.7%) and PC71BM (Ossila, UK) were prepared in chlorobenzene (24 g/L). The
molecular weight of P3HT and the chlorobenzene as solvent were chosen in order to allow
comparison with previous studies *°. A thin layer of PEDOT:PSS (poly(3,4-ethylene
dioxythiophene): poly(styrenesulfonate), Heraeus Clevios™ PH1000 PEDOT:PSS, Ossila * was
deposited by spin-coating at 5000 rpm on top of ITO-covered glass substrates (Solems S.A,
France). Two different solar cell architectures were prepared for the P3HT:PC71BM active layer:

1) A bilayer was formed by depositing a P3HT layer spin-coated at 2400 rpm for 120 s on the



underlying PEDOT:PSS layer and subsequently covered by another PC71BM layer spin coated at
4000 rpm for 10 s from a 5 mg/mL dichloromethane solution. 2) A bulk heterojunction (BHJ)
active layer formed by the P3HT:PC7:BM blend (weight ratio of 1:1) spin-coated over the
PEDOT:PSS film at 2400 rpm for 120 s. Afterwards, in both cases, an aluminium top electrode
was deposited by thermal evaporation in vacuum 22, Finally, a thermal annealing step of 4 minutes
at 140° C was performed in a glove box under N, atmosphere. The photovoltaic devices were
characterized at ambient conditions under the AM 1.5 global reference spectrum and 100 mW cm’

2 irradiance. The current-voltage measurements were recorded using a source meter (Keithley

2400).

3. RESULTS AND DISCUSSION

3.1. LIPSS in P3HT thin films

Figure 1 shows the thickness dependence of the spin-coated (SC) P3HT films with the solution
concentration. A linear relationship is observed in good agreement with earlier reports *446, The
upper row in Figure 1 shows AFM topography images of SC P3HT films of selected solution

concentrations covering the full range of film thicknesses investigated.
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Figure 1. Thickness (squares) and roughness (circles) dependence of the SC P3HT films on the
solution concentration (middle row). Selected AFM topography images (5x5 um?) of SC P3HT
(upper row) films before irradiation prepared from (a) 8 (b) 12 (c) 20 and (d) 28 g/L, and after
irradiation at a fluence of 26 mJ/cm? with 3600 pulses from (e) 8 (f) 12 (g) 20 and (h) 28 g/L. The
height profiles (depth, Z, versus distance, L) of irradiated SC P3HT films are presented under the

corresponding AFM images.

The as-prepared SC films present the characteristic morphology of semicrystalline P3HT

consisting of needle crystals 4”-4®. The roughness of the SC films increases with thickness, levelling



off for thicker samples. LIPSS formation in these films depends on thickness as exemplified by
the bottom row in Figure 1. While, under the same irradiation conditions (26 mJ/cm?, 3600 pulses),
thin films of = 41 £ 15 nm (Figure 1e) do not exhibit LIPSS, those with intermediate thicknesses,
in the range of ca. 80-280 nm (Figure 1 f and g) present a regular periodic relief with a period of
ca. 430 nm. It is known that when a polymer film is irradiated with a linearly polarized laser beam
at an efficiently absorbed wavelength, the nanosecond laser pulses heat the material surface driving
the polymer above either its glass transition temperature, for the case of an amorphous polymer,
or above its melting point, in case of a semicrystalline polymer 3* 37, This is a requisite for LIPSS
formation in polymers since significant molecular dynamics is necessary in order to allow LIPSS
to generate *”*°. In general, thinner films need more irradiation energy, in terms of either number
of pulses or fluence, in order to reach similar temperatures than those reached by thicker films>®
31 Specifically, for silicon substrates, the laser irradiation of the polymer film provokes the
substrate temperature to increase very fast. However, the heat is effectively dissipated on the basis
of the high thermal diffusivity of silicon. Thus, the high thermal conductivity and thermal
diffusivity of silicon makes the cooling of the polymer material heated by the laser pulse to be
more efficient for thinner films. Accordingly, the silicon substrate acts as a thermal heat sink.
Although in the thicker investigated films LIPSS are formed (Figure 1 h), these are significantly
distorted in comparison with those generated in films of intermediate thickness. For these thicker
films, in a first approach, roughness may play a significant role on the quality of LIPSS producing
complex light scattering processes on the sample surface leading to non-parallel interferences.
GISAXS measurements have proven to be useful for the characterization of structural order in
LIPSS formed over polymer films as it provides statistical information integrated over a large

sample area of the material surface *% 37 %, Figure 2 shows a series of GISAXS patterns of



irradiated films as a function of the concentration. The measurements were performed with an

incidence angle of o = 0.2 °.
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Figure 2. GISAXS patterns taken with an incidence angle of oy =0.2° for P3HT LIPSS films
prepared from (a) 8 (b) 12 (c) 20 and (d) 28 g/L solutions with LIPSS generated at a fluence of 26
mJ/cm? with 3600 pulses. A central vertical beamstop is used to avoid oversaturation of the

detector. The horizontal black lines are the detector inter-module gaps.

For the thinner (8 g/L, 41 + 15 nm, Figure 2a) and thicker (> 28 g/L, > 370 nm, Figure 2d)
irradiated P3HT films the scattering patterns show the same characteristic scattering features as
those of unstructured spin coated films as there is an absence of relevant structure in the angular
range investigated *°. On the contrary, GISAXS patterns of the intermediate thickness films (12-
20 g/L, 80-280 nm, Figures 2b and c) exhibit vertical diffraction maxima out of the meridian (®w#
0) typical of LIPSS as previously reported®® 37-*°_ These features can be described as produced by
a quasi-one-dimensional grating >2. Figure 3 shows horizontal line cuts from the 2D GISAXS data
at a; = 0.2 ° taken at an exit angle o = 0.15 ° which corresponds to the experimentally estimated
critical angle of P3HT. While the intensity profiles for the thinner and thicker irradiated films are
featureless, those of the films with intermediate thickness show vertical diffraction maxima. It is

observed that the number of the scattering maxima () increases with the concentration, i.e. film

10



thickness. The number of scattering maxima, which is associated to the structure factor of the
lattice 32, is related to the level of order of the structure *¢. The inset of Figure 3 shows the thickness
dependence of the number of scattering maxima observed in the GISAXS pattern. It is clear that
LIPSS films prepared from solutions with polymer concentration between 16 g/L and 20 g/L are
those exhibiting richer GISAXS patterns in terms of the number of scattering maxima. These
results are in agreement with the AFM images (Figure 1) which reveal that optimal LIPSS,

understood as those with a higher order, appear within this polymer solution concentration range.
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Figure 3. Selected horizontal line cuts in logarithmic scale from the 2D GISAXS data taken at an
exit angle a=0.15 °, for LIPSS generated at 26 mJ/cm? with 3600 pulses on P3HT films prepared
from different solution concentrations (g/L) as labelled. Patterns were shifted vertically for the
sake of comparison. The inset displays the number of scattering maxima (N) obtained from

GISAXS as a function of thickness. The continuous line is a guide for the eye.
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The semicrystalline nature of P3HT as well as of most poly(alkylthiophene) polymers sa

key feature of their film morphology and plays a capital role in the performance of a posterior
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organic solar cell. Therefore, characterization of the effect of LIPSS treatment on the crystallinity
of P3BHT:PCBM films provides greater insight on polymer film solar cell-relevant features. Figure
4 shows GIWAXS patterns illustrating the evolution of the structure of P3HT SC films before and
after generation of LIPSS with solution concentration. It is known that quantitative analysis of
GIWAXS patterns requires a thorough knowledge of the scattering pattern in the reciprocal space
5356 The real to reciprocal space transformation has been accomplished according to the procedure

described in ref. *’. In this case, the intensity of the GIWAXS scattering patterns are represented
as a function of the reciprocal scattering vectors q, and of qr =,/ qZ + g3 where gx, ¢y and g: are

the scattering vectors.
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Figure 4. GIWAXS patterns in reciprocal space taken with an incidence angle o =0.2° for the SC
P3HT films prepared from different solution concentrations: (a) 8 (b) 12 (¢) 20 and (d) 28 g/L

(upper row) and corresponding irradiated P3HT films (26 mJ/cm?, 3600 pulses) prepared from
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different solution concentrations: (e) 8 (f) 12 (g) 20 and (h) 28 g/L (bottom row). Intensity scale is

logarithmic.

The SC films exhibit the characteristic three meridional reflections (h00) of the crystalline phase
of P3HT which are higher orders of the (100) reflection (Figure 4a-d). The equatorial reflection is
attributed to the superposition of the (020) and (002) reflections %%, These GIWAXS patterns are
in agreement with previous studies reporting a crystal distribution of P3HT sheets formed by the
n—7 stacking of the thiophene rings on a mainly edge-on configuration, with polymer backbone
chains parallel to the substrate *°. P3HT films with LIPSS exhibit similar reflections as observed
in Figure 4e-h. In addition, in our case, by visualizing of the reciprocal space patterns for the
different samples a significant crystal orientation is suggested. The interlayer distance between 2D
sheets of conjugated polythiophene backbones separated by planes of alkyl side chains has been
calculated in 1.58 + 0.02 nm and 1.60 £ 0.03 nm for unstructured and LIPSS films respectively,
and the the m—n stacking distance between polythiophene backbones is 0.38 = 0.02 nm in both
cases. These results are in agreement with previous reports®®>°. Qualitative information about the
crystallinity can be obtained by the radial integration of the GIWAXS pattern in the meridian
direction shown in Figure 5. For the sake of comparison, the data have been normalized to the

intensity of the main maximum.
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Figure 5. GIWAXS (ai =0.2°) intensity profiles, normalized to the main maximum, across the
meridian direction for the SC P3HT films (solid symbols) and for the laser irradiated films (open

symbols) prepared from different solution concentrations: 8, 12, 20 and 28 g/L, as labelled.

From Figure 5, we can find that the crystalline structure is similar for non-nanostructured P3HT
and for P3HT with LIPSS films. If one considers the intensity ratio among the consecutive
maxima, it is possible to infer that the crystallinity of the SC films tends to be reduced as the
thickness of the film decreases. Crystallization under the confined environment imposed by a thin
film has been reported to have a negative impact on the crystallinity of the polymer film 7 6061,
Although films with LIPSS exhibit crystallinity it is clear that the irradiation reduces the crystalline

phase, as deduced from the decrease of the ratio between the intensity of the main maximum in

relation to the consecutive orders. This effect is consistent with previous resonance Raman
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spectroscopy observations indicating that the amount of non-ordered phase in P3HT films with
LIPSS increases upon irradiation *°. Heating due to laser irradiation occurs in a nanosecond range
while subsequent cooling down after the pulse action takes place in a millisecond time range 37 .
This fast quenching prevents the recovery of the initial crystallinity of the SC film.

All the results presented so far refer to films with LIPSS prepared at a single fluence of 26
mJ/cm? and 3600 pulses. LIPSS films have been prepared in a broader range of fluences keeping
the same number of pulses in order to study comprehensively the effect of laser fluence on the
resulting structure. Figure 6a and 6b show in a 3D plot the surfaces defining the period (Figure 6a)
and the depth (Figure 6b) of the LIPSS obtained from AFM measurements as a function of the
fluence for the different thicknesses investigated. For the thinnest films, no LIPSS are formed (see
Figure le). As argued before, this phenomenon is ascribed to the fact that thin films need more
irradiation for achieving a certain aim temperature. As one can see, once the LIPSS are generated
on the P3HT film, their period is almost constant around a value of 430 nm for all the investigated
thicknesses (Figure 6a). This would, in principle, allow for keeping laser fluences low, which
eventually would have a positive impact on the later device performance. However, as depicted in
Figure 6b, the choice of the laser fluence is mainly limited by the LIPSS depth. The depth of the
LIPSS exhibits a clear dependence with both the irradiation fluence and the initial thickness of the
spin-coated precursor film. Deeper LIPSS are obtained for films thicknesses between 100 and 250
nm, with values up to 100 nm. This thickness range corresponds to the region of optimal LIPSS
formation according to AFM (Figure 1) and GISAXS (Figure 2). Within this thickness range, we
observe that the required laser fluence for a structure depth of over 80 nm is somewhat confined
between 25 and 30 mJ/cm?. For thicker films the depth of the obtained LIPSS decreases to few

nanometers. The absence of structure in thick films is also in excellent agreement with the

15



previously presented GISAXS data and it is ascribed to the influence of the large film roughness

on the quality of interference formation.
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Figure 6. 3D plots showing the surfaces defining the period (a) and depth (b) of LIPSS generated
in P3HT films with 3600 pulses as a function of the fluence for the different thicknesses

investigated.

Since the formation of LIPSS in P3HT spin-coating films has been successful we apply this

knowledge to incorporate LIPSS technology in polymer solar cells.

3.3. LIPSS in P3HT and in P3HT:PC71BM blend for photovoltaics

As mentioned before, for photovoltaics characterization both bilayer and standard bulk
heterojunction solar cells * were prepared. In both cases the thickness of the active layer is about
110 + 10 nm as measured by AFM. According to the LIPSS study on P3HT films, the laser selected
conditions for LIPSS formation were 3600 pulses of 26 mJ/cm?. We used these conditions for both

architectures, as described in paragraph 2.3.3.
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Figure 7a shows a scheme of the bilayer device architecture approach. Also for this device
architecture LIPSS appear on P3HT after appropriate laser irradiation conditions as shown in
Figure 7b. The upper surface of the PC71BM film spin-coated over the P3HT film with LIPSS is
shown in Figure 7c¢, where the LIPSS imposed on P3HT are maintained. The final deposition of
aluminium top contacts by thermal evaporation keeps as well the LIPSS relief essentially
unchanged (Figure 7d) with only a slight modification of the depth profile. An example of the -V
characteristics of the LIPSS solar cell in the dark and under illumination is shown in Figure 7e.
Although the overall device performance can be optimized, the I-V characteristic of the LIPSS
bilayer proves that photocurrent is generated by light illumination. Since also the reference
P3HT:PCBM solar cells without LIPSS show very limited performance, it is obvious that the
bilayer device geometry is not optimized. Moreover, polymer:fullerene solar cells in bilayer
configuration tend to yield rather poor efficiency values due to the small interface between donor

and acceptor phases.
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Figure 7. (a) Scheme of the bilayer device architecture tested for photovoltaic characterization of

P3HT and PC71BM systems with LIPSS. 5x5 um? AFM images of bilayer solar cell: (b) P3HT

surface after laser irradiation and (c) PC71BM film surface deposited on top of P3HT film with

LIPSS by spin coating. (d) Surface after deposition of the aluminium top electrode. Height profiles

are provided at the bottom of the images. (e) I-V characteristics of the LIPSS solar cell in the dark

and under illumination. For the sake of comparison, data for the unstructured bilayer solar cell are

also included). The inset in Figure 7e shows the real bilayer solar cell device. The blue color

corresponds to the iridescence of the LIPSS area acting as a diffraction grating.
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The corresponding results for the bulk heterojunction solar cells (see scheme in Figure 8a) are
illustrated in Figure 8. The upper surface of the initial spin-coated P3HT:PC71BM film is shown
before (Figure 8b) and after laser irradiation (Figure 8c). It is important to point out that even after
thermal annealing LIPSS keep their structure unchanged, at least under the aluminium electrode
(see iridescence in the inset of Figure 8e and Figure 8d). As one can see, similarly as for P3HT,
rather ordered LIPSS are formed even for the P3HT:PC71BM photovoltaic blend film on the
architecture of the standard BHJ solar cell. As an example the -V characteristics of the BHJ LIPSS
solar cell in the dark and under illumination is shown in Figure 8e. The I-V characteristic of the
LIPSS heterojunction also proves that photocurrent is generated by light illumination although a
lower photocurrent is generated in comparison with the unstructured control bulk heterojunction

solar cell.
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Figure 8. (a) Scheme of the bulk heterojunction architecture tested for photovoltaic
characterization of P3HT:PC71BM systems with LIPSS. 5x5 um?> AFM images of the surface of
the active on a BHJ solar cell: (b) before, (c) after laser irradiation and (d) after deposition of the
aluminium top electrode. Height profiles are provided at the bottom of the images. (e) I-V
characteristics of the LIPSS solar cell in the dark and under illumination. For the sake of
comparison, data for the unstructured BHJ solar cell are also included. The inset in Fig. 8¢ shows

the real heterojunction solar cell device exhibiting iridescence in the LIPSS zone.

In order to obtain device statistics about the performance of the LIPSS solar cells, measurements

for both device architectures were performed for eight different structured solar cells and for four
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reference solar cells. The results are shown in Figure 9 in terms of power conversion efficiency

(PCE), fill factor (FF), short-circuit current density (Jsc ) and open-circuit voltages (Vo).
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Figure 9. (a) Power conversion efficiency (PCE), (b) fill factor (FF), (c) short-circuit current
density (Jsc) and (d) open-circuit voltages (Vo) for the unstructured (non-textured bars) bilayer and
bulk heterojunction (BHJ) solar cell architectures and for the corresponding ones with LIPSS

(textured bars).
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The performance of the solar cells with LIPSS in comparison with that of the unstructured ones
is lower for the bulk heterojunction and similar for the bilayer architectures. One possible reason
for that is related to the need of optimization for the presented photovoltaic systems. For the current
device arrangement, according to the AFM depth profiles (Figures 7 and 8), the top-to-valley
distance is comparable to the thickness of the unstructured films. Thus, after LIPSS formation, it
is expected a depletion of the active layer between the PEDOT:PSS and the aluminium electrode
in the valley. This effect could explain the lower performance of the LIPSS devices. Another
important feature to note is that the solar cells that underwent a LIPSS structuring process have
been previously laser irradiated prior to the photovoltaic characterization. Previous Raman
spectroscopy results have shown that laser irradiation of P3HT provokes a decrease of the ordered-
phase rather than a significant chemical degradation *°. This effect could lead to a decrease of the
electrical conductivity responsible for the decreased short-circuit current density upon LIPSS
structuring. In spite of that, it is important to remark that LIPSS devices are operational as solar
cells.

The FF values suggest that solar cell geometry can be optimized, although comparable values
are obtained for LIPSS devices and the reference unstructured ones. As expected, the
photogenerated short-circuit current of bilayer solar cells is lower than that of BHJ mainly due to
the smaller donor/acceptor interface.

The Vo values are similar for both LIPSS and unstructured devices. This indicates a sound
preservation of the device layout and the structural integrity of the materials composing the whole
layer stack. Moreover, we can see how for bilayer solar cells the Vo increase by about 10%. Taking
in account that the vertical profile of the imprinted structure has a height comparable to the original

film thickness, it becomes remarkable that the LIPSS process means a dramatic gain in donor-
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acceptor interface for bilayer devices. This enlarged interface is expected to significantly decrease
the non-geminate recombination, feature which is in good agreement with the improved V.5 6.
In spite of the quantitative results, our data proves that both the LIPSS P3HT: PC7:BM bilayer
system and the LIPSS P3HT:PC7:BM blend system, preserve their photovoltaic properties for
photocurrent generation. Moreover, LIPSS shows the path for device improvement upon
structuring and yields improvements in FF and V. that could potentially lead to improved solar
devices after optimization. This demonstrates that LIPSS can be, in principle, incorporated into
organic photovoltaics technology although additional effort is necessary in order to improve the
performance of the LIPSS devices. It is clear that it will be necessary to further advance in the
knowledge of physico-chemical and morphological changes occurring during light exposure in
order to characterize the reorganization processes that take place during irradiation. In particular,
to optimize the active layer in the valleys of LIPSS devices a first approach would consist in
considering thicker films with different levels of LIPSS order. In addition by using different
irradiation conditions like fluence, number of pulses, laser beam polarization or combining
successive irradiations with different polarization orientation ** could be explored in order to
improve performance of LIPSS solar cells. In fact, wrinkles and folds resulting from linear and

nonlinear elastic instabilities have been reported to guide and retain light within the photoactive

regions of photovoltaics®*.

4. CONCLUSIONS
In conclusion we have shown that laser induced periodic surface structures formation in P3HT
spin-coated films takes place optimally within a certain range of thicknesses between 80 and 280

nm and for a laser irradiation fluence range between 22 and 30 mJ/cm? These conditions translate
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well upon dealing with LIPSS formation of the photovoltaic P3HT:PC71BM blend on both bilayer
and bulk heterogeneous solar cell architecture. Laser irradiation forming LIPSS on the surface of
the active layer do not preclude the generation of electrical photocurrent by light illumination
proving that LIPSS can be incorporated into organic photovoltaics. Specifically, we proved that
LIPSS can be created on an active layer comprising P3HT and PC71BM. Moreover, it is possible
to prepare a LIPSS active layer between a bottom ITO electrode coated with a thin layer of
(PEDOT:PSS) and a metallic top electrode. For the bilayer architecture an increase of about 10 %
is observed in the V. for the LIPSS cell. Finally, the heterogeneous electrical conductivity of the

P3HT LIPSS surface does not compromise the generation of photocurrent.
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