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ABSTRACT: In this paper, we investigate conjugated
polymer layers structured by nanoimprint lithography toward
their suitability for the fabrication of nanostructured polymer/
metal sulfide hybrid solar cells. Consequently, we first study
the thermal stability of the nanoimprinted conjugated polymer
layers by means of scanning electron microscopy and grazing
incidence small-angle X-ray scattering, which reveals a
reasonable thermal stability up to 145 °C and sufficient
robustness against the solvent mixture used in the subsequent
fabrication process. In the second part, we demonstrate the
preparation of nanostructured polymer/copper indium sulfide
hybrid solar cells via the infiltration and thermal decom-
position of a mixture of copper and indium xanthates. Although this step needs temperatures of more than 160 °C, the
nanostructures are retained in the final polymer/copper indium sulfide layers. The nanostructured solar cells show significantly
improved power conversion efficiencies compared to similarly prepared flat bilayer devices, which is based on a distinct
improvement of the short circuit current in the nanostructured solar cells.
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1. INTRODUCTION

Inorganic−organic hybrid solar cells consisting of a mixture of
an inorganic nanostructured semiconductor and an organic
semiconductor have been researched for more than 15 years. In
particular, in the last 5 years, major progress has been achieved
by pursuing different strategies1−3 and power conversion
efficiencies have now reached 4−5.5%.4−6
The key parameters for obtaining efficient solar cells and the

starting points for further improvements are similar to those of
polymer−fullerene solar cells: (1) the adjustment of the
electronic and optical properties of the donor (usually the
organic semiconductor) and the acceptor (inorganic semi-
conductor), (2) the optimization of the morphology between
donor and acceptor and (3) the optimum extraction of the
carriers by adjusted electrodes.
Especially the second point, the optimum phase separation

and the understanding of its importance to the power
conversion efficiencies (PCEs) has tremendously improved

the efficiencies of polymer-PCBM ([6,6]-phenyl C61 butyric
acid methyl ester) solar cells. The optimum phase separation
between donor and acceptor is a compromise between a large
interface for efficient charge separation (necessary for exciton
dissociation in the polymer phase) and continuous (and larger)
domains for fast charge transport. There is a plenitude of
studies focusing on the issue of how to optimize this
nanomorphology (for reviews, see references 7−10).
In the context of organic/inorganic hybrid solar cells,

inorganic nanostructures of nonspherical shape (nanorods,
tetrapods, clusters) are of interest because these could facilitate
charge transport while keeping a large interface.11 However, a
simple mixing of donor and acceptor might lead to isolated
nanoparticles in the polymer matrix, which cannot contribute to
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electricity generation as electrons will not find a path to the
electrodes. In addition to these issues, the surface of the
nanoparticles and in particular the interface between nano-
particle and polymer phase make this field more complicated.12

Capping ligands are isolating, whereas uncapped nanoparticles
may have defects that may act as trap sites.
So far, mainly three methods for the fabrication of hybrid

solar cells have been developed.13 In the classical approach, the
nanoparticles are prepared via colloidal synthesis routes, are
then subjected to a purification or ligand exchange process in a
second step and are finally mixed with a conjugated polymer to
form the active layer of the hybrid solar cell. In this approach, a
solution of the nanoparticles and polymers is coated onto the
electrodes during device fabrication. The ligand-free in situ
approach, in which the nanoparticles are directly prepared from
precursor materials in the polymer matrix, intends to overcome
the problems of ligand exchange and is an interesting
alternative route to the classical colloidal approach.13,14

Following this route, a solution of a nanoparticle-precursor
and the conjugated polymer is used for device fabrication. In
both methods, the possibilities to control the absorber layer
morphology are limited. In the classical approach, different
morphologies can be obtained by changing the shape of the
nanoparticles (dots, rods, tetrapods); in the in situ route,
changing the shape of the nanostructure is more challenging;
however, nanorod-type structures also have been already
obtained with this method.15

The third approach, the “infiltration approach”, provides the
possibility to obtain highly ordered absorber layers without
ligands between the inorganic and organic phase. Here, in a first
step, inorganic nanostructured layers are prepared using
different techniques like (template assisted) nanorod or
nanotube growth,16,17 UV-lithography,18 etching,19,20 or
selected area epitaxy processes21 and are then infiltrated with
an organic conjugated polymer to complete the active layer of
the solar cell.22

Alternatively, the polymeric semiconductor can be nano-
structured with techniques like nanoimprint lithography (NIL).
The resulting polymer nanostructures are in turn infiltrated
with the inorganic component, similar to how it is done for
polymer/PCBM solar cells.8,23−25 This approach, including
NIL-structuring, has, regarding possible future large scale
production of organic or hybrid solar cells, the advantage that
roll-to-roll structuring and processing can be realized.8

However, in this case, the soft organic material is situated at
the bottom of the absorber layer and the hard inorganic
material at the top, which is challenging for the processing
procedure.
In this study, we explore the preparation of nanostructured

polymer/metal sulfide hybrid solar cells by using thermal
decomposition of metal xanthates for the formation of the
metal sulfide phase on a NIL-structured polymer layer. Metal
xanthates have recently been used for the ligand-free fabrication
of bulk heterojunction polymer/metal sulfide nanoparticle
hybrid solar cells,26−30 and can be also used for this approach
because of their ability to be converted into the metal sulfide
without byproducts remaining in the metal sulfide layer already
at comparably low temperatures.26 Regarding the thermal
management, it would be more convenient to structure the
metal xanthate layer first, but due to the crystallinity and the
low thermal stability of the metal xanthates, this is not possible.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. Poly[9,9-dioctyl-2,7-silafluorene-co-alt-

5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PSiF-DBT) films
deposited either on silicon for the GISAXS study or on glass/ITO/
PEDOT:PSS for the solar cell study were patterned by thermal
nanoimprint lithography (NIL).31

For the GISAXS study, the PSiF-DBT films on silicon were
imprinted using a PW 20 E press (Paul-Otto Weber GmbH) at 125 °C
and 6 MPa in ambient atmosphere. To prevent potential deterioration
of the electronic properties of the conjugated polymer by oxidative
degradation, for the hybrid solar cells the PSiF-DBT films were
imprinted in a glovebox filled with nitrogen at 5 MPa and 150 °C
using a homemade thermal NIL press. As NIL stamps, silicon gratings
with periodicities of 180 or 500 nm or their copies on glass/
Ormostamp (microresist technologies GmbH) were used after
functionalization of their surfaces with a monolayer of octadecyl
trichlorosilane assembled from vapor phase as an antiadhesion agent.
Ormostamp replicas of the silicon masters were prepared by UV-NIL
structuring of an Ormostamp resist on glass substrates.32,33

To describe the NIL-structuring process briefly, the stamp and
sample are put face-to-face onto the plate of the press, the heating
ramp is started and after reaching the preset imprinting temperature,
pressure is applied and maintained for 5 min. Subsequently, the hot
plates are cooled down to 40 °C, the pressure is released and the
stamp and sample are manually separated.

The hybrid solar cells were fabricated on glass/ITO substrates
(Xinyan Technology Ltd., Hong Kong) with a sheet resistance of 10
Ω/sq, which were cleaned in deionized water and isopropyl alcohol in
an ultrasonic bath followed by O2 plasma cleaning (FEMTO, Diener
Electronic, Germany). The PEDOT:PSS layer (Clevios P VP.Al 4083,
Heraeus) was spin coated on the glass/ITO layer and subsequently
annealed at 150 °C for 10 min in a glovebox. As a second layer, PSiF-
DBT (1-Material, Chemsitech Inc., Canada) was coated by doctor
blading on the PEDOT:PSS layer from a chloroform solution (10 mg/
mL), which was partly nanostructured by NIL (as described above) in
a further step.

The precursor layer for the copper indium sulfide (CIS) layer,
consisting of a copper and indium xanthate mixture (12.1 mg/mL, 1
equiv copper O-2,2-dimethylpentan-3-yl dithiocarbonate; 54.6 mg/
mL, 1.6 equiv (for annealing at 160 °C) or 55.4 mg/mL, 1.7 equiv (for
annealing at 195 °C) indium O-2,2-dimethylpentan-3-yl dithiocar-
bonate; metal xanthates were obtained from Aglycon, Austria)
dissolved in the solvent mixture isopropyl alcohol:dichloromethane:-
pyridine = 4:2:1 (vol:vol:vol) was deposited by doctor blading. The
coating step was followed by a thermal conversion step at a
temperature of 160 or 195 °C on a programmable heating plate
(CAT Ingenieurbüro M. Zipperer GmbH, Germany; temperature
program: heating with a rate of 11 °C/min to a temperature of 160 or
195 °C and a holding time at this temperature for 30 min (160 °C)
and 15 min (195 °C), respectively). The synthesis of the xanthate
precursors and the thermal conversion step in order to obtain CIS
nanoparticles has been described previously.26 The about 200 nm thick
aluminum electrodes were deposited via thermal evaporation.

2.2. Characterization. Scanning electron microscopy (SEM)
images of the NIL-structured polymer layers were acquired on a
Zeiss Supra 40 scanning electron microscope, analyses of cross
sections of the prepared solar cells were conducted on a Zeiss Ultra 55
electron microscope; the cross sections for these characterizations
were realized by large area ion milling using a Gatan Ilion+. Layer
thicknesses were determined on a Bruker DekTak XT surface profiler.

Two-dimensional (2D) grazing incidence small-angle X-ray
scattering (GISAXS) measurements were performed at the Austrian
SAXS Beamline 5.2L of the electron storage ring ELETTRA (Italy),34

using a similar setup as described before.35 The beamline has been
adjusted to a q-resolution (q = 4π/λ*sin(2θ/2), 2θ represents the
scattering angle) between 0.1 and 3.1 nm−1 (GISAXS). The X-ray
energy was 8 keV. The nanostructured samples were placed in a
modified heating cell (DHS 1100 from Anton Paar GmbH, Graz,
Austria) with a custom-made dome with a grazing angle of about 0.18°
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and were heated from 35 °C up to 200 °C at a heating rate of
approximately 10 °C min−1 under nitrogen atmosphere. The NIL-
imprinted line structures were aligned parallel to the X-ray beam.
During the temperature scan, data were recorded with 11 s time
resolution using an image intensified CCD detector (GemStar/XIDIS
model, Photonic Science Ltd., Millham/U.K.). For detection of the
grazing incidence wide-angle X-ray scattering (GIWAXS) signal, a two-
dimensional hybrid pixel array detector system (Pilatus 100 K,
Dectris) was used. The angular calibration of the detectors was carried
out using silver behenate powder (d-spacing of 58.38 Å).
PCE values of the solar cells were determined from IV curves

recorded using a Keithley 2400 SourceMeter, a custom-made Lab-
View software and a Dedolight DLH400D lamp. The light intensity
was set to 100 mW/cm2, providing a spectrum quite similar to
AM1.5G (determined using a KippZonen-CMP-11 pyranometer, no
spectral mismatch was considered).

3. RESULTS AND DISCUSSION

Figure 1 schematically depicts the process steps for the
fabrication of nanostructured polymer/metal sulfide absorber
layers for hybrid solar cells using NIL for structuring of the
polymer and metal xanthates as precursors for the metal sulfide.
First, a comb structure is imprinted in the conjugated polymer
PSiF-DBT. Second, the structured layer is coated with a metal
xanthate solution and finally, the metal xanthates are thermally
converted to a metal sulfide layer. During this preparation
process, besides the NIL-structuring, the stability of the
nanostructures against solvents used for coating the metal
xanthates as well as the thermal stability of the nanostructures

during the thermal conversion of the metal xanthates to the
sulfides are critical issues, which are investigated in this work.
For the NIL-structuring of the low bandgap polymer PSiF-

DBT (poly[9,9-dioctyl-2,7-silafluorene-co-alt-5,5-(4′,7′-di-2-
thienyl-2′,1′,3′-benzothiadiazole)],, the chemical structure is
given in Figure 1), we started with the optimized standard
parameters for thermal nanoimprint lithography (NIL) used for
structuring of poly(3-hexylthiophene) (P3HT), i.e., 100 °C and
6 MPa.
From these starting values, we found that for PSiF-DBT, the

temperature had to be increased to or above 125 °C to
accurately reproduce gratings of 500 and 180 nm periodicity.
The actual samples used in the GISAXS study were made in
ambient atmosphere and consisted of PSiF-DBT films on
silicon imprinted at 13 MPa and 125 °C. The samples used for
the fabrication and the study of photovoltaic cells were made
on ITO coated glass substrates, and the PSiF-DBT film was
imprinted at 5 MPa and 150 °C in a glovebox with nitrogen
atmosphere, owing to reduced concerns about polymer
degradation and better imprinting results.
For optimizing the processing parameters and preliminary

thermal stability studies, defined comb structures with a
periodicity of 500 nm were imprinted in the PSiF-DBT layer.
A SEM image of such a layer is shown in Figure 2A. The height
of the structures is approximately 260−270 nm (see Figure S1
in the Supporting Information). For further studies and
fabrication of solar cells, comb structures with a periodicity of
180 nm were prepared.

Figure 1. Schematic illustration of the NIL process for the preparation of comb structures and the infiltration process toward defined hybrid layers
and chemical structures of the used polymer PSiF-DBT and the Cu and In xanthates.

Figure 2. SEM images of NIL-imprinted comb structures (periodicity 500 nm); (A) after the NIL step, (B) after NIL and solvent treatment and (C,
D) after NIL and subsequent temperature treatment at 150 or 195 °C.
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After the NIL-structuring process, for the realization of
nanostructured hybrid solar cells via the “xanthate route”, it was
important to find a suitable solvent for applying the metal
xanthate layer on the nanostructured polymer layer, which
provides sufficient wettability, but does not harm or even erase
the imprinted nanostructures. Therefore, in a first step,
experiments were conducted to find proper solvents for this
process step by immersing nonstructured flat polymer layers on
glass substrates in a series of different solvents and solvent
combinations, which have the capability of readily dissolving
the copper as well as the indium xanthate. Among the tested
solvents (chloroform, dichloromethane, toluene, chloroben-
zene, DMF, aceton, THF, isopropyl alcohol) a mixture of
isopropyl alcohol, dichloromethane and pyridine (4:2:1
vol:vol:vol) turned out to be the most promising one, as it
did not dissolve the polymer layer at all even after immersion
for more than 24 h. Additionally, we also evaluated the stability
of a nanostructured layer against this solvent combination by
immersing the layer for 1 min, which is about the time for
which the nanostructured sample is actually in contact with the
solvent during the doctor blading step in the course of solar cell
fabrication. The SEM image in Figure 2B proves that the
nanostructured layer withstands the solvent treatment and the
defined rectangular shape of the comb structure is retained. The
partial filling of the nanostructures (visible in the upper right
part of the image) can be assigned to undefined drying of the
layer after solvent treatment and will not have an influence on
the nanostructured polymer/CIS heterojunction.
A further crucial issue to realize hybrid solar cells following

this route is a sufficient thermal stability of the nanostructures
in the conjugated polymer layer, as the metal xanthates have to
be thermally converted to yield the metal sulfide. Thus, we
characterized the influence of thermal treatment of the
structured polymer layers by means of SEM and time-resolved
GISAXS. Comparing the SEM micrographs of a pristine NIL-
structured polymer layer (Figure 2A) with those of layers after
heat treatment for 15 min at 150 °C (Figure 2C) and 195 °C
(Figure 2D), it is clearly visible that the untreated sample has
line structures with comparably sharp edges, which appear
softer in the sample annealed at 150 °C and which became
quite blurred in the sample heated to 195 °C. This rough
analysis suggests that the line structures are still present after a
temperature treatment of 150 °C, which is sufficient for the
formation process of the copper indium sulfide layer without
destroying the polymer nanostructures. However, also a
remainder of the structural motif is still clearly visible after
heating to 195 °C.
For the time-resolved GISAXS study on the thermal stability

of the imprinted line structures, a nanostructured layer was
heated in a measuring cell (under nitrogen atmosphere)
directly in the X-ray beam. For these measurements, nano-
structured layers with a periodicity of 180 nm were used, as it
was intended to apply layers with this periodicity in hybrid solar
cells. Thus, these results are not directly comparable with the
SEM measurements presented in Figure 2. The GISAXS
patterns of a nanostructured PSiF-DBT film on a silicon
substrate at different temperatures (65, 105, 143 and 200 °C)
during the heating run to 200 °C (heating rate: 10 °C/min) are
shown in Figure 3. At temperatures lower than 120 °C, a
semicircle-like chain of intensity maxima is visible, which is
typical for periodic line structures oriented parallel to the X-ray
beam.36,37 The maximum in the out-of-plane position is given
by the intersection of the truncation rods inclined with the

grazing angle and the Ewald sphere. The inclination angle was
0.63° in this case. Similar patterns have been observed for NIL-
structured polymer layers.38 Further, the thermal stability has
also been investigated for 4 μm NIL structures by the group of
Müller-Buschbaum.39 By further increasing the temperature,
this semicircle-like pattern vanishes and only a feature near to
the beam stop, which represents also the most intense area of
the semicircle at lower temperatures, remains.
In Figure 4A, the evolution of the out-of-plane scattering

(retrieved by integration of vertical cuts of the GISAXS
patterns) with increasing temperature is shown. At low
temperatures, the scattering signal exhibits two distinct peaks,
the contribution of the in-plane wings of the Yoneda peak
integrated in the out-of-plane direction at around qz = 0.55
nm−1 and the peak stemming from the periodic line structure
caused by the truncation rod scattering at approximately qz =
0.9 nm−1. The latter is visible up to a temperature of 143 °C,
before it vanishes. The in-plane cuts showing a similar behavior
are presented in Figure 4B. The effect of the NIL structure
decomposition is visualized in more detail in Figure 4C, where
the temperature-dependent intensity of this peak (obtained
from fitting of the peak with Lorentzian function) is plotted.
The intensity stays almost constant up to a temperature of
about 110 °C. At this temperature, the peak starts to become
weaker until it decreases steeply at 130 °C. From these changes,
it can be assumed that the glass transition temperature of PSiF-
DBT is about 110 °C or even below, although it could not be
experimentally determined by differential scanning calorimetry
(DSC) measurements by us and others.40 Above a temperature
of 140−145 °C, the peak is not detectable any more in the out-
of-plane scattering signal. The intensity of the wings of the
Yoneda peak with increasing temperature is shown in Figure
4D. The intensity increases in the same temperature range in
which the “line structure peak” steeply decreases. The increase
in the out-of-plane intensity of the wings of the Yoneda peak
indicates that the nanostructured polymer layer becomes
rougher in this temperature range, which leads to the
conclusion that the ordered well-defined layer has changed to
a rougher and more disordered structure. At a later stage of the
heating run, at about 180 °C, the out-of-plane intensity
decreases again, which is an artifact, as observed in the in-plane-

Figure 3. GISAXS images of a NIL-structured PSiF-DBT film
(periodicity: 180 nm) at 65, 105, 143 and 200 °C. The red boxes
indicate the vertical and horizontal areas for integration.
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cuts of Figure 4B. Here the roughness increases again due to
the changes of the slope, which might be an indication for a
further blurring of the material.
As already stated before, the results on the thermal stability

obtained from GISAXS measurements cannot be directly
compared with these obtained from SEM images. The SEM
images were mainly acquired to get a first indication about the
thermal behavior of the samples and were done with samples
having periodic line structures of 500 nm, which were annealed
on a simple laboratory heating plate without cover, while the
GISAXS measurements were done inside a calibrated heating
cell using samples with a periodic line structure of 180 nm.
Both the small uncertainty concerning temperature of the
laboratory heating plate and the different periodicities of the
line structures can explain the slightly higher temperature
stability of the nanostructures observed by SEM.
However, according to the results of the SEM as well as the

GISAXS analyses, the two criteria for a possible realization of a
nanostructured polymer/CIS hybrid layer, a reasonable thermal
and solvent stability, are fulfilled.
In a further step, the formation of a CIS layer on the

nanostructured polymer film from copper and indium xanthates
was investigated by a combined time-resolved GIWAXS/
GISAXS experiment. Therefore, a nanostructured polymer
layer on a silicon substrate was coated with a copper and
indium xanthate layer via doctor blading and after drying, the
sample was subsequently heated to 200 °C (heating rate 10
°C/min) in the same measuring cell.
The GISAXS images of the sample at different temperatures

during one heating run are presented in Figure 5 and the areas
for vertical integration are indicated with red boxes. The
resulting out-of-plane scattering signals at qy = 0.058 nm−1 of
the GISAXS patterns are shown in Figure 6A. Because the
nanoimprinted comb structure is now covered by a dense layer
of the metal xanthates and later in the heating run with a metal
sulfide layer, no signal of the comb structure is detected in this
case. The pronounced change in the GISAXS pattern at a
temperature between 155 and 173 °C stems from increased

diffuse scattering of the sample. This can be explained by the
fact that the metal xanthates decompose during the heating run,
organic decomposition products evaporate out of the layer and
a film consisting of CIS nanocrystals is formed. Due to the
evaporation of decomposition products and the increased
density of the CIS nanoparticles compared to the metal
xanthates, the volume of the film shrinks, going along with an
increase of porosity, which is visible in the GISAXS patterns.
The patterns at higher temperatures follow a power law

Figure 4. Evolution of the out-of-plane (A) and in-plane (B) scattering signal of a NIL-structured PSiF-DBT film (periodicity: 180 nm) during a
heating run to 200 °C with a heating rate of 10 °C/min, approximately every 10th measurement is shown, the curves are shifted vertically for better
visibility; (C) temperature-dependent changes in out-of-plane intensity of the “line structure peak” at approximately qz = 0.9 nm−1; (D) temperature-
dependent changes in out-of-plane intensity of the wings of the Yoneda peak at approximately qz = 0.55 nm−1.

Figure 5. GISAXS images of the nanostructured polymer film
(periodicity: 180 nm) covered with metal xanthates at different
temperatures during the heating run from room temperature to 200
°C. The red boxes indicate the vertical areas for integration.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5009425 | ACS Appl. Mater. Interfaces 2014, 6, 7633−76427637



behavior (I(q) ∝ (qy
2 + qz

2)−α/2) with a Porod exponent of
2.72. This value is typical for porous structures with a large size
distribution. One power law fit is exemplarily shown as a red
line in Figure 6A for the GISAXS pattern measured at 200 °C.
No indications of particle scattering have been observed in the
measured q-regime. The small peak at qz = 0.46 nm−1 is due to
the broadening of the specular reflected beam caused in the in-
plane direction by the increased surface roughness of the
copper and indium xanthate layer after decomposition and
heating, therefore, it becomes visible in the out-of-plane cuts.
The GIWAXS signals acquired during the heating run are

depicted in Figure 6B. It is clearly visible that the (112) peak of
CIS is detectable in the 2θ range of 29−30° starting at a
temperature of about 140 °C. This issue is outlined in more
detail in Figure 6C, where the evolution of the integrated
intensity of the GIWAXS pattern calculated between 24 and
38° 2θ is plotted versus reaction time and temperature.
Additionally, the Porod invariant “Q”41 (see the Supporting
Information), which represents the volume fraction of the
structures, has been plotted for comparison. The intensity of
the GIWAXS signal starts to increase at a heating time of about

10 min, which corresponds to a temperature of 125−130 °C. At
a temperature of about 150 °C, the increase of the signal ceases.
From then on, the signal stays constant until the end of the
heating run, which indicates that the formation of the CIS
phase seems to be completed at about this temperature. The
Porod invariant derived from the GISAXS measurements
increases a bit later in the heating run (at approximately 155
°C), when the formation of the CIS nanoparticles has been just
completed and also the decomposition products have
evaporated from the layer, indicating an increasing porosity
of the film in this stage of the heating run.
Figure 6D shows that the primary crystallite size in the

nanocrystalline CIS layer, which was estimated using the
Scherrer equation and the full width at half-maximum of the
(112) peak obtained from fitting of the peak with Lorentzian
function, is about 1.5 nm. Therefore, these structures are too
small to be resolved by the GISAXS measurements due to the
limited q-range. Nevertheless, this finding points out that the
conversion of the metal xanthates to the CIS phase is initiated
shortly before the nanoimprinted line structure starts to
become slightly blurred, which is at about 140−145 °C. This,

Figure 6. Temperature-dependent evolution of the vertical cuts of the GISAXS patterns of the nanostructured polymer film (periodicity: 180 nm)
covered with metal xanthates (A) and the (112) peak of CIS in the GIWAXS signal (B) during a heating run to 200 °C with a heating rate of 10 °C/
min. Approximately every 10th measurement is shown. For better visibility, the vertical cuts as well as the X-ray patterns are shifted vertically; (C)
Porod invariant “Q” of the GISAXS as well as integrated intensity of the GIWAXS patterns calculated between 0.58 and 1.70 nm−1 as well as 24 and
38° 2θ, respectively, plotted versus reaction time and temperature; (D) primary crystallite size in the nanocrystalline CIS layer estimated using
Scherrer equation.

Figure 7. SEM images of cross sections of hybrid solar cells comprising a polymer/CIS absorber layer with nanostructured (periodicity: 180 nm) as
well as flat interface prepared at 160 °C.
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in turn, leads to the conclusion that a realization of a
nanostructured polymer/CIS absorber layer should be possible,
as we also assume that once the CIS layer is formed on the
polymeric nanostructure, it should provide a certain support to
the polymer line structure, even at higher temperatures.
Thus, the next step was to prepare hybrid solar cells with a

NIL-structured polymer/CIS hybrid absorber layer. For this
purpose, nanoimprinted line structures in PSiF-DBT were
prepared on glass/ITO/PEDOT:PSS/PSiF-DBT samples. The
total sample area was 7.5 × 2.4 cm, whereby only about 2.4 ×
2.4 cm in the middle of the substrate were nanostructured.
Thus, the influence of the nanostructuring compared to a flat
polymer/CIS bilayer geometry on the solar cell performance
could be directly determined and compared on a single
substrate, on which the structured and nonstructured parts
were further processed in exactly the same way. After NIL-
structuring, a mixed copper and indium xanthate solution
(solvent mixture: isopropyl alcohol, dichloromethane, pyridine
(4:2:1 vol:vol:vol)) was applied to the partly nanostructured
PSiF-DBT layer by doctor blading, whereby no differences in
wetting were observed during the coating process between
structured and nonstructured areas. Subsequently, the sub-
strates were heated to 160 °C to form the CIS layer on the
polymer and the solar cell fabrication was finally finished with
the deposition of aluminum electrodes via thermal evaporation.
The SEM images of ion polished cross sections of as

prepared hybrid solar cells with nanostructured and flat
interfaces, respectively, are presented in Figure 7. The about
150 nm thick ITO layer is covered by an approximately 30 nm
thick PEDOT:PSS layer. In the cross section of the
nanostructured solar cell, it is evident that the approximately
100 nm thick nanostructured polymer layer is filled with CIS.

In the flat bilayer absorber layer, the 50 nm thick polymer layer
is covered by a CIS layer with a thickness of about 20 nm. The
aluminum electrode has a thickness of approximately 170 nm.
Figure 8A shows the IV curves of the hybrid solar cells with

the flat and nanostructured hybrid interface prepared at an
annealing temperature of 160 °C. The characteristic parameters
extracted from the IV curves are summarized in Table 1. Figure
8B shows the power conversion efficiencies of all 20 solar cells
prepared on one substrate. The positions 5, 6, 15 and 16 had a
nanostructured absorber layer, whereas the other solar cells had
a flat interface between PSiF-DBT and CIS. It can be clearly
seen that the average PCE of the solar cells with flat interface
lies between 0.1 and 0.15%, whereas the devices with
nanostructured interface exhibit values around 0.3%. This
improvement in PCE is attributable to an increased ISC in the
nanostructured device (ISC − flat interface, 0.5−0.6 mA/cm2;
ISC − nanostructured interface, 1.4−1.5 mA/cm2). The VOC as
well as the FF stay constant at values of 537 mV and 45%,
respectively. The mean values and their standard deviations of
the characteristic parameters of typical solar cells with flat and
nanostructured interface prepared at 160 °C are also given in
Table 1. Furthermore, it is interesting to note that the slope of
both the dark and the illuminated IV curves of the
nanostructured device is significantly steeper, which suggests
a decreased series resistance (RS) in the nanostructured devices
(RS − flat interface, ∼235 Ω·cm2; RS − nanostructured
interface, ∼125 Ω·cm2).
Furthermore, we investigated polymer/CIS hybrid solar cells

prepared at 195 °C instead of 160 °C, a temperature at which
the imprinted nanostructure in the PSiF-DBT layer is definitely
not well-defined (see Figure 2D). The SEM image of a cross
section of such a solar cell prepared at 195 °C (Figure 9A)

Figure 8. (A) IV curves measured in the dark and under 100 mW/cm2 illumination of hybrid solar cells with flat and nanostructured (periodicity:
180 nm) interfaces prepared at 160 °C and (B) distribution of PCEs of solar cells with flat and nanostructured interfaces over one typical substrate;
position 4 was short circuited.

Table 1. Characteristic Parameters of Hybrid Solar Cells with Flat and Nanostructured (Periodicity: 180 nm) Interfaces
Prepared at 160 °C

temp (°C) interface VOC (V) ISC (mA/cm2) FF (%) PCE (%)

values from IV curves in Figure 8A 160 flat 0.537 0.59 45.5 0.14
nanostructured 0.537 1.46 44.6 0.34

mean values and std deviations 160 flat 0.532 ± 0.009 0.58 ± 0.02 43.7 ± 2.0 0.13 ± 0.1
nanostructured 0.537 ± 0.007 1.32 ± 0.18 43.4 ± 1.1 0.30 ± 0.04
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exhibits, as expected, that the nanostructure has changed
significantly. It seems that the comb structures deliquesce,
though remains of the periodic structures are still visible. The
IV curves of the prepared solar cells, shown in Figure 9B,
exhibit a similar picture to the one described for the devices
prepared at 160 °C. Also in this case, the RS of the solar cell
with the nanostructured interface is lower (RS − flat interface,
∼150 Ω·cm2; RS − nanostructured interface, ∼80 Ω·cm2) and
the ISC of the device with nanostructured interface is about 80%
higher than that of the device with flat interface. The VOC as
well as FF are similar, which results in a significant difference in
PCE − flat interface, 0.2%; nanostructured interface, 0.35%
(see Table 2).

4. CONCLUSION

On the basis of this study, it can be concluded that the
preparation of nanostructured polymer/metal sulfide hybrid
solar cells using NIL for structuring a conjugated polymer layer,
which is coated with a metal xanthate solution and
subsequently thermally annealed at moderate temperatures to
form the inorganic metal sulfide on the nanostructure, is
generally feasible. The performed temperature resolved
GISAXS study revealed that a very good thermal stability of
the polymer nanostructures is given up to a temperature of
130−140 °C. Above this temperature, the nanostructure is
slightly blurred, as was seen in the SEM images. SEM images
also indicated that the polymer nanostructures are sufficiently
thermally stable, so that at an annealing temperature of 160 °C,
the imprinted line structure is largely maintained in the
polymer phase. At an annealing temperature of 195 °C, the
nanostructure appears much more blurred in the SEM images.
Moreover, the stability of the nanostructures against the solvent
used for dissolving the metal xanthates, a mixture of isopropyl
alcohol, dichloromethane and pyridine turned out not to be a
critical issue in the solar cell fabrication process.

The nanostructured solar cells prepared at 160 and 195 °C
show a significantly improved power conversion efficiency
compared to similarly prepared flat bilayer devices, which is
based on a distinct improvement of the short circuit current in
the nanostructured solar cells. To further optimize nano-
structured hybrid solar cells prepared via this approach, the
temperature of the annealing step has to be kept as low as
possible in order to retain a very defined nanostructure. A
reduction of the annealing temperature could be achieved by
addition of amines to the metal xanthate solution, which were
recently shown to facilitate crystallization of the metal sulfide at
lower temperatures.42 Therefore, we assume that by optimizing
the imprinting process and imprinting nanostructures with
smaller periodicities as well as applying lower annealing
temperatures to form the metal sulfide phase, the power
conversion efficiencies of such nanostructured hybrid solar cells
should be significantly improved.
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measured in the dark and under 100 mW/cm2 illumination of hybrid solar cells with flat and nanostructured interface prepared at 195 °C. The solar
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Table 2. Characteristic Parameters of Hybrid Solar Cells with Flat and Nanostructured Interfaces Prepared at 195 °Ca

temp (°C) interface VOC (V) ISC (mA/cm2) FF (%) PCE (%)

values from IV curves in Figure 9B 195 flat 0.467 1.04 41.3 0.20
nanostructured 0.467 1.81 42.3 0.35

mean values and std deviations 195 flat 0.474 ± 0.008 1.10 ± 0.08 41.7 ± 0.4 0.22 ± 0.01
nanostructured 0.459 ± 0.008 1.74 ± 0.08 41.9 ± 0.6 0.33 ± 0.01

aThe solar cells were prepared using nanostructured polymer films with a periodicity of 180 nm.
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