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ABSTRACT: Novel, nanostructured electrode materials
comprising porous ZnO films with aerogel morphology are
presented. Almost any substrate including polymers, metals, or
ceramics can be coated using a method that is suitable for mass
production. The thin, porous films can be prepared from the
wet gels via conventional drying, supercritical drying is not
necessary. The filigree ZnO network is thermally very stable
and exhibits sufficient electrical conductivity for advanced
electronic applications. The latter was tested by realizing a
highly desired architecture of organic−inorganic hybrid solar
cells. After sensitizing of the ZnO with a purely organic
squarine dye (SQ2), a nanostructured, interpenetrating 3D network of the inorganic semiconductor (ZnO) and organic
semiconductor (P3HT) was prepared. The solar cell device was tested under illumination with AM 1.5G solar light (100 mW/
cm2) and exhibited an energy conversion efficiency (ηeff) of 0.69%.
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■ INTRODUCTION

Hybrid materials and in particular organic−inorganic hybrids
represent a fascinating class of compounds.1,2 The ongoing
activity in this field is not only driven by the almost unlimited
number of possible combinations of different materials but first
and foremost by the hope to find new, synergistic properties.3

This means that a hybrid material exhibits a functionality that
none of its single components has on its own. A good example
for the emergence of new properties for hybrids can be seen in
one field of contemporary importance: Photovoltaics. The
combination of a p-type and n-type semiconductor results in
the formation of a charge depletion zone and an electric field
across the interface which can spatially separate photoexcited
bound electron−hole pairs (so-called excitons).
It is therefore a tempting idea to achieve a significant

enlargement of the p/n interface. Obviously this requires a
structuring of the interface preferably on the nanoscale. The
preparation of nanostructured solar cells has proven to be very
difficult for the classical system which is the p-/n-silicon bulk
heterojunction, and also different physical principles have to be
taken into consideration.4−6 Consequently, it is worth
considering alternative semiconductor systems which can be
equipped very well with high-surface to volume ratio. There has
been a great deal of work devoted to the synthesis of various
nanoporous materials and in particular metal oxides can be
prepared quite easily.7−9 Either agglomerates of nanoparticles
form a porous structure or porosity is generated via sol−gel
chemistry performed in the presence of a template. A lot of

attention was devoted to titanium dioxide (TiO2). However,
because TiO2 is an indirect wide-gap semiconductor (Egap = 3.2
eV for anatase) and, in addition, doping is relatively difficult to
achieve, organic−inorganic hybrid heterojunctions have been
applied in order to achieve both significant absorption of visible
light in the organic compound and charge separation at the
hybrid interface. It is worth mentioning the pioneering work of
Graetzel and co-workers who have sensitized the surfaces of
nanoscaled TiO2 with organic dyes capable of absorption over a
broad range of the solar spectrum.10−12 Despite the enormous
development of dye-sensitized solar cells during the past
decade,13,14 there are still two inevitable problems. The system
comprises a liquid electrolyte containing a redox shuttle making
the system vulnerable to leakage or evaporating, and the TiO2 is
an excellent photocatalyst which with time decomposes the
surface attached dyes. Thus, there is a large interest in solvent-
free hybrid solar cells using a less photoreactive combination of
materials. The first condition can be fulfilled by using
conducting polymers like polythiophene derivatives for light
harvesting and hole conduction.15 Because the stability of
polymer-based solar cells is still a major issue,16 at a similar
band gap energy compared to TiO2, zinc oxide (ZnO; Egap =
3.3 eV) represents a promising candidate for the inorganic
phase due to its significantly lower photocatalytic activity and
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higher electron mobility compared to TiO2.
17−19 In these

organic−inorganic hybrid devices, the metal oxide phase
becomes the electron conducting and hole blocking part,
allowing the realization of the inverted bulk heterojunction
(BHJ) architecture.20,21 Because of the short lifetime of excited
states in organic semiconductors and the resulting limited
exciton diffusion length, which is on the order of 10 nm,
nanoscale separation between donor and acceptor is necessary
in order to avoid exciton recombination. Besides, once
separated, free electrons and holes have to be transported
through acceptor and donor matrix, respectively, demanding for
high charge carrier mobility and consistent transport pathways.
The latter can be difficult for isolated inorganic nanoparticles
dispersed in the organic matrix, an architecture which is
frequently used in hybrid inorganic−organic photovoltaic
devices.22−26 It has been realized that the allocation of an
interconnected pathway is beneficial for an effective transport
the photogenerated charge carriers. Therefore, there was
significant interest in the use of more refined ZnO
nanostructures in photovoltaic devices.27−30 Major attention
was devoted to ZnO nanorods because there is a large chance
for percolation and, thus, for the formation of a suitable
electronic path.31−33 Furthermore, it has been reported that
branched structures like tetrapods present improved pathways
for electron transport through their intertwining charac-
ter.25,34−37 However, for the successful dispersion of the
inorganic particles in the continuous (organic) phase, surface
modification with organic groups like alkyl chain surfactants is
typically required. The resulting, electrically insulating layer
could hamper the electron transfer to the inorganic phase and
between the particles. Considering the latter arguments, the
materials architecture shown in Scheme 1 is generally proposed
as the ideal one.38

The key element is a porous and transparent metal oxide film
consisting of a continuous phase of highly crystalline hyper-
branched and electrically interconnected nanoparticles. Exactly
this refined architecture is realized in the current paper, and it is
studied if positive effects concerning the photovoltaic perform-
ance can be observed.

■ RESULTS AND DISCUSSION
Preparation of Crystalline ZnO Aerogel Electrodes.

Recently we were able to establish a reliable sol−gel process for
ZnO using organometallic precursors leading to nanocrystalline
aerogels with monolithic shape.39 These precursors have
already proven their versatility regarding the preparation of
different ZnO materials in the past.40−48 The preparation of
thin aerogel films represents a valuable goal since others have
argued for porous materials in general that additional
functionality can be gained from of a thin-film architecture.49

Since the formation of the ZnO aerogel in liquid dispersion
involves a mechanism with temporally distinctive sol and
gelation steps,39 there is a narrow time window to yield
homogeneous coating of the substrate with a thin aerogel film
via dip-coating. The as prepared, wet films were dried
conventionally via solvent evaporation at room temperature
followed by a treatment at 100 °C. While it is known that bulk
aerogel materials tend to collapse under conventional drying
conditions,50 the examination of the resulting materials via
scanning electron microscopy (SEM) showed that the desired
filigree and porous structure was present (Figure 1).
Thus, a step comprising an elaborate supercritical solvent

exchange is not necessary for retaining the aerogel structure

which is a major advantage. Large areas of a homogeneous and
highly porous thin aerogel film can be prepared (see also the
Supporting Information SI-1). The described method is
applicable to a broad range of different inorganic materials
such as metal foils, glass substrates, metal oxides, and for
organic and flexible substrates such as polyvinylchloride foils
(see Figure 2).
Because of the nature of the aerogel structure the pore-size

distribution is very broad, beginning with accessible macro-
pores. The majority of pores have diameters well below 100
nm. As previously reported, the surface area of the bulk-

Scheme 1. Illustration of the Advanced Architecture for
Organic−Inorganic Hybrid, Inverted Bulk-Heterojunction
Solar Cells As Realized in the Current Papera

a(a) A novel nanostructured electrode comprising a thin film of a
highly porous zinc oxide network (grey) on ITO (light blue) is
sensitized with an organic dye (SQ2), resulting in (b) the surface-
modified material (illustrated with the blue color) and (c) combined
with conducting, organic polymers like poly-3-hexylthiophene (red).
(d) Charge carriers created because of the absorption of light are
separated more effectively due to enforced, spatial proximity of the
hole-conducting, organic phase, and the electron-conducting ZnO
phase.
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materials is in the range 130−150 m2/g.39 For thin aerogel films
scratched from a glass substrate a surface area of over 80 m2/g
could be determined via N2 physisorption measurements (see
SI-2 in the Supporting Information). Besides porosity, other
parameters are expected to influence the performance of the
porous thin film electrodes, namely film thickness, crystallinity
and electrical conductivity. The transport efficiency of free
charge carriers within the semiconductor is an important factor
regarding electronic applications and is enhanced by increasing
the crystallinity of the material.
The as prepared films were investigated using grazing-

incidence powder X-ray diffraction (PXRD) (see Figure 3; for
scattering range below 25° 2θ, see SI-3 in the Supporting
Information). Weak signal intensities are found, which are
attributed to the low crystallinity of the as-prepared material.
The crystallinity could be enhanced significantly by treating the
films at elevated temperatures for several hours. The
crystallization process is documented by the emergence of
the characteristic ZnO pattern in the PXRD diffraction patterns
shown in Figure 3. However, it is of elemental importance to
prove that the aerogel morphology remains unaffected by the
sintering procedure. The N2 physisorption isotherm of ZnO
aerogel films before and after sintering at 400 °C for several
hours are revealing a loss of BET surface area from 82.7 to 46.6

m2/g (see SI-2 in the Supporting Information). This is due to
the conversion of amorphous domains to crystalline domains
and the growth of the crystallites (4.7 nm → 7.4 nm) as proven
by PXRD. It is remarkable that the aerogel morphology is still
existent and no visible shrinkage or crumbling of the filigree
structure could be observed by comparing the SEM images
before and after sintering of a 200 nm thick aerogel film.
(Figure 3). A high-resolution transmission electron microscopy
(HRTEM) image of the aerogel film after the temperature
treatment shown in Figure 4 reveals that the nanocrystals are
highly crystalline and in good contact to each other.
Besides the crystallinity another important material charac-

teristic is the film thickness influencing the optical as well as
some important electronic characteristics. For example, in
hybrid solar cells, the film thickness of the electron transporting
layer directly affects the travel length of the free charges to the
electrode and the photon absorption efficiency because of
polymer loading. Finding an effective way to adjust the film
thickness is fundamental to guarantee an efficient fabrication of
such devices. The film thickness h was measured using a
combination of SEM and atomic force microscopy (AFM)
height profile analysis (see Figure 1b) upon which the effect of
the withdrawal rate v during the dip-coating process was
investigated. The data were evaluated using the so-called
Lindau−Levich equation51,52
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with η ≅ viscosity of the solution, γLV ≅ liquid−vapor surface
tension, ρ ≅ density, g ≅ gravity. Thus, a plot h versus the cubic
root of v2 should result in a linear graph. The excellent
agreement to the Landau-Levich behavior proves that the
thickness of the aerogel-films can be adjusted very precisely
starting from 200 nm up to several micrometers (see SI-4 in the
Supporting Information). The films are transparent in the
entire VIS-region which can be seen from UV/vis spectroscopy
(data given in SI-5 in the Supporting Information). Only in the
UV (λ = 360 nm) is the absorption edge due to the band gap of
ZnO. The good homogeneity, chemical purity, and outstanding
quality of the films are also apparent from their visual
transparency. Photographic images of a glass-cover slide coated
with a 200 nm aerogel film are shown in SI-5 in the Supporting
Information and Figure 2. No organic or carbonaceous
impurities were present which could be seen from energy
dispersive X-ray spectroscopy (EDX) (see SI-6 in the
Supporting Information). The material presented here is thus
unique and superior to other reported ZnO electrode
coatings.53−55

Hybrid BHJ Solar Cells. The prepared aerogel ZnO films
were applied as porous electrodes in solar cells. First, a
compact, 100 nm thick ZnO film was deposited on conducting
ITO glass by RF magnetron sputtering as a hole blocking and
shortcut preventing protection layer. Different film thicknesses
were made possible by prolonging the deposition time. The
resulting ZnO films thicknesses were measured by (AFM)
height profile analysis and plotted versus the deposition time,
resulting in a linear graph (shown in SI-7 in the Supporting
Information). In the next step, ZnO aerogel films with the
desired film thickness were prepared on top followed by
annealing of the films to increase the crystallinity.
The ZnO materials can either be used as prepared, or one

can modify the surfaces with an additional, light-absorbing

Figure 1. (a) SEM and (b) AFM height-profile evaluation of a 200 nm
thin ZnO aerogel film. The film was carved to determine the film
thickness. (c) Experimental data for film thickness (black data points)
in comparison to the Landau−Levich equation (gray line).
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entity. Others have reported recently, that enhanced light
absorption and better efficiencies of BHJ solar cells can be
realized for sensitizing the surfaces of the metal oxide with dye
molecules.56−59 Therefore, we have also used the organic
squarylium cyanine dye SQ2 (see SI-8 in the Supporting
Information) for immobilization on the ZnO aerogel films. A
solution of the conducting polymer poly(3-hexylthiophene)
(P3HT) has been spin-cast onto the aerogel film. A layer of
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PE-
DOT:PSS) was deposited via combination of spray and spin-
casting to yield a homogeneous film. The cell was finalized by
the air stable silver (Ag) counter-electrode. The successful
infiltration of the polymer was shown as follows. A cross-
section of an edge created by cutting was investigated with
SEM (Figure 5). The filigree nature of the aerogel cannot be
seen anymore as if the polymer has filled all voids of the porous
ZnO network. That the network is still present can be
demonstrated by removal of the polymer via ozone treatment at
elevated temperatures. The SEM images of the resulting
material shows the same aerogel morphology as prior to
polymer infiltration (see SI-9 in the Supporting Information).
The realized high degree of intermixing between the polymer
and the metal oxide promotes short travel lengths from the site
of charge generation trough the organic phase, thus avoiding
recombination processes and therefore leading to more efficient
charge separation.
BHJ solar cells fabricated with 300 nm thick, sintered ZnO

aerogel films were compared to devices with nonsintered
aerogel films of the same film thickness regarding their
performance under illumination with simulated AM 1.5G
solar light (100 mW/cm2). In agreement to the literature,56−59

we could also see that the SQ-2 sensitized materials exhibit

better performance compared to the pure ZnO materials.
Therefore, we have concentrated on the SQ-2 containing
materials. The current−voltage characteristics of both devices
are shown in Figure 6. It can be shown that electrons can also
be transported efficiently enough through nonsintered ZnO.
The latter finding is important for the preparation of aerogel-
like ZnO films on substrates which do not withstand high
temperatures like polymer foils. However, the energy
conversion efficiency ηeff = 0.33% is relatively low. Charge
mobility is higher in the temperature-treated films due to the
enhanced crystallinity, larger domain size and better contact
between the ZnO grains (Figure 4). This directly leads to a
much better value for ηeff = 0.54%.
Besides crystallinity, the film thickness of the ZnO aerogel

layer could also have an impact on the performance of the solar
cells. To investigate the effect of varying film thickness, we
tested the optical as well as the solar cell performance
characteristics. In SI-10 in the Supporting Information, the
UV−vis spectra of the prepared solar cells with varying
thickness from 200 to 500 nm are pictured. As expected, the
absorption in the UV region increases with increasing ZnO
aerogel layer thickness. The increasing absorption of P3HT in
the region from 580 to 400 nm is slightly enhanced with
increasing aerogel film thickness because of the higher amount
of polymer. This effect is more pronounced regarding the
absorption of the SQ2 dye at 675 nm, where a big difference
between the 500 nm and the 200 nm, respectively, 300 nm, can
be observed. When the solar cells are built and their
performance is tested, there is a linear increase in the solar
cell energy conversion efficiency with declining film thickness
from 500 to 200 nm (Figure 7a; see SI-11 in the Supporting
Information). This trend is easily explained considering the

Figure 2. Different materials coated with 200 nm thin ZnO aerogel-film. (a) Glass slide, (b) titanium foil, (c) on flexible PVC-foil (the SEM image
shows the thin film prior to polymer infiltration and the photograph shows the film after infiltration, which was chosen for better visibility because of
the coloration caused by the presence of P3HT).
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EQE spectra shown in Figure 7b. Although in the case of the
thicker films there is more of the active layer present to absorb
the incoming photons, less of the separated charges are
collected at the electrodes, because of the limited penetration
depth of the light into the material combined with the longer
travel length of the charges and therefore higher chance for
recombination. This results in overall lower EQE values and
lower energy conversion efficiencies with increasing film
thickness.
The current−voltage characteristic and the EQE spectra of

the solar cell with a sintered 200 nm thick aerogel layer are
shown in Figure 8. The cells reach rather high values for the
short circuit current Isc = 3.78 mA/cm2 because of the high
absorption yield of the incident photons over the whole
spectral range from 350 nm to 750 nm shown in the EQE
spectrum leading to generation of separated charges with a

maximum of 21.6% at a wavelength of 517 nm. The value for
the open circuit voltage (Voc = 0.37 V) shows, that the
generated charges are successfully separated and are able to
travel through the interconnected structure of the ZnO aerogel
to the electrodes. This results in a fill factor of 50.2% with an
efficiency of ηeff = 0.69%.
Because of the novelty of the concept using highly porous

and interconnected aerogel electrodes sensitized with organic
dye it is difficult to compare these values to the ones existing in
the literature. Best comparable to our system are BHJ
geometries with different ZnO nanomaterial/P3HT blends.
The reported efficiencies are ranging from 0.2% for dye-
sensitized nanorod arrays,31 to 0.35% for nanostructured ZnO60

and 0.53%61 for ZnO fibers. The highest reported efficiency
using a different approach with a novel precursor method was
reported by Janssen et al. reaching η = 2%.62

■ CONCLUSION
The main part of the paper was concerned with the preparation
of novel nanostructured electrode materials consisting of the
semiconducting metal oxide ZnO. Different substrates includ-
ing ceramics, metals, and even polymer foils could be coated
with a homogeneous, highly porous film of a nanocrystalline
ZnO aerogel. The films are very homogeneous and their
thickness could be adjusted from 200 nm to several
micrometers.
Next, their use in inverted BHJ solar cells was tested. The

successful interpenetration of the aerogel voids with conducting
polymer after sensitizing with organic dye enabled the
preparation of advanced hybrid solar cells. Especially in hybrid
solar cells, where an absorbing hole transporter is used, aerogel
films are potentially more attractive than nanoparticle films
because of their higher porosity. The pore-size of aerogel-like
materials is in an ideal size range because the pores are large
enough to enable easy and effective infiltration of the polymer
into the pores. At the same time the pores are small enough for
granting an intimate contact between the oxide matrix and the
conduction polymer. Unlike in nanoparticle systems, there is no
insulating layer due to the stabilization agents needed for the
nanoparticles, and phase-separation processes can be avoided.
Higher porosity allows infiltration of more polymer per volume

Figure 3. SEM images of thin aerogel films (a) before and (c) after
sintering (T = 400 °C). (b) GI-PXRD data for different sintering
temperatures; 100 °C (as-prepared material; black graph), 200 °C (red
graph), 300 °C (blue graph), 400 °C (green graph). The reference
pattern of bulk ZnO is shown as black bars.

Figure 4. HRTEM image of a highly crystalline thin aerogel film
obtained after heating to 400 °C for 4 h. The visible index planes
correspon to the (100) of ZnO (d = 0.28 nm).
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and thus higher extinction coefficients and more efficient light
harvesting.
It was seen that aerogel films prepared at low temperature

and with low crystallinity exhibit reasonable performances.
Sintering of the films lead to an increase in crystallinity and
better charge carrier mobility, whereas the filigree nature of the
aerogel was not altered. Finally, it was shown that the film
thickness is an important parameter for further optimization.
Up to know the device prepared using a 200 nm thick film has
the best efficiency values of ηeff = 0.69%. It can be expected that
there will be a maximum in ηeff for even thinner films (see
Figure 7). This and other optimizations will be done in the near
future.

■ EXPERIMENTAL SECTION
All starting compounds were until noted otherwise received from
Aldrich, purified, and carefully dried prior to use.
Preparation of ZnO Aerogel Film. In a typical synthesis, the

[MeZnOiPr]4 heterocubane was dissolved under moderate heating

under argon atmosphere in bis(2-methoxyethyl)ether (cprecursor = 0.09
M). The solution was cooled to 0 °C and 4 equiv. of water were added.
The solution was kept at 0 °C for 80 min to form a stable dispersion
just before the gel point. The substrate are now dipped into the
dispersion at 0 °C with a rate of 34 mm/min and after 60 s withdrawn
at a rate corresponding to the desired film thickness of 200 nm. After

Figure 5. Color-coded SEM image of the prepared photovoltaic cell for better differentiation between the layers. Glass substrate (red), conducting
ITO layer (blue), dense ZnO film (green), P3HT infiltrated into porous ZnO aerogel matrix (purple), PEDOT:PSS layer topped with thin Ag
electrode (green).

Figure 6. Current−voltage characteristic for BHJ solar cell with 300
nm ZnO aerogel layer, unsintered (gray line) and temperature-treated
at 400 °C (black line) measured in the dark (dashed line) and with
AM 1.5G solar light (100 mW/cm2) (solid line).

Figure 7. (a) ZnO aerogel film layer thickness plotted against energy
conversion efficiency. (b) EQE spectra of BHJ solar cells with different
layer thickness of aerogel film. (black line = 200 nm, gray line = 300
nm, dashed black line = 500 nm).
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10 min of drying at room temperature, the films were annealed by
heating at 100 °C for 1 h followed by heating to 400 °C with a heating
rate of 1 °C per min and afterward keeping that temperature for 4 h.
Preparation of ZnO Protection Layer. The ZnO films were

deposited via RF magnetron sputtering (AJA Orion UHV-Sputter
system) using a zinc target at a basic pressure of 1 × 10−7 Torr. Argon
stream was adjusted to 80 sccm Argon, Oxygen stream was 10 sccm at
a pressure of 2.5 mTorr. The power was set to 300 W and for the
approximately 100 nm protection layer, the deposition time was
adjusted to 300 s.
Characterization. X-ray diffraction was performed on a Bruker

AXS D8 Advance diffractometer using Cu Kα radiation. A special
measurement geometry called “grazing incidence” has been applied,
where the incident radiation is fixed at small angles and only the
detector is moved over the angle area, leading to an enhanced
absorption of the thin film and therefore to an increase of the reflex
intensities. SEM images were recorded on a Zeiss CrossBeam 1540XB
scanning electron microscope. High resolution transmission electron
microscopy (HRTEM) images were recorded with a JEOL, JEM
2200FS HRTEM operating with an acceleration voltage of 200 kV.
AFM measurements were performed with JPK NanoWizard atomic
force microscope in the intermittent contact mode using a Silicon tip
with a force constant of 40 N m−1 and resonant frequency of about
300 kHz. Further surface analysis was performed with an Ambios XP2
Profilometer.
Solar Cell Fabrication. Solar cells were fabricated on indium−tin

oxide (ITO) coated glass substrates (Kintech, 10 Ω/sq.). ITO glasses
were subsequently cleaned in an ultrasonic bath with acetone,
isopropanol and deionized water for 15 min each and dried in air at
60 °C. ZnO flat films of approximately 100 nm thickness, serving as
protection layer, were deposited on ITO glasses as described above.
On top, ZnO aerogel films with varying film thickness were prepared
as described above. The films were immersed in a 2 mM solution of
the squarine dye SQ2 (Solarnix) in ethanol for 60 min, excessively
rinsed with ethanol and dried in a nitrogen stream. P3HT (P2000;
Rieke Metals) was spin coated from a 20 mg/mL solution in
chlorobenzene. Substrates were wetted with P3HT solution allowing
the polymer to diffuse into the nanostructure, after 30 s the spin
coating started at 1500 rpm. After spin coating, samples were annealed
at 140 °C for 2 min in ambient air. Approximately 40 nm poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) were
spray-deposited on the P3HT films from a 1:10 diluted solution in 2-
propanol as described elsewhere in detail.63 In brief, an aqueous
solution of PEDOT:PSS was used as received from HC Starck and
diluted at 1:10 volume ratio in isopropanol. The solution was then
sprayed onto the active layer and the sample was spincoated at 1000
rpm for 1 min. To finalize the solar cells, Ag top contacts where
thermally evaporated at a pressure <3 × 10−6 mbar at deposition rates
of 0.1−2 Ǻ/s. Subsequently, solar cells were annealed at 140 °C for 5
min in ambient air.

Solar Cell Characterization. Current−voltage characteristics were
recorded using a Keithley 2401 Sourcemeter controlled by a self-
written LabView program. Solar cells were illuminated through a
shadow mask and the active area was 0.125 cm2. For characterization
under simulated sunlight a LOT-Oriel LS0106 solar simulator with a
Xe lamp and an AM 1.5G filter was focused onto the solar cells and
adjusted to a light power of 100 mW/cm2. For EQE measurements a
Xe lamp was focused onto a monochromator resulting in light
intensities of approximately 2 mW/cm2 at 450 nm . For calibration, a
Fraunhofer Institute certified Si reference solar cells with a KG5 filter
was used.
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