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ABSTRACT: Flat titanium dioxide films, to be used as the
acceptor layer in bilayer hybrid solar cell devices, were
prepared by spray-pyrolysis and by spin-casting. Both
preparation methods resulted in anatase titania films with
similar optical and electronic properties but considerably
different film morphologies. Spray pyrolysis resulted in dense
TiO, films grown onto and affected by the surface roughness
of the underlying conducting glass substrates. The spin-casting
preparation procedure resulted in nanoporous titania films.
Hybrid solar cell devices with varying layer thickness of the
small-molecule semiconducting dye TDCV-TPA were inves-

spray-
pyrolyzed “
TiO,

tigated. Devices built with spray-pyrolyzed titania substrates yielded conversion efficiencies up to 0.47%. Spin-cast titania
substrates exhibited short circuits for thin dye layer thickness. For thicker dye layers the performance of these devices was up to
0.6% due to the higher interfacial area for charge separation of these nanoporous TiO, substrates.
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1. INTRODUCTION

In hybrid solar cells (HSCs), the opto-electronic properties of
inorganic and organic semiconducting materials are combined
to convert sunlight into electricity.l’2 Conceptually, HSCs are
related to both dye-sensitized solar cells (DSCs) and organic
solar cells (OSCs), which are both technologies with the
potential to become low-cost alternatives to solely inorganic
photovoltaic devices.

Because of their high electron affinity and the possibility to
prepare defined nanostructures, inorganic semiconductors such
as TiO, and ZnO have been used as electron acceptor materials
in HSC devices.>™'® In HSCs incorporating these wide-
bandgap semiconductors, photons are predominantly harvested
in the organic component of the device, where excitons are
formed upon light absorption. Excitons generated within the
exciton diffusion length (Lyp) from the hetero interface can
contribute to the photocurrent.'" After interfacial charge carrier
separation, electrons and holes must be transported to their
respective contacts in the device architecture. The interfacial
area between the inorganic and organic semiconductor thus
governs the maximum generated photocurrent.'® In addition to
acting as the electron acceptor, the layer of wide-bandgap
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inorganic semiconductors also prevents recombination.
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Bilayer HSCs utilizing planar TiO, layers as inorganic
component and polymers or small-molecule semiconductors as
organic component typically have power conversion efficiencies
between 0.1% and 0.5%.°'*'°~%° Flat TiO, layers for bilayer
HSCs have been prepared by spray-pyrolysis,'>*° chemical
vapor deposition (CVD),*’ and spin-casting of TiO,
precursors.*”'®'7?! In this study, we have compared titania
films prepared both via spray pyrolysis®>** and via a spin-
casting sol—gel procedure.*”> We demonstrate that the
different preparation routes lead to anatase titania films with
significantly different morphology.

Bilayer solar cell devices, using the small-molecule semi-
conductor TDCV-TPA (shown in the inset of Figure 3, shown
later in this paper) were investigated using both types of
prepared titania substrates. This compound was developed by
Roncali and co-workers as a small-molecule donor in an organic
solar cell’**® We have demonstrated promising efficiencies
using TDCV-TPA in hybrid bilayer solar cells.”® The realization
of efficient HSC devices based on the infiltration of
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Figure 1. Cross-sectional scanning electron microscopy (SEM) images of (a) spray-pyrolyzed TiO, on FTO and (b) spin-coated sol—gel TiO, on

FTO.

nanostructured inorganic semiconductors might be hampered
by insufficient pore infiltration of organic polymer semi-
conductors.”® In previous work, we found that the molecular
weight of an organic semiconductor affects the pore filling
fraction in nanostructured polymer/titania samples.”” There-
fore, we focus our work on the investigation of small-molecule
organic semiconductors that should have a similar pore filling
ability of mesoporous TiO, as the organic hole transportin§
material spiro-MeOTAD, commonly used in solid-state DSC.

The bilayer solar cell devices built with both types of
substrates exhibited very different characteristics and perform-
ance. The sgray-pyrolyzed TiO, films exhibited trends observed
previously”® but the device performance achieved herein was
higher (0.47%). Spin-casting TiO, films from a sol—gel solution
onto conducting FTO substrates resulted in films that exhibited
nanoporosity which resulted in device failure for thin layers of
TiO, but also in devices outperforming the spray-pyrolyzed
films for thicker dye layers. These results compare favorably
with other bilayer HSC devices (0.60%).571016=20

2. EXPERIMENTAL SECTION

Thin layers of titania on conducting fluorine-doped tin oxide (FTO)
glass substrates (TEC1S, Pilkington, substrate thickness = 2.3 mm)
were prepared either by spray pyrolysis”®** or by spin-casting.>**
Preparation via spray pyrolysis was carried out as reported previously,
using a titanium diisopropoxide—bisacetylacetonate TiO, precursor in
12 spray cycles, using a hand-held airbrush at 450 °C.*° The spin-
casting deposition of sol—gel TiO, films was carried out in a manner
similar to routes described in the literature®® from a precursor
solution containing 1.4 mL of titanium-tetraisopropoxide (Aldrich), 8
mL of an ethanol, and small quantities of deionized (DI) water and
hydrochloric acid (HCI, Aldrich).® The sol—gel solution (20 yL/cm?)
was spin-cast onto FTO substrates at 2000 rpm (Chemat Technology
KW-4A spin-coater), left to condense at 120 °C (12 h), and calcined at
450 °C on a hot plate for 30 min.

Room-temperature X-ray diffraction (XRD) was measured on a
Siemens Diffractometer DS000. Scanning electron microscopy (SEM)
images were recorded on a Zeiss Leo 1550 SEM device. The thickness
of the deposited titania films and film morphology was evaluated from
SEM cross-sectional images. Atomic force microscopy (AFM)
measurements were performed in tapping mode on a NanoScope
II1, using a silicon cantilever, which had a tip radius of better than 10
nm. Ima%e analysis was carried out using Nanotec WSxM 5.0
software.”® The transmittance and reflectance of the prepared titania
films were measured on a Cary 5000 spectrometer equipped with an
integrating sphere.

Experimental details on electrochemical measurements performed
on the deposited TiO, films can be found in the electronic Supporting
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Information (ESI). Photoelectron spectroscopy (PES) measurements
were performed using synchrotron light at the undulator-based BL
1411 at the Swedish national laboratory MAX in Lund.***° The takeoff
angle used was 70° and the angle between polarization and
photoelectron direction was 0°. The photon energy used in the PES
experiments was 100 eV.

The small-molecule semiconducting dye [tris(dicyano-vinyl-2-
thienyl)phenyl]amine (TDCV-TPA, structure shown in Figure 3,
presented later in this work) was purchased from Aldrich and used as-
received. The dye was spin-cast (30 s, 4000 rpm) from a methylene-
chloride (Aldrich) solution, as described previously,*® and dye layers of
varying thickness were prepared from different solution concen-
trations. The dye layer thickness (d) was estimated from the sample
absorbance (A), as measured with an Ocean Optics Model HR2000
fiberoptic spectrometer. The correlation factor (a) was determined by
relating the measured absorbance of dye layers on glass substrates with
the thickness determined by step profilometry on a DekTak 150. The
devices were contacted with a spin-cast layer of poly(3,4-ethyl-
enedioxy-thiophene):poly-(styrene-sulfonate) (PEDOT:PSS, Aldrich)
and compressed graphite powder as described previously.”® During
characterization, a mask with the same area as the active area of the
test devices (0.19 cm?) was used.

Current—voltage (J-V) measurements were carried out using a
solar simulator (Newport, Model 91160) in combination with a
computer-controlled Keithley 2400 source meter in ambient
atmosphere. External quantum efficiency (EQE) values were measured
under illumination from a xenon light source (ASB-XE-175) and a
computer-controlled monochromator (AB301-T) with a Keithley
multimeter (Model 2700). Open-circuit photovoltage (V) decay
measurements were carried out on a computer-controlled white LED,
in combination with a DAQ multimeter used to read out the voltage
decay of a solar cell device after turning off the illumination source.

3. RESULTS AND DISCUSSION

3.1. Morphological and Electronic Properties of the
TiO, Films. Various experimental methods (SEM, AFM, XRD,
PES, UV—vis with an integrating sphere, linear scanning
voltammetry, and Mott—Schottky measurements) were em-
ployed to characterize the differences between the titania films
prepared using the different preparation routes. We herein
summarize the most prominent differences. The interested
reader is referred to the ESI for more details on these
experimental results.

The titania samples prepared by spray-pyrolysis in 12 spray
cycles had an even, faint yellowish color, which stems from
interference effects for the thin titania films on FTO. Spin-
casting resulted in films with even coloring throughout most of
the film. Figure 1 compares the cross-sectional SEM images of
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the spray-pyrolyzed TiO, (Figure la) and spin-cast TiO,
(Figure 1b). SEM images of the sample surfaces can be
found in the ESI. Comparing the SEM cross-sectional images,
the spray-pyrolyzed and spin-cast TiO, films have a rather
dissimilar appearance.

The spray-pyrolyzed TiO, film (the slightly darker shade of
gray in Figure la) grows on the underlying FTO and forms an
intimate contact. From the SEM and AFM images (see the
ESI) of the FTO surface, it is evident that the fluorine-doped
tin oxide substrate consists of large crystallites with sharp edges.
Both in the SEM image of the cross-section and in the image of
the sample surface (see the ESI), the spray-pyrolyzed TiO, film
seems to be rounding off the sharp edges of the FTO surface by
adapting to the surface topography of the FTO layer.

In contrast, the spin-cast TiO, film appears more like a
separate layer lying on top of the FTO and the sharp edges of
the surface of the FTO substrate are visible. The thickness (t)
of the deposited TiO, layers were determined from these SEM
cross-section images and are summarized in Table 1. The

Table 1. Film Morphology of Spray-Pyrolyzed and Spin-Cast
TiO,

sample B (nm) ¥ (nm) R.,¢ (nm) hy” (nm)
spray-TiO, 26 85 (£20) 162 53.7
spin-TiO, 25§ 130 (+20) 42 114
FTO 330 29.1 79.4

“Crystallite size determined from XRD (200) peak (see ESI). bt = film
thickness of TiO, and FTO layers, determined from cross-sectional
SEM analysis. “Root-mean-surface roughness R, and average height
h,,, determined from AFM surface analysis.

surface of the spin-cast TiO, (Figure 1b) film is more smooth,
compared to the spray-pyrolyzed TiO, film (Figure 1a) which
adapts to the surface roughness of the underlying FTO
substrate.

The two different types of prepared TiO, films were also
analyzed using AFM. The AFM images are compared in Figure
2. For both samples, the underlying FTO crystals are apparent
as larger domains on the order of 150—300 nm (see the ESI).
From the analysis of the AFM images, the average height (h,,)
and the root-mean square surface roughness (R,,) of the
titania films were determined and are included in Table 1. In
comparison to the R, of the FTO substrate (Table 1), the
TiO, layer deposited by spray pyrolysis decreases the surface

roughness by a factor of 1.7. TiO, films prepared by the spin-
casting route have a lower R, and have, as also is apparent in
the SEM cross-section images (Figure 1b), a smoother surface.

While AFM gives valuable information on the surface
topography of a sample, the experimental results give little
information about the porosity of a sample. What we can
deduce is that, for both the spin-cast and spray-pyrolyzed TiO,
films, small particles on the order of 20 nm are distinguishable
in the AFM and SEM image. In XRD analysis, both types of
samples were found to be anatase TiO, (see the ESI). From the
XRD analysis, the crystallite size (B) was determined using the
Scherrer equation. Both types of TiO, were found to contain
crystallites on the order of 25 nm, and the values are included
in Table 1. From the AFM and SEM images, it seems that, for
the spray-pyrolyzed TiO, films, these crystallites build up the
titania films in a densely fused manner, while, for the spin-cast
TiO, films, the crystallites are more loosely connected. We infer
that these films are nanoporous.

The differences in the TiO, film morphology is a
consequence of the different conditions in the preparation
routes employed. Spray-pyrolysis deposition results in compact
TiO, films grown layer by layer adapting to the surface
morphology. In the spin-casting preparation route titania
crystallites are likely to form during storage at 120 °C of the
gel film. Small TiO, crystallites form, which are subsequently
fused together during sintering at 450 °C. The resulting titania
films consist of TiO, nanocrystallites, forming a nanoporous
structure.

For the solar cell devices investigated herein, the relative
energetic alignment between the excited state of the dye and
the TiO, conduction band determines the charge separation
efficiency of the solar cell devices. It is, therefore, of interest to
establish whether the different preparation methods have an
influence on the electronic properties of the resulting titania
films.

The valence band structure of the prepared titania samples
could be directly investigated with photoelectron spectroscopy
(PES) measurements, using synchrotron radiation (see the
ESI). The valence-band edge (Ey) was measured to be at 3.2
eV, relative to the Fermi level (Eg) in TiO, and was found to be
similar for both types of titania films.

Transmittance (T) and reflectance (R) measurements were
carried out on an ultraviolet—visible light (UV-vis) spectrom-
eter equipped with an integrating sphere (see the ESI). The
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Figure 2. Atomic force microscopy (AFM) micrographs of the surface morphology of (a) spray-pyrolyzed and (b) spin-coated TiO, on FTO glass

substrates. Note the difference in magnitude for the two z-scales.
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indirect bandgap (E,) of the titania samples was determined
from the plot of (ahv)"/* vs photon energy (hv) and was found
to be 3.4 eV for the spin-cast TiO, and 3.35 eV for the spray-
pyrolyzed TiO,. This is comparable to values greviously
reported for titania films consisting of nanoparticles.”"

In order to investigate the conduction band of the prepared
titania samples, we attempted to determine the flat band
potential (Vj) from the Mott—Schottky plot of the space
charge capacitance (Cgc). While we were able to determine the
Vg, value of the spray-pyrolyzed TiO, samples to be —0.26 V vs
NHE at pH3 (see the ESI), in agreement with values previously
reported,®>*® we were not able to measure the V3, value of spin-
cast TiO, films on FTO. This was a consequence of the films
exhibiting pinholes and, therefore, not blocking electron
transfer with the underlying FTO layer. This was confirmed
in linear scan voltammetry experiments using ferrocene, which
also can be found in the ESI. Although these experiments did
not allow us to compare the flatband potentials of the two
different types of titania films prepared, they affirmed that the
spin-cast titania films were of a porous nature.**

The doping density (Np) of the spray-pyrolyzed TiO, was
determined to be 1.2 X 10'7 cm™ using a dielectric constant of
€, = 54 for TiO,>* and R = 1.7, which is similar to values
reported elsewhere.””*> The doping density of FTO (Np pro)
was determined to be 4.1 X 10" cm™ from the slope associated
with the space-charge capacitance in the FTO layer using an &,
value of 9 for FTO>* and a value for R of 2.9, which is similar to
the values reported by others.>

An interesting observation during these measurements was
that when comparing the Mott—Schottky measurements on the
spray-pyrolyzed TiO, with a blank FTO sample: the slope
associated with the space-charge capacitance of the FTO
substrate changed by the same factor (1.7) as the difference in
R, measured with AFM for these two types of substrates. This
effect has previously been interpreted as a change in doping
density of the FTO layer due to the spray deposition process.
We find that this change in slope can be entirely rationalized as
being caused by the change in sample surface roughness. We
conclude that the surface roughness affects the space-charge
capacitance and should be included in the Mott—Schottky
relation.*®

3.2. Dye Deposition and Dark Characteristics of Solar
Cells. Bilayer solar cell devices were prepared using the small-
molecule semiconducting dye TDCV-TPA (structure shown
later in Figure 3). The dye layer thickness (d) was varied by
spin-casting the dye from solution of different concentrations
(c). The sample absorbance (A) was correlated to the effective
dye layer thickness d via profilometry measurements of the
reference samples on microscope glass slides (see inset of
Figure 3). The absorption coefficient at the absorption
maximum of TDCV-TPA (s, ,m) Was determined to be 3.2
(£0.2) X 10" m™" which is slightly lower than the value we have
reported g)reviously20 but larger than the value reported
elsewhere.”

For concentrations of ¢ < S mM, dye deposition onto the
spin-cast titania substrates (Figure 3, blue triangles) resulted in
sample absorbances A that were almost twice the value
compared to samples prepared on spray-pyrolyzed substrates
for the same solution concentration. From the SEM images
(Figure 1) and AFM surface topography analysis, we concluded
that the spin-cast TiO, films exhibited a lower surface
roughness. Assuming a conformal layer of dye deposited from
the same solution concentration, this result was counterintuitive
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Figure 3. Sample absorbance (A) at 530 nm in dependency of the
solution concentration (c) of TDCV-TPA on spray-TiO, (circles) and
spin-TiO, (triangles) substrates. Trend lines were added as a guide to
the eye. Top inset shows the proportionality between A and d, derived
from Dektak profilometry, and the bottom inset shows the structure of
TDCV-TPA.

at first, since more dye would be expected to be deposited onto
the spray-pyrolyzed TiO, substrates. We interpret the relatively
larger amount of TDCV-TPA deposited on spin-cast TiO,
substrates as a “soak-in” effect: the small-molecule semi-
conductor infiltrates the nanoporous spin-cast TiO, films.

This impression is confirmed by SEM cross-section images of
samples prepared with both types of substrates and a dye layer,
deposited from a 20 mM solution of TDCV-TPA (see the ESI).
In comparison with the absorbance of these samples, the
thickness of the dye layer found for the spray-pyrolyzed TiO,
substrates was in the same order as the dye layer visibile in the
SEM cross section. For the spin-cast TiO, layer, we found the
thickness of the overstanding TDCV-TPA layer to be ~17 nm
thinner than expected from the sample absorbance. This is
another indication that the dye infiltrates the porous TiO, films
prepared by spin-casting.

To analyze the diode properties of the solar cell devices, the
dark current density (J,) was measured as a function of applied
potential (V,). Figure 4 shows plots of In(IJp|) vs V, for devices
built with both types of TiO, substrates for various dye layer
thicknesses d (indicated in the figure) and reference diodes
where the TiO, layer was directly contacted with PEDOT:PSS
(d = 0 nm). The dark diode properties of the solar cell devices
was analyzed using a Shockley equation in its logarithmic form,
taking both the series R; and shunt resistance Ry, of the solar

cell devices into account:>’
R V. — IR V.
ln(UD') =In|—L" | +1In j| exp] = Sl—1]+ =2
Ry + R, 0 nkgT/q Ry,
(1)

Spray-pyrolyzed titania substrates directly contacted with
PEDOT:PSS exhibit Ry, on the order of 10* Q cm? which
increases by 1 order of magnitude when a dye layer is added.
The junction formed between the spin-cast titania substrates
and PEDOT:PSS exhibit Ry, values on the order of 10°  cm?
and no rectification. This can be rationalized with short circuits
as the TiO, films prepared by spin-casting are not pinhole-free.
These films are thus not suitable to be used as blocking layers
in electrochemical and solid-state solar cell devices.

dx.doi.org/10.1021/am301604x | ACS Appl. Mater. Interfaces 2012, 4, 5997—6004
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Figure 4. Tafel plots of dark current density versus voltage (J,—V) of
solar cell diodes with varying dye layer thickness d (indicated in
Figure) for (a) spray-pyrolyzed TiO, substrates and (b) spin-cast TiO,
substrates.

The ideality factor (), the shunt resistance (Ry,), and the
dark exchange current density (j,), which is derived from the
dark current density measurements) are compared for both
types of substrates and as a function of d in the ESL The
exchange current density (j,) and the ideality factor (1) were
determined from the extrapolated linear part of the In |Jp| plot
at negative V,. The comparison illustrates that the spray-
pyrolyzed TiO, substrate acts as sufficient blocking layers and
rectifying contacts. The spin-cast TiO, layers exhibit an increase
in Ry, and decrease in j, with increasing d, which means that the
dye layer itself can act as a barrier layer and functioning solar
cell diodes can be achieved once the dye layer is thick enough
to prevent electrical shorts. The larger variation in the
experimental values for the spin-cast substrates reflects that
there is a lower reproducibility among individual devices. The
larger variance of experimental results for devices prepared with
spin-cast TiO, films shows that these films probably exhibit
differences in blocking ability and pinholes between individual
samples. Because of their apparently lower adhesion to the
underlying FTO substrates, these films might also be more
prone to partial destruction during sample preparation.

3.3. Solar Cells under lllumination. Current density—
voltage (J—V) measurements under simulated AML.S illumi-
nation (1000 W m™) were performed to compare the solar
energy conversion efficiency (17) of the two different types of
titania substrates. Selected J—V curves are shown in Figure Sa
for spray-pyrolyzed (circles) and spin-cast (triangles) titania
substrates for devices comprising a TDCV-TPA layer with a
thickness of ~8 and 80 nm, respectively. In Figure 5b, the
corresponding external quantum efficiency (EQE) of these
devices is shown.

Bilayer solar cell devices comprising TDCV-TPA and spray-
pyrolyzed TiO, substrates exhibit similar trends in the -V
curves and spectral response of the EQE with increasing d, as
we have discussed previously. In the devices reported herein,
the attained power conversion efficiency (1) was up to 0.47%,
which is higher than what we have reported previously.”® This
is due to differences in the batches of TDCV-TPA used. The
asymmetric shape of the EQE can be explained with more
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Figure S. (a) Current-density—voltage (J—V) and (B) EQE spectra of

the devices with d ~ 80 nm and d ~ 8 nm for spin-TiO, (triangle) and
spray-TiO, (circle). The thickness d is indicated in the figure.

efficiency harvesting of higher-energy excitons in this device
geometry.20

For the spin-cast TiO, substrates devices built with thin
layers (d < 20 nm) of TDCV-TPA, the solar cells exhibited
short circuits or low device performance. For thicker d, the
spin-cast TiO, devices outperformed the devices prepared with
spray-pyrolyzed TiO,, reaching efficiencies () up to 0.60%
(see the dashed-dotted lines in Figures Sa and Sb).

The improvement in the device performance of HSC devices
prepared with spin-cast TiO, substrates, compared to spray-
pyrolyzed TiO, substrates, stems from a higher generated
photocurrent (see Figure Sa). At the absorption maximum, the
EQE (Figure Sb) was found to give about twice the response
for the spin-cast TiO, substrates, compared to spray-pyrolyzed
samples.

Considering the more porous nature of the spin-cast TiO,
substrates, as apparent from SEM analysis (Figure 1b) and the
soak-in effect observed for the dye deposition (Figure 3), we
interpret the higher photocurrent to be a consequence of a
larger interfacial area for charge separation. Comparing the
SEM cross-sections of samples with deposited TDCV-TPA, we
found that for the spin-cast TiO, films the overstanding TDCV-
TPA layer was ~17 nm thinner than expected from the sample
absorbance (see the ESI). This corresponds to ~72% of the
light harvested in the interpenetrated dye/TiO, region. Since
the distance to the nearest TiO, interface can be expected to be
small, excitons are harvested very efficiently.

The spectral response of the solar cell devices appears
significantly different for devices comprising spin-cast and
spray-pyrolyzed TiO, substrates for thick TDCV-TPA layers
(Figure Sb). The mismatch between the EQE of TDCV-TPA
and the corresponding light harvesting efficiency (LHE) of the
device has been observed previously and is due to a more-
efficient exciton harvesting for the higher-energy excitons in

dx.doi.org/10.1021/am301604x | ACS Appl. Mater. Interfaces 2012, 4, 5997—6004
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TDCV-TPA created at 380 nm.* This effect is only apparent if
the dye layer thickness can exceed the exciton diffusion length
(Lxp) for the lower energy transition. The lack of the distortion
of the EQE spectrum for devices built with the spin-cast TiO,
substrates indicates that excitons are generated within the Lyp
of the lower-energy excitons. We interpret this to be due to
exciton harvesting in TDCV-TPA infiltrated into the nano-
porous spin-cast TiO, films where the average distance to an
interface would be on the order of the exciton diffusion length.

The effect of the preparation route of the titania might be
negligible in comparable HSC devices comprised of poly-
mers.”>> To our knowledge, a systematic comparison of TiO,
substrates prepared using different preparation routes has not
been reported for polymer/titania HSC devices.

The efficiencies for the bilayer devices comprising TDCV-
TPA and spin-cast TiO, films reported herein compare
favorably with bilayer HSCs using TiO, films prepared in a
similar manner in combination with poly-3-hexylthiophene.®
TDCV-TPA is thus an interesting compound to be used in
HSC devices and the smaller molecular dimensions might
prove to be beneficial when realizing nanostructured HSCs,
because the dimensions of the organic compound affect the
infiltration into the scaffold of a porous inorganic acceptor.””

In Figure 6, the d-dependency of the EQE, the open-circuit
voltage (Voc), and the fill factor (FF) are compared for all
devices investigated in this study. From the d-dependency of
the EQE, the exciton diffusion length (Lyp) can be
determined.”>*® For the spin-cast TiO, substrates, we found
no systematic dependence of the EQE on the dye layer
thickness d, because devices with thin d were not functional.
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Figure 6. Comparison of (a) the external quantum efficiency (EQE) at
absorption maximum of TDCV-TPA (520 nm), (b) the open-circuit
voltage Vo, and (c) the fill factor (FF), with regard to their
dependency of the dye layer thickness d for hybrid solar cell (HSC)
devices prepared with spray-pyrolyzed (circles) and spin-cast
(triangles) TiO, substrates. Trend lines in the d-dependence of Vi
(panel (b)) and FF (panel (c)) were added as a guide to the eye. For
the spray-pyrolyzed TiO, substrates, the EQE dependency on d could
be fit to an exciton diffusion model.
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However, the analysis could be carried out for the spray-
pyrolyzed titania substrates.

The Lyp, value of TDCV-TPA was determined to be 6.5 nm
for an interfacial charge transfer efficiency (f7cr) of 52%,
assuming a nonquenching PEDOT:PSS interface and planar
interfaces (fit to d-dependent EQE data in Figure 6a).
Assuming a quenching PEDOT:PSS contact and allowing for
Her = 100%, the Ly value was determined to be 3.3 nm. This
is slightly higher than that reported previously,”® which is
partially due to the different absorption coeflicient used in this
study but also is due to the higher overall performance of the
devices. The exciton diffusion models employed assume planar
interfaces which, as we have shown here, is not necessarily a
valid assumption. Considering the surface roughness of the
spray-pyrolyzed titania substrates, these values are an over-
estimation as the distance to the nearest interface could be
smaller than the dye layer thickness d derived from the optical
absorbance.

The Vi values (Figure 6b) exhibited a similar d-dependency
for the devices built with spray-pyrolyzed TiO, substrates, as
reported previously.”® The shift in the Vo and voltage onset in
darkness (Figure Sa) can be rationalized with TDCV-TPA
acting as a dielectric layer between the two electric contacts.
The spin-cast substrates exhibited short circuits for thin dye
layers. At thicker d, the Vi appears to reach a limiting value of
0.95 V for both types of substrates. As in organic solar cells, the
Voc value in HSC devices is expected to be limited by the
difference in the quasi-Fermi level Eg, for electrons in the n-
type TiO, and the quasi Fermi level Eg, for holes in TDCV-
TPA. For thin dye layers, however, the V¢ is influenced by the
contact between TiO, and PEDOT:PSS and the limiting Vi
can only be established for dye layers thick enough to prevent a
direct contact between TiO, and PEDOT:PSS efficiently. At
low dye coverage, the Vg, in TiO, might also be influenced by
the acidity of PEDOT:PSS.* The similar limiting V¢ value for
both types of TiO, substrates supports the hypothesis that the
Vg, of the titania films is similar for both types of substrates.

The fill factor (FF) for the spray-pyrolyzed TiO, substrates
was found to decrease from ~0.7 to ~0.3 with increasing d.
This was previously rationalized with a limitation in the hole
transport through the TDCV-TPA layer with increasing d.”°
For the spin-cast TiO, layers, the FF is ~0.3, even for small d.
This can be ascribed to higher recombination losses, which is
also apparent in the low shunt resistance (Ry) and dark
saturation current density (j,) observed in the dark J—V
measurements (see Figure 4b).

Photovoltage (V) decay measurements were carried out to
gain insight into the recombination processes in the solar cell
devices. After illumination for 10 s with an LED with an
approximate light intensity of 1 sun, the light source was
switched off and the voltage decay was recorded over time. In
Figure 7, the V¢ decay for devices built with the spin-cast
TiO, (triangles) and spray-pyrolyzed TiO, substrates (circles)
is shown in a semilogarithmic plot.

The voltage decay was found to be multiexponential. In the
devices investigated herein, up to four recombination pathways
must be considered, as indicated in the energy level diagram
(see Figure 7, inset). Process (1) is the recombination of
electrons in TiO, with holes in the dye layer and process (2) is
the recombination of electrons in TiO, with holes in
PEDOT:PSS. If the titania layer is not sufficiently blocking
the FTO, pathways (3) and (4), which are recombination
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Figure 7. Photovoltage (V) decay for bilayer devices using spin-cast
TiO, (triangles) and spray-pyrolyzed TiO, (circles) substrates and
various dye layer thickness (indicated in figure). Inset shows an
illustration of recombination pathways at the different interfaces in the
solar cell device.

processes via interfaces of either the dye or PEDOT:PSS with
the FTO substrate, must be considered.

Devices built with spin-cast TiO, substrates exhibit faster
Voc decays on shorter time scales compared to devices built
with spray-pyrolyzed TiO, substrates. For thin d, no
considerable device voltage was measurable, since all charges
were lost rapidly through recombination. With increasing d, the
recombination kinetics of the spin-cast titania devices become
slower. This is another indication that the dye layer acts as a
barrier between the FTO and PEDOT:PSS interfaces. For
thicker dye layers, we could therefore build functioning solar
cell devices with the spin-cast titania substrates that even
exceeded the performance of devices built with spray-pyrolyzed
TiO,.

For the devices built with spray-pyrolyzed TiO, substrates,
the V¢ decay occurred on a longer time scale. In these devices,
recombination pathways to the FTO (pathways 3 and 4 in the
inset of Figure 7) can be neglected. Increasing the dye layer
from thin layers to d & 20 nm, the V¢ decay becomes slower,
indicating that recombination events become less frequent with
increasing dye layer thickness. We interpret the faster Vi
decay for d > 40 nm to be due to a less-sufficient extraction of
photogenerated holes from the TDCV-TPA layer.

4. CONCLUSIONS

In bilayer hybrid solar cells (HSCs), the device performance
depends critically on the nanoscale morphology of the interface
between the inorganic and organic semiconducting compo-
nents. Herein, we investigated two different routes for the
preparation of flat titanium dioxide layers, TiO,, as the
inorganic component in bilayer HSCs in combination with
the small-molecule semiconductor TDCV-TPA as the organic
component.

The preparation routes investigated were spray pyrolysis and
spin-casting of a TiO, precursor. Both preparation routes result
in anatase TiO, films, consisting of crystallites in the order of
25 nm and with similar optical and electronic properties. The
investigated TiO, films exhibited big differences in film
morphology, and electrochemical measurements proved that
spin-cast TiO, films were not dense. In addition, we found that
the small-molecule semiconductor TDCV-TPA infiltrated the

6003

spin-cast TiO, substrates. We concluded that the spin-cast
preparation route results in nanoporous TiO, films.

Both in electrochemical measurements and the investigated
solar cell diodes, spray-pyrolyzed TiO, layers were found to be
blocking the underlying FTO substrates. The spin-cast TiO,
films exhibited pinholes, which resulted in short circuits in
devices built with spin-cast TiO, substrates when only a thin
layer of TDCV-TPA was present. In devices with thicker d, the
dye layer acts as a barrier, preventing recombination losses to
the FTO substrate.

Because of the nanoporosity of the spin-cast TiO, layers,
bilayer solar cells prepared with these substrates exhibited
higher photocurrents, due to a more eflicient exciton
harvesting. Power conversion efliciencies up to 0.60% were
observed, while devices built with spray-pyrolyzed titania films
gave up to 0.47%. Small-molecule semiconductors with high
absorption coefficients, such as TDCV-TPA, are interesting for
the development of nanostructured HSCs, because of a facile
infiltration into nanostructured inorganic networks.
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