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Ordered mesoporous titania present optimum optical and electronic characteristics for solar cells ap-
plications. Hybrid solar cells that combine a dye polymer and porous titania is being studied as an in-
expensive alternative to solid state photoconversion devices and the role of the inorganic/organic in-
terface is relevant to understanding the efficiency parameters. Many reports have described UV en-
hancement and light soaking effects for solid state hybrid cells containing titania. In this work, we study
devices fabricated by incorporating P3HT into the ordered pores of a sol-gel synthesized nanocrystalline
titania. We observe that the spectral response is modified upon illumination at different wavelengths.
When irradiated with UV light (below 370 nm), the spectral response is drastically enhanced but when
shined with visible light, the external quantum efficiency is reduced. Both effects are reversible such that
several enhancement/degradation cycles can be performed. The detrimental visible light effect takes
longer than the UV enhancement, which suggests a polymer mediated mechanism. Upon AM 1.5 illu-
mination, both opposing effects are present and results in a Jsc that is sensitive to the measuring time

and the test irradiation spectrum.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Solid state hybrid solar cells containing titania and polymeric
dyes are being studied due to the promise of cost-effective devices
arising from the combination of inorganic and organic materials
[1-5]. Bulk heterojunctions minimize the detrimental effects of
small exciton diffusion length inherent of organic materials, and
the use of titania as the electron acceptor layer additionally pro-
vides a robust matrix with tailored pores of controlled size and
order [6,7]. Polymeric compounds offer the versatility of chemical
synthesis to fine tune their properties and promise cost reduction.
Polymers can be easily incorporated within the titania pores by
simple solution methods in order to create the inorganic/organic
(I/O) interface for charge separation. However, these devices have
yet to demonstrate improved performances; the advantages of
fabricating a device with a designed 3D inorganic structure is ra-
pidly counterfeited by the challenges of understanding a complex
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I/O interface and the impact of combining donor and acceptor
materials with dissimilar carrier mobilities [8-10].

Nanostructured titania has been described as an optimum
material for many optoelectronic applications and photocatalysis
due to its electronic, optical and structural properties [11-13]. It
makes for an adequate electron acceptor and the band gap en-
ergies allow charge separation at the interface if paired with the
right organic material [14-17]. Highly organized porous titania
with elevated surface area can be achieved by simple sol-gel
synthesis from the ethanolic Ti(IV) precursors and surfactant so-
lution [18-21]. Upon the appropriate thermal treatment, crystal-
line anatase walls are obtained for sol-gel mesoporous titania that
are suitable for optoelectronic applications when the substrate
used is a transparent conductor electrode like ITO-covered glass
[22].

Enhancement of the solar cell performance upon irradiation
with UV light has been described for devices comprising titania
and P3HT polymer and is a current topic of discussion [23-27]. The
improvement of the photoconversion under UV light is originated
at the titania layer due to the inherent electronic traps of the
material. Strikingly, this effect is observed for hybrid solar cells
containing titania of different nature, e.g. for thin (~10nm)
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amorphous TiOx [28] and for thick nanocrystalline porous titania
(220 nm) typically employed in dye-sensitized solar cells [29]. This
effect is a result of the population of titania defects. In parallel,
copious amounts of works have dedicated extensively to the study
of photoelectronic processes of rutile, anatase and amorphous ti-
tania [12,30-33]. The increase of the photocurrent upon UV light
exposition for titania materials has been known for a long time,
first shown for rutile in 1969 by Ghosh et al. [34]. In general, it has
been fully agreed on the existence of a number of inherent defect
states that correspond to shallow and deep trap levels, O vacancies
and interstitial Ti**, respectively, that play a major role on the
electronic conductivity [35-39].

In this report, we present the effects of monochromatic irra-
diation on titania/polymer heterojunction devices, both under UV
and visible light, and its impact on the device spectral response.
We describe opposite enhancement and degradation of the pho-
tocurrent for UV and visible light irradiation respectively. It is the
first time that a distinctive visible light response has been de-
scribed for this type of devices and it insinuates the possibility of
use of hybrid photovoltaics as light sensing devices with specific
photoresponse to the illumination wavelength.

2. Material and methods

Hybrid photovoltaic devices were fabricated with the following
architecture: ITO/TiO, dense/TiO, porous: P3HT/P3HT/Ag. The ti-
tania layers (a bottom 50 nm dense layer and a top 140 nm me-
soporous layer) were prepared onto an ITO-covered glass substrate
using the sol-gel method from a water-ethanol solution containing
a TiCl, precursor, as previously reported (sample D3M5 in Ref.
[22]). Further heat treatment up to 500 °C was conducted in order
to ensure high porous volume and crystalline anatase walls. The
P3HT was incorporated inside the titania pores by spin coating
(3000 rpm, 60 s) from the toluene solution (10 mg/mL), previous
soaking for 60 s to allow penetration of the solution inside the
pores. We completed 3 P3HT depositions, each one followed by
thermal annealing at 200 °C for 5 min in ambient atmosphere and
washing of the surface with toluene between depositions to re-
move the top non-infiltrated polymer and improve filling of the
pore volume. A 150 nm Ag electrode was evaporated in a vacuum
chamber (Ppase=1.10"°Torr) through a shadow mask (device
area="7.85 x 103 cm?) to complete the device fabrication.

FE-SEM images were obtained with a ZEISS LEO 982 GEMINI
field emission electron microscope in the secondary-electron
mode, using an in-lens detector to improve resolution. Samples
supported for side-view images were cut with a diamond tip in
small squares and taped with an adhesive carbon tape to an L-
shape aluminum support.

External quantum efficiency (EQE) and current vs. voltage (IV)
measurements were performed using a calibrated InGaP reference
solar cell provided by the IES (Instituto de Energia Solar — Uni-
versidad Politécnica de Madrid). InGaP was the preferred reference
cell due to the similar photoresponse in the visible region of the
spectrum. EQE measurements were performed with a setup
composed by a Sciencetech 9055 monochromator, a Stanford Re-
search SR380 lock-in amplifier and a Thorlabs chopper. IV mea-
surements were carried out with a Keithley 2602 source meter and
a 75 W Xenon lamp (Sciencetech) with an AM1.5 G filter as a solar
simulator. The Jsc time dependence was measured using the
monochromator light output at the desired wavelength.

3. Results and discussion

Devices were fabricated by incorporation of the polymer inside
the titania pores by spin coating a solution of P3HT dissolved in

toluene. The impregnation of the polymer within the titania ma-
trix can be observed from the SEM images (Fig. 1A-E). For the
clean titania (A and B), the top-view image reveals the open pores
in a “grid-like” order structure with pore diameters of ~10 nm. The
side-view image reveals how the open pores create accessible
vertical channels of 10 nm diameters accordingly, with a dense
(non-porous) titania layer before the ITO. The dense titania bottom
layer acts as the electron transporting layer (ETL) and prevents
charge recombination at the ITO interface. Images C, D and E
correspond to the TiO,:P3HT composite and reveal that the poly-
mer is penetrating within the titania pores. From images C and D
we observe that the vertical channels can no longer be dis-
tinguished and a polymer-like soft texture can be observed. The
top-view image (E) reveals that a thin polymer layer remains on
top of the titania that behaves as the HTL (hole transporting layer).
The remaining thin 20 nm top layer is necessary as a hole con-
ducting layer to prevent direct contact of the top metal electrode,
Ag, with the porous titania. The device architecture is as follows:

ITO/TiO5(50 nm)/TiO,:P3HT(140 nm)/P3HT(20 nm)/Ag
(150 nm) (Fig. 1F).

The typical device efficiency parameters were obtained from
the measured IV curve under 1sun illumination shown in Fig. 2,
Jsc=0.47 mA/cm?, Voc=0.56 V, FF=0.48. The resulting efficiency
(n=0.12%) is similar to previous reports for devices employing
titania: P3HT heterojunctions, even though the titania layer were
reportedly obtained through different synthetic methods, with the
most used material being the nanocrystalline TiO, deposited by
doctor blade technique from its anatase paste [2,4,15,40-45]. The
low efficiency is a consequence of the low Jsc; since the devices are
quite thin, with only 150 nm of TiO,:P3HT bulk film, with low il-
lumination harvest that results in reduced absorption efficiency.
Also, sol-gel synthesized titania yields pores with an amount of
rather poorly interconnected pores that may prevent efficient
charge extraction.

The device response to different wavelengths within the solar
spectrum is characterized by its EQE presented in Fig. 2. In the
visible range, the signal is originated by the photoactivity of the
P3HT polymer and replicates the absorption spectral shape of a
P3HT neat film. From the deconvolution analysis (presented as
Supplementary material in Appendix A), the peaks of the titania
and P3HT films absorption spectra can be uniquely identified and
matched to the EQE maxima. The titania is responsible for the
device photocurrent response in the UV region as expected from
its large band gap. The lower energy bands of the titania absorp-
tion spectrum do not present photoactivity, as it is not reflected in
the EQE, because they correspond to thin film interference effects.
The ~440 nm titania absorption band has been assigned to mid
gap states generated by oxygen vacancies [39].

The EQE signal is very sensitive to the experimental wavelength
chosen to start the measurement scan. We observe that the pho-
tocurrent increases markedly when the measurement is started at
wavelengths below 370 nm. Qualitatively, the effect is quick be-
cause no sustained irradiation is needed to observe an EQE en-
hancement, and it is long termed such that monochromatic pho-
tocurrent increase is observed throughout the entire scan. In Fig. 3
(left) we present the EQEs, by measuring the scan starting at
400 nm, typically presented in most papers, and the scan starting
at 360 nm. It can be immediately observed that the EQE is dras-
tically augmented when the initial scan wavelength is reduced and
it keeps going up as further scans starting at 360 nm are per-
formed (not shown). It must be noted that the initial EQE curves
were measured on “fresh” devices, i.e. recently prepared cells with
no further light exposure but the room natural illumination. UV
enhancement has been reported previously, [23-27] however,
those findings were observed for the IV curve under white light
illumination and little is known of its effect on the spectral
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Fig. 1. (A) Top-view FE-SEM image of clean porous TiO,. (B) Side view FE-SEM image of the titania nanostructure on ITO. (C) and (D) Side view FE-SEM images of the TiO,:
P3HT composite. (E) Top-view FE-SEM image of the TiO,:P3HT composite. (F) Schematics of the device architecture.

response. Previous reports have assigned the UV enhancement
effects observed in similar hybrid devices, to the presence of
structural and electronic defects in the titania [46-49]. The sol-gel
synthesized titania is a highly defective material due to the intense
heat treatments necessary to remove the surfactant and to open
the porosity. The 3D ordered surfactant is burned in an oxygen
atmosphere into gaseous CO, so as to form the titania pores. When
the CO, is expelled, it leaves oxygen vacancies in the titania walls.
The absence of an oxygen atom in the titania structure produces a
site with two positive charges that are localized on the Ti atoms,
resulting in two possible defects, one doubly ionized oxygen va-
cancy (V3" or two singly ionized oxygen vacancies (V). These are
shallow defects that lay very close to the conduction band (CB).
The VA" center is thermodynamically most stable and is reportedly
the major defect in the bulk and surface titania. These two states
are separated by ~0.2 eV, such that when a photoelectron is
generated with sufficient energy to populate the V3* center, it is
easily reduced to V§ [48]. The V{ center is a shallow donor that

raises the Fermi level near the CB, hence, upon photoelectron
trapping, the titania becomes a n-type doped semiconductor with
higher electron mobilities. The result is a material with improved
electronic properties that provides enhancement of the entire EQE.
We studied the enhancement effect in time for a given illumina-
tion wavelength in the UV region, and observed a steep photo-
current increase as the traps become filled, followed by saturation
at almost half a minute (Fig. 3, right). An astounding 400% increase
in photocurrent is observed for illumination at 360 nm.
Strikingly, the opposite is observed under visible light illumi-
nation; a distinct deterioration of the EQE signal occurs when only
the visible component of the spectrum reaches the device. To
observe this effect, the devices were exposed to 560 nm light (the
P3HT maximum absorption peak) for 10 min and yielded a re-
duction of the EQE signal by almost 60% (see Fig. 4). However, this
effect is slower than the UV response, it is only after longer irra-
diation periods with visible light that the degradation becomes
visible, as opposed to the UV effect. Electronic traps may also be
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Fig. 2. Left: IV curve for dark (inset) and 1 sun illumination of the devices with structure ITO/TiO; (50 nm)/TiO,:P3HT(140 nm)/P3HT(20 nm)/Ag(150 nm). Right: EQE of the
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the reader is referred to the web version of this article.)
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responsible for this effect although they must be mediated by the
P3HT excitons since the Jsc decrease is only observed for wave-
lengths corresponding to the polymer photoactive range. The vis-
photogenerated excitons at the P3HT that reach the I/O interface

will possibly recombine with the titania high mobility Vo™ centers
hence reducing the Jsc. This recombination may be slower because
it competes with charge generation at the interface and it would
need to involve not so efficient TiO,:P3HT orbital overlap. This
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hypothesis should be validated experimentally in the future by a
fundamental study of the material traps and charge recombination
by transient spectroscopy.

The photocurrent time dependence also presents an initial slow
decay due to trap depletion before it approaches a plateau as the
traps become empty. We can also observe an initial short signal
rise with similar characteristic time as the one at 360 nm. This
could indicate that, upon light absorption of P3HT in the vicinity of
the interface, there is a probability that electrons are injected into
the titania surface traps, also creating an n-type doping effect.
However, once recombination of titania electron traps with P3HT
holes becomes important, the other effect can be disregarded and
the photocurrent is reduced significantly.

Both UV enhancement and visible degradation are reversible
processes and oppose each other as demonstrated in Fig. 5, where
the photocurrent under successive exposition to 360 and 560 nm
illuminations are presented. For 560 nm, the resulting photo-
current is about 8 times larger than the photocurrent at 360 nm
due to the higher photon content of the Xe lamp spectrum and the
higher responsivity of the device in the visible region. The current
increases when irradiated with UV light and it decreases when
illuminated with visible light. A cumulative enhancement effect is
visible because consecutive cycles start at higher photocurrents.
This may be originated by the fact that degradation is not sus-
tained long enough to ensure depletion the populated traps and
the material cannot return to the original trap densities.

Relaxation of the signal in the dark is also observed when il-
lumination is turned off such that the EQE slowly goes back to the
original values. This was observed for both the enhanced (UV) and
the degraded (visible) curves, indicating a thermal relaxation of
the populated electron traps or a repopulation of the depleted
traps. The relaxation of the enhanced UV signal was reported
previously and even though the relaxation times are difficult to
measure because the measurement itself modifies the signal, i.e.
when we illuminate the device to read the photocurrent it im-
mediately becomes affected by it, we could observe that it takes
more than 30 min for the UV enhanced signal to decay to its ori-
ginal value (see Supplementary material in Appendix A).

Upon white light illumination, necessary for IV curve testing
and determination of the electrical parameters, both effects (UV
enhancement and visible degradation) are present at the same
time and cancel each other out. The resulting Jsc will depend on
the time it takes to complete the IV scan and also on the amount of
photons with energies within the UV and the visible region of the
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Fig. 6. Jsc vs time under AM1.5 filtered Xe lamp illumination conditions.

illumination source. When we examine the device Jsc under white
light with time, we observe an initial fast photocurrent increase
due to the quick UV enhancement, followed by a reduction of the
photocurrent due to the visible effect that is slower and com-
pensates the initial increase as trap recombination takes place (see
Fig. 6). A Jsc stabilization is observed at times higher than 10s,
reaching a plateau where the resulting Jsc value is a result of the
correlation of the number of photons of different energies and the
device responsivity (absorption) to each one of them. Usually, Xe
lamps with AM1.5 filters are used for efficiency measurements but
sometimes other lamps can be used and the resulting effect should
be acknowledged to avoid possible biased efficiencies due to high
or low UV content of the lamp as compared to the solar AM1.5
spectrum. Also, it is important that each point measurement in the
IV scan is taken at the time where the photocurrent has reached
the plateau to avoid overestimation of the efficiency.

4. Conclusions

We have demonstrated that sol-gel synthesized mesoporous
titania films used for the fabrication of hybrid solar cells present a
number of electronic defects responsible for a relevant depen-
dence of the photocurrent on the incident light wavelength and
should be accounted for during signal acquisition so as not to
concur in distorted results. Upon UV monochromatic illumination,
the device has a strong photocurrent enhancement over the whole
wavelength range due to the filling of shallow traps that become
donor sites with an n-doping effect; therefore the titania electron
mobilities are improved. Contrarily, when the device is illuminated
with monochromatic light in the visible range, we observe a de-
gradation of the photocurrent because of a polymer mediated re-
combination of the trapped titania electrons. We also determined
that the typical rise/decay times are quite long such that persistent
effects are observed during the entire EQE wavelength scan. This
investigation has presented a new point of view for the UV-en-
hanced efficiency for titania-based solar cells and introduced a
visible degradation effect that has been overlooked in previous
reports. The reported opposite response of these devices to dif-
ferent regions of the solar spectrum can be used as an advantage
in light sensing applications, we can envision their use as tools
that present different responses in UV and visible light.
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