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Abstract

For oxide semiconductors for application in dye-sensitized solar cells (DSSCs), titanium dioxide conjugated with zinc oxide thin
films was synthesized and characterized. The UV (ultraviolet) spectrum characterization showed a peak of absorbance at around
355 nm, with a band gap of 3.25 eV and reflectance around 85%. Such characteristics allowed the fabrication of DSSCs with N719
dye, under simulated light of 100 mW/cm?. The highest efficiency of 1.17% was at 5% titanium dioxide and 4 h of dye immersion.
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INTRODUCTION

Photovoltaic (PV) energy is a viable option for renewable
energy, supplying demands for houses, cars, and industries.
Countries such as India intend to make commercial cars
green by 2030 [1]. Dye-sensitized solar cells (DSSCs)
are part of the third generation of photovoltaic solar cells.
The DSSC constitutes a photoanode, a counter electrode, a
dye, and an electrolyte [2]. The photon excited in the dye
circulates through the photoanode, the external circuit, and
back to the electrolyte. The photoanode is on a transparent
conductor oxide, such as fluorine tin oxide (FTO), graphite,
or platinum. Zinc oxide has many advantages for the
photoelectric effect, such as low-cost, non-toxicity, high
visibility, light transmittance, and low resistivity after
doping [3]. Oxides are optional to the Si-based photovoltaic
technologies that are already established. However, the lower
electron injection into the ZnO can reduce the photocurrent
efficiency (PCE) [4]. Anand et al. [5] produced 1.652 mA
with DSSC based on the ZnO nanoflower shape. The energy
conversion was at 1.61% with ZnO/ruthenium-based dye
[6]. These results can be improved when combining ZnO
with other oxide semiconductors. Many works have mixed
ZnO with oxides containing elements such as tin (Sn),
titanium (Ti), aluminum (Al), cobalt (Co), and gallium (Ga),
amongst others [7-18]. TiO, is a viable option with ZnO due
to similarities between the two oxides, like the band gap
energy value, around 3.0 eV for TiO, and 3.2 eV for ZnO
[19]. The blend between ZnO and TiO, has high electron
injection, besides the high electron-hole separation in the
TiO, [20]. The adsorption dye time of the films can also
affect the performance of the solar cells. The dye adsorption
may enhance the electron density and electron transfer in
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the film and the electrolyte interface [21]. The time for dye
immersion should be enough to cover the layer of the film
and avoid the deterioration of the cell, due to the formation
of Zn?**/dye aggregates that lower electron injection [22, 23].

In this work, TiO,-ZnO thin films were synthesized on
FTO to improve the photocurrent activity and the effect
of dye adsorption time on the film’s efficiency. The main
novelty of this work is the simple, low-cost, environmentally
friendly, and simple synthesis of crystallite thin films.
Methods that deposit zinc oxides and titanium oxides are
spray pyrolysis, spin coating, hydrothermal deposition,
and doctor blade. The present methodology uses none of
the usual additional chemical reactants or/and supportive
elements, like heat and vacuum, nor expensive deposition
devices, which reduces the total cost of the solar cell. Since
cost and efficiency are crucial for the photovoltaic industry
advancement, this methodology can enhance the DSSC’s
technology, lowering the overall production costs. Titanium
dioxide/zinc oxide thin films were synthesized by simply
dipping the glass into the precursor solution and waiting until
complete evaporation of the solvent, without any additives,
at room temperature, and with no auxiliary or additional
devices. The characterization of the DSSCs indicated the
performance of the assembled cells.

EXPERIMENTAL

Synthesis of the TiO,/ZnO films: all reagents were used
without further purification: TiO, (rutile, Sigma-Aldrich)
and ZnO (Vetec). 0.05 g of ZnO powder was dispersed in
10 mL of deionized water and then placed in an ultrasonic
bath for 30 min. Three different suspensions of ZnO with 5,
10, and 15 wt% of rutile (TiO,) were prepared, which were
then used to cover a fluorine-doped tin oxide (FTO) glass
(Solaronix) until complete evaporation of the water. The
layers of the oxides that remained on the FTO were then
submitted to thermal treatment at 450 °C for 30 min.
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Characterization of the films: the films of ZnO/TiO,
were characterized by X-ray diffraction (DMAXB, Rigaku)
with CuKa radiation between 20° and 70° (20). The UV-vis
analysis of the films was performed between 220 and 700
nm by spectroscopy (UV-2600, with integrating sphere ISR-
2600Plus, Shimadzu). Also, scanning electron microscopy
(SEM) was performed (Quanta FEG 450, FEI) at 50000
times magnification and 20 kV.

DSSC fabrication: the films of titanium dioxide/zinc
oxide were deposited on FTO, as the electrode, and the
counter electrode was platinum (Solaronix) deposited
also on FTO. The films, before being connected with the
counter electrode, were immersed in N719 dye (Solaronix)
at a concentration of 3x10* M. The films were immersed
in the dye for 4 and 24 h, for the three concentrations, and
then sandwiched and coupled with the counter electrode.
The electrolyte used between them was Iodolyte AN-
50 (Solaronix). The assembled cells were electrically
characterized on a potentiostat (Autolab PGSTAT302N,
Metrohm) under 100 mW/cm? illumination, for measurement
of the I-V curves.

RESULTS AND DISCUSSION

SEM analysis: Figs. 1 and 2 show the images obtained by
scanning electron microscopy (SEM) of the nanocrystallite
blend of titanium oxide and zinc oxide. The combination
created the nanocrystallite films with the thickness listed in
Table I, which was calculated using the SEM images (Fig. 1)
and the following equations [24, 25]:
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There was no substantial difference between the
SEM images, with the formation of agglomerates for all
percentages of Ti(IV), probably due to the high adhesion
forces between the particles [26]. The values for thickness
varied between 6 and 20 um; Homcheunjit et al. [24] also
observed differences in thickness from 8 to 20 um, when
depositing thin films by spray pyrolysis and dip coating.
These results showed the importance of finding an optimum
thickness. When it is too thick, the film at 15%, there are
conglomerates that block the electron passage through the
film and may increase the resistance to the photocurrent flow.
Otherwise, if the film is too thin, the film does not absorb the
dye, causing a lower flux of photon-excited electrons in the
photoanode through the external circuit. The concentration
of titanium affects the building of the crystallite layers, which
can affect the porosity of the nanocrystallites, and, as noted
by Zhouri et al. [27], there must be an equilibrium between
porosity and cell efficiency. The higher TiO, concentration
presented less evident porous (Fig. 1a), which may have

Figure 1: SEM images of the cross-section of the films with: a) 5%
Ti(IV); b) 10% Ti(IV); and ¢) 15% Ti(IV).
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Figure 2: SEM micrographs for the thin films with: a) 5% TiO,; b)
10% TiO,; and c) 15% TiO,.

Table I - Thickness of the TiOz/ZnO thin films.

Thin film (%TiO,) 5% 10% 15%

Thickness (um) 6.62 297 20.45

negatively influenced the short current density of the cell at
15% concentration [27].

X-ray diffraction (XRD): the XRD patterns showed
the wurtzite structure for the zinc oxide, corresponding
to the ICSD file 67848 (Fig. 3). The characteristic peaks
corresponded to the crystalline planes (100), at around 31.7°,
(002), 34°, (101), 36.2°, (102), 47.5°, (110), 56.5°, (103),
62.7°, and (112), 67.8°. The more prominent peak was the
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Figure 3: XRD patterns of the synthesized films, at the three
different percentages.

(101), 36.2°, as also observed by Bhushan et al. [28]. At
a higher percentage of titanium dioxide, the intensity of
the (002) peak decreased. The three characteristic peaks,
(100), (002), and (101), all had narrow widths, which
attested to the crystallinity of the synthesized films [29].
The (110) peak at around 26° identified the rutile phase of
the TiO, [30].

From the XRD data, the Scherrer equation (D=kA/Bcos0)
was used to calculate the crystallite size (D), where k is 0.9,
M is the wavelength (1.5406 A), B is the broadening of the
diffraction line at the half intensity, and O is the Bragg’s
diffraction angle [31]. According to this data, by increasing
the mass percentage of titanium dioxide, the average
crystallite size also increased, from 53.1 nm at 5% to 54.8
nm at 10% and 55.8 nm at 15% Ti(IV). Aksoy et al. [23]
obtained crystallite sizes of 34 nm for the powder and 46
nm for the thin film, both of pure ZnO, indicating that the
annealing treatment of 400 °C was responsible for the
increase in the average size. The authors calculated the grain
sizes of titanium dioxide heated between 100 to 600 °C, for
the anatase and rutile phases, with results between 49.27 to
61.91 nm [32]. The present results, at 450 °C, were close to
the results between 400 and 500 °C. For larger grain sizes,
there is an increase in the crystallinity of the structures [31].
Other techniques like spray pyrolysis, co-precipitation, DC
magnetron sputtering, sol-gel, spin coating, and thermal
synthesis obtained sizes of 34.7,32,23.66,42-47, and 14 nm
[1, 18, 33-35]. The large crystallite sizes in this work can
be explained by the high concentration of titanium dioxide,
above 10%, and the heat treatment at 450 °C [17]. Table
II lists the specific surface area (SSA) [20]. The values for
the crystallite sizes (D) and the ZnO density (o) were used
for the calculation (Eq. C). The SSA indicates the amount
of TiO, in the ZnO matrix. Higher SSA points to improved
electron transport and photovoltaic efficiency, as was noticed
by the better efficient cell at 5% TiOz, with an SSA of 20.1
m?g. The lower value of the SSA can also explain the lower
incorporation of the Ti** and, consequently, higher thickness.
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ssA = 000 )
p.D
Table IT - SSA and dimension for the nanostructures.
TiO, (%) 5 10 15
Crystallite size (nm) 53.1 54.8 55.8
SSA (m?/g) 20.1 19.5 19.2

UV-vis studies: the absorbance plot demonstrated peaks
at the UV region for the films (Fig. 4a). The peaks were at
around 250 nm with 5% titanium. For the 10% and 15%
titanium-doped films, there was also a peak at about 355 nm,
associated with the presence of Ti** [36]. There was a peak at
around the same wavelength value (~350 nm) for the isolated
alcohol N719 dye solution (Fig. 4b) that indicated that the
oxide conduction band was close to the dye conduction
band, making possible the electron transition inside the cell.
Also, for the 5% Ti, the film had higher absorption in the
UV region. Upadhyay et al. [37] also reported a sharp band
on the spectrum at less than 400 nm. The smaller crystallite
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Figure 4: Absorbance spectra of: a) nanostructures; and b) isolated
dye solution.
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Figure 5: Reflectance spectra of the photoanodes.
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Figure 6: Tauc plots of the Kubelka-Munk function for: a)
semiconductor layers; and b) N719 dye.

size agreed with the maximum absorbance at 5% TiO, [1].
The reflectance for all samples was around the same value,
about 83% (Fig. 5). The Ti(IV) percentages did not alter
the reflectance of the ZnO, with a slight decrease for the
Zn0 at 15% TiO,. Das et al. [21] observed similar values
of reflectance for Al/ZnO treated at 800 °C. The Kubelka-
Munk function F(R) was used to calculate the band gap for



83 V. F. Nunes et al. / Ceramica 69 (2023) 79-86

. excited e-
T 3.25eV
Ti/ZnO e-
3.6 eV
A e recombination
dye

Figure 7: Schema of electron transition and recombination inside
the cell.

the films [38]. A plot of [F(R)(hv)]* as a function of photon
energy, hv, made possible the determination of the band gap
energy (E) from the curve extrapolation to the x-axis. The
band gap was around 3.25 eV for the three films (Fig. 6). Ali
et al. [36] found 3.255 eV for Ti-doped ZnO by the sputter
deposition technique [39]. Also, it was found 3.17 and 3.30
eV for ZnO-TiO, composites prepared by sol-gel at 15%
and 25% TiO,. The layers of ZnO/TiO, and N719 dye had
levels of band gap between 3.25 and 3.6 eV, respectively
(Fig. 7). It can help the electron transition. At the same time,
it can increase the recombination rate which reduces cell
efficiency.

The photoluminescence (PL) spectra in Fig. 8 show a
quenching peak for the films at about 385 nm, with the peak
for the 5% film shifted closer to the visible, which helps
improve efficiency. Katta et al. [40] observed a PL peak at
405 nm for a non-doped TiO,. The blend of the titanium
oxide helped to shift the ZnO PL spectrum. Fig. 9 indicates
the Urbach energy between 1.5 and 1.6 eV for the three
TiO,/ZnO blends. The increase in the Urbach energy from
5% to 15% TiO, revealed an increase in the formation of
oxygen vacancies and the number of sites of trapping states
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Figure 8: PL fluorescence spectra of TiO,/ZnO films.

which can form dye aggregations and increase the resistance
to the electron flux [40].

Nyquist plot: Fig. 10 shows the Nyquist plot for the
thin films at different dye loading times, 4 and 24 h. The
imaginary part plotted against the real part exhibited
semicircular shapes for the 24 h plot (Fig. 10b), but for 4 h
(Fig. 10a), the plot did not close the arc. In both cases, the
values indicated high resistance in the interfaces.

Photovoltaic tests: the efficiency observed by Das et
al. [21] for a sample obtained by co-precipitation and CuO
was around 0.89%. The incorporation of TiO, improved the
short-circuit current density (J_) and the overall efficiency
(n). The presence of the titanium improved the light-
harvesting efficiency, with lower charge rate recombination,
and increased the transfer of electrons from the ZnO to
the FTO, improving the J  and the open-circuit voltage
(V) [41]. From the data collected, the optimum value of
Ti(IV) in these synthesis conditions was at 5 wt%, with
an efficiency of 1.17% and J  of 4.58 mA/cm® (Fig. 11).
The efficiency was close to the ones found by Pham et al.
[42], where a conversion of 0.7% was reached for SnO,@
TiO, shells applied to DSSCs with an aqueous electrolyte.
Ako et al. [43] created TiO,/ZnO core-shell nanostructures
photoanodes with a ) value of 0.53%. The increase in the
fill factor (FF) to 0.56 (at 10 wt% TiO,) suggested lower
recombination between the photoanode and the L,/1," [15].
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Efficiency and fill factor were according to Tyagi et al. [41].
Table III relates the photovoltaic parameters found for the
cells with photoanodes on the dye for 4 and 24 h. The shorter
time on dye was beneficial for the increase in short-circuit
current density for all the percentages of TiO,, increasing
the efficiency, except for the 10% TiO, film. The decrease in
efficiency was due to the lowering of FF, from 0.56 to 0.23,
indicating that the average voltage and J _ of this cell did not

follow the maximum current and voltage, with a steep along
the way, decreasing in values (Fig. 11b). At 15 wt% TiO,), the
efficiency value almost doubled, led by the higher J  and a
higher fill factor, from 0.28 to 0.43 (Fig. 11c). The benefits of
the lower dye immersion time were usual for large crystallite
sizes. When the crystallite is large, more dye time can create
aggregates that hinder the flow of excited electrons through
the cell. The formation of agglomerates can increase the
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Table III - Photovoltaic parameters for TiO,/ZnO films.

Sample V. (V) FF J_(mA/cm?) 1 (%)
Ti5%24h 061 040 3.17 0.77
Ti5%4h 063 040 458 1.17
Ti10%24h 064 056 2.56 0.88
Til0%4h 065 023 405 0.63
Ti15%24h 064 028 265 045
Til5%4h 065 043 3.00 0.84

V. . open-circuit voltage; FF: fill factor; J : short-circuit current density; n: cell
efficiency.
resistance to electron mobility, lowering the J  values [44].
Table IV compares the best efficiency for this work and
photovoltaic efficiencies obtained by other authors, using
TiO, and other elements, showing the methodology for the
film’s synthesis works for the photovoltaic application. Tyagi
et al. [41] found photovoltaic parameters for non-doped ZnO-
based DSSCs from 0.16% to 0.64% efficiency and a current
density of 1.62 mA/cm?. Mehmood et al. [45] obtained higher
efficiency for the ZnO-based DSSCs doped with titanium
(1%) and Cu, reaching 2.38% efficiency. Katta et al. [40] also
concluded that for the doped TiO,, the photocurrent density was
three times higher than the non-doped photoanode. Yang et al.
[46] obtained an efficiency of 3.61% for 1D ZnO@C@MoS,
nanoarrays on conductive glass. Yu and Zi [47] decorated ZnO
hollow microspheres with TiO, nanotubes with an efficiency
of 7.40%. Thus, these works reaffirm that the semiconductor
oxides can improve their characteristics when incorporated
with n-type materials. The recombination between the
TiO /electrolyte caused low efficiency, as indicated by the
semicircles in Fig. 10 [48]. This recombination happened
due to the back recombination of charges between the dye
and the counter electrode FTO [49]. Also, in accordance with
Ekmekci et al. [50], the overall efficiency of the DSSC was
better for a lower concentration of titanium. Table IV indicates
that this work methodology reached the levels of efficiency
obtained by more sophisticated, complex, and expensive
deposition methods. The present work was on par with the
current efficiency in the research community.

Table IV - Efficiency values for different DSSCs.

Efficiency (%) Ref.
1.17 This work
0.70 [27]
0.89 [15]
0.53 (28]
2.38 [44]
7.56 [17]

CONCLUSIONS

TiO,/ZnO thin films were synthesized by simply dipping
the FTO into the precursor suspensions and waiting until

complete evaporation of the liquid (water), without any
additives at room temperature and with no auxiliary or
additional devices. This method proved, by analysis such
as X-ray diffraction, SEM, absorbance, and band gap, the
formation of nanocrystalline-type wurtzite ZnO. The films
presented good transmittance and reflectance on the UV-vis
spectrum. However, the combination of these films with the
N719 dye had poor photovoltaic performance, higher being
1.17%. Future works could improve this value by changing
the dye, used in the photovoltaic cell, or the concentration of
the TiO,/ZnO combination.
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