
Fluorine-Doped Tin Oxide Thin Films with High Surface
Conductance and Low Transparency for Boosting Performance in
Dye-Sensitized Solar Cell Applications
Roshan Sudarshana Rathnayaka Kananke Udubokke Rathnayakage,
Thennakoon Mudiyanselage Wijendra Jayalath Bandara,* Kapila Wijayaratne,
Gamaralalage Rajanya Asoka Kumara, Landewatte Ajith de Silva, and Kirthi Tennakone

Cite This: https://doi.org/10.1021/acsaem.3c00058 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Transparent conductive oxide films, like fluorine-doped tin oxide
(FTO), are needed for electrochemical devices. FTO films are attractive due to
their cost-effectiveness and high-temperature tolerance. Generally, solar cell
fabrication requires high transmittance and low-conductivity FTOs. However,
achieving both simultaneously poses a fundamental challenge. This study
investigates the impact of FTO layer thickness, sheet resistance, transparency,
and film morphology on optimizing the performance of dye-sensitized solar cells.
To achieve this, a precursor solution containing SnCl4·5H2O and NH4F in
isopropanol is sprayed onto a soda-lime glass substrate at 500 °C to form FTO
films. The film thickness is varied by repeating the spray cycles. By increasing the
number of spray cycles, the sheet resistance of the FTO film improves to ∼1.20 Ω
□−1 with the expense of transmittance. The achieved very low sheet resistance of
∼1 Ω □−1 (∼3.54 × 10−4) Ω cm resistivity for the FTO film confirms the promise
of this sequential spray pyrolysis technique in preparing highly conductive inert electrodes for various applications. Furthermore,
DSCs with low transparency and sheet resistance showed higher-energy conversion efficiencies, challenging the current prerequisite
of the requirement of high transmittance. The best efficiency (5.14%) is achieved with FTO films having a 34.2% transmittance and
a 3.27 Ω □−1 sheet resistance, outperforming standard FTO films (4.74%) with a 10 Ω □−1 sheet resistance and an ∼83%
transmittance. The results indicate that the transparency of FTO is not a dominant factor and carefully controlled light scattering
and electrical properties in translucent FTO films would lead to the realization of dye-sensitized solar cells that deliver superior
efficiency.
KEYWORDS: dye-sensitized solar cells, fluorine-doped tin oxide, spray pyrolysis, sheet resistance, optical transparency

■ INTRODUCTION
Transparent conductive materials (TCMs) are a class of
materials having an appreciable optical transmission as well as
electrical conductivity. TCMs are generally in the form of thin
films.1 Among various TCM applications, transparent con-
ductive oxide (TCO) substrates are a vital component of many
optoelectrical and electrochemical devices. TCOs are usually
n- or p-type extrinsic semiconductors with good conductivity
and transparency.2 The doping process increases the
conductivity of these oxides, while the higher band gap (>3
eV) ensures transparency in the visible portion of the
spectrum. Thin film solar cells,3 liquid crystal flat panel
displays,4 OLED displays,5 and transparent high-mobility thin
film transistors (TFTs)6 are some applications of TCOs. Tin-
doped indium oxide (ITO), aluminum-doped zinc oxide
(AZO), and fluorine-doped tin oxide (FTO) are some
examples of widely used TCOs. ITO is currently the best

TCO available, with the lowest resistivity of 1−2 × 10−4 Ω cm
with an average optical transmittance above 90%.7,8 However,
due to the low availability of indium on Earth, the cost of
industrial-scale production is continuously increasing. As a
substitute for this, fluorine-doped tin oxide has been
developed. FTO has presently become the most popular
TCO due to its inexpensiveness, chemical inertness, and
higher-temperature tolerance.
Undoped SnO2 is a direct band-gap semiconductor with a

band gap of about 3.6 eV.9 The crystal structure of the pure
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SnO2 is similar to the rutile structure with a tetragonal unit cell,
and it is a native n-type material.10 n-type characteristic of
undoped SnO2 originates from the native defects, such as
structural imperfection, and unintentional impurities, such as
oxygen vacancies and Sn interstitials.11 Undoped SnO2 thin
films prepared by advanced sputtering techniques have been
reported to have a resistivity of around 4 × 10−3 Ω cm.12−14

The conductivity of SnO2 can further be increased by doping it
with elements such as F, Sb, Cl, Br, etc.15,16 Among these
elements, F is the most widely used dopant because the
resulting fluorine-doped tin oxide (FTO) coatings are very
stable under ambient conditions. For example, they are
chemically inert and thermally stable.17 Due to the similarity
of the anionic radius of F− and O2−, the lattice distortion
induced by F− doping is minimum compared to other cationic
dopings (such as Sb, Cl, or Br). Therefore, the FTO has the
same crystal structure as pure SnO2. However, the addition of a
fluorine dopant increases the band gap of SnO2 above 3.6 eV
and, by increasing F-doping, the optical band-gap energy in
FTO can be increased.18,19 The widening of the band gap
improves the transparency in the ultraviolet (UV) range.
In addition, the literature shows that most of the DSCs

fabricated for research purposes utilized commercially available
FTO substrates. This restricts the possible variation of some
parameters crucial in optimizing cell performance. This work
introduces a facile and low-cost method of preparing FTO
films and modifying necessary parameters enabling the
utilization of tailor-made FTO films in related applications.
The resistivity of FTO is slightly higher than that of AZO

and ITO. The lowest values of about 3−4 × 10−4 Ω cm are
being reported along with 75% of optical transmittance in the
visible range.20,21 Compared to In2O3 and ZnO, which require
more expensive and sophisticated preparation techniques,
FTO can be prepared using facile and inexpensive methods
such as spray pyrolysis using cheaper raw materials such as tin
chlorides and ammonium fluoride.19,20,22 Spray pyrolysis is a
process in which thin films are deposited by spraying a
precursor solution onto a heated surface such that the
constituents react on the surface to form the desired chemical
compound. The chemical reactants are selected such that the
products, other than the desired compound, are volatile at the
deposition temperature. The spray pyrolysis method is a
relatively cost-effective method used in preparing FTO
compared to other methods such as pulsed laser deposition,23

chemical vapor deposition (CVD),24 sputtering methods, and
DC magnetron sputtering.25,26

Several parameters should be carefully controlled during the
preparation of the FTO film by spray pyrolysis to optimize
optical and electrical properties. Those are tin- and fluorine-
dopant concentrations in the precursor solution, the temper-
ature of the glass substrate, gas carrier flow rate, the time
between two spray cycles, the distance between the substrate
and spray gun, and the type of solvent.
The lowest resistivity, as well as the highest optical

transmittance of FTO films obtained via spray pyrolysis, has
been recorded when the fluorine compound content is around
15−20 wt % of the tin compound.27−29 The sheet resistance
and optical transmittance of the FTO film reduce with the
increase in the film thickness.30,31 This behavior is a
fundamental problem associated with FTO fabrication, which
makes the simultaneous optimization of the electrical and
optical properties of FTO for optoelectrical applications
challenging.

The temperature is a very sensitive regulatory factor in
producing thin films from the spray pyrolysis technique since
the drying of droplets, decomposition, crystallization, and grain
growth strongly depend on the substrate temperature. Suppose
the deposition temperature is not higher enough to decompose
and volatilize the byproducts, in such a case, the resulting films
may have poor adhesivity to the substrate and hence may
degrade the quality of the fabricated devices. In accordance
with the literature, in order to achieve desirable transparency
and conductivity, the pyrolysis temperature is maintained at
450 °C so that the polycrystalline structure of the FTO can
develop optimally.20,32−34

The carrier gas flow rate and the time between two spray
cycles should be controlled to maintain a constant substrate
temperature throughout the process while giving enough time
for the sintering and crystal growth. The distance between the
nozzle and the substrate is also critical because shorter
distances result in compact distributions of droplets over the
substrate, promoting crystal growth. On the contrary, longer
distances may spread the droplets far away, resulting in poor
sintering.
Over the last few decades, scientists have conducted

extensive research on renewable energy resources such as
solar energy, wind energy, ocean energy, geothermal energy,
etc., due to high energy demand, limitation of fossil fuel, and
global warming. Among these renewable energy sources, solar
energy has received more attention due to its cleanness and
high energy availability. Several methods are used to convert
solar energy to meet human needs, for example, generating
electricity by exciting electrons in a solar cell using photons in
visible light,35 producing chemical fuel via artificial photosyn-
thesis,36 concentrating sunlight to produce heat,37 etc. Mainly,
solar power is gained by converting solar radiation energy into
electricity via photovoltaic (PV) devices. Generally, PV
technologies are divided into three generations depending on
their efficiency and manufacturing cost. The DSCs belong to
the third generation of PV technologies, which have low-cost
and higher-energy conversion capability.38 In the present
scenario, the research and development of DSCs are ongoing
in various branches such as the development of platinum-free
counter electrodes,39,40 nonvolatile electrolytes,41 high efficient
and low-cost photon absorbers,42 development of photo-
electrode by improving the dye adoption, charge transport and
injection,43−45 etc. These studies mainly focused on enhancing
the energy conversion efficiency, increase in the durability,
stability, and cost-effectiveness of the DSCs. Apart from that,
portable, textile, and flexible DSCs are also high-tendency
research areas in the present DSC developments.46

For solar cell applications, the literature suggests FTO films
with an 80% transmittance (glass substrate included) and a
sheet resistance of 10 Ω □−1 as the standard requirement for
efficient photovoltaic conversion.38 Although high trans-
parency and low sheet resistance are usually desired for better
performance of DSCs, there is a trade-off between trans-
parency and sheet resistance governed by fundamental system
parameters. There are several studies attempting to enhance
the efficiency of DSCs by introducing an additional light
scattering layer to the photoelectrode fabricated on conven-
tional FTO substrates.35,43,45,47,48 However, in this study, we
wish to present that not just transparent FTO films but also
translucent FTO films with carefully controlled light scattering
properties can be used to improve the performance of DSCs.
In addition, there are several other electrochemical applications
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of highly conducting electrodes since metal electrodes cannot
be used with concentrated acids. For such applications, the
transparency of the electrode is not essential but requires
higher electrical conductivity. In supercapacitors, for instance,
the corrosion effect of electrolytes has restricted the use of
most highly conducting metals as electrodes.49−51 As a
substitute, supercapacitors use FTO films with high surface
conductivity. The ability to alter the surface morphology of
FTO thin films confers an added benefit to the electrode
material−electrode bonding process. In addition, these FTO
coatings with high surface conductance can be used as a
conductive protective layer in Li-ion batteries.52,53 Moreover,
FTOs are used as an alternative in electrochemical cells when
electrolytes corrode the metal electrodes.54,55

In this research, we synthesized and studied the properties of
FTO films by varying the deposition time. In this way, we
managed to modify the film thickness, sheet resistance,
conductivity, transmittance, and film morphology. The
electrical, optical, structural, and morphological properties of
the synthesized FTO film series were investigated and
compared with commercially available FTO reference
substrates (CFTO). In order to study the effect of layer
deposition parameters on DSC applications, a series of DSCs
were prepared using FTO films fabricated by varying the
spraying time. Control DSCs were also prepared alongside
using CFTO. Finally, the assembled DSCs were characterized
and cell performances were compared to evaluate the quality of
FTO films. The study mainly focused on validating our
hypothesis that the transparency of the FTO substrate alone is
not an executive factor when optimizing the DSC perform-
ances, and translucent FTO films with carefully controlled
optical and electrical properties are more effective in
optimizing the DSC efficiency. In this study, a gel polymer
electrolyte that does not contain any volatile solvent was
utilized in order to get higher physical and chemical stability
for the cell. However, it should be noted that, despite being

stable, gel electrolytes deliver lower efficiency compared to
liquid electrolytes in general. Therefore, the reported
efficiencies are not intended to be comparable with that of
liquid electrolyte-based cells. Nevertheless, the trend observed
would help to improve efficiencies in all of the photo-
electrochemical solar cells.

■ EXPERIMENTAL DETAILS
Preparation of FTO Films. First, 9.01 g of SnCl4·5H2O (Sigma-

Aldrich, 99%) was added to 400 cm3 of isopropanol (VWR analytical
grade) and the mixture was sonicated for 15 min. The solvent
isopropanol was selected based on the preliminary results. Then, 2.4 g
of a saturated aqueous solution of NH4F (Sigma-Aldrich 99%) was
added to the solution mentioned above and sonicated again for 15
min. Then, a properly cleaned plain soda-lime glass substrate (1 mm
× 25 mm × 25 mm) was placed on a hot plate maintained at 500 °C.
Then, a custom-made spray gun, prepared by using two glass droppers
(Figure 1a), was utilized to spray the precursor solution onto the glass
substrate.
The spraying was conducted along longitudinal and lateral

directions for about 10 s while maintaining a distance of 10 cm
between the hot plate and the nozzle of the spray gun, such that the
entire substrate is evenly covered (Figure 1b) based on previous
studies.30 After keeping it for ∼50 s at 500 °C, spraying was continued
for another 10 s. This procedure was repeated until 40 mL of the
precursor solution was consumed, and the sample was maintained at
500 °C for a further 30 min. This process, spraying 40 mL of the
solution and subsequent heating to 500 °C, is considered a one-spray
pyrolysis cycle (or one layer of the FTO film). A series of seven
samples (labeled as the P-FTO series) were prepared by varying the
number of FTO layers from 1 to 7 (namely, P1, P2, P3, P4, P5, P6,
and P7). Three samples were prepared with each number of spray
cycles (thickness) to check the reproducibility by carefully
maintaining the constant spray time, sintering time, the distance
between the substrate and the nozzle, the amount of precursor
solution sprayed, the flow rate, and the substrate temperature.
Photographs of the seven FTO samples prepared by the spray
pyrolysis technique are shown in Figure 1c. The image demonstrates

Figure 1. (a) Spray gun prepared by using two glass droppers. (b) Schematic diagram of the spray pyrolysis process. (c) Photographs of seven FTO
samples prepared by the spray pyrolysis technique.
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the gradual drop of transparency with the increasing number of spray
cycles (layers).

Preparation of DSCs. Then, P1, P2, P3, P4, P5, and P6 samples
and a commercially available FTO substrate (CFTO) (SOLARONIX
TCO10-10, thickness: 1.1 mm, sheet resistance: 10 Ω □−1,
transmittance: >80% from 500 to 800 nm) of size 1 cm × 2 cm
were used to prepare photoelectrodes for the DSC assembly. The
preparation of photoelectrodes, electrolytes, counter electrodes, and
DSCs was done according to an already published method.56

An FTO substrate was spin-coated with six distinct layers of TiO2
nanoparticles according to the following procedure. To produce the
first layer of TiO2, 0.5 g of TiO2 nanoparticles with an average size of
13 nm (P90 powder) was pulverized in an agate mortar with 2 mL of
0.1 M HNO3 for approximately 30 min. Half of the FTO plate was
masked with scotch tape to prevent the spin coating of TiO2 on the
area of FTO that will be used for electrical contacts. The resulting
TiO2 slurry was then spin-coated on an FTO substrate at 2300 rpm
for 2 min. After spin coating, the photoelectrode was air-dried for 5 h
at ambient temperature. The sample was then placed in a furnace, the
temperature of which was increased by 50 °C every 10 min until it
reached 450 °C. The sample was then sintered for 30 min at 450 °C.
The preceding method was repeated for the production of the second
layer of TiO2. In order to create the third layer, a TiO2 dispersion is
made by combining 0.5 g of nanoparticles with a size of 21 nm (P25
powder) and 2 mL of 0.1 M HNO3 in an agate mortar. The resulting
slurry was spin-coated at 1000 rpm for 2 min and then subjected to
the same air drying and sintering process as the first and second
layers. Before the spin coating process for the fourth, fifth, and sixth
layers, 0.1 g of poly(ethylene glycol) (PEG (MW = 4000)) and a few
droplets of Triton X 100 (surfactant) were added to the TiO2 slurry
and thoroughly mixed. Photoelectrodes were immersed in a 0.3 mM
ethanol solution of N719 ruthenium dye [di-tetrabutylammonium cis-
bis(isothiocyanato)bis (2,2′-bipyridyl-4,4′-dicarboxylate) ruthenium
(II)] for approximately 24 h. Before immersion, the electrodes and
the dye solution were heated to 100 and 60 °C, respectively. After the
electrodes were removed from the dye solution, they were carefully
washed with ethanol to remove any dye molecules and particles that
had become loosely attached to the FTO area, which was used for
electrical contact, and the upper surface of the light irradiating area.
The electrolyte was composed of poly(ethylene oxide) (PEO),

ethylene carbonate (EC), propylene carbonate (PC), 1-butyl-3-
methylimidazolium iodide (BMII), propylene carbonate (PC), 1-
butyl-3-methylimidazolium iodide (BMII), 4-tert-butylpyridine
(4TBP), tetrahexylammonium iodide (Hex4NI), lithium iodide, and
iodine. First, 400 mg of EC and 463.5 mg of PC were combined in a
glass container with a lid. The mixture was stirred well to get a
homogeneous mixture. Then, 13, 8, 18, 43, and 50 mg of 4TBP,
BMII, LiI, Hex4NI, and PEO were added to the mixture, respectively,
while continuing the stirring. The mixture was then heated to about
100 °C under continuous stirring until it became a transparent slurry.
Subsequently, 6 mg of I2 was added to the slurry under continuous
stirring after the mixture was cooled down to ∼40 °C. After that, the
mixer was kept for 24 h for stabilization before using it.
A series of 6 different DSCs were assembled by sandwiching the gel

polymer electrolyte between platinum (Pt) counter electrodes and
dye-sensitized photoelectrodes. The cells were prepared without any
electrolyte leakage or any direct contact between the Pt electrode and
FTO through the electrolyte. As a reference, a DSC was prepared
using the CFTO-based dye-sensitized photoelectrode. The final
configuration of each DSC was [glass/FTO/TiO2/N719 dye/gel
polymer electrolyte/Pt counter electrode].

Characterization of the FTO Series. The sheet resistance of
each sample and the commercial FTO were measured using a four-
probe setup via a VK-PA-25 PV power analyzer. The measurements
were taken along the two perpendicular directions parallel to the
edges of the sample. The transmittance of each FTO sample was
measured using a double-beam UV−visible spectrophotometer (UV-
1800 series). The glass substrate was used as the reference, and the
spectrum was obtained within the 300−900 nm wavelength range. For
comparison, the transmittance spectra of a commercial FTO glass

(CFTO) and the soda-lime substrate glass were obtained within the
same wavelength range. XRD spectra of FTO samples with layers 2, 4,
and 6 and CFTO were obtained using Cu-kα = 1.5405 Å radiation of
a Rigaku Ultima IV X-ray diffractometer (KYOWAGLAS-XA) within
the 20−90° angular range. Scanning electron microscopic (SEM)
images of the surface and cross sections of the FTO samples after
each spray cycle and CFTO reference were taken by using an EVO LS
15 scanning electron microscope.

Characterization of the DSC Series. Fabricated solar cells were
irradiated with a light of 1000 W m−2 (AM 1.5) by a PEC-LO1 solar
simulator, and the current−voltage (I−V) characteristics of the cells
were obtained. The active area of a cell was 19 mm2. Current−voltage
data were measured for 3 h (at 10 min steps) under continuous
irradiation. Nyquist plots of the fabricated DSCs were obtained using
a Metrohm Autolab potentiostat by keeping the direct current (DC)
potential set at the maximum open circuit voltage (Voc) and setting
the alternative current (AC) amplitude as 0.01 V in a frequency range
from 0.01 to 106 Hz.

■ RESULTS AND DISCUSSION
Charge Transport. The variation of sheet resistance and

conductivity of the prepared FTO films as a function of the
number of spray cycles (layers) are shown in Figure 2. As
expected, the sheet resistance (Rsh) of the FTO films decreased
gradually with the increasing number of layers (Figure 2a), as a
result of the increase in the film thickness. The Rsh of 13.6 Ω

Figure 2. Variation of (a) sheet resistance and (b) conductivity of the
prepared FTO series with the number of spray cycles (the dotted lines
represent the corresponding values for the CFTO reference).
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□−1 for the single layer (P1) was possible to be improved to
1.20 Ω □−1 by increasing the number of layers up to 7 (Table
1). The observed low sheet resistance of around 1 Ω □−1 is a

promising value for an FTO film. This thus gives a suitable way
of preparing inert electrodes with high conductivity for a
variety of electrochemical device applications.57,58 The sheet
resistance and the conductivity of CFTO are marked in Figure
2 using dotted lines as reference values. Except for the P1,
every other sample showed sheet resistance below the sheet
resistance of the reference CFTO (10 Ω □−1). The
conductivities (σ) of the sample in the series, including
CFTO, were calculated using the formula

=
R t

1

sh (1)

where t is the thickness of the FTO film, which was found from
the SEM images of the film cross section.
As shown in Figure 2b, the conductivity also increased with

the number of spray cycles. This may be due to the increase in
crystallinity and particle size with the increasing number of
layers (Tables 2 and 3). The conductivities of the prepared
FTO series were above the CFTO sample except for the P1.
The conductivity and sheet resistance in CFTO lie between
that of the P1 and P2 samples.

UV−Visible Absorption. The transmittance (T) of the
FTO series (measured with reference to the blank soda-lime
glass substrate) decays dramatically with the number of layers
(Figure 3a). The average transmittance values of FTO samples
within the 380−700 nm range (T380−700%) were calculated
using the UV−visible absorption spectra (Figure 3a), which are
given in Table 1. The highest transmittance of 76% was given

by the sample P1. However, it is a relatively low value
compared to the standard commercial sample that transmits
82% throughout the visible range (Figure 3b). Though the Rsh
of single-layer FTO is the highest (13.6 Ω □−1), the highest
transmittance of about 76% is exhibited by sample P1 out of
fabricated samples. Conversely, the Rsh value of the 7-layer
FTO sample is the lowest (1.20 Ω □−1) among observed,
despite the fact that the transmittance of the sample is very low
(4.2%). Therefore, about 95% of the light in the visible range is
either absorbed or scattered. Further, when the number of
layers is higher than 3, the transmittance is below 10%; thus�
according to the standard guidelines�these FTO films are not
suitable for preparing DSCs.38

The UV−visible data were used to plot the corresponding
Tauc plots, utilizing the equation for direct band-gap systems

=h C h E( ) ( )2
g (2)

where α, Eg, C, and hν are the absorption coefficient, optical
band gap, an energy-independent constant, and the incident
photon energy, respectively.26,59 The optical band-gap value of
the whole P-FTO series was around 3.75 eV (∼330 nm), and it
was a little bit lower than the band-gap value of the CFTO
reference, which was found as 3.87 eV (∼320 nm). According
to the Tauc plot for P1 (Figure 3c), its optical band gap was
3.78 eV (∼328 nm), which is higher than the energy of visible
light and most of the UV light photons.
According to the calculated band gap, in principle, any

absorption by the FTO film is not possible for wavelengths
above 350 nm. Therefore, the drop of transmittance in the
visible 350−900 nm range can mainly be attributed to the
scattering effects of the FTO film. Further, the ripples visible in
the 400−850 nm range for the single- and double-layer
samples can be attributed to the constructive and destructive
interferences due to the comparable wavelengths due to the

Table 1. Average Values of Sheet Resistance (Rsh),
Conductivity (σ), and Transmittance within the 380−700
nm Range (T380−700%) of the CFTO and P-FTO Series

photoelectrode Rsh of FTO (Ω □−1) σ (×103 S cm−1) T380−700%

CFTO 10a 2.03 82.9 ± 0.1
P1 13.6 ± 0.31 1.73 ± 0.04 76.5 ± 0.1
P2 5.28 ± 0.12 2.24 ± 0.05 58.2 ± 0.3
P3 3.27 ± 0.02 2.41 ± 0.02 34.2 ± 0.4
P4 2.42 ± 0.01 2.44 ± 0.01 7.9 ± 0.1
P5 1.84 ± 0.02 2.57 ± 0.04 7.0 ± 0.1
P6 1.46 ± 0.02 2.70 ± 0.05 4.5 ± 0.1
P7 1.20 ± 0.01 2.82 ± 0.02 4.2 ± 0.1

aManufacturer specifications for SOLARONIX TCO10-10.

Table 2. Calculated Crystallite Sizes Using the Diffraction Peaks

crystallite size - L (nm)

crystal plane CFTO P2 P4 P6

(110) 15.51 ± 0.24 10.97 ± 0.27 13.97 ± 0.15 17.45 ± 0.25
(101) 15.04 ± 1.22 10.50 ± 0.79 15.49 ± 0.30 15.57 ± 0.57
(200) 20.23 ± 0.12 25.49 ± 0.05 25.87 ± 0.08 25.83 ± 0.05
(211) 21.11 ± 0.76 15.79 ± 1.59 16.29 ± 0.43 18.55 ± 0.69
(220) 23.52 ± 3.34 7.14 ± 2.30 19.17 ± 3.18 19.42 ± 3.65
(310) 12.02 ± 0.56 9.77 ± 0.25 11.96 ± 0.58 15.32 ± 1.02
(301) 16.23 ± 0.59 11.12 ± 1.88 17.46 ± 0.84 17.14 ± 0.88
(400) 13.60 ± 1.97 18.08 ± 0.68 18.59 ± 0.88 18.36 ± 0.36
weighted average of L (nm) 18.53 23.55 22.01 24.32
crystallinity (Xc)% 69.42 74.10 77.22 83.17

Table 3. Average Particle Size and Thickness of the FTO
Samples

sample name avg. particle size (nm) avg. film thickness (nm)

CFTO 108 ± 6 494 ± 5
P1 179 ± 11 477 ± 8
P2 216 ± 11 838 ± 17
P3 276 ± 14 1330 ± 21
P4 360 ± 30 1709 ± 15
P5 377 ± 29 2268 ± 26
P6 380 ± 30 2566 ± 27
P7 414 ± 25 2815 ± 32
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differences in film thickness and refractive index between the
FTO layers and the glass substrate. The ripples red-shifted
when increasing layer thickness and vanished for the thicker
samples.

Structural Properties. The XRD spectra and identified
crystallographic planes are given in Figure 4. As expected, the
intensity of the peaks has increased with the increasing number
of spray cycles. In addition, the XRD spectra suggest no
significant differences between the structure of FTO between
the P-FTO series and the commercial FTO reference. The
crystallite size (L) related to each peak was calculated by fitting
to Scherrer’s equation

=L K
W cos( ) (3)

where λ is the X-ray wavelength, θ is Bragg’s angle, K is a
dimensionless constant from the assumptions made in theory
(taken as 0.9 in this study),60,61 and W is the full width at half-
maximum of the peak. Calculated crystallite sizes using the
diffraction peaks related to eight crystal planes are given in
Table 2. The crystallite size related to almost all of the crystal
planes of the fabricated P-FTO series gradually increased with
the layer count. When the peaks were scrutinized, peak
narrowing was observed due to the formation of larger
crystallites with the increase in the number of spray cycles. The
crystallinity percentage (Xc) of each sample was calculated
using the equation

= ×X
A
A

100%c
c

(4)

where Ac is the summation of the area under the curve of each
crystalline peak and A is the total area under the curve of the
XRD spectrum.62,63

The increase of crystallinity with the number of layers
(Table 2) can be a reason for the observed increase in
conductivity with the increasing number of spray cycles. The
weighted averaged crystallite sizes and crystallinity percentage
of the P-FTO samples are considerably higher than that of
CFTO, which may be the reason for the higher conductivity of
the P-FTO series.

Surface Morphology and the Thickness. SEM images
of the surfaces and cross sections of the FTO samples with
spray cycles 2, 4, and 6, along with the CFTO reference, are
shown in Figure 5. According to the scanning electron

Figure 3. (a) Transmittance spectra for the P-FTO series. (b)
Comparison between transmittance spectra for the P1 sample, the
blank soda-lime glass substrate, and the CFTO reference. (c) Tauc
plot for the P1 sample.

Figure 4. (a) Comparison of XRD patterns of P2, P4, P6, and CFTO
[vertical axis color-coded]. (b) Enlarged view of (200) peaks.
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micrographs, the particle size of FTO samples prepared in this
work increases with the increasing number of spray cycles
(Figure 5). As a result of that, the apparent roughness of the
surface has increased. Further, this fact is also corroborated by
the disappearance of ripples with the increase in the number of
spray cycles in the UV−visible transmittance spectra shown in
Figure 3a, where ripples are an indication of the smoothness of
the thin film.64 The ripples in the 400−850 nm range
correspond to the constructive and destructive interferences
related to the film thickness and the contrast of the refractive
index between the SnO2 film and the substrate. The improved
roughness gives an added advantage in increasing the contact
area with TiO2 semiconductor nanoparticles when these FTO
films are used in DSCs, leading to improved interfacial charge
transfer and enhanced shear strength between FTO and TiO2
films. The estimated average particle size and the FTO film
thickness are given in Table 3. In addition, in order to check
the reproducibility of layer thickness, the average layer
thickness deposited by a spray cycle is estimated. It was
observed that the average thickness of the FTO layer deposited

per cycle is 435 nm with a standard deviation of 25 nm,
indicating the high reproducibility of the thickness. However,
in order to get highly reproducible sheet resistance and
morphology, maintaining the constant spray time, the sintering
time, the distance between the substrate and nozzle, the
amount of precursor solution, the flow rate, and the substrate
temperature is highly important.

Dye-Sensitized Solar Cells. DSCs were fabricated using
the P-FTO series and CFTO reference by incorporating them
into the photoelectrodes in order to probe photovoltaic
conversion parameters. The photocurrent density against cell
potential (J−V) and power density against cell potential (Pd−
V) with irradiation time are presented in Figures 6 and 7,
respectively. As evident from the J−V curves, there is a gradual
increase in the current density with irradiation time. A similar
trend has been observed across the whole DSC series. This
trend can be a result of the increase in temperature due to
heating effects imposed by prolonged irradiation. Before taking
the J−V measurements, the temperature of the cells was 31 °C
and, after the continuous irradiation for 3 h, the cell

Figure 5. SEM images of surface morphology of (a) CFTO, (b) P2, (c) P4, and (d) P6 samples. Panels (e), (f), (g), (h) represent their cross
sections.
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temperature was found to be increased to about 40 °C. A slight
temperature increase can cause significant conductivity
enhancement in gel polymer electrolytes, resulting in cell
performance enhancement.65,66 Further, along with the

increase in the photocurrent, there is a slight decline in Voc,
which can be a result of the increased charge recombination
caused by increased charge-transfer dynamics due to the
increase in temperature.
One of the important observations made in this study is that

all of the cells exhibited excellent stability within the
investigated 3 h irradiation period. These cells are unsealed
cells, and, in the present study, gel polymer electrolytes free of
volatile solvent were used, expecting higher stability.41,67 The
merit of selecting the appropriate electrolyte and electrode is
reflected by the excellent short-term stability exhibited by the
cells. However, since the main focus of this study is the
development of FTOs suitable for DSCs, the long-term
stability of these DSCs was not investigated.
The DSC performance parameters of the cells prepared

using the series of FTOs are given in Table 4. The DSC
fabricated with the FTO prepared using three spray cycles
(sample P3), which showed an Rsh of 3.27 Ω □−1 and an
average transmittance of 34.2%, exhibited the highest cell
efficiency of 5.14% with excellent stability. Though the
transmittance (34.2%) is low, this cell exhibited significantly
higher stability and efficiency than CFTO-based DSC, which
has a higher transmittance (83%) in the visible range. These
results indicate that DSCs can still be fabricated using FTO
films with low transmittance and higher conductance (low
Rsh). In addition, all of the cells exhibited excellent fill factor
(higher than 70%), which can be attributed to the lower series
resistance of the cell.
Moreover, the cells prepared using the P-FTO samples

showed a relatively higher efficiency despite having a
transmittance of less than 10%. For example, DSCs prepared
using the FTOs having very low 7.87, 6.95, and 4.48%
transmittances showed 4.66, 4.35, and 3.17% energy
conversion efficiencies, respectively. The relatively high
efficiencies given by low transmittance FTO-based cells clearly
indicate that the light scattered from the FTO has also been
absorbed by the dye molecules. The suggested possible
mechanism is illustrated in Figure 8. Further, from the
effective scattering, the masking (shadowing) of dye molecules
can be minimized; thus, more sensitizer molecules in the
photoelectrode can be excited in the light-harvesting process.
In addition to the improvements due to light scattering and
increased dye excitation, the decreased sheet resistance would
also have contributed to relatively high efficiencies for the cells
prepared using low transmittance FTOs.
After showing maximum efficiency for the 3-layered FTO-

based DSC, there is a decreasing trend of efficiency with the
increasing number of layers. However, this drop in efficiency is
smaller compared to the dramatic drop in transmittance
observed with the increasing number of layers. Therefore,

Figure 6. Photocurrent density vs. cell potential (J−V) as a function
of time for the P3-based DSC.

Figure 7. Power density vs cell potential (Pd−V) as a function of time
for the P3-based DSC.

Table 4. Short Circuit Current Density (Jsc), Open Circuit Voltage (Voc), Fill Factor (FF), Average Cell Efficiency (η %), and
Maximum Cell Efficiency (ηmax %) of the Corresponding DSC Series

photoelectrode Jsc (mA cm−2) Voc (mV) FF% avg. η% ηmax%
CFTO 7.78 ± 0.27 744 ± 3 72.4 ± 0.2 4.17 ± 0.11 4.74
P1 7.95 ± 0.15 702 ± 3 70.6 ± 0.1 3.93 ± 0.05 4.14
P2 7.22 ± 0.30 768 ± 5 75.1 ± 0.3 4.14 ± 0.12 4.65
P3 8.75 ± 0.22 752 ± 4 72.7 ± 0.2 4.77 ± 0.09 5.14
P4 8.76 ± 0.18 696 ± 2 71.8 ± 0.2 4.36 ± 0.07 4.66
P5 7.87 ± 0.20 708 ± 5 71.9 ± 0.1 3.99 ± 0.07 4.35
P6 5.55 ± 0.09 759 ± 4 72.3 ± 0.1 3.04 ± 0.03 3.17
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these small efficiency drops shown with the increase in layer
thickness can be attributed to the increase in light attenuation.
It seems that up to 3 layers, the positive contribution from the
improved conductance (reduced sheet resistance) and the
scattering effects is more significant toward the efficiency than
the competing negative contribution due to the attenuation
effects of light.
Haacke’s figure of merit (Φ) for the photovoltaic application

of transparent conducting films is defined as

= T
R

10

sh (5)

where T and Rsh are the transmittance and the sheet resistance,
respectively.68,69 High Φ values are preferred for photovoltaic
applications. However, this figure-of-merit value for CFTO was
about 1.30 × 10−2 Ω−1, while for the sample P3 it was about
7.19 × 10−6 Ω−1, which is ∼104 times smaller. This indicates
that, when it comes to dye-sensitized solar cell applications,
Haacke’s figure-of-merit value of the FTO substrate is not a
crucial parameter.
Nyquist’s plot of the prepared DSC series is shown in Figure

9a. Generally, three semicircles can be observed in the
impedance spectroscopy data obtained for DSCs under
standard biasing conditions.70 Nyquist’s plots show traces of
overlapping among 2 or 3 semicircles.
The small semicircle of Nyquist’s plot on the left side (high-

frequency region) is approximately identical for the whole
DSC series, representing the resistance for the charge transfer
between the platinum counter electrode and the gel polymer
electrolyte.71 This behavior is expected since the electrolytes
and counter electrodes were invariant in this study. On
Nyquist plots, the diameter of the large semicircle in the low-
frequency region (right side) is related to the charge-transfer
resistance RCt at the photoelectrode/electrolyte interface and
ion transport in the bulk of the electrolyte. Further, the
variation in the size of the large semicircle can result from the
variation of the applied potential difference, which is similar to
the cell potential in this case.72 For example, Figure 9c shows

the variation of Nyquist plots of P2-FTO-based DSC under
different applied potentials. According to that, the diameters of
the second semicircle of Nyquist’s plots have been decreased
with the increase in the applied potential difference across the
cell.
The first intercept of the curve with the real axis is related to

the resistance (Rs) of the current collectors and the leads. As
shown in Figure 9a, this intersecting point shifts to the left side
with the reduction of the sheet resistance of the FTO substrate.
This indicates the decrease in resistance with the increase in
the thickness of the FTO film. The CFTO-based DSC also
follows this pattern while having a sheet resistance value
between P1 and P2. Notably, the sheet resistance of the FTO
film and the corresponding RS values show a linear relation-
ship, as in Figure 9b. A similar relationship has been reported
by Han et al. as well.72

In the commercialization of solar cells, one of the key
challenges is the “module resistance”, which includes the
resistance of the transparent conducting oxide substrate. In
particular, the higher the substrate resistance, the lower the fill
factor is. Therefore, in practical solar panels, charge collector
grids are used in order to minimize the internal module series
resistance and maintain the fill factor. However, by using high-
conducting FTOs as current collectors (substrate), the
necessity of an additional metal grid can be entirely eliminated
or larger grids can be used.
In order to get a clear comparison, the transmittance, sheet

resistance of FTO, and the efficiencies of DSCs are plotted in
Figure 10.

■ CONCLUSIONS
We have shown that it is possible to reduce the sheet resistance
of FTO films up to ∼1 Ω □−1 while keeping the resistivity
around 3.54 × 10−4 Ω cm, using a facile spray pyrolysis
technique. As evident by the performance of the DSCs
prepared using fabricated FTO films with the said method,
better energy conversion efficiencies can be obtained with low-
transparency FTO films having low sheet resistance compared

Figure 8. Schematic illustration of the (b) reduced multilayer light masking and enhanced light scattering effects due to a translucent
photoelectrode competed with (a) a standard transparent photoelectrode.
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to conventional, highly transparent films. For example, DSCs
prepared using the FTO substrates having very low 7.9, 7.0,
and 4.5% transmittances have shown 4.66, 4.35, and 3.17%
energy conversion efficiencies, respectively. The highest
recorded energy conversion efficiency of 5.14% was obtained
for the FTO film with a 34.2% transmittance and a 3.27 Ω □−1

sheet resistance, and it was considerably higher than that of

standard commercial FTO films (4.74%) with an ∼83%
transmittance and a 10 Ω □−1 sheet resistance. The results
indicate that the optical transparency of FTO is not a
dominant factor, and translucent FTO films with carefully
engineered light scattering properties can be used in fabricating
dye solar cells with superior efficiency. In addition, the stability
with respect to the irradiation time and fill factor is much
better for such films compared to the standard commercial
FTO substrates with high transparency and average sheet
resistance.
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