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As transparent conducting oxides (TCOs) have been widely used as a common component of many optoelectronic applications, ensuring high conductivity and transparency TCOs has become a pivotal concern. In the
present study, we report developing the combustion-activated pyrolysis route of horizontal ultrasonic spray
pyrolysis deposition (HUSPD) as a novel strategy to form highly transparent conducting ﬂuorine-doped tin oxide
(FTO) ﬁlms. Compared to the basic route, the combustion-activated FTO ﬁlms showed an attractive transparent
conducting performance (ﬁgure of merit of 5.34 × 10−2 Ω−1) with a highly improved optical transparency
(90.1%) due to the formation of a smooth and dense ﬁlm structure to reduce light scattering on the surface, and a
decrease of oxygen vacancies to broaden the optical bandgap, all of which yielded an excellent performance as
compared to the previously reported studies on the FTO ﬁlms. Moreover, when the combustion-activated FTO
ﬁlms were used as TCOs of electrochromic devices and dye-sensitized solar cells, they acquired multifunctional
eﬀects of (a) an eﬃcient electron transfer by (200) preferred orientations of the FTO; (b) a relaxed light scattering on the interface due to smooth and dense surface morphology of the FTO ﬁlms; and (c) a broad optical
bandgap by decreased oxygen vacancies, resulting in an impressive improvement of both electrochromic and
photovoltaic performances. Taken together, our results demonstrate that combustion-activated FTO ﬁlms are an
attractive technique for forming high-performance TCOs that can further be used in multifunctional optoelectronic devices.

1. Introduction
Transparent conducting oxides (TCOs) are a type of ﬁlm structure
based on metal oxides with a wide bandgap exceeding 3 eV (tin-doped
indium oxide (ITO), aluminum-doped zinc oxide (AZO), and ﬂuorinedoped tin oxide (FTO). Due to their unique characteristics of low resistivity (< 10−4 Ω cm) and high optical transparency (> 80%), TCOs
play a key role in wide array of optoelectronic applications, such as
smart windows, touch screens, displays (e.g., liquid crystal displays
(LCD) and organic light emitting diode displays), and solar cells [1–5].
Until now, ITO has been considered as the industrial standard of the
TCOs; however, there are several intrinsic problems of ITO, such as
striking absorption in the near-IR region, scarce indium on earth, and
high mechanical brittleness, which make its performance unsatisfactory
for the applications [6,7]. Therefore, there have been many research
eﬀorts to develop a potential alternative to ITO. As one of these

alternatives, FTO, which oﬀers several advantages such as low cost,
good thermal and chemical stability, and competitive transparent
conducting performances [8], has recently received a considerable
scholarly attention in terms of its use in electrochromic devices (ECDs)
or dye-sensitized solar cells (DSSCs).
Globally, as most energy use (ca. 41%) is based on the unique capacity to maintain comfortable light for energy-saving or to storage
incident light for energy generation, the importance of optoelectronic
devices has expanded and their market has been continuously growing
[9]. Recently, electrochromic devices (ECDs) have been noted as an
optoelectronic technique with attractive functions for their applications
in light-modulating devices or information displays, such as smart
windows, chemical sensors, electronic displays, and switchable mirrors
[10–13]. Interestingly, the smart windows are potential candidates to
save energy by reducing heating or cooling loads through the technique
controlling the amount of solar heat entering indoor spaces [9]. That is,
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the ECDs can reversibly and persistently control universal optical
properties (transparency, absorption, reﬂection, and color) by means of
a small electric ﬁeld causing a variation of electronic structure on
electrochromic (EC) materials by electron-ion behavior and have unique advantages of low operating voltage and low memory eﬀect [14].
Typically, the components of the ECD structure are ﬁve functional
layers with two TCOs, two diﬀerent EC materials, and ion conductor
that is strongly related to the performance of the ECDs, such as optical
modulation, coloration eﬃciency (CE), and switching speed. In addition, DSSCs are a powerful optoelectronic application to generate
electricity using the principle of photosynthesis, and oﬀer the unique
advantages of ﬂexibility, simple device structure, and various applications [15,16]. For DSSCs, they generally consist of two TCOs, TiO2
working electrode with sensitizing dyes, Pt counter electrodes, and the
iodide electrolyte [17]. Interestingly, it is noted that common TCO of
the ECDs and DSSCs uses the FTO ﬁlms. Moreover, the FTO ﬁlms are an
indispensable component of a wide variety of optoelectronic applications, because they can perform important assignments that materialize
the transparency of the devices and transport the formed electrons to
external circuit, thereby determining the performance of the optoelectronic applications [18]. Despite this fact, however, research using the
FTO ﬁlms to expand the application of optoelectronic devices remains
scarce thus far [19–21].
To extensively use the FTO ﬁlms for optoelectronic devices, the
following fundamental features are required: a low sheet resistance to
increase electron transport and a high optical transmittance to relax an
optical scattering or loss, which is mainly related to crystallographic
structures and defect structures of the formed FTO ﬁlms. Numerous
reports are available that proposed the ways to obtain the high-performance FTO ﬁlms by delicately controlling these structures through
various deposition techniques, including pulsed laser deposition, chemical vapor deposition, sputtering, spin-coating, and ultrasonic spray
pyrolysis deposition (USPD) [21–25]. Commercially, it is known that
the FTO ﬁlms (TEC8, Pilkington) fabricated by an atmospheric pressure
chemical vapor deposition using inert gas (99.99%) have been used as
the representative TCO. However, due to the use of inert gas during the
FTO deposition, the resultant FTO ﬁlms show a high haze property,
whereas they tend to have a low optical transmittance, which can be
limited in practical use of the optoelectronic applications [26,27]. Recently, the USPD to simply and cost-eﬃciently fabricate ﬁlm structure
using precursor droplets with the size of 1–100 μm generated from
ultrasonic atomization have been highlighted as a powerful deposition
technique for high-performance FTO ﬁlms [28]. In particular, this
technique makes it possible to accurately adjust the morphological,
structural, and chemical properties of the formed FTO ﬁlms by controlling the conditions of the precursor solution (e.g., precursor, solvents, and additives, etc.) and deposition parameters (e.g., process time,
ﬂow rate, ultrasonic amplitude, temperature, and carrier gas, etc.),
thereby leading to the selective implementation of their transparent
conducting performances [29–31]. For example, increasing ﬂuorine
content to tin in the FTO ﬁlms using the USPD caused a decrease of
resistivity or sheet resistance due to the increased eﬀect of F doping
[29]. In addition, a study on the solvent-dependent growth of sprayed
FTO ﬁlms using methanol, ethanol, propane-2-ol, and distilled water
demonstrated that the samples fabricated by propane-2-ol have the
lowest sheet resistance owing to the increasing amount of F species as
the result of a decrease in the evaporation rate of the solvent [31].
Although various approaches have been reported, most of the research
that targets high-performance FTO ﬁlms appears to be focused on obtain low sheet resistance or resistivity for the optimized transparent
conducting performances, whereas there is a drastic decline of their
optical transmittance due to light scattering by the increased carrier
concentration. Therefore, getting a highly transparent performance and
maintaining a low sheet resistance remains a major challenge in the
context of the requirement of the growing performance of optoelectronic applications.

In the present study, we report a novel strategy for forming highly
transparent conducting FTO ﬁlms using the combustion-activated pyrolysis route of horizontal ultrasonic spray pyrolysis deposition
(HUSPD). The combustion route can generate the energy-eﬃcient fabrication of materials, leading to a supply of localized energy to synthetic
product, which is only used in chalcogenides, carbides, and III‒V
semiconductors [32–34]. This route enables fabrication of high-performance FTO ﬁlms and ensures a high optical transparency. In addition, our results suggest that tuning of the FTO ﬁlms by the combustionactivated pyrolysis route considerably improves the performance of
both ECDs and DSSCs and show the investigation of mechanism improving performance of the optoelectronic devices with highly transparent FTO ﬁlms, yielding the broaden applications of the FTO ﬁlms on
the optoelectronic devices.
2. Experimental
In the present study, combustion-activated FTO ﬁlms were fabricated by the HUSPD using combustion-activated pyrolysis route. The
precursor solution was prepared by dissolving 0.68 M tin chloride
pentahydrate (SnCl4∙5H2O, SAMCHUN) and ammonium ﬂuoride (NH4F,
Aldrich) into a mixture consisting of 95 vol % de-ionized (DI) water and
5 vol% ethyl alcohol (C2H5OH, Duksan). To obtain the optimum performance of the FTO ﬁlms, the mole ratio of F/Sn in the precursor solution was ﬁxed to 1.765. Then, combustion activators of ammonium
nitrate (NH4NO3, Aldrich)/urea (NH2CONH2, Aldrich) with the molar
ratio of 1 were added to the solution described above. In the next step,
in order to optimize the combustion-activated pyrolysis route for
forming the FTO ﬁlms, the weight ratio of combustion activators to tin
precursor was controlled to 0, 10, 15, and 20 wt% (herein named as
bare FTO, CA10-FTO, CA15-FTO, and CA20-FTO, respectively). After
stirring, the transparent precursor solutions were sprayed through the
ultrasonic atomizer (1.6 MHz) onto a glass substrate (Corning EAGLE
XG™). During the FTO deposition, the solution was made ﬂow at the
speed of 15 L/min through air gas under the substrate rotation speed of
5 rpm, and the deposition temperature and time were maintained at
420 °C and 23 min, respectively. After the deposition, the ﬁlms were
allowed to cool down naturally, and the combustion-activated FTO
ﬁlms were obtained through the HUSPD.
The evaluation of the electrochromic (EC) performances of the ﬁlms
was performed by using the WO3 ﬁlms as a coating EC material for the
combustion-activated FTO ﬁlms. To prepare the WO3 ﬁlms, 10 wt%
tungsten (Ⅵ) chloride (WCl6, Aldrich) were dissolved into in 2-propanol ((CH3)2CHOH, Aldrich). After stirring, the resultant WCl6 solution was spin-coated at 2000 rpm for 30s on the FTO ﬁlms and then
annealed at 300 °C in air to form WO3 ﬁlms.
To measure the photovoltaic performances of the combustion-activated FTO ﬁlms, we used the dye-sensitized solar cells (DSSCs) with the
working and counter electrodes. The TiO2 paste for the working electrode was prepared by mixing P25 (DEGUSSA), acetylacetone (C5H8O2,
Aldrich), hydroxypropyl cellulose (HCP, Mw = 80,000 g/mol, Aldrich)
into deionized water, which was squeeze-printed on the combustionactivated FTO ﬁlms. After annealing at 500 °C, the dye absorption was
performed by immersing the TiO2 paste-coated FTO ﬁlms into the
0.5 mM N719 (Ru(dcbpy)2(NCS)2, Solaronix) dye solution for 24 h in a
dark room. For preparation of the counter electrodes, a 5 mM Pt solution with chloroplatinic acid hexahydrate (H2PtCl6∙6H2O, Aldrich) and
2-propanol ((CH3)2CHOH, Aldrich) was coated onto the combustionactivated FTO ﬁlms using the spin coating method; then the solution
was annealed at 450 °C for 30 min. Finally, the assembly of the DSSCs
was carried out by overlapping the working and counter electrodes as
sandwich-type cells, where 0.6 M BMII (1-Butyl-3-methylimidazolium
iodide)-based iodine solution used as an electrolyte was ﬁlled into the
narrow space between the two electrodes.
The thermal behavior was traced by diﬀerential scanning calorimetry (DSC, DSC-60, Shimadzu). The structural and chemical
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properties were characterized by X-ray diﬀraction (XRD, Rigaku D/
Max-2500 diﬀractometer using Cu Kα radiation), X-ray photoelectron
spectroscopy (XPS, AXIS ultra-delay line detector equipped with an Al
Kα X-ray source, KBSI Daedeok Headquarters), and Fourier transform
infrared (FTIR) spectroscopy (Thermo Flsher Scientiﬁc, Nicolet iS50).
The observation of surface morphology was performed by ﬁeld-emission scanning electron microscopy (FESEM, Hitachi S-4800) and atomic
force microscopy (AFM, diDimension™ 3100). The measurement of
refractive index in the range of 300−1000 nm was performed using a
spectroscopic ellipsometer (Woollam, M2000D). The electrical and
optical properties were measured by the Hall-eﬀect measurement
system (Ecopia, HMS-3000) and ultraviolet-visible (UV-vis) spectroscopy (Perkim-Elmer, Lambda-35), respectively. The electrochemical
and EC performances were analysed using a potentiostat/galvanostat
(PGSTAT302N, FRA32M, Metrohm Autolab B.V., The Netherlands) together with ultraviolet-visible (UV−vis) spectroscopy (Perkim−Elmer,
Lambda−35). The evaluation of the photovoltaic performances using
the DSSCs was performed using a solar simulator equipped with a
150 W Xenon arc lamp.

3. Results and discussion
In the fabrication of the combustion-activated FTO ﬁlms using the
HUSPD, an important process would be a pyrolysis of precursors to
change the FTO characteristics related to their transparent conducting
performances [12,30]. The precursors used in the basic pyrolysis route
of the HUSPD have a [Cl3(H2O)Sn(OH)] structure with two Sn4+ ions
surrounded by three Cl, one OH, and one H2O ligand by the use of
SnCl4∙5H2O, which requires a high activation energy to convert the
precursors into the crystalline FTO to the FTO ﬁlms due to its hygroscopic characteristic [35]. On the other hand, in the present study, we
propose a novel combustion-activated pyrolysis route to form the
crystalline FTO by using ammonium nitrate as an oxidizer and urea as a
fuel. Interestingly, this route enables lowering of activation energy to
form the crystalline FTO due to self-generated energy by exothermic
reaction. Therefore, to demonstrate the mechanism of the combustionactivated pyrolysis route, we performed the thermal analysis of the
precursor solution for bare FTO, CA10-FTO, CA15-FTO, and CA20-FTO
using the DSC. As shown in Fig. 1a, all samples mainly exhibited an
endothermic peak and two exothermic peaks. A broad endothermic
peak at 25–130 °C was due to the elimination of physisorbed solvents in
the precursor solutions. The minor endothermic peak observed at
190–210 °C could originate from the pyrolysis of NH4F used as the
doping source of the FTO [36]. In particular, the major exothermic peak
emitted in the range of 210–290 °C shows a noticeable diﬀerence
among the samples, which is related to the pyrolysis of Sn precursor for
forming the crystalline FTO used as the main matrix of the FTO ﬁlms
[37]. For bare FTO, there was an endothermic peak centered at 275 °C.
Compared to bare FTO, the endothermic peaks of the samples using the
combustion-activated pyrolysis route showed a lower temperature.
Speciﬁcally, with an increase of the weight ratio of the combustion
activators in the precursor solution, the temperature of the endothermic
peak decreased from 241 °C for CA10-FTO to 233 °C for CA15-FTO, and
then increased to 254 °C for CA20-FTO, meaning that CA15-FTO has
highly accelerated the eﬀect of combustion-activated pyrolysis as
compared to the other samples. This phenomenon is also conﬁrmed by
the enthalpy value of the samples calculated from the endothermic peak
at 210–290 °C of the DSC curve (see Fig. 1b). In the Arrhenius law, the
activation energy quantity (Ea) analogous to the enthalpy quantity (ΔH)
is an important factor that aﬀects the nucleation-and-growth process of
materials. Therefore, according to Chen et al. and Phuoc et al., with a
decrease of the activation energy quantity, the particle size of the resultant materials decreases (see Eq. (1‒3)) [38,39]:
Ea = ΔH + RT

(1)

Ed/E∞ = [1 ‒ (1‒Zd/Z∞)Ns/Nt]

(2)

Ns/NT = 4fs/fv(dp/da) + 2fs

(3)

where R is the gas constant, T is temperature, Ed is the size-dependent
activation energy, E∞ is the activation energy of the bulk material, Ns is
the number of the surface atoms, Nt is the total atoms, dp is the diameter
of nanoparticles, and da is the atom diameter. Such behavior of the
particle size among the samples is conﬁrmed from the SEM results
obtained by annealing the precursor solutions of the samples at 300 °C
(see Fig. S1). As a result, the combustion-activated pyrolysis route (see
Fig. 1c) was successfully achieved due to the decrease of the activation
energy quantity by self-generated energy, which can act as the main
driving force resulting in the highly developed transparency of the FTO
ﬁlms to improve the performances of optoelectronic devices.
Fig. 2a shows the XRD patterns of bare FTO, CA10-FTO, CA15-FTO,
and CA20-FTO to investigate the eﬀect of the combustion-activated
pyrolysis route on the crystal structure. The XRD patterns consist of
characteristic peaks at 2θ values of 26.51° for the (110) plane, 33.85°
for the (101) plane, 37.90° for the (200) plane, and 51.72° for the (211)
plane. These peaks are consistent with a tetragonal rutile FTO phase
[28]. Interestingly, there was an impressive diﬀerence of intensity ratio
between the (200) and (110) planes among the samples. With an increase of the weight ratio of combustion activators, the intensity ratio
of the (200)/(110) planes gradually enhanced from 1.85 for bare FTO to
4.68 for CA15-FTO, and then decreased to 1.41 when the weight ratio
of combustion activators reached 20 wt%. This result means that CA15FTO possesses the dominant (200) preferred orientations among the
samples. In general, the SnO2 of tetragonal crystal structure has the
preferred orientations of (110) together with presence of other peaks,
such as (101), (211), and (310). However, consistently with the previous reports, with the addition of HCl or NH4F in the Sn precursor
solution, a drastic growth of (200) orientations is promoted due to the
growth relaxation of {101} twin planes corresponding to the corner of
the SnO2 crystallites by the generation of gases during the ﬁlm deposition [40–42]. On the other hand, as compared to the basic pyrolysis
route of SnO2 (see Eq. (4)), the combustion-activated pyrolysis route
can generate a large amount of gases, such as Cl2, N2, CO2, and H2O for
forming the SnO2 (see Eq. (5)) [43,44].
SnCl4∙5H2O → SnO2 + 4HCl + 3H2O
SnCl4∙5H2O
+
CO(NH2)2
SnO2 + 2Cl2 + 6N2 + CO2 + 17H2O

(4)
+

5NH4NO3

→
(5)

The growth of (200) preferred orientations is parallel to the glass
substrate, implying better electronic transport properties of the FTO
ﬁlms for their use in various optoelectronic applications [28,45]. The
results of the XPS analysis conﬁrmed the chemical binding states of the
FTO ﬁlms with the eﬀect of the combustion-activated pyrolysis route.
As shown in Fig. 2b, asymmetric Sn 3d spectra of all samples were
consistently divided into two characteristic peaks of SneSn related to
Sn4+ of the SnO2 phase (486.6 eV for Sn 3d5/2 and 495.1 eV for Sn 3d3/
2) and SneF corresponding to F-substitution in the SnO2 phases
(487.7 eV for Sn 3d5/2 and 496.3 eV for Sn 3d3/2) [46,47]. It is clear that
the use of combustion-activated pyrolysis route induced no critical
change of the position and area of Sn 3d spectra. However, from O 1s
spectra shown in Fig. 2c, the area ratio (0.52 for bare FTO, 0.32 for
CA10-FTO, 0.28 for CA15-FTO, and 0.24 for CA20-FTO) of Vo
(532.0 eV) to SneO (530.4 eV) can be seen to decrease with an increase
of the weight ratio of combustion activators, which can result from the
increased eﬀect of ammonium nitrate used as the oxidizer agent [48].
This is proved by a gradual increase of the OeSneO vibrational mode
shown in the FTIR curve (see Fig. S2). Therefore, the striking change of
Vo on the FTO ﬁlms caused by the combustion-activated pyrolysis route
can aﬀect electrical and optical properties of the FTO ﬁlms. As shown in
Fig. 2d, we determined their optical bandgap (Eg) through the curves of
(αhν)2 versus photon energy (hν) calculated from the transmittance
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Fig. 1. (a) DSC curves measured from precursor solutions of bare FTO, CA10-FTO, CA15-FTO, and CA20-FTO in range from 25 to 420 °C at air atmosphere, (b)
enthalpy values calculated at exothermic peak in range of 210–290 °C, and (c) schematic illustration for formation mechanism of highly transparent FTO ﬁlms using
combustion-activated pyrolysis route.

Fig. 2. (a) XRD patterns, XPS core-level spectra of (b) Sn 3d and (c) O 1s, and (d) curves of (αhν)2 versus photon energy obtained from all FTO ﬁlms.

spectra of the samples using Eq. (6) [49]:
αhν = A(hν‒Eg)n

(6)

where α, A, and n are the optical absorption coeﬃcient, an energy-

independent constant, and constant, respectively. The calculated optical bandgap of bare FTO is 4.07 eV, which, as indicated in a previous
report, corresponds to the general value of the FTO [28]. However, for
the combustion-activated FTO ﬁlms, there was a gradual increase of the
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Fig. 3. Top-view FESEM images of (a) bare FTO, (b) CA10-FTO, (c) CA15-FTO, and (d) CA20-FTO and (e) distribution of crystallite size measured from all FTO ﬁlms.

optical bandgap with an increase of the weight ratio of combustion
activators, which had a higher value than that of bare FTO. This result
can be due to the variation of the conduction band minimum (CBM) by
the decreased oxygen vacancies. The relative position of the CBM can
be determined by valence band maximum (VBM) determined from the
valence-band XPS spectrum (see Fig. S3), in which the relative position
of VBM with reference of the Fermi level (EF, 0 eV) is deﬁned by means
of a linear extrapolation [50,51]. From this spectrum, the relative position of VBM revealed similar values among the samples. Based on the
calculated VBM and optical bandgap, we can predict the relative position of the CBM by calculating CBM-EF (3.55 eV for bare FTO, 3.56 eV
for CA10-FTO, 3.59 eV for CA15-FTO, and 3.59 eV for CA20-FTO), resulting in a gradual negative shift of the CBM. Therefore, the combustion-activated pyrolysis route can lead to widening of their optical
bandgap due to the decrease of the oxygen vacancies created as the
donor below conduction band, which is useful in terms of enhancing the
optical transmittance of the FTO ﬁlms to improve the performance of
optoelectronic devices [51].
The surface morphology of all FTO ﬁlms was characterized by the
FESEM (see Fig. 3). The top-view FESEM images clearly show the ﬁlm
structures with interlocked crystallites throughout the entire surface;
however, there is a remarkable diﬀerence of the surface morphology
and crystallite size among the samples. For bare FTO (see Fig. 3a), the
rough surface morphology with partial pinholes between the crystallites
was observed, which can be attributed to the wide crystallite size distribution in the range of 217.5–423.7 nm (see Fig. 3e). Interestingly, the
crystallite sizes of the FTO ﬁlms fabricated by the combustion-activated
pyrolysis route were smaller than those of bare FTO and were found to
decrease from CA10-FTO (123.2–300.1 nm, see Fig. 3b) to CA15-FTO
(74.8–226.4 nm, see Fig. 3c), which is due to the eﬀect of the increasing
enthalpy by self-generated energy, resulting in the formation of a
smooth and dense surface morphology without pinholes [37]. However,
for CA20-FTO (see Fig. 3d), it can be observed that the crystallite size
(217.5–381.3 nm) increased as compared to CA15-FTO; this increase
occurred despite the high weight ratio of combustion activators induced
by the aggregation of the FTO crystallites by an excessive amount of
urea corresponding to organic source [52], thus showing a rough surface morphology with partial pinholes. This variation of the surface
morphology among the samples is convincingly conﬁrmed by the AFM
results (see Fig. S4). In addition, the formation of a smooth and dense
ﬁlm structure is clearly conﬁrmed by the curve of refractive index (n) of
bare FTO and CA15-FTO (see Fig. 4). This curve indicates that the refractive index of CA15-FTO at the top part is higher than that of bare
FTO, while there was a similar refractive index at the bottom part of the
FTO ﬁlms. This noticeable increase may be due to an improved densiﬁcation with a decrease of the growing FTO particle size by the eﬀect of
combustion-activated pyrolysis route, as proved by the FESEM images

Fig. 4. Curve of refractive index in wavelength range of 300–1000 nm obtained
from top and bottom parts of bare FTO and CA15-FTO, respectively.

of the FTO ﬁlms fabricated at diﬀerent deposition times of the HUSPD
(see Fig. S5). Therefore, the reduction of the refractive index diﬀerence
between the bottom and top parts of the FTO ﬁlms can be seen to be an
important factor to improve their optical transmittance (T) by declining
light reﬂectance (R) (see Eq. (7‒8)) [53]:
T=1 – R
R = (n1 – n2/n1 + n2)

(7)
2

(8)

Taken together, the results outlined above demonstrate that the
combustion-activated pyrolysis route can result in the fabrication of a
smooth and dense surface morphology of the FTO ﬁlms (CA15-FTO).
Electrical properties such as the carrier concentration, Hall mobility, and resisitivity of all FTO ﬁlms were measured using the Hall eﬀect
measurement system and are shown in Fig. 5a. When the weight ratio of
the combustion activators increased, the value of carrier concentration
gradually decreased from 4.49 × 1020 cm−3 for bare FTO to
3.87 × 1020 cm−3 for CA20-FTO. This result can be due to the decreased oxygen vacancies in the FTO ﬁlms, as conﬁrmed by the XPS and
FTIR results (see Fig. 2c and S2, respectively) [48]. Interestingly, a
major increase of Hall mobility from 35.2 cm2/(V s) for bare FTO to
42.8 cm2/(V s) for CA15-FTO is observed. This result can mainly be
attributed to the dominant growth of the (200) preferred orientations
on the FTO ﬁlms. According to reports of Messad et al. and Agashe
et al., the FTO ﬁlms with the (200) preferred orientations can cause the
formation of a smooth and dense ﬁlm structure, corresponding to the
SEM and AFM results in our study (see Fig. 3c and S4c, respectively),
which is useful to improve Hall mobility as the result of the decreased
carrier scattering at the grain boundaries and surface [35,45].
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two favorable characteristics: (i) a smooth and dense ﬁlm structure of
FTO to relax light scattering on the surface and (ii) a wide optical
bandgap to permit the light transmission [28,54]. Therefore, to predict
their transparent conducting performance, we calculated a ﬁgure of
merit (FOM, ϕ = T10/Rsh) using the average optical transmittance (T)
and the sheet resistance (Rsh) [28]. As can be seen in Table 1, the FOM
value of CA15-FTO was the highest among the samples due to their
good sheet resistance (6.6 ± 0.30 Ω/□) and excellent optical transmittance (90.1%) resulting from the optimum combustion-activated
pyrolysis route. This optical transmittance is clearly surpassing reported
in previous studies on high-performance FTO electrodes (see Table S2)
and is clearly conﬁrmed from the comparison of the photographs between CA15-FTO and bare FTO (see Fig. S6).
To characterize the electrochromic performance of the FTO ﬁlms,
the CV measurement was performed by using WO3 ﬁlm as an EC material on the commercial FTO, bare FTO, and CA15-FTO. During the CV
cycling in the range of −0.7 to 1.0 V, the samples showed a reversible
color variation from deep blue in the colored state to transparent colorless in the bleached state (see Eq. (9)) [55]:
WO3 (bleached) + xLi+ + xe‒ ↔ LixWO3 (colored)

Fig. 5. (a) Electrical properties, (b) optical transmittance spectra in wavelength
range of 300–800 nm, and (c) the resultant FOM of all FTO ﬁlms.

Therefore, by considering the carrier concentration (N) and Hall mobility (μ), the resistivity (ρ = 1/(Neμ)) and sheet resistance of the FTO
ﬁlms were calculated (see Table S1 for a summary). Fig. 5b shows the
spectra of the optical transmittances on the FTO ﬁlms. It can be seen
that the average optical transmittance in the wavelength range of
400–800 nm is 84.5% for bare FTO, 89.3% for CA10-FTO, 90.1% for
CA15-FTO, and 89.1% for CA20-FTO. The outstanding optical transmittance of the FTO ﬁlms (CA15-FTO) can mainly be attributed to the
eﬀect of the combustion-activated pyrolysis route that has the following

(9)

From the CV curves (see Fig. 6a), an improvement of both anodic
and cathodic current densities for CA15-FTO (6.6 ± 0.30 Ω/□), compared to those of the bare FTO (7.3 ± 0.30 Ω/□) and the commercial
FTO (6.5 ± 0.42 Ω/□), can be observed; this improvement occurred
despite no critical diﬀerence of sheet resistances. This ﬁnding implies
that CA15-FTO can cause a large number of ions and electrons to diﬀuse
and transfer into or out the WO3 corresponding to enhancement of
electrochemical activity to improve the EC performances, which can
attributed to the eﬃcient electronic transport of the (200) preferred
orientations on the FTO ﬁlms, as proved by a better Hall mobility in the
electrical properties (see Fig. 5a) [56,57]. The EC response of the FTO
ﬁlms was characterized by tracing the in situ optical transmittances in
the colored (−0.7 V) and bleached states (1.0 V) for 60 s. The obtained
curve (see Fig. 6b) oﬀers two major EC performances of the transmittance modulation and switching speed (see Table 1 for a summary). For
transmittance modulation deﬁned as △T = Tb−Tc, where Tb is transmittance in the bleached state and Tc is transmittance in the colored
state, due to a high electrochemical activity increasing Li+ intercalation
and deintercalation, a wider transmittance modulation of CA15-FTO
(60.6%), as compared to the bare FTO (55.8%) and the commercial FTO
(52.6%), was observed. Speciﬁcally, widening of the transmittance
modulation on CA15-FTO is also related to an increased transmittance
in the bleached state, which results from a reduction of interfacial
scattering between FTO and WO3 by a smooth and dense surface
morphology of the FTO ﬁlms; this was conﬁrmed by the diminished
absorbance of CA15-FTO (see Fig. 6d). In particular, the switching
speed (deﬁned as the time to reach 90% of the entire transmittance
modulation at 633 nm) is an important performance parameter in
practical EC applications. Interestingly, despite no critical variation of
sheet resistance, the switching speeds of CA15-FTO (9.5 s for the coloration speed and 6.9 s for the bleached speed) appear to be signiﬁcantly improved as compared to other samples. This result can be
due to the dominant growth of the (200) preferred orientations on the
FTO ﬁlms. That is, as the FTO ﬁlms with the (200) preferred orientations provide an eﬃcient electron transport, it can accelerate the
electron diﬀusion at the interface between FTO and WO3 ﬁlms during

Table 1
Electrochromic and photovoltaic performances of optoelectronic devices using the FTO ﬁlms.

Commercial FTO
Bare FTO
CA15-FTO

△T(%)

Coloration speed(s)

Bleached speed (s)

CE(cm2/C)

VOC (V)

JSC (mA/cm2)

ﬀ(%)

η(%)

52.6
55.8
60.6

12.1
10.3
9.5

12.5
8.9
6.9

39.4
48.7
56.2

0.71 ± 0.01
0.71 ± 0.01
0.71 ± 0.01

14.9 ± 0.51
15.1 ± 0.45
16.4 ± 0.47

58.4 ± 0.02
58.5 ± 0.02
58.7 ± 0.02

6.26 ± 0.25
6.30 ± 0.21
6.90 ± 0.23
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Fig. 6. (a) CV curves recorded in the potential range
of −0.7–1.0 V at 20 mV/s in a three-electrode
system, (b) In situ optical transmittances measured at
−0.7 for colored state and 1.0 V for bleached state
during 60 s, (c) OD curve at 633 nm as the result of
applied charge density, and (d) absorption spectra of
the samples composed of the FTO and WO3 ﬁlms
measured in range from 260 to 800 nm.

the EC switching process [48,57]. In addition, the CE was considered to
be a major factor to determine the EC performance, which was deﬁned
as the ratio of the changed optical density (△OD) at intercalated
charge densities (Q/A) (see Eq. (10)) [58]:
CE = △OD/(Q/A) = log(Tb/Tc)/(Q/A)

(10)

where Tb and Tc are the transmittance value at the bleached and colored
states, respectively. From the curve of △OD at the wavelength of
633 nm versus the applied potential of −0.7 V (see Fig. 6c), the calculated CE value was 39.4 cm2/C for the commercial FTO, 48.7 cm2/C
for the bare FTO, and 56.2 cm2/C for CA15-FTO. These results indicate
that CA15-FTO has the highest CE value compared to the other two
samples (the bare FTO and the commercial FTO). We assume that the
enhancement of the CE value correlates with multifunctional eﬀects of
the combustion-activated FTO ﬁlms increasing electron transfer eﬃciency caused by the (200) preferred orientations of the FTO and
widening transmittance modulation resulting from the relaxation of
interfacial scattering by a smooth and dense surface morphology of the
FTO ﬁlms (see Fig. 8).
Furthermore, to characterize the photovoltaic performances, we
applied the FTO ﬁlms as a TCO for the working electrode of the DSSCs.
Fig. 7a shows the photocurrent‒voltage (J‒V) curves measured from
the DSSCs with the commercial FTO, bare FTO, and CA15-FTO. The

resultant photovoltaic parameters of the DSSCs, such as open-circuit
voltage (Voc), short-circuit current density (Jsc), ﬁll factor (ﬀ), and
photoconversion eﬃciency (PCE, η), are reported in Table 1. Of note,
compared to other samples, CA15-FTO showed a superb PCE
(6.90 ± 0.23%), which is 10% higher than that of the commercial
FTO. This increase of PCE can be mainly related to a noticeably increased Jsc value in the event of no critical diﬀerence of Voc and ﬀ values. In the DSSCs, the lower sheet resistance of the FTO ﬁlms to
transfer photoelectrons and the higher light absorbance of the FTO
ﬁlms to excite the photoelectrons, the better the photovoltaic performance of the DSSC [18]. In our study, since the FTO ﬁlms exhibited
similar sheet resistance values among the samples, the improvement of
Jsc value can be related to the amount of light entering the FTO ﬁlms.
Therefore, we measured the light absorbance using the half cells fabricated with the FTO ﬁlms and TiO2 with the dye (see Fig. 7b). The
results showed that, compared to the bare FTO and the commercial
FTO, the cells with CA15-FTO yielded an increased absorption in the
range from 400 to 800 nm, which was caused by the highly enhanced
transparency as the result of two main eﬀects of the combustion-activated FTO ﬁlms: relaxation of light scattering by a smooth and dense
ﬁlm structure of FTO and widening of the optical bandgap by decreased
oxygen vacancies.

Fig. 7. (a) Photocurrent‒voltage (J–V) curves measured from the DSSCs using the commercial FTO, bare FTO, and CA15-FTO as a TCO of working electrode and (b)
absorption spectra of the half cells with the FTO ﬁlms and TiO2 with the dye.
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Fig. 8. Schematic illustration of multifunctional eﬀects on combustion-activated FTO ﬁlms for optoelectronic applications.

4. Conclusions
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In sum, in the present study, we successfully achieved the development of combustion-activated pyrolysis route of the HUSPD to fabricate high-performance FTO ﬁlms with high optical transparency.
Compared to the basic route, due to the accelerated generation of selfgenerated energy with the optimized weight ratio of combustion activators, this route enables a signiﬁcant formation of a smooth and dense
ﬁlm structure with the dominant (200) preferred orientation and reduction of the oxygen vacancies on the FTO ﬁlms. As a result, the
combustion-activated FTO ﬁlms (CA15-FTO) exhibit superb FOM values (5.34 × 10−2 Ω−1) with sheet resistance (6.6 ± 0.30 Ω/□) and
optical transmittance (90.1%), suggesting that their transparent conducting performances are superior to those of the other two samples
(the commercial FTO and bare FTO) and previously reported results.
Such excellent performance is mainly due to the improvement of the
optical transmittance that results from the relaxation of light scattering
on the surface by smooth and dense ﬁlm structure and widening of the
optical band gap by the decreased oxygen vacancies. More interestingly, our results demonstrate that the ECDs using CA15-FTO can improve the EC performance with CE and switching speed, which is
caused from their multifunctional eﬀects of eﬃcient electron transfer
caused by the (200) preferred orientations of the FTO and reduced interfacial scattering between TCO and EC materials induced by the
smooth and dense surface morphology of the FTO ﬁlms. In addition,
when CA15-FTO was used as a TCO for the DSSCs, a signiﬁcant improvement of photovoltaic performance was achieved due to the eﬀect
of the considerably improved transparency of the FTO ﬁlms with decreased light scattering and a widened optical band gap. Therefore, we
conclude that the proposed combustion-activated pyrolysis route of the
HUSPD oﬀers a novel and attractive strategy towards the development
of multifunctional FTO ﬁlms that would, in turn, enhance the performances of a wide variety of optoelectronic devices.
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