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A B S T R A C T

In the present study, we fabricated fluorine-doped tin oxide (FTO) films with different sheet resistances (~10Ω/
□, ~6Ω/□, and ~3Ω/□) prepared through the adjustment of deposition time during the horizontal ultrasonic
spray pyrolysis deposition (HUSPD) and investigated the effect of electrochromic (EC) performances with dif-
ferent sheet resistances of the FTO films used as transparent conducting electrodes. The results demonstrated
that, owing to the increased electrochemical activity, the decrease of sheet resistance accelerated switching
speeds of the EC devices. However, for the coloration efficiency (CE), the FTO films with the optimum sheet
resistance of ~6Ω/□ exhibited the highest value as compared to the other samples. The improvement of the CE
value can be mainly attributed to high transmittance modulation by the uniform surface morphology of the FTO
films to reduce interfacial light-scattering between the WO3 films and FTO films. Therefore, our results provide a
valuable insight into the improvement of the performance of the EC devices using the optimum sheet resistance
(~6Ω/□) of the FTO films.

1. Introduction

With the development of energy-efficient and convenient applica-
tions such as smart windows, electronic displays, and adjustable mir-
rors, electrochromic devices (ECDs), with their unique characteristics of
visibility in sunlight, colour variations, and a low operating voltage,
have become increasingly important for researchers [1–3]. These de-
vices can accurately control various optical properties (e.g., transpar-
ency, absorption, reflection, and colour) under a small electric field,
which is typically composed of three functional layers: the cathodic
electrochromic (EC) layer, the electrolyte layer, and the anodic EC layer
between transparent conducting layers [4,5]. For practical application
of ECDs, it is necessary to improve the EC performances including
coloration efficiency (CE) and switching speed, which is mainly de-
termined by the components of the ECDs [6]. At this point, improving
the performances of transparent conducting layers is an important re-
search direction, as these layers perform a fundamental role in as-
signing transparency to the ECDs and connecting the devices with the
external power supply [7]. Currently, indium tin oxide (ITO) is a re-
presentative material used as the transparent conducting layer in op-
toelectronic applications (touch screens, organic light emitting diodes,

and sensors). ITO is characterized by low resistivity (< 10−3 Ω cm),
high transparency (> 80%), and relatively high work function (4.8 eV)
[8,9]. However, ITO also has several critical drawbacks, such as high
element cost and vulnerable mechanical and chemical stabilities [8]. In
this context, it is imperative to develop alternative materials. Recently,
due to its good transparent conducting performance, low cost, and good
chemical durability, fluorine-doped SnO2 (FTO) has received a notice-
able interest as a transparent conducting layer for the ECDs or dye-
sensitized solar cell [10]. Much effort has been invested into fabricating
the FTO films with low sheet resistance or high optical transmittance so
that to increase their performances for practical applications. To this
end, several methods have been used, including ultrasonic spray pyr-
olysis deposition (USPD), magnetron sputtering, and chemical vapor
deposition [10–12]. Among these methods, USPD has been widely used
to form doped or undoped films with superb quantity, especially FTO,
which makes it possible to fabricate the film structure on the substrate
by pyrolysis of precursor droplets with 1–100 µm in size formed
through the ultrasonic atomization [10]. In addition, this method can
simply perform the adjustment of transparent conducting performances
on the FTO films by controlling the deposition conditions such as de-
position temperature, carrier gas, precursor, and additive [13,14]. For
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example, Lin et al. controlled the deposition temperature of the FTO
films using the USPD and showed the optimized performances at 400 °C
with minimum resistivity of 6.20×10−4 Ω cm and maximum trans-
mittance of 77.0% [13]. Furthermore, Moholkar et al. performed the
FTO deposition by varying concentration of SnCl4 solution, achieving
the maximum values of transparent conducting performances (re-
sistivity of 3.70×10−4 Ω cm and transmittance of 87.0%) at 0.81M
[14]. However, despite these efforts, convincing evidence on the re-
lationship between the sheet resistance of the FTO films and EC per-
formances has not been reported yet.

In the present study, we prepared the FTO films with three types of
sheet resistance (~10Ω/□, ~6Ω/□, and ~3Ω/□, where □ is cm2)
using horizontal ultrasonic spray pyrolysis deposition (HUSPD) and
demonstrated the effect of their sheet resistances on the EC perfor-
mances by investigating the morphological, structural, chemical, elec-
trical, optical, and electrochemical properties.

2. Experimental details

2.1. Experimental

The FTO films with different sheet resistances were prepared by the
HUSPD (Ceon, Nano SPD, TV500, Korea) on the glass substrate
(Corning EAGLE XG™). For the preparation of the precursor solution for
the FTO deposition, 0.68M tin chloride pentahydrate (SnCl4·5H2O,
SAMCHUN) and ammonium fluoride (NH4F, Aldrich) were dissolved
into de-ionized (DI) water with 5 vol% ethyl alcohol (C2H5OH, Duksan);
to obtain the optimum transparent conducting performance of the FTO
films, the mole ratio of F/Sn was fixed at 1.765. After stirring, the re-
sultant precursor solution was placed in a spray container and then the
HUSPD was started after maintaining the substrate temperature at
420 °C by ultrasonic atomizer (1.6MHz). All other deposition condi-
tions during the HUSPD, such as flow rate (15 L/min) of the carrier gas
(air), and rotation speed (5 rpm) of the substrate, were maintained
constant. To adjust the sheet resistance of the FTO films, the deposition
time of the HUSPD was controlled to be 18, 28, and 33min, resulting in
the FTO films with sheet resistance of ~10Ω/□, ~6Ω/□, and ~3Ω/
□, respectively (thereafter referred to as FTO-10Ω, FTO-6Ω, and FTO-
3Ω, respectively). To measure the EC performance of the FTO films as
the transparent conducting electrode (TCE), WO3 films were used as the
working electrode. The WCl6 sol solution for the preparation of the WO3

films was obtained by mixing 10wt% tungsten (Ⅵ) chloride (WCl6,

Aldrich) and 2-propanol ((CH3)2CHOH, Aldrich). The resultant sol so-
lution was spin-coated at 2000 rpm for 30 s on all FTO films, which was
repeated 2 times. Thereafter, the samples were annealed at 300 °C in
air, finally obtaining the EC electrodes consisting of WO3 films and FTO
films (thereafter referred to as WO3-FTO-10Ω, WO3-FTO-6Ω, and WO3-
FTO-3Ω, respectively). For comparison, the WO3 film on the com-
mercial FTO films (WO3-commercial FTO) was also fabricated with the
sample conditions.

2.2. Characterization

The surface morphology was characterized using field-emission
scanning electron microscopy (FESEM, Hitachi S− 4800) and atomic
force microscopy (AFM, diDimension™ 3100). The crystal structure and
chemical state were evaluated using X-ray diffraction (XRD, Rigaku D/
Max− 2500 diffractometer using Cu Kα radiation) and X-ray photo-
electron spectroscopy (XPS, ESCALAB 250 equipped with an Al Kα X-
ray source), respectively. The electrical and optical properties were
measured by a Hall-effect measurement system (Ecopia, HMS-3000)
and ultraviolet-visible (UV−vis) spectroscopy (Perkim−Elmer,
Lambda− 35), respectively. The electrochemical properties and EC
performances were characterized using a potentiostat/galvanostat
(PGSTAT302N, FRA32M, Metrohm Autolab B.V., Netherlands), which
was performed in the three-electrode system with Ag wire as the re-
ference electrode, Pt wire as the counter electrode, and 1M LiClO4

electrolyte at the scan rate of 20mV/s from − 0.7–1.0 V. The mea-
surement of in situ optical transmittances during coloration and
bleaching processes was performed using ultraviolet-visible (UV−vis)
spectroscopy (Perkim−Elmer, Lambda− 35) in the wavelength at
633 nm.

3. Results and discussion

Fig. 1 shows the top-view and cross-view FESEM images of (a, e)
FTO-10Ω, (b, f) FTO-6Ω, and (c, g) FTO-3Ω prepared by different
deposition times of the HUSPD, respectively, and (d, h) commercial
FTO. As can be seen in the top-view FESEM images (Fig. 1a‒d), the FTO
films fabricated by the HUSPD have the surface morphology with in-
terlocked pyramid-shaped crystallites throughout the entire surface.
Their crystallite sizes enhanced from 182.2‒220.0 nm for FTO-10Ω to
413.7‒557.8 nm for FTO-3Ω, which can be due to the crystallite
growth by the increased deposition time of the HUSPD, leading to the

Fig. 1. Top-view and cross-view FESEM images of (a, e) FTO-10Ω, (b, f) FTO-6Ω, (c, g) FTO-3Ω, and (d, h) commercial FTO, respectively.
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relaxation of inter-grain boundary scattering to improve Hall mobility
of the FTO films [14,15]. However, for FTO-3Ω, due to reorientation
effect of FTO crystallites by excessive deposition time, the presence of
rod-shaped crystallites is observed among majority of the pyramid-
shaped crystallites, which can lead to negative effect on Hall mobility of
the FTO films owing to its rough surface morphology [15]. In parti-
cular, there is a critical difference of crystallite size distribution (△R/
R) between FTO-6Ω and commercial FTO (~6.0Ω/□). The distribution
of crystallite size is ~12.2% for FTO-6Ω and ~16.6% for commercial
FTO, which means that, as compared to commercial FTO, FTO-6Ω is
made up of uniformly-distributed crystallites. This result can be at-
tributed to the effect of the HUSPD system to uniformly supply the
droplets with precursors [10]. Therefore, the uniform film structure of
the FTO films prepared by the HUSPD can be an important factor to
enhance the performance of the ECDs [16]. As shown in the cross-view
FESEM images (Fig. 1e-h), the thickness of the FTO films is in the range
of 362.5‒371.1 nm for FTO-10Ω, 619.8‒638.8 nm for FTO-6Ω,
746.6‒773.5 nm for FTO-3Ω, and 588.3‒640.1 nm for commercial
FTO. These results provide evidence in support of an increase in the
thickness with increasing the deposition time of the HUSPD. In addi-
tion, from FTO-3Ω, the rough surface morphology by growth of rod-
shaped crystallites can be observed. These phenomena of the SEM re-
sults are also confirmed by the AFM results shown in Fig. 2.

Fig. 3 shows the XRD patterns of the FTO films with different sheet
resistances as a function of deposition time by HUSPD. All films contain
the characteristic diffraction peaks at 26.53°, 33.82°, 37.90°, and
51.72°, which corresponds to the (110), (101), (200), and (211) planes
of a tetragonal rutile SnO2 (space group P42/mnm [136], JCPDS no. 88-
0287), respectively. The resultant diffraction peaks exhibit slightly

shifted values to a lower angle as compared to pure SnO2 (see bottom of
Fig. 3). This indicates that the formation of FTO phases is successfully
performed as the substitution of a larger F- (ionic radius 0.133 nm) for
smaller O2- (ionic radius 0.132 nm) sites of the SnO2, as defined by
Bragg's equation (nλ=2dsinθ) [7,17]. The results suggest that the peak
intensities of (200) and (211) planes tend to gradually grow from FTO-
10Ω to FTO-3Ω, demonstrating an improvement of the FTO crystal-
linity resulting from grain growth by the increased thickness of the FTO
films [17,18], which is proved by the increased values of the grain sizes
(~28.3 nm for FTO-10Ω, ~32.5 for FTO-6Ω, and ~33.7 nm for FTO-

Fig. 2. AFM images of the surface obtained from (a) FTO-10Ω, (b) FTO-6Ω, (c) FTO-3Ω, and (d) commercial FTO, respectively.

Fig. 3. XRD curves of FTO-10Ω, FTO-6Ω, FTO-3Ω, and commercial FTO.
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3Ω) calculated using Scherrer equation (D =0.9λ/(β·cosθ), where λ is
the X-ray wavelength, β is the full width at half maximum, and θ is the
Bragg angle) [19]. Interestingly, as compared to the commercial FTO
(0.8), the FTO films formed by the HUSPD, especially FTO-10Ω (2.3)
and FTO-6Ω (1.5), have the enhanced intensity ratio of (200)/(211)
planes, indicating the formation of the FTO films with dominant (200)
preferred orientations. This unique structure can be formed by a uni-
form film growth parallel to the substrate through horizontal supply of
precursor droplets in the HUSPD system [10,20]. However, for FTO-
3Ω, the dominant growth of (211) plane is generated by the crystal
reorientation effect caused due to a larger thickness of the FTO film
[15], leading to the heterogeneous growth of the FTO films. Therefore,
the formation of the uniform FTO films with (200) preferred orienta-
tions is successfully performed by using the HUSPD, which can lead to
the efficient electron transport on the TCEs for performance improve-
ment of ECDs [10,16,21].

Fig. 4a shows the electrical properties, including the carrier con-
centration, Hall mobility, and resistivity, of all FTO films. With an in-
crease of the deposition time, the carrier concentration enhances from
3.72×1020 cm−3 for FTO-10Ω to 7.51×1020 cm−3 for FTO-6Ω and
attain the maximum value of 12.40×1020 cm−3 at FTO-3Ω. This is
due to the improvement of crystallinity induced by the increased
thickness of the FTO films [12,22]. In addition, the Hall mobility ex-
hibits the increased value from 20.7 cm2/(V s) for FTO-10Ω to
21.7 cm2/(V s) for FTO-6Ω, which might be attributed to the combined
effect of the larger crystallite size to relax the inter-grain boundary
scattering and uniform surface morphology with (200) preferred or-
ientations to efficiently transport the electron [16,24]. However, for
FTO-3Ω, the decreased Hall mobility (20.2 cm2/(V s)) is observed due

to the formation of the rough surface morphology. Therefore, we ob-
tained the resistivity (ρ) of the FTO films using the following equation
(see Eq. (1)) [8]:

=ρ Neμ1/( ) (1)

where N, μ, and e are carrier concentration, Hall mobility, and the
electron charge (1.60×10–19 C), respectively. The resultant resistivity
values (ρ) were 3.62× 10−4 Ω cm for FTO-10Ω, 3.07× 10−4 Ω cm for
FTO-6Ω, and 2.49×10−4 Ω cm for FTO-3Ω. Furthermore, sheet re-
sistances of the FTO films obtained by considering the resistivity/
thickness amounted to 10.3 ± 0.42Ω/□ for FTO-10Ω, 6.5 ± 0.26Ω/
□ for FTO-6Ω, and 3.3 ± 0.15Ω/□ for FTO-3Ω, indicating that an
increase of deposition time for the HUSPD causes an enhancement of
the sheet resistance on the FTO films due to the major effect of the
increased carrier concentration. For the average optical transmittances
of the FTO films (see Fig. 4b), with an increase of deposition time of the
HUSPD, decreased values from 90.4% for FTO-10Ω to 79.1% for FTO-
3Ω are observed in the wavelength range of 400–800 nm. This decrease
in the optical transmittance of the FTO films is attributed to the in-
creasing thickness to rise a light scattering in the films [23]. In addition,
the optical transmittance of EC electrodes consisting of WO3 films and
FTO films can vary according to the fundamental characteristic of the
FTO films used as a TCE. As shown in Fig. 5, the absorbance at 633 nm,
measured by deducting the baseline of each FTO film, slightly increased
from WO3-FTO-10Ω to WO3-FTO-6Ω; however, WO3-FTO-3Ω ex-
hibited a noticeable increase in the absorbance, which is because the
heterogeneous growth of the FTO films causes an interfacial light-
scattering between FTO and WO3 [25]. Therefore, the electrical and
optical properties of the FTO films (see Table 1) can be the important
factor for improving the EC performances.

Fig. 6 shows the CV curves of all WO3-FTO electrodes to char-
acterize the electrochemical properties of FTO-10Ω, FTO-6Ω, FTO-3Ω,
and commercial FTO as a TCE for the ECDs. In all samples, one pair of
the redox curve with the anodic and cathodic peaks is observed during
the CV cycling, indicating that the EC characteristics of intrinsic WO3

vary from deep blue in the colored state to transparent in the bleached
state by reversibly performing the intercalation and deintercalation of
Li+ and electron from the WO3. Both anodic and cathodic current
densities improved from WO3-FTO-10Ω to WO3-FTO-3Ω, suggesting
an enhancement in the number of ions and electrons to diffuse and
transfer into or out the WO3 due to a decreased sheet resistance of the
FTO films, indicating the increasing of electrochemical activity to affect
the EC performance [26]. Interestingly, the anodic and cathodic current
densities of FTO-6Ω are higher than those of commercial FTO, despite
similar values of sheet resistance (6.5 ± 0.26Ω/□ for FTO-6Ω and
6.0 ± 0.40Ω/□ for commercial FTO), which is attributed to efficient
electron transport by (200) preferred orientations of FTO-6Ω. This

Fig. 4. (a) Electrical properties including carrier concentration, Hall mobility, and re-
sistivity and (b) optical transmittance curves of all FTO films measured in wavelength
range from 300 to 900 nm.

Fig. 5. Absorption spectra in wavelength range of 300‒900 nm obtain from all WO3-FTO
electrodes.
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implies that, as compared to commercial FTO, the FTO films fabricated
using the HUSPD have enhanced electrochemical activity associated
with good EC performance.

The in situ optical transmittances of the WO3-FTO electrodes at
λ633 nm were traced to monitor the EC responses of all FTO films by
switching the potential between − 0.7 for colored state and 1.0 V for
the bleached state during 60 s. As shown in Fig. 7a, the curve of the in
situ optical transmittances shows two information of transmittance
modulation as defined as △T= Tb−Tc (Tb is transmittance in the
bleached state and Tc is transmittance in the colored state) and
switching speed defined as the time required to reach 90% of its full
transmittance modulation at 633 nm (see Table 2). For the transmit-
tance modulation, owing to the increased electrochemical activity to
improve Li+ intercalation and deintercalation, an increase in the values
(from WO3-FTO-10Ω (46.5%) to WO3-FTO-6Ω (56.6%)) is observed.
Then, there is a decreased transmittance modulation (53.3%) of WO3-
FTO-3Ω as compared to WO3-FTO-5Ω despite their low sheet re-
sistance due to a decreased transmittance in the bleached state by the
high absorbance of WO3-FTO-6Ω. The switching speeds are enhanced
from WO3-FTO-10Ω (13.1 s for coloration speed and 15.3 s for
bleaching speed) to WO3-FTO-3Ω (5.9 s for coloration speed and 4.3 s
for bleaching speed), which is mainly related to the decreased sheet
resistance of the FTO films. Therefore, the decrease of sheet resistance
for the FTO films used as a TCE of the ECDs can be useful to accelerate
the Li+ and electron diffusion on the WO3 films during intercalation/
deintercalation processes [27]. Interestingly, as compared to WO3-
commercial FTO (12.1 s for coloration speed and 13.9 s for bleaching
speed), WO3-FTO-6Ω exhibits a remarkable improvement of switching
speeds (10.3 s for coloration speed and 8.9 s for bleaching speed), which
can be induced by an efficient electron transport between FTO and WO3

resulting from the dominant (200) preferred orientations of the FTO
films formed by the HUSPD. This result is in accordance with the im-
provement of switching speed for the ECDs. In addition, the CE signifies
a high sensitivity of the EC process, which defined as the optical density
(OD) as a result of intercalated charge densities (Q/A) (see Eqs. (2) and
(3)) [28]:

= Q ACE ΔOD/( / ) (2)

=Δ T TOD log( / )b c (3)

where Q is the integration of the current within the colored time and A
is the given electrode area, indicating that capable ECDs possess a high
CE value. Fig. 7b shows the OD curve at the wavelength of 633 nm with
the intercalated charge density at the potential of − 0.7 V. The CE
values calculated from the slope of the curve show that, despite the
difference of sheet resistance on the FTO films, WO3-FTO-6Ω represent
a higher CE value than the other samples, which can be mainly at-
tributed to the effect of a high transmittance modulation by the FTO
films with the uniform surface morphology to reduce interfacial light-
scattering between FTO and WO3. Therefore, our results demonstrate
that WO3-FTO-6Ω possesses the optimum EC performances, including
the enhanced switching speeds (10.3 s for coloration speed and 8.9 s for
bleaching speed) by the decrease in the sheet resistance of the FTO films
and high CE (50.9 cm2/C) caused by the high transmittance modulation
by uniform FTO films.

Table 1
Summary of electrical and optical properties for all FTO films.

Commercial FTO FTO-10Ω FTO-6Ω FTO-3Ω

Carrier concentration (cm−3) 8.45 × 1020 3.72 × 1020 7.51 × 1020 12.40 × 1020

Hall mobility (cm2/(V s)) 19.8 20.7 21.7 20.2
Resistivity (Ω cm) 3.01 × 10−4 3.62 × 10−4 3.07 × 10−4 2.49 × 10−4

Sheet resistance (Ω/□) 6.0± 0.40 10.3± 0.42 6.5±0.26 3.3±0.15
Transmittance (%) 83.9 90.4 84.3 79.1

Fig. 6. CV curves of WO3-FTO-10Ω, WO3-FTO-6Ω, WO3-FTO-3Ω, and WO3-commercial
FTO.

Fig. 7. (a) In situ optical transmittances spectra of the EC electrodes with all FTO films
applied with an interval of 60 s at the potential of − 0.7 for colored state and 1.0 V for
bleached state and (b) variation of OD at 633 nm with intercalated charge density at
− 0.7 V.
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4. Conclusion

The FTO films with three types of sheet resistances (~10Ω/□,
~6Ω/□, and ~3Ω/□) were fabricated by adjusting the deposition
time of the HUSPD. For the HUSPD, it is useful to form a uniform film
structure by the horizontal supply of precursor droplets, resulting in the
uniform FTO films with (200) preferred orientations. With an increase
of the deposition times of the HUSPD, the crystallite size and thickness
on the FTO films were gradually enhanced, which led to a decrease of
their sheet resistance due to the improved carrier concentration while
the optical transmittances were dropped by the thickened thickness. As
a result, the EC electrodes fabricated with the FTO films showed an
acceleration of the switching speeds with a decrease of their sheet re-
sistance to enhance the electrochemical activity. In addition, for the CE,
despite the difference of the sheet resistance values, WO3-FTO-6Ω had
a higher value than the other samples, which can be related to the high
transmittance modulation induced from reduction of interfacial light-
scattering between FTO and WO3 by uniform surface morphology.
Therefore, the results of the present study provide a valuable insight
into the TCEs to improve the performance of the ECDs.
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