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ARTICLE INFO ABSTRACT

Keywords: In this study, Fe co-doping into fluorine-doped tin oxide (FTO) films using horizontal ultrasonic spray pyrolysis
Films deposition (HUSPD) is reported as a novel approach to improve their transparent conduction for high-perfor-
Transition metal oxides mance electrochromic (EC) devices. To optimize their transparent conducting performance, we adjusted the Fe
Electrical properties to F ratio to an atomic percentage of 0, 1, 2, and 3 at% during the film deposition. With the optimized Fe co-
Optical properties doping effect induced at Fe 2 at%, the resulting Fe-doped FTO films exhibited simultaneous improvements in the
Electrochromic performances . . . . . . s
carrier concentration and Hall mobility which are, attributed to V, induced by a Fe substitution, and the smooth
surface morphology interfering with the growth of the FTO crystallites, respectively. As a result, the Fe-doped
FTO films prepared at Fe 2 at% achieve a higher transparent conduction (4.4 = 0.14 Q/[] sheet resistance and
83.1% optical transmittance) than the other films with a figure of merit of 3.56 x 10”2 Q™. Hence, when these
unique films are used in EC devices as a transparent conductive oxide, fast switching speeds (6.1 s coloration
speed and 5.1 s bleaching speed) and a high coloration efficiency (CE) of 48.2 cm?/C occur as unique effects of
the Fe-doped FTO films, accelerating the insertion of Li* and electrons into the WO films, which act as an active
EC material and enhancing the electrochemical activity. Therefore, our study provides promising insight into

unique transparent conductive oxide films for high-performance EC devices.

1. Introduction

As the problem of energy exhaustion expands into a global social
issue, the importance of developing technologies to save energy and
increase efficiency has been emphasized. In particular, approximately
60% of the total energy consumed in a building is lost without any
effect, which can be solved using smart window technology. Adjusting
the solar energy entering a building by using smart windows can reduce
the heating and cooling energy consumption by approximately 26%
[1,2]. This unique ability is based on electrochromic (EC) devices
capable of controlling the optical properties of the materials (e.g.
transmittance, reflectivity, and absorbance) via electrical signals. In
general, EC devices are composed of two transparent conductive oxide
(TCO) films, anodic and cathodic EC materials, and an electrolyte, and
are driven by a reversible oxidation/reduction reaction caused by the
extraction/insertion of charges in EC materials based on the applied
potential [3]. TCO films are an essential component that directly affects
EC performance because they transfer electrons formed from an EC

material to the external circuit and provide transparency to the devices.
Thus, they require ideal properties including a low resistivity
(<107*Q cm) and high transmittance (> 80%) [4]. Among various
TCO films, such as fluorine-doped tin oxide (FTO), tin-doped indium
oxide and aluminum-doped zinc oxide, FTO films are considered a
potential TCO film for EC devices owing to their superb transparent
conduction and mechanical and chemical stabilities [5]. Given that an
acceleration of their transparent conduction is related to performance
improvements in EC devices, the fabrication of high-performance FTO
films has been attempted using various deposition techniques, such as
magnetron sputtering (MS), chemical vapor deposition (CVD), pulsed
laser deposition, and ultrasonic spray pyrolysis deposition (USPD) [6].
Although FTO films formed using MS and CVD exhibit superb trans-
parent conduction compared to those prepared by other methods, these
techniques have been limited to industrial applications because of their
high process cost and restricted processing areas owing to the use of
complicated equipment and high vacuum conditions (< 10~* Pa)
[7,8]. However, the application of USPD to create a film nanostructure
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using the formation of precursor droplets (1-100 pm in size) through
the ultrasonic atomization is an interesting deposition approach with a
notable ability to uniformly coat a large area at a low cost [9]. In ad-
dition, this may adjust the characterization of FTO films by adjusting
the process parameters (e.g. the deposition temperature and deposition
time) and the conditions of the precursor solution (e.g. the functional
group and additives) [10,11]. For example, Agashe et al. reported that
as the deposition time of FTO films increases when using USPD, their
sheet resistance (Ry,) gradually decreases due to the increase in carrier
concentration, whereas their optical transmittance degrades [10].
Luangchaisri et al. also showed that increasing the NH4F/SnCl, ratio to
10 mol% in FTO films causes a decrease in R, owing to the increased
number of electrons induced by the substitution of F for O atoms [11].
However, with a greater amounts of F, oxygen vacancies (V,) become
filled, or the formation of excessive ionized F atoms act as scattering
centers on the FTO, increasing the Ry, of the FTO films. At this point, it
should be noted that balancing the F substitution with the effect of V,, as
a carrier in FTO films is a sensational approach to improving their
transparent conduction for use in high-performance EC devices, but has
yet to be reported.

In this study, we newly developed Fe-doped FTO films as TCOs for
high-performance EC devices using horizontal ultrasonic spray pyr-
olysis deposition (HUSPD, Ceon, Nano SPD, TV500, Korea). The Fe co-
doping effect in FTO films produces an effective supply of charge car-
riers by introducing V, into FTO to improve their transparent conduc-
tion. Therefore, the Fe atomic percentage into F during the film de-
position was adjusted in an effort to optimize their transparent
conduction and demonstrate a mechanism to improve the performance
of EC devices using Fe-doped FTO films.

2. Experimental details
2.1. Experimental

FTO films with different Fe co-doping were fabricated using HUSPD
(Ceon, Nano SPD, TV500, Korea) on a glass substrate (Corning EAGLE
XG™). First, the precursor solution for film deposition was obtained by
dissolving 0.68 M tin chloride pentahydrate (SnCl,-5H,0, SAMCHUN)
and 1.20 M ammonium fluoride (NH4F, Aldrich) into de-ionized (DI)
water with 5 vol% ethyl alcohol (C.HsOH, Duksan). After stirring, iron
(III) nitrate nonahydrate chloride (Fe(NO3)39H,0) was added to the
transparent FTO solution. The atomic percentage of Fe to F ratio was
then controlled at 0, 1, 2, and 3 at% to optimize the transparent con-
duction of the resulting films. HUSPD was then applied by allowing the
droplet formed from the precursor solution using an ultrasonic atomizer
(1.6 MHz) to reach a substrate temperature of 420 °C during a 28 min
period. The other conditions of the HUSPD were fixed uniformly to a
15 L/min flow rate of the air carrier gas and 5 rpm rotational speed of
the substrate, thus yielding four types of FTO films using Fe atomic
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percentages of 0, 1, 2, and 3 at% (hereafter referred to as bare FTO,
1Fe-FTO, 2Fe-FTO, and 3Fe-FTO, respectively). To characterize the EC
performance using the Fe-doped FTO films as the TCO, we utilized WO;
films as the active EC material. To prepare the WO3 films, 10 wt%
tungsten (VI) chloride (WClg, Aldrich) was dissolved into 2-propanol
((CH3),CHOH, Aldrich), and the obtained sol solution was then spin-
coated for 30 s at 2000 rpm on all Fe-doped FTO films. This was re-
peated twice. Thereafter, by annealing the samples at 300 °C in air, four
types of EC electrodes consisting of WO3 films and Fe-doped FTO films
(bare FTO, 1Fe-FTO, 2Fe-FTO, and 3Fe-FTO) were obtained.

2.2. Characterization

The crystal structure and chemical bonding of the films were ana-
lyzed using X-ray diffraction (XRD, Rigaku D/Max—2500 dif-
fractometer using Cu K, radiation) and X-ray photoelectron spectro-
scopy (XPS, ESCALAB 250 equipped with an Al K, X-ray source),
respectively. The morphological and topographical properties of the
films were characterized using field-emission scanning electron micro-
scopy (FESEM, Hitachi S—4800) and atomic force microscopy (AFM,
diDimension™ 3100). The electrical and optical properties were
characterized using 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 measured in a three-electrode system, consisting of
a reference electrode with Ag wire and a counter electrode with Pt wire,
and 1 M of a LiClO4 electrolyte on a potentiostat/galvanostat
(PGSTAT302 N, FRA32 M, Metrohm Autolab B.V., Netherlands) at a
scan rate of 20 mV/s from —0.7 to 1.0 V. The in situ optical transmit-
tances at a wavelength of 633 nm during the coloration and bleaching
processes were traced using ultraviolet—visible (UV-vis) spectroscopy
(Perkim — Elmer, Lambda —35). The electrochemical impedance spec-
troscopy (EIS) measurement was carried out on a potentiostat/galva-
nostat (PGST302 N, Eco Chemie) by applying a sinusoidal signal of
10 mV amplitude within a frequency range from 0.1 Hz to 100 kHz.

3. Results and discussion

Fig. 1a shows the XRD curves obtained from bare FTO, 1Fe-FTO,
2Fe-FTO, and 3Fe-FTO. Bare FTO emits characteristic diffraction peaks
at the (110), (101), (200), and (211) planes, which indicates ~26.61°,
~33.87°, ~37.86°, and ~51.75° tetragonal rutile SnO, (space group
P42/mnm [136], JCPDS no. 88-0287), respectively. These diffraction
peaks are in a slightly lower position than those of pure SnO, ((110)
plane at ~26.65°, (101) plane at ~33.90°, (200) plane at ~37.98°, and
(211) plane at ~51.82°), which indicates a successful formation of the
FTO phases through the substitution with larger F~ (ionic radius of
0.133 nm) than the smaller 02~ (0.132 nm) of SnO,, as explained by
Bragg's equation (nA = 2dsin6) [6]. In Fig. 1b, it should be that the
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Fig. 1. XRD curves and magnified curves in the range from 36 to 40° of bare FTO, 1Fe-FTO, 2Fe-FTO, and 3Fe-FTO.
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Fig. 2. XPS spectra of (a) Sn 3d and (b) O 1s obtained from all films, (c) valence band spectra, and optical bandgap obtained by relationship between the absorption

coefficient (o) and the incident photon energy (hv).

peak shift of the (200) plane toward a low angle is accelerated from
bare FTO to 2Fe-FTO, which can result from the substitution of Fe®*,
which has higher ionic radius (0.078 nm) than Sn** (0.069 nm) for
FTO [12]. This result can lead to an enhanced carrier concentration as
the result of the formation of V, on the FTO films [13]. In addition, the
increase in the (200)/(110) peak ratio from 6.5 for bare FTO to 16.5 for
2Fe-FTO should be noted, and corresponds to the preferred growth of
the (200) orientation parallel to the substrate as a result of growth re-
laxation of the {101} twin planes positioned at the corner of the SnO,
crystallites due to NO, gas generated by the pyrolysis of Fe(NO3)3-9H,0
[14-16]. However, for 3Fe-FTO, there is relaxation of the (200) peak
shift and (200)/(110) peak ratio (4.0) compared to 2Fe-FTO, which
may be due to an excessive amount of Fe, causing decrease in the
transparent conduction of the FTO films.

To derive the chemical binding states of all films, XPS analysis was
conducted as shown in Fig. 2a. All binding energies were realigned by C
1s (284.5 eV) as a reference. In Fig. 2a, for all films, the characteristic
peaks of XPS Sn 3ds,» and Sn 3ds,, are emitted equally at ~486.4 and
~494.9 eV, respectively, indicating a Sn-Sn bond related to Sn** of the
SnO, phase [17]. In addition, emission of the binding energy occurs at
~487.7 eV for XPS Sn 3ds,> and ~496.4 eV for Sn 3ds,», which in-
dicates that the Sn—F bond is an effect of F-substitution in the SnO,
phases [17,18]. Interestingly, the XPS Sn 3d spectra of all films show a
decreased area ratio of Sn—F to Sn-Sn with increasing the Fe atomic
percentage, indicating a gradual decrease in the F-doping concentration
on the FTO films (2.69 at% for bare FTO, 2.59 at% for 1Fe-FTO, 2.55 at
% for 2Fe-FTO, and 2.48 at% for 3Fe-FTO). Moreover, it is shown in the
XPS O 1s spectra of Fig. 2b that the area ratio of V,, (~532.4 eV) to Sn-O
(~530.3 eV) increases from bare FTO to 2Fe-FTO, and then decreases
when the Fe atomic percentage is 3 at% (3Fe-FTO), which indicates that
2Fe-FTO (5.9 at%) has a higher V,, than the other films (4.4 at% for bare
FTO, 5.4 at% for 1Fe-FTO, and 5.3 at% for 3Fe-FTO) owing to the
optimized effect of Fe co-doping into the FTO films. This result can be
associated with the increasing carrier concentration on the FTO films
from the improvement in V,, which provides two electrons though the
F-doping concentration when only one electron is decreased [4,6].

Because V, of FTO is introduced near valence band edge position, the
formation of V, on the FTO films due to the Fe co-doping effect is also
confirmed by the peak position moving toward the Fermi level (EF,
binding energy = 0 eV) of the valence band maximum (VBM), de-
termined by linear extrapolation of a nonbonding O 2p orbital on the
valence-band XPS spectra, as shown in Fig. 2c [19,20]. That is, as part
of the Fe-co doping effect, the Fe>" substituting Sn** in the SnO, lat-
tices can cause a lifting of the valence band by the improved V,, thus
generating a bandgap that narrows from bare FTO to 2Fe-FTO (see
Fig. 2d) [13,21]. For 3Fe-FTO, there is a decrease in V, (5.3 at%) de-
spite the larger amount of Fe, which may be due to the existence of the
Fe—-O phase, as confirmed through the O 1s XPS spectra, thus affecting
the relaxation of the carrier concentration in the FTO films.

Fig. 3 shows the top-view FESEM images of (a) bare FTO, (b) 1Fe-
FTO, (c) 2Fe-FTO, and (d) 3Fe-FTO prepared by a different Fe atomic
percentage. The surface morphology of all films is interlocked with
polyhedral crystallites throughout the surface. Interestingly, as the
atomic percentage of Fe increases to 3 at%, their polyhedral crystallite
sizes (~222.0-309.6 nm (approximately 257.9 nm) for bare FTO,
~180.5-254.5 nm (approximately 213.2 nm) for 1Fe-FTO,
~151.5-225.3 nm (approximately 187.7 nm) for 2Fe-FTO, and
~135.3-221.7 nm (approximately 173.0 nm) for 3Fe-FTO) gradually
decreased, which can be the induced by the existence of the Fe element
in the FTO films interfering with the growth of the FTO crystallites,
causing a smooth surface morphology to relax the surface scattering for
improving the Hall mobility of the transparent conducting oxide films
[13,22]. This is also confirmed by the AFM results showing a decrease
in the highest root mean square roughness (R,,;) from ~30.0 nm for
bare FTO to ~24.0 nm for 2Fe-FTO. However, despite the decreased
polyhedron-shaped crystallite size of 3Fe-FTO, a higher R, value is
observed than that of 2Fe-FTO, which may be due to the growth of the
rod-shaped crystallites via a reorientation effect caused by excessive Fe,
thus resulting in a rough surface morphology that can decrease the Hall
mobility of the transparent conducting films [23]. Therefore, the XRD,
XPS, and SEM results are expected to show that the Fe-doped FTO film
formed particularly at 2 at% Fe (2Fe-FTO) is optimized to improve the
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(f) Rine: 27.9 nm

(g) Ris: 24.0 nm (h) Rps: 26.2 nm

Fig. 3. (a—d) Top-view FESEM and (e-h) AFM images of bare FTO, 1Fe-FTO, 2Fe-FTO, and 3Fe-FTO, respectively.

carrier concentration (N) and Hall mobility (u) by a higher V, and
smoother surface morphology of the TCO films for achieving a high EC
performance.

Fig. 5a shows the dependence of Fe co-doping on the electrical
properties of the FTO films. In general, the resistivity of the TCO films is
mainly dependent on their N and p values [24]. When the Fe atomic
concentration increases from 0 at% (bare FTO) to 2 at% (2Fe-FTO), N is
enhanced from 6.26 x 10%° to 7.31 x 10%° cm ™2 due to the increased
V, by the effect of the Fe-co doping into the FTO films, which is induced
by the following equations:

SnOZZ F— Snsn + 00 + VO“+ F0A+ 3e” + 1/202 (1)
SDOZ: Fe — Fesn + Oo + Vo+ 2e” + 1/202 (2)

The improvement in y is also revealed to range from 24.06 cm?/(V
s) for bare FTO to 34.92 cm?/(V s) for 2Fe-FTO, which results from the
formation of a smooth surface morphology with (200) preferred or-
ientations. However, any further increase in the Fe atomic concentra-
tion (3Fe-FTO) can decrease both N and y, owing to relaxation of V,, and
the (200) preferred orientations, respectively, as a result of the Fe-O
phases formed. Based on these variations, we calculate the resistivity
(p) of the FTO films using the following equation [25]:

p = 1/(Nue) 3

where N is the carrier concentration (cm™ %), y is the hall mobility
(cm?/(V s)), and e is the electron charge (1.60 x 10~ '° C). As shown in
Table 1, 2Fe-FTO possesses higher electrical performance than the other
films. Its superb performance is attributed primarily to the improve-
ment of both N and y induced by the optimized Fe co-doping effect; the
increased N results from the increase in V,, and the improved u origi-
nates from the smooth surface morphology with a (200) preferred or-
ientation. Fig. 4b shows the wavelength dependence on the optical
transmittances of the FTO films with the Fe co-doping effect. It can be

seen that the average optical transmittance (T) within the range of
400-700 nm gradually decreases from 85.1% for bare FTO to 82.5% for
3Fe-FTO. This variation in the average T can be determined by the
narrowed bandgap of the FTO films. Therefore, the figure of merit
(p = T'%/Ry,) calculated from T and the sheet resistance (Ry,) of the
films used to predict the comprehensive efficiency as a TCO film is the
highest for 2Fe-FTO compared to the other films, which is mainly due to
the decreased Ry, induced by improvements in N and y, indicating the
implementation of superb transparent conduction in the a TCO film for
EC devices [26].

Fig. 5a shows the CV curves of the electrodes using WO3 to in-
vestigate the electrochemical behavior of bare FTO, 1Fe-FTO, 2Fe-FTO,
and 3Fe-FTO as TCO films for EC devices. The CV curves of all elec-
trodes emit a pair of redox peaks related to a reduction in a negative
potential of the WO3 and oxidation at positive potential, thus demon-
strating the EC behavior from deep blue in a colored state to trans-
parent in a bleached state due to the intercalation and deintercalation
of Li* and electrons, which can be represented by the following
equation [27]:

WO (transparent) + xLi* + xe™ <> LixWOs3 (deep blue) 4)

It should be noted that 2Fe-FTO has a higher CV area with in-
creasing current densities of both the anodic and cathodic peaks com-
pared to the other films, which indicates an enhancement in the elec-
trochemical activity for a high EC performance by decreased Ry, of the
Fe-doped FTO films. This offers an effective transport of a large quantity
of Li* and electrons in the WOj5 films [28]. The EC performance with
the Fe co-doping effect on the FTO films used as TCO films was char-
acterized by comparing the in situ optical transmittance curves of all
electrodes, traced through a collaboration of a double-step chron-
oamperometry (CA) method under an applied potential of —0.7 V
(colored state) and 1.0 V (bleached state) for 60 s, and the resultant in-

Table 1
List of electrical and optical properties obtained from all Fe-doped FTO films.
Bare FTO 1Fe-FTO 2Fe-FTO 3Fe-FTO

Carrier concentration (cm ™~ 3) 6.26 x 10%° 6.70 x 10%° 7.31 x 10%° 6.67 x 10%°
Hall mobility (em?/(V s)) 24.06 29.44 34.92 28.66
Resistivity (Q cm) 415 x 1074 3.17 x 1074 2.45 x 1074 3.27 x 1074
Sheet resistance (€2/[]) 7.5 = 0.24 5.7 = 0.19 4.4 = 0.14 6.6 + 0.23
Transmittance (%) 85.1 84.2 83.1 82.5
Figure of Merit ( x 1072Q™1) 2.65 3.14 3.56 2.21
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situ transmittance variation at Ag33,m. As shown in Fig. 5b and Table 2, improved to 3 at%, decreases the transmittance value in bleached state,
this curve provides two main EC performances: the transmittance thus causing a decrease in AT of 3Fe-FTO as an extra effect of the
modulation (AT = T,-T., where T}, is the transmittance in a bleached degraded electrochemical activity. For the switching speed, it should be
state and T, is the transmittance in a colored state) and the switching noted that 2Fe-FTO has higher values (6.1 s for the coloration speed and
speed (the time it takes to reach 90% of the full transmittance mod- 5.1 s for the bleaching speed) than those using the other films, which is
ulation) [29]. For AT, there is a minute improvement from 52.7% for attributed primarily to the acceleration of Li ™ and electron diffusion on
bare FTO to 53.7% for 2Fe-FTO owing to the increased electrochemical the WOjs films due to the decrease in Ry,. In addition, the CE is another
activity decreasing the transmittance value in a colored state, which is important EC performance defined as the optical density (OD) with the

caused by the increased electrochemical activity. In contrast, the optical intercalated charge densities (Q/A) (see Eq. (3)—(4)) [28,29].
bandgap, which gradually narrows as the Fe atomic concentration is

CE = AOD/(Q/A) (5)
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Fig. 5. (a) CV curves recorded in potential of —0.7-1.0 V at the scan rate of 20 mV/s, (b) In situ optical transmittances spectra at different applied potential for 60 s
(—0.7 V for colored state and 1.0 V for bleached state), and (c) OD curve at 633 nm and (d) Nyquist plot as a function of intercalated charge density of —0.7 V.
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Table 2

Comparison of EC performances with other previous works using FTO films as TCO and WO3 as EC active material.
Samples Transmittance modulation (%, 633 nm) Coloration speed (s) Bleaching speed (s) CE (cm?/C)
WO3-FTO 1 [26] 52.5 121 13.9 37.2
WO3-FTO 2 [31] 52.1 12.1 12.5 38.5
WO3-FTO 3 [32] 44.4 6.4 7.0 47.8
WO3-FTO 4 [33] 61.0 - - 39.4
WO3-2Fe-FTO (Our result) 53.7 6.1 5.1 48.2
= and a high CE (48.2 cm?/C), which is a higher than that of using other

WO, film

Fig. 6. Schematic illustration of improving EC performances on Fe-doped FTO
films.

AOD = log(Tv/Te) (6)

where Q is the charge capacity and A is the given electrode area. As
shown in Fig. 5c, the CE values obtained by sloping the OD curve of
633 nm with the intercalated charge density at —0.7 V indicate that the
CE of 2Fe-FTO is higher than that of the other films, which may arise
the broadened AT with effective transport of Li* and electron in the
WO; film. This phenomenon is confirmed by the EIS result shown in
Fig. 5d. To use 2Fe-FTO as a TCO of an EC device, it should be noted
that the charge-transfer resistance (R.) is lower than that using the
other electrodes, which can be induced by the lower series resistance
(R,) resulting from of their decreased Ry, [6,30]. Therefore, the results
indicate that Fe-doped FTO formed at Fe atomic percentage of 2 at%
can realize the optimum and competitive EC performances with other
previous works (Table 2), including fast switching speeds (6.1 s for the
coloration speed and 5.1 s for the bleaching speed) [26,31-33]. As
shown in Fig. 6, this is caused by the improved transport of Li* and
electrons on the WO; films by the smooth surface morphology with a
(200) preferred orientation, which decreases surface scattering and
achieves a good CE (48.2 cm?/C) owing to the high electrochemical
activity. 2T is thereby broadened with an effective behavior of Li* and
electrons in the WOj3 films as an effect of the increased V,, forming more
carriers.

4. Conclusion

Fe-doped FTO films were fabricated by optimizing the Fe atomic
concentration used as a co-doping source. The effect of the increased Fe
atomic concentration to 2 at% caused an increase in V,, thereby pro-
viding more electrons compared to the result from F doping and for-
mation of smooth surface morphology with (200) preferred orientations
to relax the surface scattering. This suggest that both carrier con-
centration and Hall mobility should be increased, thus resulting in a
decreased in Ry, of the Fe-doped FTO films. As a result, the EC elec-
trodes with optimized Fe-doped FTO films (2Fe-FTO) used as a TCO
film show good performance for an EC device with fast switching
speeds (6.1 s for the coloration speed and 5.1 s for the bleaching speed)

films. Fast switching speeds are induced from the faster transport of Li*
and electrons in the WO; films by a smooth surface morphology with a
(200) preferred orientation, and a high CE value is results from
broadening 4T by an enhancement of the electrochemical activity as the
result of the increased V,. Therefore, we believe that unique Fe-doped
FTO films can be used as valuable TCO films for high-performance EC
devices.
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