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Abstract
Sb-doped SnO2 (ATO) thin ﬁlms, for use as transparent conductive oxides (TCOs), were synthesized using an electrospray technique, and their
structural, electrical, and optical properties were investigated. To elucidate the optimum fabrication conditions for the best electrical and optical
properties, ATO thin ﬁlms were calcined using four different temperatures, 450 1C, 550 1C, 650 1C, and 750 1C. When calcined at 650 1C, ATO
thin ﬁlms exhibit excellent resistivity ( 8.14  10  3 Ω cm), superior transmittance ( 91.4% at 550 nm), and good ﬁgure of merit
( 11.4  10  4 Ω  1) compared to the other samples. The enhanced properties of ATO thin ﬁlms are attributed to high densiﬁcation without
formation of cracks, and the increased grain size of ATO nanoparticles.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
Films fabricated using transparent conductive oxides
(TCOs) that have a high visible light transparency ( 4 80%)
and low resistivity (o 10  4 Ω cm) have attracted signiﬁcant
interest recently for use in optoelectronic applications such as
solar cells, infrared reﬂectors, ﬂat panel displays, touch
screens, and electrochromic devices [1–4]. To date, several
researchers have studied TCO materials such as In2O3:Sn
(ITO), SnO2:Sb (ATO), SnO2:F (FTO), ZnO:Al (AZO), and
ZnO:Ga (GZO). Among the various TCO materials, ATO
ﬁlms are currently of considerable interest due to their
excellent thermal and chemical stabilities, good mechanical
durability, abundance, and low cost compared to the more
widely used ITO materials. Hence, ATO thin ﬁlms have
attracted attention as promising materials for replacing ITO
because of their high transparency (  80%) and low resistivity
( 10  3 Ω cm) [5]. In order to fabricate high-quality ATO
ﬁlms, various synthetic methods such as sol–gel spin
coating, spray pyrolysis, chemical vapor deposition, vacuum
n
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evaporation, and sputtering have been developed [5–9].
Among the above-mentioned synthetic methods, solutionbased TCO thin ﬁlms, such as spray pyrolysis and sol–gel
spin coating, are of great interest due to advantages such as
relatively low production cost and a simple manufacturing
process. So far, several studies have been devoted to developing high-performance solution-based TCOs. For example,
Burgard et al. reported that Sb-doped SnO2 thin ﬁlms were
synthesized using a spin coating process and their electrical
resistivity and transmittance at optimum Sn content was
2.5  10  2 Ω cm and 90%, respectively [10]. Bisht et al.
synthesized Sb-doped SnO2 thin ﬁlm using a spray pyrolysis
technique and reported the electrical (1.0  10  3 Ω cm) and
optical (75%) properties [11]. Dua et al. demonstrated Mn–Sb
co-doped SnO2 thin ﬁlms with a resistivity of 1.42  10  2 Ω
cm and transmittance of  81% using a dip coating technique,
referring to the possibility of using co-doped SnO2 materials as
TCOs [12]. Therefore, it is important to develop a novel
synthetic method for fabricating high-performance solutionbased ATO thin ﬁlms.
In this paper, the synthesis of solution-based ATO thin ﬁlms
using an electrospray technique is reported for the ﬁrst
time. Further, the structural, chemical, electrical, and optical
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properties of these thin ﬁlms at four different calcination
temperatures were examined. An electrospray technique is
chosen in particular because of advantages such as a simplicity, cost effectiveness, facile operation, and continuous
production of nano-size particles.

four different temperatures—450 1C, 550 1C, 650 1C, and
750 1C (corresponding samples are referred to as samples A,
B, C, and D)—to determine the optimum conditions for the
desired structural, chemical, electrical, and optical properties.
2.2. Characterization

2. Experimental
2.1. Experimental
Four different types of the ATO thin ﬁlms were prepared
using the electrospray technique at temperatures of 450 1C,
550 1C, 650 1C, and 750 1C. To fabricate the solution-based
ATO thin ﬁlms, we set up an electrospray apparatus consisting
of a power supply, a syringe with a pump, and a collector, as
shown in Fig. 1. Tin(II) chloride dehydrate (SnCl2  2H2O,
Aldrich) and antimony(III) chloride (SbCl3, Aldrich) were
dissolved in 2-propanol (2 mL) for 1 h, and the molar ratio of
Sn:Sb was adjusted to 10:1. Furthermore, many researchers
reported on the optimum composition of the Sb doping in the
SnO2 lattice. That is, the optimum molar ratio of Sn:Sb ¼ 10:1
shows good agreement with the previously reported results
[13,14]. In this manuscript, this composition is chosen because
the best performance of the TCO thin ﬁlms presents. The
prepared mixture is used as the solution for the electrospray
process. The ATO solution is then loaded into a plastic syringe
equipped with a 23-gauge stainless steel needle. The distance
between the tip of the needle and the collector is maintained at
 10 cm. The feed rate is controlled at 0.03 mL/h and the
voltage applied is 24 kV. ATO nanoparticles were directly
deposited on a glass substrate (Corning EAGLE XG™ glass)
using the electrospray process. The as-prepared ATO thin ﬁlms
are dried at 150 1C in a convection oven and are annealed at

The crystalline structure and chemical bonding states of the
samples were characterized using X-ray diffraction (XRD,
Rigaku D/Max-2500 diffractometer using Cu Kα radiation) and
X-ray photoelectron spectroscopy (XPS, ESCALAB 250
equipped with an Al Kα X-ray source). The surface morphology of the thin ﬁlms was analyzed using means of ﬁeldemission scanning electron microscopy (FE-SEM, Hitachi
S-4700). Structural analyses of the ATO nanoparticles were
performed by transmission electron microscopy (TEM, JEOL2100F operated at 200 kV, KBSI Gwangju Center). The
electrical properties (i.e., carrier concentration, mobility, and
resistivity) of the solution-based ATO thin ﬁlms were measured using a Hall Effect Measurement System (Ecopia, HMS3000). The optical properties in the wavelength range 300–
900 nm were characterized using a UV–vis spectroscopy
(Scinco, S-3100).
3. Results and discussion
Fig. 2 presents the XRD data obtained from samples A, B,
C, and D. The bulk reﬂections for the reference pure SnO2
phases, which occur at 26.571, 33.871, and 51.751, are shown
at the bottom (JCPDS cards no. 21-1250). For all the samples,
the main characteristic diffraction peaks at 26.691, 33.901, and
51.851 correspond to the (110), (101), and (211) planes of a
tetragonal rutile structure of the cassiterite SnO2 phases (space

Fig. 1. Schematic illustration of an electrospray apparatus consisting of a power supply, a syringe with a pump, and a collector.
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Fig. 2. XRD plots obtained from samples A, B, C, and D to investigate the
structures and crystallinity. Reference bulk reﬂections of pure SnO2 phases are
shown at the bottom (JCPDS cards no. 21-1250).

Fig. 3. XPS core-level spectra of the Sb 3d (a) and Sn 3d (b) photoelectrons
obtained from sample C. (a) Sample C-Sb 3d and (b) Sample C-Sn 3d.

group P42/mnm [136]), which is slightly shifted to a higher
angle compared to the pure SnO2 phases. This result implies
that Sb ions are doped in the SnO2 lattice, which can be
explained by Bragg's equation (nλ¼ 2d sin θ); i.e., the diffraction peaks of the samples are shifted to the higher 2θ angle
because the ionic radius of Sb5 þ (0.62 Å) is smaller compared
to that of Sn4 þ (0.69 Å). In addition, all the samples exhibited
low peak intensities because of the growth of thin (ca. 220–
240 nm in thickness) and dense ﬁlms.
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XPS measurements were performed in order to examine the
chemical composition and the chemical bonding states of
sample C, obtained after calcination at 650 1C. Fig. 3(a) and (b)
show the XPS core-level spectra of the Sb 3d and Sn 3d
photoelectrons of the ATO thin ﬁlms fabricated using electrospray.
The Sb 3d5/2 and Sb 3d3/2 photoelectrons are emitted at
 530.5 eV and  539.3 eV, implying Sb (V) in the Sb2O5
phases. In addition, the Sn 3d5/2 and Sn 3d3/2 photoelectrons are
at  486.7 eV and  495.1 eV, implying the existence of Sn (IV)
species in the SnO2. Thus, it is indicative that Sb ions in the ATO
thin ﬁlms exist as Sb5 þ , which acts as donors in the SnO2 lattices.
The samples are composed of Sb2O5 and SnO2 phases, indicating
the successful formation of Sb-doped SnO2 (ATO) thin ﬁlms
using electrospray.
Fig. 4(a)–(e) show the top-view FESEM images of the asprepared sample before calcination, and samples A, B, C, and
D. All samples fabricated using electrospray are uniformly
formed on a glass substrate. With increasing calcination
temperature, the grain sizes of the ATO nanoparticles increase
gradually. Furthermore, the ATO thin ﬁlms of sample D
cracked because of high calcination temperature of 750 1C.
ATO thin ﬁlms that have cracks can lead to decreased Hall
mobility, resulting in the reduction of electrical performance of
the ﬁlms. Fig. 4(f)–(j) show the cross-sectional FESEM images
of the as-prepared sample before calcination, and samples A,
B, C, and D. The thicknesses of the samples are in the range
 214–228 nm for the as-prepared sample before calcination,
 234–240 nm for sample A,  212–228 nm for sample B,
 223–235 nm for sample C, and  224–234 nm for sample D.
The FESEM results conﬁrmed that the samples with similar
thickness exhibited uniform morphology. In particular, sample C
exhibits high densiﬁcation without formation of cracks. TEM
measurements were performed to further investigate the grain
sizes and crystallinity of ATO nanoparticles in the ﬁlms.
Fig. 5(a)–(e) show the TEM images and SAED (selected
area electron diffraction) patterns of samples A, B, C, and D.
The particle sizes of the samples obtained using electrospray
are in the range  5.0–6.5 nm for sample A,  6.9–7.9 nm for
sample B,  8.2–16.4 nm for sample C, and  10.7–14.0 nm
for sample D. It is indicative that as the calcination temperature
increased, the sizes of the ATO nanoparticles also gradually
increased. SAED patterns (the insets of Fig. 5), which are
uniform ring patterns and diffraction spots, indicate that ATO
nanoparticles are composed of a polycrystalline structure.
Furthermore, as the size of ATO nanoparticles is increased,
the diffraction patterns were gradually transformed from
diffuse rings (sample A) to sharp rings containing clear spots
(sample D). Thus, TEM and SAED results indicate the
successful formation of polycrystalline ATO nanoparticles.
Fig. 6(a) presents the carrier concentration, the Hall mobility, and the resistivity of the samples. The carrier concentrations are observed to be  1.45  1020 cm  3 for sample A,
 1.48  1020 cm  3 for sample B,  1.83  1020 cm  3 for
sample C, and  4.23  1020 cm  3 for sample D. In addition,
the mobilities of the samples are observed to be  1.87 cm2/
(V s) for sample A,  2.87 cm2/(V s) for sample B,
 4.17 cm2/(V s) for sample C, and  1.04 cm2/(V s) for
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Fig. 4. Top-view FESEM images ((a)–(e)) and cross-section FESEM images ((f)–(j)) of as-prepared sample before calcination, and samples A, B, C, and D.

sample D. As the calcination temperature of the samples is
increased, the carrier concentration and the mobility also
gradually increased, which is directly related to the increased

diffusion of Sb5 þ ions into the SnO2 matrix [15]. However, in
spite of the highest calcination temperature, the mobility of
sample D exhibits the lowest value because of the formation of
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Fig. 5. TEM images ((a)–(d)) of ATO nanoparticles obtained from samples A, B, C, and D. SAED patterns of the samples are shown in the inset.

cracks along the grain boundaries on the ATO thin ﬁlms, as
shown in Fig. 4(e). That is, the cracks generated by gaps
between the clusters of grains within the ATO thin ﬁlms
increased dramatically at a calcination temperature of 750 1C,
which can cause the mobility drop. As a result, this phenomenon is directly related to the performance drop of the ATO
thin ﬁlms. The resistivity (ρ) of the ATO thin ﬁlms can be
calculated using the following equation [3]:
ρ ¼ 1=ðNeμÞ
where N is the carrier concentration, e is electron charge
(1.602  10–19 C), and μ is the Hall mobility. Thus, the
resistivities of the samples are  2.33  10  2 Ω cm for
sample A,  1.46  10  2 Ω cm for sample B,  8.14  10  3
Ω cm for sample C, and  1.04  10  2 Ω cm for sample D.
In other words, as the calcination temperature is increased,
the resistivity of the samples is systematically decreased.
However, sample D, which is calcined at 750 1C, shows an
increased resistivity compared to sample C because it has the
lowest mobility. It is noted that sample C exhibits the lowest
resistivity compared to the other samples. The possible reason
for improved resistivity is related to the high densiﬁcation of
the ATO thin ﬁlms without formation of cracks, and the
enhanced grain size of ATO nanoparticles. Fig. 6(b) shows the
optical transmission spectra obtained from samples A, B, C,
and D. All samples display excellent transmittance (  90% at

550 nm) because of the formation of dense thin ﬁlms with
almost similar ﬁlm thicknesses. Most solution-based TCO thin
ﬁlms fabricated using methods, such as spray pyrolysis, sol–
gel dip-coating, solvothermal, or ink-jet printing [11,16–18],
showed low transmittances (i.e.,  67% to  83%) compared
to (i.e.,  83% to  87%) the vacuum-based TCO thin ﬁlms,
such as chemical vapor deposition (CVD), sputtering, and
pulsed laser deposition (PLD) [7,9–19]. However, the ATO
thin ﬁlms fabricated in this study using electrospray show a
superior transmittance (  90% at 550 nm) despite being
fabricated using a solution-based process. The electrical and
optical results of all samples are summarized in Table 1.
Fig. 6(c) presents the ﬁgure of merit (FOM) of samples A, B,
C, and D that expresses the electrical and optical quality of the
TCO thin ﬁlms. FOM can be determined using the following
equation [20]:
FOM ¼ T 10 =Rs
where T is the transmittance of the ﬁlms and Rs is the sheet
resistance. The higher the value of FOM, the better is the
performance of the TCO thin ﬁlms. The values of FOM are
calculated as  35.9  10  5 Ω  1 for sample A,  54.9 
10  5 Ω  1 for sample B,  11.4  10  4 Ω  1 for sample C,
and  77.8  10  5 Ω  1 for sample D. Sample C exhibits the
best FOM compared to the other samples, implying best
performance of the TCO ﬁlms. In particular, FOM fabricated
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Fig. 6. Electrical properties for carrier concentration, the Hall mobility, and the resistivity (a), Optical transmission spectra (b), and ﬁgure of merit (c) of samples A,
B, C, and D.

Table 1
Summary of electrical and optical properties for samples A, B, C, and D fabricated using electrospray.
Samples

Carrier concentration (cm  3)

Hall mobility (cm2/(V s))

Resistivity (Ω cm)

Transmittance (%)

Sample
Sample
Sample
Sample

1.45  1020
1.48  1020
1.83  1020
4.23  1020

1.87
2.87
4.17
1.04

23.3  10  3
14.6  10  3
8.14  10  3
10.4  10  3

90.7
90.9
91.4
90.6

A
B
C
D

by sputtering, spin coating, and ink-jet printing exhibited the
values of  10.0  10  4 Ω  1,  11.0  10  4 Ω  1, and
 0.6  10  4 Ω  1, respectively. Thus, ATO thin ﬁlms fabricated using electrospray showed excellent FOM compared to
the other samples fabricated using above-mentioned techniques
[21–23]. The results show that sample C exhibits superior
resistivity ( 8.14  10  3 Ω cm), excellent transmittance
( 91.4%), and excellent FOM ( 11.4  10  4 Ω  1). Therefore, the electrospray technique is a promising tool for
fabricating solution-based TCO thin ﬁlms.

optimum sample preparation conditions, four different calcination temperatures were used: 450 1C (sample A), 550 1C
(sample B), 650 1C (sample C), and 750 1C (sample D).
Sample C exhibits superior resistivity ( 8.14  10  3 Ω cm),
transmittance ( 91.4%), and FOM (  11.4  10  4 Ω  1)
compared to the other samples because of the high densiﬁcation and increased grain sizes of the ATO nanoparticles. Thus,
solution-based ATO thin ﬁlms fabricated using electrospray
have the potential for use as TCOs in applications such as
optoelectronics.
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