Journal of Ceramic Processing Research. Vol. 7, No. 4, pp. 321~326 (2006)

Ceramic
Processing Research
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The preparation of ethanol-based antimony-doped tin oxide (ATO) nano-sols and their films are described. Aggregates of
antimony-doped tin oxide (ATO) nanoparticles were synthesized by a hydrothermal method in an autoclave. After peptization
with tetramethylammonium hydroxide and solvent-exchange to ethanol, highly stable ethanol-based ATO nano-sols with solid
contents up to 20 wt% were prepared. Transparent ATO films were formed on polyethylene terephthalate (PET) films using
the ATO nano-sol by a spin coating method. The effects of antimony content and solid content on packing density and the
resigivity of the ATO films were studied.
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Introduction these properties.
In this study, we synthesized an antimony-doped tin
Transparent conducting oxides (TCOs) have been oxide (ATO) particulate sol with a high concentration

widely studied for energy storage devices, transparent and prepared its homogeneous films by a sol-coating
electrodes, catalyst and gas sensors, and heat reflecting method using a spin coater. We aso studied the
mirrors [1-9] because they exhibit good transparency electrical and optical properties of the ATO films as a
and electrical conductivity. Indium tin oxide (ITO) has function of the crydalite size, solid content and

been widely used among the various TCOs. However, antimony content of the ATO sol.
disadvantages in its use include the high expense of
indium and the difficulty of etching it by wet chemical Experimental Procedure

methods during the patterning process. For these reasons,

much research has focused on SnO,-based TCOs as Materials

aternatives to ITO. For example, there have been many Tin powder (Sn, Aldrich, 99.5%), antimony (I11) oxide

reports about the conductivity and physical properties (Sh,03, Aldrich, 99%), ammonium hydroxide (NH,OH,

of SnO, thin films containing various impurities such Acros, 28-30%), nitric acid (HNO;, Samchun chemical,

as antimony (Sh), fluorine (F), niobium (Nb), cadmium 60%), water-based tetramethylammonium hydroxide

(Cd), molybdenum (Mo) or zinc (Zn) [10-17]. (TMAH, Aldrich, 1.0 M agueous solution), anhydrous
TCO films can be fabricated by various methods such ethyl acohol (EtOH, JT. Baker, 99.9%), potassium

as spray pyrolysis [18, 19], chemical vapor deposition hydroxide (KOH, Shinyo pure chemical, 85%) and

[20, 21], sputtering [22], electron beam evaporation sodium hydroxide (NaOH, Shinyo pure chemical, 93%)

[23], thermal oxidation [24], and sol-gel coating [25- were used as received. Water was purified by didtillation

34]. In particular, sol-gel coating techniques are attrac- and deionization.

tive due to their ability to produce homogeneous and

transparent TCO films with various dopants for large- The Preparation of ATO Sols

scale production [35]. However, sol-gel coating techni- One gram of Sn and the appropriate amount of Sb,0s
ques tend to produce films with substantial porosity powder were dissolved in 300 ml of aqueous solution
and, therefore, lower conductivity than other films with 30 ml nitric acid. The amount of Sb,O5; was varied
produced by vapor phase methods such as sputtering. to produce [Sb]/[Sn] molar ratios from 2.5-20.0. The
Recently, sol-coating methods using a stable TCO resulting solution was vigorously stirred a room
particulate sol has been attempted in order to improve temperature for 60 minutes. The yellow solution was

poured into a 400 ml autoclave vessel and heated at
*Corresponding auithor: 170°C for 12 hours. The resulting blue-colored ATO
,T:gX; :ggzgzgggcly_gg% suspension was removed from the autoclave, cooled
E-mail: sangman@hanyang.ac.kr down to room temperature and washed with water. The
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resulting blue ATO cake was peptized in an agueous
solution of TMAH (pH of 12.0) at 60°C for 4 hours to
produce the agueous particulate ATO sol.

In order to obtain an ethanol-based ATO coating sol,
the resulting agueous ATO sol was evaporated at 80°C
in a rotary evaporator under reduced pressure. The
dried ATO powders could then be easily redispersed in
ethanol with various solid contents.

Formation of ATO Films

ATO films were formed using 2 ml of the ethanol-
based ATO coating sol by spin-coating on polyethylene
terephthalates (PET) substrates with aradius of 2.5 mm
and a thickness of 0.1 um. The spin-coating was con-
ducted in three stages: 5000 rev./minute for 45 seconds,
7000 rev./minute for 45 seconds, and 5000 rev./minute
for 45 seconds. The coated ATO films were then dried
at 80°C for 6 hours in a vacuum oven.

Characterization of films

Fourier transform infrared spectroscopy analysis (FT-
IR, Avatar 360 FT-IR spectrometer) was undertaken to
confirm the residua organic moieties in the dried ATO
particles. The phases and crystalite sizes of ATO
particles were identified with an X-ray diffractometer
(XRD, Rint-2000, Rigaku) using Cu-Ko, radiation at
40 kV and 100 mA. The size and morphology of the
ATO particles were observed by high resolution-trans-
mission dectron microscopy (HR-TEM, JEM-3010, Jeol)
at an accelerating voltage of 300 kV. The samples for
HR-TEM were diluted in ethanol, loaded on carbon-
coated grids and dried at room temperature. The surface
of the ATO films was examined by field emission-
scanning electron microscopy (FE-SEM, JSM-6700F,
Jeol).

The electrical conductivity of the film was measured
by a four-point probe (CMT-SR2000N, Jandel, U.K.)
technique. The thickness of films was determined by
means of a scanning probe microscope (SPM, SPA-
400, Seiko Instruments Inc.) and a Tencor alpha step
surface profiler. The transmittance of ATO coating sols
and their films were measured in the wavelength range
of 300-800 nm using a UV/Vis spectrophotometer
(Optizen 2120 UV, Mecasys Co., Ltd.). A blank sample
of an uncoated PET substrate was used as a reference
in the measurement of optica transmittance and
thickness. The binding energies of Sb 3dy, level in the
ATO films were analyzed by X-ray photoelectron
spectroscopy (XPS, ESCA 2000, VG Microtech Ltd.)
to investigate the oxidation number of Sh. The XPS
measurements were performed with a base pressure of
107 mbar using a Cameca Nano-scan 50 microprobe
with Al Koy non-chromatized x-ray source (350W)
and hemispherical analyzer at a passed energy of 11
ev.
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Fig. 1. XRD patterns of SnO, nanoparticles doped with Sb; () O,
(b) 5.0, (c) 10.0, and (d) 20.0 mol% Sh.

Results and Discussion

X-ray diffraction patterns (Fig. 1) for ATO nano-
particles doped with Sb (0-20 mol% Sn) indicate that
the ATO particles have a cassiterite structure similar to
that of the pure SnO,. No peaks related with Sb such as
Sh,O; were observed even in the sample doped with 20
mol% of Sb (Fig. 1(d)). It was aso observed that the
XRD peaks of ATO nanoparticles became significantly
broadened with increasing Sb doping content. The
crystalite sizes of the ATO particles could be calcu-
lated from (211) peaks of the XRD patterns by use of
the Scherrer equation and decreased from 4.8 nm for
pure SnO, to 2.2 nm for 20 mol% of Sh-doped SnO,
particles. Our results correspond with those of Pyke et
a. [36] who aso observed that the ATO crystalites
became smaller with increasing antimony doping con-
tent. The inhibition of growth for ATO particles with
increased Sb doping content is also seen in HR-TEM
images where the average particle size of SnO, de-
creased with increasing Sb doping content (Fig. 2).

We used TMAH as the peptizing agent for preparing
the stable agueous ATO sol from the precipitates
obtained via the autoclave reaction mentioned before.
Although stable agueous ATO sols could be obtained
using other inorganic bases such as NaOH, KOH, and
NH4OH rather than TMAH, they could not be redisper-
sed in alcohol solutions after evaporation. Therefore,
TMAH was thought to remain on the surface of the
evaporated ATO particles facilitating them to redisperse
in acohol solutions. Figure 3 shows FT-IR spectra of
pure TMAH and the evaporated ATO particles prepar-
ed with TMAH. The broad band around 3478 cm™ is
assigned to the surface-adsorbed water, while the sharp
peak a 3010 cm™ originates from the O-H group of
TMAH. Also, peaks corresponding to the aliphatic C-H
bonds are detected between 2910-2980 cm™, 2930,
1470, and 1345 cm™ in Fig. 3(a) and (b). Therefore,
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Fig. 2. HR-TEM images of SnO, nanoparticles doped with Sb; (a)
5.0 and (b) 10.0 mol% Sh. Insets are their enlarged images.
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Fig. 3. FT-IR spectra of () 10.0 mol% Sb of Sb-doped SnO,
nanoparticles peptized with TMAH after drying at 80°C under
reduced pressure and (b) pure TMAH dried at 100°C.

the FT-IR analysis confirmed that TMAH remained in
the evaporated ATO particles alowing them to redi-
sperse in ethanal.

ATO films could be formed by a spin coating method
with the stable ethanol-based ATO sol. The relationship
between the thickness of the films and solid contents of
the ATO sols was studied and is shown in Fig. 4. The
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Fig. 4. The relationship between the solid content of the ATO sols
(doped with 10 mol% Sh) and thicknesses of the resulting films.

film thickness increased from about 90 to 305 nm with
the solid content from 2 to 15 wt% due to the increased
viscosity of the sol [37]. Visible cracks were detected
in the surface of the thick films when the films were
prepared with the ATO sol content was above 20 wt%.
It is believed that the additional stress introduced into
the films exceeded a critical thickness causing crack
formation. As a consequence, we could obtain crack-
free ATO films with thicknesses of 90-305 nm using
the ethanol-based ATO sols.

Figure 5 exhibits FE-SEM images of ATO films with
various antimony contents produced by a spin coating
method. The density of the ATO films increased and
the particle size decreased as compared with that of
pure SnO; films (Fig. 5(a)), which was also observed
by XRD anaysis in Fig. 1. However, the particle size
increased at antimony contents above 10 mol% (Fig.
5(d)). This might be caused by some amorphous anti-
mony compound forming a the surface of ATO particles.
According to the XRD results (Fig. 1), ATO particles
with an antimony content of 20 mol% had the smallest

100nm

Fig. 5. SEM images of ATO film surfaces; (a) pure SnO; film, (b)
doped with 5.0 mol% Sb, (c) doped with 10.0 mol% Sb, and (d)
doped with 20.0 mal% Sh.
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Fig. 6. Variations of sheet resistance and resigtivity of ATO films
with antimony content from 2 to 15 mol% at a fixed solid content
of 8 wt%.

crystallite size and did not have any secondary phase
except SnO,. Therefore, the increased particle size in
ATO samples with antimony contents above 10 mol%
is not thought to originate from the grain growth of the
ATO particles themselves.

The electrica resistivity was measured for the ATO
films with various Sb doping contents as shown in Fig.
6. The resistivity value of the ATO film decreased with
increasing antimony content of the sol and reached a
minimum value of 40.1 Q-cm for an antimony content
of 10 mol%. However, the electrical resitivity increas-
ed significantly with further addition of Sh. This result
agrees well with the FE-SEM results seen in Fig. 5.
Shanthi et a. [38] have shown that nano-crystallite
ATO films with higher crystdlinity in the XRD patterns
had lower resigtivity. However, the ATO particles with
the smallest particle size and the lowest crystalinity
have the lowest resigtivity value in this study. There-
fore, it is suggested that the electrical conductivity of
the ATO films might be closely related to the ATO
particle size and film density rather than crystallinity.

The sheet resistance and resistivity as a function of
the solid content of the ATO sol is shown in Fig. 7. The
resistivity decreased as the solid content increased to 8
wt% and then increased with higher solid content. The

_ a0 . 400
& 35 ] i - 350
304 N ;3oo§
225 250 £
%20- __200%
£ 15 [ 150 ¢
210 " 100
i 5. [ 50
0- 0

Solid contents wi.%

Fig. 7. Variations of sheet resistance and resigtivity of ATO films
with solid content of the ATO coating sol from 2 to 15 wt% at fixed
antimony content of 10.0 mol%.
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Fig. 8. XPS spectraof ATO filmswith various antimony contents;
(@ 4, (b) 8, (c) 12, (d) 15, and () 20 mol% Sh.

resistivity initially decreased with increasing solid con-
tent because some amount of ATO particles was
required to form a close-packed film of ATO particles
by spin coating. Increasing the solid content above 8
wt% resulted in thicker films due to increased solution
viscosity. This caused increased stress in the films as
mentioned in the discussion of Fig. 4. Although visible
cracks were only detected in the films with solid
contents above 20 wt%, the increased thickness and
stress in the films with solid contents above 8 wt%
might cause defects in the close-packed structure of
ATO particles such as microcracks. Therefore, we
believe the eectrical resitivity increased due to the
induced stress when the sol with solid contents above
the optimum value of 8 wt% was used.

Antimony can have various oxidation numbers such
as So(l1l), Sb(1V), and Sh(V), where only Sh(V) can
play an electron donor role like the n-type semicon-
ductor in the Sn(IV) lattice. Therefore, the electrica
resistivity of ATO films is aso related to the oxidation
number of Sh. If Sb(lll) is dso present in the Sb(V)-
doped Sn(1V) lattice, Sb(lll) will act as the electron
acceptor and increase the resistivity. Therefore, XPS
analysis was conducted to investigate the oxidation
state of the Sb in the ATO films prepared in this study.
As shown in Fig. 8, Sb(V) with its peak at 540.2 eV
was dominant up to a Sb doping level of 8 mol%. The
Sh(ll) peak at 539.3 eV increased with additional Sb
doping. Many researchers [39, 40] also attributed the
increase of conductivity or electrical carrier concen-
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Fig. 9. UV-Vis transmittance spectra of the ATO film with 10
mol% of Sb-doped SO, at a solid content of 8 wt%.

tration in ATO films to the lower amount of doped
Sb(V) in the Sn(1V) lattice. They adso observed an
increased resistivity due to the increase of Sb(lll) in the
lattice at higher doping concentrations which agrees
well with our results. Another hypothesis for increased
resigtivity above the optimum doping content of Sb is
that excess antimony ions aggregate at the surface of
the ATO particles as Sb(l11) oxide or hydroxide causing
the increased size of the ATO particles in the films.
Therefore, the lowest resistivity value was obtained in
the ATO film prepared from the sol with a Sb doping
content of 10 mol% and solid content of 8 wt%.

The optical transmittance of the representative ATO
films was analyzed by a UV/Vis spectrophotometer and
the results are shown in Fig. 9. The transmittance of the
ATO films was fairly high, above 90%, in the visible
light range (400-800 nm). A rapid decrease of the
transmittance below 400 nm was due to the absorption
of light caused by the excitation of electrons from the
valence band to the conduction band of SnO, which
has a band gap energy of 3.60 €V [41]. In conclusion,
transparent and conductive ATO films were successive-
ly prepared with the TMAH-stabilized ATO ethanol-
based sol.

Summary

We have successfully synthesized ethanol-based ATO
sols stable up to a solid content of 20 wt% by a
peptization method with TMAH. The use of TMAH
allowed the dried ATO nanoparticles to redisperse into
the ethanol.

The eectrical resigtivity of the ATO films prepared
by a spin coating method on PET was closely related to
the size of the ATO particle, surface density of the film
and the oxidation state of the antimony dopant. The
lowest resistivity was obtained in the ATO film prepar-
ed from the sol with an antimony content and solid
content of 10 mol% and 8 wt%, respectively.

We prepared transparent ATO films with a minimum
resistivity value of 4.01x10* Q-cm using ethanol-based

ATO sols with high stability and solid content without
requiring a sintering process.
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