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This study fabricated a functional coating layer for transparent electrodes using antimony tin oxide nanopowder. The wet 
grinding method was employed to create a stable dispersion solution of antimony tin oxide nanopowder with aminopropyl 
tri-methoxysilane and acetyl acetone as primary dispersing agents. Various concentrations of these dispersing agents were 
used to determine optimal conditions, followed by a gel reaction to form a stable solution. The primary objective was to 
provide a viable alternative to indium-based transparent electrodes, specifically indium tin oxide, by incorporating 
antimony oxide. This approach not only addresses limitations associated with indium, but also enhances mechanical 
properties. The methodology involves the utilization of antimony tin oxide nanopowder and various solvents including 
ethanol and aforementioned dispersing agents to create a stable antimony tin oxide sol through wet grinding. Effects of 
dispersant concentration and milling time on the secondary particle size of the antimony tin oxide sol were thoroughly 
evaluated. Furthermore, this study examined sheet resistance of resulting coating layers by conducting a comparative 
analysis between antimony tin oxide and indium tin oxide under similar conditions. Findings of this study meticulously 
detailed in subsequent sections of the manuscript provide valuable insights into optimizing the entire process, 
encompassing synthesis, coating, heat treatment, and the production of high-quality transparent conductive coatings. These 
techniques and outcomes can significantly contribute to the development of more sustainable and cost-effective 
alternatives to traditional indium-based transparent electrodes. 
Keywords: antimony tin oxide, spin-coating, transparent electrode, nano-colloid, wet grinding. 

 
1. INTRODUCTION∗ 

In recent years, there has been a growing emphasis in 
industries such as electronics, displays, and solar cells on 
achieving compact and lightweight designs while 
incorporating functionalities such as transparency, 
flexibility, and durability [1 – 4]. The application of indium 
tin oxide (ITO) thin film transparent conductive coatings 
through vacuum deposition has been predominantly utilized 
in touch panel technologies [5 – 10]. ITO thin films possess 
advantageous properties including high transmittance and 
excellent electrical conductivity, making them well-suited 
for deployment as transparent electrode materials in the 
display industry [11 – 14]. Transparent conducting films can 
serve as electrodes in electronic and optoelectronic devices, 
facilitating low-resistance electrical contacts while enabling 
the transmission of a significant portion of incident light 
[15 – 17]. These devices encompass liquid-crystal displays 
(LCDs), flat panel displays, light-emitting diodes (LEDs), 
and photovoltaic systems [18]. 

However, the use of indium in ITO coatings presents 
certain limitations such as high production costs attributed 
to limited reserves, susceptibility to corrosion when 
subjected to bending, poor wear resistance, and brittleness 
[19 – 21]. These drawbacks pose challenges for the 
application of ITO on plastic substrates with substantial 
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deformation. Consequently, extensive research efforts have 
been dedicated to exploring alternative materials and 
seeking substitutes for ITO in transparent conductive 
coatings. Ongoing investigations aim to identify materials 
that can offer comparable or superior properties to ITO 
while addressing its limitations, thereby providing more 
sustainable and cost-effective solutions for future 
technological advancements. The primary objective of this 
study was to investigate the potential of antimony tin oxide 
(ATO) in conjunction with antimony oxide as a viable 
substitute for indium-based transparent electrodes, 
specifically ITO. By incorporating antimony oxide with 
better extraction levels than indium along with enhanced 
mechanical properties, this study aimed to develop a next-
generation transparent electrode that could effectively 
replace ITO [22, 23]. 

Furthermore, considering the projected future demand 
for transparent electrodes in the widespread deployment of 
kiosks, our research aimed to establish optimized process 
parameters for each manufacturing step, including synthesis 
of a nano-colloidal dispersion, deposition via the spin 
coating technique, controlled heat treatment, and fabrication 
of a coating layer with exceptional transparent conductivity. 
By systematically deriving optimal conditions for these 
processes, we endeavour to achieve a high-quality coating 
layer exhibiting superior transparent conductivity, meeting 
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stringent requirements for the production of transparent 
electrodes in diverse applications. Successful realization of 
this research holds significant promise for the advancement 
of transparent electrode technology, offering an alternative 
to costly and limited indium resources that ITO-based 
electrodes currently rely on. 

2. METHODOLOGY 
ATO nano-colloid thin films were fabricated through 

spin-coating employing ATO nanopowder procured from 
Sigma-Aldrich. The solvent used for the preparation was 
ethanol (99.9 %, HPLC grade, Daejung Chemical). 
Dispersing solvents, namely acetyl acetone (ACAC, 
99.0 %, Junsei Chemical Co.) and N-(2-Aminoethyl)-3-
aminopropyltri-methoxysilane (AAPTS, Sigma-Aldrich), a 
silane-based binder with methoxy groups, were utilized in 
the process. Silane coupling agents with relatively small 
molecular weights are capable of chemically adsorbing onto 
ATO particles. Therefore, they are considered a suitable 
choice for serving as a steric stabilizer in the ATO coating 
solution to achieve a stable colloidal ATO solution. 
Acetylacetone is widely recognized as a bidentate ligand 
that exhibits the ability to attach to the surface of metal 
oxide particles, effectively preventing their aggregation. 
Due to the inherent tendency of ATO powder to aggregate 
when exposed to organic solvents, it becomes necessary to 
disperse agglomerated ATO particles through the 
application of collision energy in conjunction with a steric 
stabilizer [24 – 26]. To accomplish this, various types of 
milling machines can be employed. In laboratory settings, a 
batch-type vibratory milling machine, such as a paint 
shaker, has been proven to be the most suitable option. 
Within the paint shaker, aggregated ATO particles undergo 
collision with beads, resulting in their fragmentation. By 
utilizing this equipment, a stable ATO sol can be obtained 
within a relatively short milling duration of several hours. 

Dispersing agents employed in this investigation, 
namely AAPTS and ACAC, were solubilized in 10 mL of 
ethanol with specific concentrations specified in Table 1. 

Table 1. A detailed description of the colloidal solution 

Sample type Dispersants Milling time, 
hour Spin speed, rpm 

ATO AAPTS 0.2M 2/4/6 2500 rpm 
ATO AAPTS 0.2M 2/4/6 3500 rpm 
ATO AAPTS 0.2M 2/4/6 4500 rpm 
ATO AAPTS 0.4M 2/4/6 2500 rpm 
ATO AAPTS 0.8M 2/4/6 2500 rpm 
ATO ACAC 0.2M 2/4/6 2500 rpm 
ITO AAPTS 0.2M 2/4/6 2500 rpm 
ITO ACAC 0.2M 2/4/6 2500 rpm 

To ensure the formation of a homogeneous solution, the 
mixture was stirred using a magnetic stirrer for one hour. 
Subsequently, 0.8 g of ATO powder was introduced into the 
solution to produce a solution with spatial stability. A 
polypropylene Nalgen bottle of 12.5 mL was utilized for 
containing the ATO sol. To reduce the secondary particle 
sizes of ATO particles, zirconia beads (3 mL, diameter of 
0.3 mm) were added to the ATO suspension, which 
underwent milling via a vibratory milling machine. This 
procedure is shown schematically in Fig. 1 a and b. In this 

study, ITO was also included in the experimental procedure 
following a similar process as ATO, aiming to facilitate a 
comparative analysis. 

 
a 

 
b 

 
c 

Fig. 1. a – schematic view of the wet grinding method using a paint 
shake; b – schematic figure for surface-modified ATO 
nanoparticles after wet attrition process using AAPTS as 
dispersing agent; c – production of a colloidal film using 
the spin-coating technique 

As illustrated in Fig. 1 c, dispersions were subsequently 
applied onto a glass substrate using the spin-coating 
technique, employing speeds ranging from 2500 to 4500 
rpm for 30 seconds. Before the spin-coating process, glass 
substrates (2.5 cm × 2.5 cm × 0.2 cm) underwent a 
comprehensive cleaning procedure. Initial cleaning 
involved washing substrates with a detergent solution, 
followed by ultrasonic cleaning in acetone, methanol, and 
isopropanol for 15 minutes each. Prepared dispersion 
solutions were then applied to the glass substrate using 
Jaesung Engineering's Spin Coater JS301, with a coating 
volume of 250 µL. Subsequently, heat treatment was 
conducted for 5 hours at 550 °C after applying each coating 
film. Silver paste (CANS ELCOAT P-100) was used to 
measure the resistance to create five electrode patterns with 
equal intervals of 5 mm and a line width of 1 mm as shown 
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in Fig. 2 a. Resistance measurements were performed after 
allowing ample drying time at room temperature for one 
day. The first electrode was contacted with a probe. The 
resistance was measured by moving the other search 
sequentially from the second electrode to the fifth electrode. 

 
a 

 
b 

Fig. 2. a – a transmission line method test structure (left), and a 
photographic image of the actual sample (right); b – plots 
of total resistance versus contact spacing for explaining the 
TLM measurement technique 

Various methods exist for measuring Ohmic contacts at 
the metal/semiconductor interface. Of them, the 
transmission line model (TLM) is commonly employed to 
assess contact resistance. The total measured resistance 
encompasses multiple components given by the following 
equation: 

𝑅𝑅𝑇𝑇 = 2𝑅𝑅𝑚𝑚 + 2𝑅𝑅𝐶𝐶 + 𝑅𝑅𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠 , (1) 

where Rm is the resistance attributed to the contact metal; RC 
is associated with the metal/semiconductor interface; Rsemi 
denotes the typical semiconductor resistance. The resistance 
of an individual contact is represented by Rm + RC. However, 
in most cases, the metal's resistivity in the contact is 
significantly lower than RC, making Rm negligible. 

Resistance of the semiconductor can be expressed as  

Rsemi = RS × L/W, (2) 

where RS is the sheet resistance; L is the length; W is the 
width of the semiconductor region. The total resistance, RT, 
can be defined as  

RT = RS/W × L + 2RC, (3) 
taking into account the contribution of the semiconductor 
resistance and the metal/semiconductor interface resistance. 
By constructing resistors with varying lengths while 
keeping all other parameters constant, the total resistances 
of each resistor can be measured and plotted. In the case of 
a resistor with zero length, the remaining resistance is 
precisely twice the contact resistance. This contact 

resistance value can be determined by extrapolating from 
the graph back to L = 0. Additionally, the slope of the line 
provides information about the sheet resistance of the 
semiconductor, which is an additional benefit of this 
measurement technique [27]. 

To facilitate the measurement process, a typical 
configuration for the TLM test pattern is depicted in 
Fig. 2 a. The pattern included an array of contacts (depicted 
in darker gray) with different spacings, positioned over the 
doped region. In this specific experiment, TLM patterns 
employed a width (W) of 25 mm and different lengths (L) of 
5 mm, 11 mm, 17 mm, and 23 mm. Resistance 
measurements between each pair of contacts were used to 
construct the TLM graph as shown in Fig. 2 b. From the 
graph, the RS parameter representing sheet resistance can be 
determined and recorded for further analysis. 

3. RESULTS AND DISCUSSION 
Fig. 3 depicts transmission spectra measured using a 

visible UV spectrophotometer for samples before and after 
heat treatment. It was evident that heat-treated samples 
exhibited a significant increase in transparency of the ATO 
coating, reaching approximately 90 % in the 500 ~ 550 nm 
wavelength compared to untreated samples. The 
transmission intensity showed a slight upward trend as the 
spin-coating speed increased, indicating a reduction in the 
thickness of the coating layer. However, an excessively thin 
coating also affected the distribution of ATO particles on 
glass substrates. In this study, a spinning speed of 2500 rpm 
was considered suitable for creating a uniform ATO 
adhesive coating on glass substrates. 

Fig. 4 a illustrates the impact of dispersant 
concentration and milling time on the secondary particle 
size of the ATO solution. The dispersant used in this study 
was AAPTS at different concentrations of 0.1M, 0.2M, 
0.4M, and 0.8M. The grinding process was conducted for 2 
hours, 4 hours, and 6 hours, respectively. We could clearly 
observe a trend where the size of secondary particles 
decreased as the concentration of the dispersant AAPTS 
increased from 0.1M to 0.2M. As the dispersant 
concentration increased, the number of grafted AAPTS per 
unit ITO surface area increased. Therefore, the repulsive 
force between particles also increased, resulting in a more 
dispersed distribution of particles. However, if the 
dispersant concentration was too high (specifically at 0.4M 
and 0.8M), the interparticle repulsive force became chaotic, 
causing particles to agglomerate. 

ACAC is present in two forms: keto form and enol 
form, with the enol form accounting for about 76 % of the 
total. The enol form is more stable due to resonance 
stabilization of conjugated double bonds and hydrogen 
bonding. As hydroxyl groups in the enol form are highly 
reactive, they can adsorb and form chelation with the ATO 
surface. This coordinated compound of acetylacetone on the 
ATO surface creates a steric barrier that can prevent van der 
Waals attraction, thus stabilizing the dispersion of the ATO 
sol [28]. In Fig. 4 b, ACAC and AAPTS were used as 
stabilizing agents for the comparative experiment between 
ATO and ITO. Results demonstrated that, with a dispersant 
concentration of 0.2M, the size of secondary particles after 
6 hours of milling was nearly the same. 
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a 

 
b 

 
c 

Fig. 3. Transmittance spectra of ATO thin films prepared with 
different spin speed (2500, 3500, 4500 rpm) 

However, there was a distinct difference in the size of 
secondary particles between ATO and ITO, measuring 
approximately 166 nm and 110 nm, respectively, after 
6 hours of milling. 

Fig. 5 illustrates results of the sheet resistance for 
coating layers. The sheet resistance of coating layers using 
AAPTS dispersant at concentrations of 0.4M and 0.8M was 
nearly indeterminable. Results of sheet resistance of coating 
layers using AAPTS dispersant at concentrations of 0.1M 
and 0.2M are shown in Fig. 5 a. Based on the graph, it could 
be observed that increasing the APTS concentration from 
0.1M to 0.2M and increasing the milling time from 2 hours 
to 6 hours resulted in a reduction in the size of ATO 
secondary particles. 

 
a 

 
b 

Fig. 4. Secondary particle size of ATO and ITO with milling time 

 
a 

 
b 

Fig. 5. Sheet resistance of ATO and ITO films spin-coated at 
2500 rpm using ACAC and AAPTS as dispersing agents 
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The decrease in the size of secondary particles in the 
coating solution led to an increase in the sheet resistance of 
the coating due to an increased contact resistance between 
ATO aggregates. However, according to comparison results 
between ATO and ITO shown in Fig. 5 b, despite a 
significantly smaller size of secondary ITO particles after 
6 hours of milling compared to secondary ATO particles, 
the sheet resistance of the coating using ITO was still lower 
than that of the coating using ATO. This indicated that 
although ATO could be utilized to create functional coating 
layers for electrodes, in terms of performance, ITO still 
demonstrated better electrical conductivity results. 

4. CONCLUSIONS 
In this study, dispersion of nano ATO powder was 

achieved under stable conditions using the wet milling 
method followed by spin-coating to create a coating layer. 
Subsequently, a heat treatment process was conducted at 
550 °C for 5 hours to reduce surface resistance. Finally, 
conditions were evaluated by measuring physical properties 
such as transmittance, secondary particle size analysis, and 
sheet resistance. Under the same milling conditions, the 
ATO sol was stabilized by dispersing agents APPTS and 
ACAC. The sheet resistance of the coating layers was 
determined using the transmission line method (TLM). 

Under the most stable conditions, the sheet resistance of 
the coating layer using the ATO sol after 6 hours of milling 
was measured to be 61.17 MΩ/□ for APTS and 70.1 MΩ/
□ for ACAC. Under the same experimental conditions, the 
sheet resistance of the coating layer using the ITO sol 
resulted in values of 18.6 MΩ/□ for APTS and 8.9 MΩ/□ 
for ACAC. Despite its limitations compared to ITO, the use 
of ATO as a substitute material for transparent conductive 
coatings has been demonstrated in this study. Successful 
completion of this research offers a potential solution for 
substituting expensive materials in the future. 
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