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This study addresses the research to overcome the cost disadvantages of indium tin oxide (ITO) by using antimony-doped 

tin oxide (ATO) as an alternative to transparent conductive films. ITO contains indium, a rare metal, making it expensive 

and mechanically fragile. On the other hand, ATO is inexpensive, stable, and has excellent electrical and mechanical 

properties. The main objective of the study is to optimize the mixing ratio of ATO and ITO to maintain conductivity and 

transparency and solve cost issues. ATO and ITO nanoparticle colloids were prepared using a wet attrition method and 

electrospun on glass substrates at various mixing ratios to form transparent conductive films. Increasing electrospinning 

time and increasing ITO concentration contributed to the decrease in surface resistance, and when acetylacetone was used 

as a dispersant, the heat treatment process resulted in lower surface resistance. When the sintering temperature was 

between 400 °C and 550 °C, the removal of organic components was accelerated and the surface resistance decreased. 

This shows the importance of network formation of conductive nanoparticles through stable high-temperature sintering 

and the adoption of suitable dispersants. This study presents the possibility of manufacturing cost-effective transparent 

conductive films through ATO and ITO mixing ratios. The results of these technologies and research can contribute to 

reducing costs and improving performance during the display production process. 

Keywords: antimony tin oxide, indium tin oxide, electrospinning, transparent electrode, nano-colloid, wet grinding. 

 

1. INTRODUCTION 

ITO (Indium Tin Oxide) is a highly conductive material 

used in the production of transparent thin films commonly 

applied in touch screen panels. However, concerns 

regarding resource availability and cost have been raised 

due to indium being classified as a rare metal, and the 

mechanical fragility of this material is also becoming a 

significant issue [1]. Additionally, more than half of the 

world's indium production occurs in China, and the price of 

indium has risen over the past decade. Consequently, 

various studies are being conducted to find alternatives to 

the expensive ITO [2]. To address these issues, relatively 

inexpensive and highly resistive ATO (Antimony-doped 

Tin Oxide) has been proposed as an alternative. ATO offers 

not only cost advantages but also electrical and mechanical 

properties, as well as excellent thermal and environmental 

stability [3-9]. This study aims to find sufficient resistivity 

values by mixing ATO as a potential replacement for ITO.  

Currently, transparent conductive materials are used in 

devices such as flat panel displays and solar cells [3]. Due 

to the need for options that are lightweight, flexible, cost-

effective, and capable of mass production, demand for such 

materials is increasing. Consequently, the disadvantages of 

ITO, which relies on the rare earth element indium, have 

become more pronounced, highlighting the urgent need for 

alternative materials. Cost reduction in the rapidly evolving 

transparent electrode market is crucial for maintaining 

market competitiveness. Over the years, new materials such 
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as conductive polymers and carbon nanotubes, as well as 

innovative manufacturing methods, have been developed to 

address these issues [10-15]. However, there are still 

significant limitations in completely replacing ITO.  

Due to its limitations, ITO, which is the primary 

material for transparent conductive films, presents various 

challenges for direct use. As a result, there are numerous 

global research efforts underway to address these issues. 

One approach involves mitigating the drawbacks of ITO by 

complementing it with other materials to some extent [16]. 

Another approach focuses on developing technologies using 

materials that can completely replace ITO [17-18]. 

Additionally, research is also exploring biodegradable and 

biocompatible materials to reduce electronic waste and 

enhance applications in electronics [19].  

Transparent conductive films, essential for screens of 

various electronic products like rollable, foldable, and 

stretchable devices, are garnering significant interest [20]. 

These features and related technologies are expected to have 

a substantial economic impact, especially in applications 

such as wearable devices and transparent solar panels. 

However, the high cost of ITO, influenced by international 

markets and political factors due to the rare earth metal 

indium, poses a burden on product manufacturing and sales.  

This study aims to manufacture transparent conductive 

films by mixing ITO and ATO solutions, which have been 

individually reported in numerous cases, and evaluate the 

electrical and optical properties of the films based on 

dispersant type, chemical stoichiometry ratio, injection 
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time, and sintering temperature. The research seeks to 

optimize the mixing ratio of ITO and ATO to reduce 

financial burdens in display production processes, maintain 

electrical resistance properties, and address resource cost 

issues [21 – 24]. 

2. METHODOLOGY 

In this study, colloidal solutions were prepared using a 

wet grinding method to manufacture transparent conductive 

coating layers via the electrospinning method. To prepare 

the spinning solution, ATO (Sigma Aldrich) and ITO 

nanopowder (KS Trading Co. Ltd.) were used as dispersed 

phases, and ethanol (Daejung Chemical, HPLC grade, 

99.9 %) served as the dispersion medium. Acetylacetone 

(ACAC, 99.0 %, Junsei Chemical Co.) was used as 

dispersant to maintain the stability of the colloidal 

suspension. Acetylacetone is widely recognized as a 

bidentate ligand capable of effectively preventing 

aggregation by attaching to the surface of metal oxide 

particles. Additionally, titania (KR44) or silane-based 

dispersants like N-(2-Aminoethyl)-3-

aminopropyltrimethoxysilane (AAPTS, Sigma-Aldrich) 

were also adopted as dispersants [25]. Silane coupling 

agents with relatively small molecular weights can 

chemically adsorb onto ITO or ATO particles. Therefore, 

they are considered suitable choices for acting as dispersion 

stabilizers in ITO or ATO nano-colloids to obtain stable 

coating solutions. 

For the preparation of the colloidal solution, a milling 

process involving mechanical impact using a vibratory 

tumbler, as depicted in Fig. 1 a, was conducted to reduce the 

size of nanoparticles within the dispersion. Zirconia beads 

(Ceratek.Inc, CZY0010, 0.1 mm in diameter) were used as 

grinding media for this purpose. The dispersant (0.3 g), 

selected from ACAC, KR44, or AAPTS, was mixed with 

15.6 g of ethanol to prepare dispersant solution. To prepare 

the dispersion, 0.8 g of ITO or ATO powder, 6 mL of 

ethanol, 3 mL of zirconia beads, and 3.6 g of dispersant 

solution (chosen from ACAC, KR44, or AAPTS) were 

placed into a Nalgene bottle. The mixture was then 

subjected to mechanical agitation using a vibratory tumbler 

for 6 hours. As a result, the obtained colloidal dispersions 

were separated from the zirconia beads by gravity, and both 

ITO and ATO remained stable without aggregation for at 

least 3 weeks and up to 2 months.  

The electrospinning method was employed for the 

fabrication of the transparent conductive coating layer, as 

presented schematically in Fig. 1 b. To form a Taylor cone 

during electrospinning using high-voltage power supply 

(Nano NC, YAH1225S2), the solution's viscosity needed to 

be sufficiently high [26]. Therefore, a solution was prepared 

by stirring 1 g of PVP (polyvinylpyrrolidone, Sigma-

Aldrich, Mw = 360,000) in 7 mL of ethanol for more than 

3 hours. Subsequently, a final solution for electrospinning 

was prepared by mixing 3 mL of the prepared ITO-ATO 

mixed spinning solution and 3 mL of PVP solution, 

according to specified chemical formulation conditions 

[24, 25]. The chemical formulation conditions included 

solutions with ITO content of 0, 10, 30, 50, 60, 70, 90, and 

100 vol.%. Independent experiments were conducted using 

KR44, ACAC, and AAPTS dispersants for electrospinning.  

Slide glass (25 mm  75 mm) was used for collecting 

electrospun fibers for surface resistance measurements, and 

25 mm  25 mm pieces of 150 mm  150 mm glass slides 

were used for optical transmittance measurements. All 

substrates used in the experiment were sequentially cleaned 

by ultrasound cleaner (Hwashin, POWER SONIC 405) for 

10 minutes each with acetone (Samchun Chemicals, 

99.5 %), methanol (Samchun Chemicals, 99.5 %), and 

isopropyl alcohol (Samchun Chemicals, 99.5 %), followed 

by drying. The electrospinning solution was injected into a 

syringe (HENKE-JECT, Luer) equipped with a 21-gauge 

needle. The distance between the needle tip and the glass 

substrate was set at 13.5 cm. Electrospinning was carried 

out under the following parameters: flow rate of 10 μL/min, 

voltage of 12 kV, humidity maintained at 30 to 35 %, and 

spinning times of 5, 10, 20, and 30 minutes were performed 

once each. 

 

a 

 
b 

Fig. 1. a – preparation of colloidal solution using wet milling 

method; b – manufacturing of transparent conductive 

coating layers by electrospinning 

After electrospinning, the glass substrates underwent 

annealing using an electric furnace (HANTECH Co., M-13P) 

at 500 ºC for 13 hours under ambient conditions, with a 

ramp-up time of 8 hours and a dwell time of 5 hours. This 

process resulted in the formation of a transparent conductive 

coating layer on the glass substrates, as depicted in Fig. 2. 

Surface resistance was estimated using the transmission 

line method (TLM), a method of calculating contact 

resistance using horizontal electrodes. After annealing, the 

sample was prepared with seven patterns using silver paste 

(CANS ELCOAT P-100) as shown in the Fig. 3 a, each with 

an equal spacing of 7 mm and a line width of 1 mm. 

Following a two-day drying period for the silver paste, 

resistance measurements were conducted. A multimeter was 

used to measure the contact resistance, with one probe fixed 

on the first electrode while the other probe was sequentially 
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moved from the second to the seventh electrode to measure 

the contact resistance. 

 

Fig. 2. Schematic diagram of the annealing process for nanofiber-

collected substrates 

 

a 

 

b 

Fig. 3. a – surface resistance measurement by TLM method (left), 

Photograph of a sample coated with silver paste for surface 

resistance measurement (right); b – plots of regression 

analysis using contact resistance data to determine 𝑅𝑠 

The total resistance can be expressed by the following 

equation: 

𝑅𝑇 = 2𝑅𝑚 + 2𝑅𝑐 + 𝑅𝑠𝑒𝑚𝑖 , (1) 

where Rm is the resistance due to the contact metal; Rc is the 

resistance that occurs between the metal or semiconductor 

interface; Rsemi is the bulk resistance. In most cases, the 

contact resistivity is very low, so 𝑅𝑚 can be ignored. In this 

case, the resistance of the semiconductor can be obtained 

from the following relationship. 

𝑅𝑠𝑒𝑚𝑖 = 𝑅𝑠 ×
𝐿

𝑊
. (2) 

And the total resistance can be calculated from the 

following equation. 

𝑅𝑇 =
𝑅𝑠

𝑊
𝐿 + 2𝑅𝑐, (3) 

where Rs is the sheet resistance; L is the length; W is the 

width [27]. 

Fig 3 a shows a typical configuration for TLM method. 

The silver paste was patterned at equal intervals of 7 mm. In 

this TLM method, the silver paste pattern used a width (W) 

of 25 mm and various lengths (L) of 7, 14, 21, 28, and 35 

mm. Each measured contact resistance was used to construct 

a graph as shown in Fig. 3 b, and the 𝑅𝑠  parameter 

representing the sheet resistance can be determined using 

the constructed regression line. 

3. RESULTS AND DISCUSSION 

Nano-colloids were obtained as stable dispersion 

through chemical adsorption of dispersing agent during 

milling process and their particle size distributions were 

measured according to three types of dispersants. As shown 

in Fig. 4 , the size distribution of ITO and ATO nano-

colloids prepared using AAPTS as a dispersant was 

measured using dynamic light scattering (DLS) during the 

milling process [28]. Aggregated particles were separated 

during the milling process, and stable dispersions were 

achieved after chemisorption of the silane coupling agent. 

The average particle sizes of ITO and ATO nano-colloids 

were measured as 112.7 and 124.0 nm, respectively, 

indicating that the nozzle did not clog during 

electrospinning. 

  

a b 

Fig. 4. Size distribution of secondary particles: a – ITO; b – ATO 

nanocolloids, respectively, using AAPTS as dispersant 

after vibratory milling for 6 hours 

Similar to AAPTS, KR44 exhibited a comparable effect 

for dispersion stabilization of ITO and ATO nano-colloids, 

as shown in Fig. 5 a and b. After 6 hours of milling, the 

average diameters of the nano-colloids were measured to be 

119.1 and 126.9 nm, respectively. The chemical adsorption 

of AAPTS and KR44 on the particle surfaces modified the 

oxide nanoparticles with amine-functionalized surface 

groups, thereby enhancing the dispersion stability of the 

particles in organic solvents. In addition to silane or titanate 

coupling agents, as shown in Fig. 5 c and d, acetyl acetone 
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was adopted as an efficient dispersant for preparing ITO and 

ATO nano-colloids. After milling for 6 hours, the average 

particle sizes were measured to be 118.1 and 126.7 nm, 

respectively. 

  

a b 

  

c d 

Fig. 5. Secondary particle size distributions: a – ITO and b – ATO 

nano-colloids using KR44 as a dispersant after 6 hours of 

vibratory milling; c – ITO and d – ATO nano-colloids using 

ACAC as a dispersant 

Various mixtures of ITO and ATO nanoparticles 

colloidal dispersions were prepared for electrospinning onto 

glass substrates. These mixtures were formulated using 

different dispersants during the milling process to stabilize 

the nanoparticles. The morphology and uniformity of the 

electrospun fibers were analyzed using Scanning Electron 

Microscopy (SEM). Fig. 6, Fig. 7, and Fig. 8 contain SEM 

images of representative samples of electrospun fibers, 

highlighting the differences depending on the dispersants 

used during the milling process. 

   

a b c 

   

d e f 

Fig. 6. SEM images of electrospun fibers of 1:1 mixed nano 

colloids of ITO and ATO: a, b – samples prepared with 

AAPTS; c, d – acetylacetone; e, f – KR44, before and after 

heat treatment at 500 ºC. The scale bar represents 10 μm 

After electrospinning, the fibers with uniform thickness 

could be generated from the conductive nanoparticles mixed 

with PVP. After calcination, fiber networks composed of 

nanoparticles could be fabricated by removal of organic 

components of PVP by heating. The images in Fig. 6 – Fig. 8 

reveal the impact of each dispersant on the fiber structure, 

distribution, and nanoparticle alignment within the fibers. 

Post-electrospinning, the fibers comprised a mixture of 

conductive nanoparticles and PVP. This mixture facilitated 

the formation of uniform fibers during the electrospinning 

process. Subsequent annealing was performed to remove the 

organic components of PVP through heating. The annealing 

process not only eliminated the PVP but also promoted the 

sintering of the nanoparticles, leading to the formation of a 

robust fiber network composed purely of conductive 

nanoparticles. This network structure is crucial for 

enhancing the electrical conductivity and mechanical 

stability of the fibers, making them suitable for various 

applications in electronics and material engineering. 

   

a b c 

   

d e f 

Fig. 7. SEM images of electrospun fibers of ATO nano colloids 

prepared with: a, b – AAPTS; c, d – acetylacetone; 

e, f – KR44, before and after heat treatment at 500 ºC. The 

scale bar represents 10 μm 

   

a b c 

   

d e f 

Fig. 8. SEM images of electrospun fibers of ITO nano-colloids 

prepared with: a, b – AAPTS; c, d – acetylacetone; 

e, f – KR44, before and after heat treatment at 500 ºC. The 

scale bar represents 10 μm 

Fig. 9 shows the surface resistance of electrospun fibers 

composed of ITO and ATO nanoparticles stabilized with 

ACAC, AAPTS, and KR44 at various mixing ratios, plotted 

as a function of the mixing ratio. As the concentration of 

ITO nano-colloids increased, the surface resistance 

decreased regardless of the dispersants used [29]. This trend 

is attributed to the superior electrical conductivity of ITO 

compared to ATO [30]. Additionally, an experiment was 

conducted with the expectation that using ACAC, a 

dispersant that evaporates during the heat treatment process, 

would remove the insulating layer between the particles 

constituting the electrospun fibers, thus reducing resistance. 
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a 

 
b 

 
c 

Fig. 9. Surface resistance of electrospun fibers of ITO and ATO 

nanoparticle mixtures as a function of the ratio of ITO with 

respect to: a – 10 min; b – 20 min; c – 30 minutes of 

electrospinning, using three different dispersants 

Films coated with ACAC exhibited the lowest surface 

resistance, likely due to the complete removal of 

acetylacetone (boiling point: 140 oC) along with PVP during 

heat treatment at 500 oC. On the contrary, AAPTS and 

KR44 adsorb onto the nanoparticle surface, forming an 

insulating layer that persists even after annealing, thereby 

increasing the surface resistance of the films. Fig. 10 is a 

schematic model illustrating the electrical resistance of ITO 

and ATO conductive transparent films. The resistance of 

this film arises from the resistance of the nanoparticles 

(specific resistance, RS), the resistance of the adsorbed 

surfactant layer (surface adsorption resistance, RI), and the 

contact resistance (RC). The total resistance (RO) of the 

coated film can be expressed by Eq. 4 [31]. 

1

𝑅𝑂
=

1

𝑅𝑆+𝑅𝐶
+

1

𝑅𝐼
. (4) 

Because RI can be neglected for the dispersion of ATO and 

ITO nanoparticles stabilized with ACAC, smaller surface 

resistance of electrospun fibers can be expected, as 

presented in dotted lines of Fig. 9. As a result, when the 

amount of ITO was larger than 40 % in the spinning solution, 

the surface resistance of the coating film was in the range of 

104 Ω/sq, when spinning time was 30 minutes for the 

spinning solution obtained using ACAC as a dispersant, 

indicating that optimal mixing ratio in the spinning solution 

can be obtained from 30 to 40 % of ITO nanoparticles. 

 

Fig. 10. Schematic diagram of a model for the electrical resistance 

of a conductive film 

In this study, for the three types of dispersants, the 

change of surface resistance as a function of ITO content 

increases is depicted in Fig. 11 a, b, and c.  

 

a 

 
b 

continued on the next page 
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c 

 

d 

Fig. 11. Graph showing the surface resistance of electrospun fibers 

composed of various ratios of ITO and ATO mixed nano 

particles stabilized with: a – ACAC; b – AAPTS; 

c – KR44 over time; d – FT-IR spectra of elecrospun fibers 

of ITO and ATO nanoparticle mixture before and after 

heat treatment at 500 oC 

As the electrospinning time increased, more conductive 

nanoparticles were deposited onto the substrate, resulting in 

a decrease in surface resistance. While the results were not 

consistent across all dispersants, an overall trend was 

observed where the surface resistance of the coated films 

decreased with increasing electrospinning time. This is 

attributed to the increased deposition of conductive 

nanoparticles as the electrospinning time increases. This 

reduction in surface resistance with increased 

electrospinning time underscores the importance of 

optimizing electrospinning parameters to achieve desired 

electrical properties in nanofiber films. As presented in 

Fig. 11 d, miscellaneous peaks originated from PVP 

disappeared after calcination, implying that 500 oC is a 

sufficient temperature for the removal of polymeric 

additives in the spinning solution [32]. 

In Fig. 12, visible light spectra of coating films were 

compared with reference sample (bare glass). Regardless of 

the amount of ITO in the spinning solution, the 

transmittance was higher than 90 % for most wavelength of 

incident light, showing excellent transparency. Thus, it can 

be concluded that the conductive transparent thin film is not 

significantly affected by the composition of the constituent 

solution. Although the results were not reproduced here, 

similar optical spectra were obtained from electrospun films 

prepared using other types of dispersants. FT-IR analyses of 

electrospun fibers of ITO and ATO nanoparticle mixture 

(1:1) were obtained for samples before and after heat 

treatment at 500 oC. There are various methods for TCO 

(Transparent Conductive Oxide) coating, including dip 

coating, spin coating, and spray coating, among these 

methods, electrospinning is suitable for mass production 

using multi-nozzle or needleless electrospinning, as 

minimal human intervention is required once the 

environment is established [33, 34]. Additionally, nanofiber 

coatings made by electrospinning are expected to improve 

optical transmittance, as they allow light to pass through 

gaps, unlike other coating methods. In fact, it has been 

shown that the optical transmittance was higher than that of 

conductive thin films produced by previously performed 

electrospinning and dip coating [35, 36]. Furthermore, 

compared to the previously conducted ATO (Antimony Tin 

Oxide) coating using electrospinning, an increase in optical 

transmittance were observed [37]. The additional advantage 

could be obtained by mixing of ITO with ATO, which 

reduced the resistance compared to the coating layer made 

by spinning for the same duration. The rapid increase in 

resistance was caused by shorter spinning times, which in 

turn resulted in higher optical transmittance. 

 

Fig. 12. Visible light transmittance of electrospun coating films 

with various mixing ratios of ITO and ATO nanoparticles 

stabilized with ACAC 

Fig. 13 depicts the surface resistance of conductive 

transparent coating layers manufactured via spin coating. In 

Fig. 13 a, it can be observed that with AAPTS, even after 

the sintering process, it permanently resides on the surfaces 

of ITO and ATO particles, leading to an increase in surface 

resistance with higher concentrations. Additionally, 

Fig. 13 b shows that regardless of the method used, an 

increase in the amount of ITO led to a decrease in surface 

resistance during the production of conductive transparent 

films. Because of a larger number of contacts between 

conductive nanoparticles in spin coating layer, surface 

resistance was measured from the spin-coated films as 

relatively larger values, compared to the results from 

electro-spun fibers. 

As shown in Fig. 14, the surface resistance of the 

electrospun fibers (ITO 60 %) decreased by heating at 400 

to 550 ºC [38]. However, the surface resistance increased 

then the annealing temperature increased from 550 to 

600 ºC. This phenomenon is related to the glass transition 

temperature of the glass substrate used in the experiment, 

which is approximately 600 ºC. 

Wave numbers, cm-1 
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a 

 

b 

Fig. 13. a – surface resistance of conductive transparent coating 

layers of ATO manufactured using spin coating at varying 

concentrations of AAPTS; b – surface resistance of 

conductive transparent coating layers of ITO prepared 

using ACAC dispersant with varying mixing ratios 

 

Fig. 14. Surface resistance of electrospun coating layers (ITO 

60 %) for various dispersants, as a function of annealing 

temperature 

At this temperature, deformation of the glass substrate 

likely caused damage to the transparent conductive coating 

layer, resulting in increased resistance. This indicates that 

the observed increase in resistance was due to deformation 

and subsequent damage to the coating layer. Conversely, the 

reason for the gradual decrease in resistance of the 

conductive transparent coating layer from 400 to 550 ºC is 

attributed to the consolidation of the ITO and ATO 

nanopowder as well as the enhanced removal of PVP 

through annealing at the elevated temperatures. 

4. CONCLUSIONS 

The colloidal dispersion of ATO and ITO nanoparticles 

as well as their mixed colloids were prepared by wet-

attrition process for electrospinning of the conductive 

nanoparticles on glass substrates. Because the particle size 

distribution in the dispersion showed no significant 

differences, it appears that the factors influencing the 

reduction of resistance in the conductive film are the type of 

dispersant used, the sintering temperature, and the spinning 

time. Despite varying the spinning time to 5, 10, 20, and 30 

minutes, no significant changes in optical transmittance 

were observed. This suggests that the electrospun 

nanoparticles of ITO and ATO revealed sufficient optical 

transparency in the visible light region. 

The surface resistance of conductive transparent 

coating layers decreases in the order of dispersants AAPTS, 

KR44, and ACAC. This is because ACAC is completely 

removed from the surfaces of ITO and ATO powders during 

the sintering process, whereas KR44 and AAPTS remain to 

some extent on the particle surfaces, thereby increasing the 

resistance. 

During the sintering process, examining the relationship 

between 400 and 550 ºC indicated that higher sintering 

temperatures, which facilitate greater removal of the organic 

components, led to lower surface resistance. Additionally, 

substrates that remain stable at high temperatures is 

expected to further reduce surface resistance of the 

electrospun nanoparticles.  

The TCO coating method using multi-nozzle or 

needleless electrospinning is known to be suitable for mass 

production and requires minimal human intervention. 

Nanofiber coatings produced by electrospinning provide 

paths through which light can pass, leading to higher 

transmittance compared to other coating methods. It showed 

higher light transmittance than conductive films produced 

by electrospray and dip coating methods, and a reduction in 

resistance and an increase in transmittance were also 

observed compared to ATO coatings. This is interpreted as 

the result of mixing ITO, which allowed for lower resistance 

in the same spinning time, thereby enhancing the 

transmittance. 

Increasing the electrospinning time resulted in a 

decrease in the resistance of the conductive film. This is 

because the electrospun fibers formed a more complex 

network as the spinning time increased, allowing more 

deposition of conductive nanoparticles.  

To enhance the cost-effectiveness of ITO, the minimum 

amount of ITO that can be mixed is determined as 40 %. 

When the amount of ITO was larger than 40 % in the 

spinning solution, the surface resistance of the coating film 

was in the range of 104 Ω/sq, when the spinning time was 

30 minutes. 

The results of this study aim to address the cost issues 

associated with the production of conductive transparent 

films. By developing a technology for manufacturing ITO 

and ATO transparent conductive films, even after new 

Temperature, °C 
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substitute materials are developed, this technology can be 

integrated with those materials. This integration will allow 

for the mass production of displays that not only exhibit 

increased cost benefits but also advantage from reduced 

reliance on new materials alone. Consequently, it is 

anticipated that this will lead to the production of more cost-

effective products, thereby increasing market share and 

providing a competitive edge in the industry. 
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