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フレキシブルデバイスの作製において，耐熱性の乏しい樹脂基板への透明導電膜の低温成膜は重要な技術である．ミ
ストデポジションは超音波振動子を用いて霧化させた原料を基板に吹き付けて成膜する手法である．高温処理が不要で
あることから樹脂基板への成膜に適した手法だと考えられる．本報告ではミストデポジションと以前我々が報告した高
水分散性酸化インジウムスズ（ITO）ナノ粒子を組み合わせて透明導電膜の作製を試みた．ミストデポジションで作製
した ITOナノ粒子膜は他の成膜法で成膜した場合よりも低い表面粗さと低い抵抗率を示した．成膜条件の制御が容易な
ミストデポジションを用いることで膜内部，表面での ITOナノ粒子の凝集を抑制する条件の調整が可能であり，高性能
透明導電膜の作製が可能であることが分かった．

In process of preparation of flexible device, providing a low-temperature coating method of transparent 
conductive film for polymeric a substrate with low heat tolerance is very important. Mist deposition is a 
suitable method for coating these substrates as high-temperature processes are not required. Herein, mist 
is formed by atomizing the coating liquid. Subsequently, it is deposited on the substrate and dried to form 
a thin film. In this report, a transparent conductive film is prepared utilizing mist deposition and indium tin 
oxide (ITO) nanoparticles with high water dispersibility, as detailed in our previous report. The mist-
deposited ITO thin film exhibits the lowest roughness and resistivity when compared to the films formed 
using other coating methods. The results indicate that a densely packed film can be prepared by 
changing the coating conditions, which are easily controlled during the mist deposition. Thus, a high-
performance transparent conductive film is successfully prepared using an “eco-friendly” process without 
high-temperature treatment.

ミストデポジション法，ITOナノ粒子，透明導電膜
mist deposition method, ITO nanoparticles, transparent conductive film

　　　　　 　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

1  Introduction

　Recently, low-temperature processes for the fabrication of 

electric wiring on substrates with poor heat tolerances have 

become important technologies owing to the growth of flex-

ible devices [1] and film-type solar cells [2]. In particular, 

printed electronics (PE), which is the direct drawing of elec-

trical wirings onto a substrate using conventional printing 

methods [3]–[5], is one of the most attractive technologies. 

Resist coating, exposure, and etching, which are included in 

the conventional process for fabrication of the electrode, are 

not necessary in the PE process. Therefore, PE has the 

advantages of low environmental load and low cost. How-

ever, the drawing of electrical wiring requires the use of 

conductive pastes, which results in a higher resistivity of PE 

electric wirings than that of the conventional process.

　Indium tin oxide (ITO) is a transparent conductive oxide 

with low resistivity, high transparency, and moderate chemi-

cal stability and is the most commonly used material for 

transparent electrodes [6]. Transparent conductive films 
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using ITO nanoparticles have been prepared by inkjet-

printing [7]– [9] and brash printing [10], [11]. In these 

reports, organic solvents and dispersants were used for the 

preparation of ink containing ITO nanoparticles; therefore, 

high-temperature treatment (possibly over 400°C) was nec-

essary to remove organic residue for the preparation of low-

resistivity ITO electric wiring. Essentially, only substrates 

with heat resistance can be used in the PE process.

　Mist deposition, which does not use organic solvents and 

dispersants, has been reported as a method for the fabrication 

of films consisting of nanoparticles. The mist deposition pro-

cess is as follows. First, the coating liquid is atomized. The 

resulting mist is carried by a carrier gas, deposited on the 

substrate, and dried to form films (Fig. 1a). The mist deposi-

tion method is similar to that of spray coating; however, the 

droplets in the mist are smaller than those in spray coating 

and remain in the air for a longer period. From this character-

istic, mist deposition has the advantages of mist droplet trans-

portation by a carrier gas and control of the film structure by 

tuning the gas flow. Among the reports on mist deposition, 

there are several reports on mist chemical vapor deposition 

(CVD) [12]–[14]. Gallium-doped ZnO (GZO) film and boron-

doped ZnO (BZO) film were prepared by mist CVD. On the 

other hand, there are a few reports on mist deposition using 

nanoparticles. Qin et al. prepared a mist-deposited TiO2 

nanoparticle film [15] where a TiO2 nanoparticles aqueous 

dispersion was used as the coating liquid and deposited on a 

Si wafer heated to 150°C. The obtained films exhibited a 

characteristic ring pattern on their surfaces. These patterns 

were formed by the aggregation of TiO2 nanoparticles dur-

ing the evaporation of water from the mist droplets on the 

substrate. Additionally, these patterns differed according to 

their position inside the Si wafer. These results indicated that 

mist deposition can be used to fabricate films using a low-

temperature process and the surface structure of the film 

can be controlled by changing the evaporation conditions.

　In our previous reports, protruded ITO nanoparticles [16] 

had a much higher water dispersibility than conventional 

cubic-shaped ITO nanoparticles [17]. The protruded ITO 

nanoparticles were single-crystalline nanoparticles with 

many protrusions on their surfaces, which resulted in a 

larger surface area and higher surface water absorption than 

cubic-shaped ITO nanoparticles. These protruded ITO 

nanoparticles could maintain their dispersion state in an 

aqueous medium for over one month without any dispersant. 

Hence, protruded ITO nanoparticles can be applied for mist 

deposition because of their high water dispersibility. There-

fore, we expect that protruded ITO nanoparticles can form 

densely packed and flat surfaced films using mist deposition 

during a low-temperature process.

　Herein, we report the advantages of mist deposition for the 

fabrication of transparent conductive films and the advantages 

of using protruded ITO nanoparticles for mist deposition.

2  Experimental Procedure

　ITO nanoparticles were prepared as described in our pre-

vious reports [16], [17]. Two types of ITO nanoparticles, 

C-NP and P-NP, were prepared, which were cubic-shaped 

and protruded ITO nanoparticles, respectively, with an Sn 

doping of 14 at%. C-NP and P-NP powders were added to 

water and dispersed using a homogenizer to prepare an 

aqueous dispersion of ITO nanoparticles. P-NP had a higher 

water dispersibility in water than C-NP because of the high 

hydrophilicity originated from its shape. P-NP maintained a 

good dispersibility for over one month; whereas, C-NP set-

tled at the bottom of the vessel after standing for one day.

　ITO thin films on the substrates were prepared using the 

mist deposition system (Fig. 1b, 1c). The mist generation 

unit consisted of four ultrasonic oscillator units. The mist 

produced from ITO nanoparticle aqueous dispersion was 

transported by an N2 carrier gas and deposited on the sub-

strate. On the way, it was passed through a water trap to 

remove large mist droplets. The flow rate was fixed at 10-20 
L·min-1 and the resulting thin films were heat treated in air. 

The thickness of the ITO thin films was adjusted to 300 nm 

by controlling the deposition period.

Fig. 1	 (a) Scheme of film formation by mist deposition, (b) scheme 
of mist deposition system, and (c) appearance of experimen-
tal mist deposition system.

3  Results and Discussion

3.1.	Preparation	of	C-NP	and	P-NP
　From X-ray diffraction (XRD) measurement, it was con-

firmed that C-NP and P-NP had In2O3 crystal structure 
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(JCPDS No. 6-0416). Then, the doping amounts of Sn based 

on In calculated from the inductively coupled plasma (ICP) 

results were 14.4 mol% and 14.2 mol% in C-NP and P-NP, 

respectively. From these results, it was confirmed that ITO 

was successfully prepared. Transmission electron micros-

copy (TEM) and high-resolution TEM (HR-TEM) images of 

C-NP and P-NP are shown in Fig. 2. C-NP had a cubic shape 

with smooth edge surfaces (Fig. 2a), whereas P-NP had a 

large number of protrusions on the surface (Fig. 2c). The 

mean particle size of C-NP and P-NP were 39 ± 12 and 38 ± 

10 nm, respectively. In the HR-TEM images (Fig. 2b, 2d), 

C-NP and P-NP showed uniform crystal orientations. The 

crystallite sizes of C-NP and P-NP were calculated to be 35 
and 33 nm, respectively, using Scherrer's equation. The cal-

culated sizes were close to the mean particle diameters 

determined by TEM observations. The results suggested 

that C-NP and P-NP have single-crystalline structures. Addi-

tionally, the uniform distribution of In and Sn atoms in the 

nanoparticles was confirmed by energy-dispersive X-ray 

spectroscopy (EDS) mapping images. These results indicate 

the successful preparation of the two types of ITO nanopar-

ticles.

Fig. 2 Transmission electron microscopy (TEM) images of (a) C-NP 
and (c) P-NP, and high resolution (HR)-TEM images of (b) 
C-NP and (d) P-NP.

3.2.	Effect	of	Deposition	Method	on	Resistivity	of	P-NP	
Thin	Films

　To investigate the effect of the coating methods on resis-

tivity, a glass substrate was coated with P-NP using several 

coating methods: mist deposition, bar coating, spray coating, 

spin coating, and drop casting. Fig. 3a shows the resistivities 

of P-NP thin films prepared by the different coating methods 

after heat treatment at 150, 200, 300, 400, and 500°C for 1 h 

under an H2-Ar (4% H2) atmosphere.

　The mist-deposited P-NP film had the lowest resistivity 

(9.0 × 10-3 Ω·cm) after heat treatment at 150°C. At the same 

process temperature, the resistivities of the films fabricated 

by bar-coating, spray coating, spin coating, and drop casting 

were 3.0 × 10-1 Ω·cm, 4.0 × 10-2 Ω·cm, 5.0 × 10-2 Ω·cm, and 

4.0 × 10-2 Ω·cm, respectively. The resistivity of the thin films 

decreased with increasing process temperature for all coat-

ing methods. After heat treatment at 500°C, the mist-depos-

ited films had the lowest resistivity 5.0 × 10-3 Ω·cm. Fig. 

3b–3f show scanning electron microscopy (SEM) images of 

the surfaces of the P-NP films after heat treatment at 150°C. 

From the SEM images (Fig. 3b, 3c, 3e), it was observed that 

P-NP films prepared by the mist deposition, spray coating, 

and spin coating methods had flat and smooth surfaces. In 

contrast, the bar-coated (Fig. 3d) and drop-casted (Fig. 3f) 

P-NP films had rough surfaces with aggregated P-NP struc-

tures. The roughness (Ra) of the P-NP film surfaces was 

measured by atomic force microscopy (AFM). The mist-

deposited P-NP films had the lowest Ra of 7.6 nm. Addition-

ally, bar-coated, spray-coated, spin-coated, and drop-casted 

P-NP films exhibited an Ra of 7.8, 10.0, 15.8, and 12.6 nm, 

respectively. In a previous report [18], the resistivity of ITO 

thin film decreased with decreasing Ra. In this study, the 

P-NP film with the lowest Ra exhibited the lowest resistivity.

　Above mentioned about mist deposition, the evaporation 

rate of liquids in the droplets can be adjusted by controlling 

the substrate temperature and carrier gas flow rate, which 

reduces the agglomeration of nanoparticles in the mist drop-

lets and on the substrates. The insets of Fig. 3b–3f show 

Fig. 3 (a) Resistivities of P-NP films prepared by different coating 
methods and scanning electron microscopy (SEM) images of 
P-NP film surface coated by (b) mist deposition, (c) spray 
coating, (d) bar coating, (e) spin coating, and (f) drop casting 
methods. These images were taken after annealing at 150°C. 
The insets in (b)-(f) are enlarged views of the surfaces.



Fabrication of High-Performance ITO Flexible Thin Films Utilizing Mist Deposition and ITO Nanoparticles with High Water Dispersibility

79

enlarged views of the corresponding P-NP film surfaces. A 

densely packed uniform surface was observed, as shown in 

Fig. 3b, which indicates that mist deposition is advantageous 

for fabricating high-performance ITO thin films at low pro-

cessing temperatures and is applicable to flexible films.

3.3.	Characterization	of	Mist-Deposited	C-NP	and	P-NP	
Films

　ITO thin films were prepared by mist deposition using 

aqueous dispersions of C-NP and P-NP. Fig. 4a summarizes 

the resistivities of the C-NP and P-NP films fabricated by 

mist deposition in a low process temperature between room 

temperature and 200°C. Resistivities of the C-NP and P-NP 

films after annealing at 150°C were 8.0 × 10-2 Ω·cm and 9.0 
× 10-3 Ω·cm, respectively. Fig. 4b–4c presents SEM images 

of the surfaces of the C-NP and P-NP films after annealing at 

150°C, respectively. The C-NP film had a rough and porous 

surface structure. In contrast, a densely packed and flat sur-

face was observed on the P-NP film. The lower resistivity of 

the P-NP film compared to that of the C-NP film can be 

attributed to the more densely packed structure of the P-NP 

film. Fig. 4d–4e present cross-sectional TEM images of C-NP 

and P-NP films on a polyethylene naphthalate (PEN) substrate 

(TEONEX, Q51-188, TOYOBO Co., Ltd., Osaka, Japan, t = 

188 μm) with thicknesses of ca. 200 nm. These images cor-

respond to the SEM images shown in Fig. 4b–4c. Loosely 

deposited porous inner structure with voids and irregularities 

was observed in the C-NP film. Additionally, a densely 

deposited inner structure of the P-NP film was observed. 

The difference in film structure between the C-NP and P-NP 

films is attributed to the difference in the dispersion states 

of C-NP and P-NP in the mist water droplets.

Fig. 4 (a) Resistivity of C-NP and P-NP films after heat treatment 
between room temperature and 200°C, scanning electron 
microscopy (SEM) images of the surfaces of the (b) C-NP 
and (c) P-NP films after annealing at 150°C, and cross-sec-
tion transmission electron microscopy (TEM) images of (d) 
C-NP and (e) P-NP particles on polyethylene naphthalate 
(PEN) substrate.

　The dispersion states of C-NP and P-NP in the mist water 

droplets were investigated using small-angle X-ray scattering 

(SAXS) measurements. In the water droplets, the mean par-

ticle size of particles in P-NP was 41 ± 13 nm, which was 

consistent with the size determined by TEM observation. 

This result indicates that P-NP were the primary particles in 

the water droplets. In contrast, C-NP had two particle sizes 

in water droplets, 54 ± 10 and 159 ± 30 nm. The smaller and 

larger sizes corresponded to the C-NP dispersed as primary 

and secondary particles, respectively. It was assumed that 

the high water dispersibility of P-NP resulted in a primary 

particle state in the water droplets. From these results, the 

stability of the ITO nanoparticles in aqueous dispersions was 

maintained in the mist water droplets and primary-dispersed 

nanoparticles can be used to form thin films with densely 

packed structures.

　Furthermore, the effect of the ITO nanoparticle disper-

sion state was investigated. C-NP and P-NP films prepared 

using different elapsed times after the preparation of the 

aqueous dispersions were fabricated and their resistivities 

were measured (Fig. 5). The resistivity of the C-NP films 

increased as the elapsed time of the C-NP aqueous disper-

sion increased. Conversely, the P-NP films maintained a low 

resistivity regardless of the elapsed time. As mentioned in 

Section 2, C-NP has a lower water dispersibility than P-NP 

and settles at the bottom of the vessel after standing for one 

day. These results corresponded to the results that the high 

water dispersibility of P-NP was appropriate for high-perfor-

mance ITO nanoparticle thin films.

Fig. 5 Effect of elapsed time after preparation of indium tin oxide 
(ITO) nanoparticle dispersion on resistivity of mist-deposited 
film.

3.4.	P-NP	Mist	Deposition	on	Flexible	Films
　P-NP was coated on a flexible PEN substrate by mist 

deposition with 300 nm thickness followed by annealing at 

150°C for 1 h under N2 atmosphere. The resulting P-NP film 
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showed high transparency (Fig. 6a) and had a low resistivity 

of 9.0 × 10-3 Ω ·cm, which is similar to the resistivity of 

P-NP film on a glass substrate. Additionally, the transmit-

tance of this P-NP film was greater than 85% in the visible 

region (Fig. 6b). It was assumed that a highly transparent 

ITO thin film could be obtained on a flexible film by mist 

deposition. Furthermore, P-NP patterned films were fabri-

cated by mist deposition on pre-treated hydrophilic flexible 

films. The method for selective deposition was as follows. 

First, Novec 1720 (3M) was precoated onto a PEN film 

(TEONEX, Q51-50, TOYOBO Co., Ltd., Osaka, Japan, t = 

50 μm or t = 188 μm) to prepare a hydrophobic surface. The 

films were dried at 100°C for 30 min. The films were masked 

using a patterned SUS430 thin substrate (t = 100 μm). The 

resulting masked PEN films were treated with a UV-ozone 

cleaner for 5 min to obtain patterned hydrophilic areas. Fig. 

6c and Fig. 6d exhibit an SEM image and the corresponding 

EDS mapping image of the P-NP film In ions on a PEN sub-

strate, respectively. The water droplets in the mist spontane-

ously were deposited on the hydrophilized area of the flexi-

ble films to form a uniform pattern. Selective and 

spontaneous processes will become a powerful technique for 

fabricating ITO-patterned films under ecofriendly atmo-

spheric roll-to-roll PE conditions.

Fig. 6 (a) Appearance of P-NP film on polyethylene naphthalate 
(PEN) substrate coated by mist deposition, (b) transmittance 
spectra of the P-NP film, (c) scanning electron microscopy 
(SEM) image, and (d) corresponding energy-dispersive 
X-ray spectroscopy (EDS) mapping image of P-NP film In 
ions on patterned PEN substrate.

4  Conclusion

　The design and synthesis of protruded ITO nanoparticles 

with high water dispersibility have been detailed in our pre-

vious report. ITO nanoparticles are one of the most stable 

materials for the fabrication of thin films using mist deposi-

tion. In this study, we prepared flexible films with high-per-

formance ITO thin film on flexible film, that had low resistiv-

ity and high transparency using a combination of mist 

deposition and protrusion-rich ITO nanoparticles. A com-

parison to cubic ITO nanoparticles with low water dispers-

ibility revealed that the high water dispersibility of protru-

sion-rich ITO nanoparticles played a critical role in 

fabricating high-performance ITO thin films. The high dis-

persibility of protrusion-rich ITO nanoparticles was main-

tained in mist water droplets. Protruded ITO nanoparticles 

were deposited on substrates in a primary particle state, and 

densely packed films were formed. The ITO thin films 

obtained by mist deposition have the following advantages. 

(i) Single-crystalline protrusion-rich ITO nanoparticles are 

readily dispersed in water for a long period without the use 

of surfactants or dispersants. (ii) ITO nanoparticle-based thin 

films can be fabricated under mild atmospheric conditions 

without the use of expensive vacuum production systems or 

dangerous and environmentally-harmful chemicals that are 

used in the current sputtering and etching procedure. 

Finally, (iii) Low resistivity and high transparency can be 

achieved with low-temperature annealing, which is applicable 

for the deposition of ITO thin films on flexible substrates. 

Mist deposition is a promising and powerful technique for 

the production of key materials essential for sustainable 

progress in PE technology as well as next-generation on-

demand fabrication processes for wearable devices.
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