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Abstract Indium tin oxide (ITO) films were deposited on cholesteric liquid crystal (Ch-

LC) layers at room temperature using one-step and two-step DC magnetron sputtering

processes, respectively. The surface morphologies and electrical properties of the ITO thin

films were analyzed using scanning electron microscopy, X-ray diffraction, three-dimen-

sional microscopy, and a four-point probe. The results showed that the two-step deposition

process prompted the formation of a polycrystalline structure and improved both the

surface roughness and the electrical resistance of the ITO film. Specifically, compared to

the bare Ch-LC layer, the surface roughness was reduced from 1.8 to 0.6 lm and the

electrical sheet resistance was reduced from 165 to 100 X/sq.

Keywords Cholesteric liquid crystal � Magnetron sputtering � ITO

1 Introduction

Transparent conducting oxides (TCOs) have good electrical and optical properties, and are

thus widely used in the fabrication of optoelectronic devices such as thin film transistor

liquid crystal displays (TFT-LCDs), light emitting diodes (LEDs), organic light-emitting

diodes (OLEDs), touch panels, and solar cells (Qi et al. 2013; Kim et al. 2000). Among the
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various TCOs available, indium tin oxide (ITO) is one of the most commonly used due to

its low electrical resistivity (i.e., 1–3910-4 X cm) and high optical transmittance (i.e.,

[90 % in the visible region) (Cui et al. 2008; Lin and Hsu 2014). Various deposition

methods have been used for the preparation of ITO films, including the sol–gel method (Yu

et al. 2002), sputtering (Guillén and Herrero 2011; Lee et al. 2008), evaporation (Diniz

2011; Fallah et al. 2007), conductive coating (Yabuki et al. 2014), and pulsed laser

deposition (PLD) (Quiñones-Galván et al. 2016; Tsai et al. 2014). Of these techniques,

sputtering is commonly preferred due to its low-cost, versatility and low temperature

operation. The thin film with good quality, repeatability and uniformity can be easily

obtained. Flexible LCDs have attracted growing interest in recent years for such appli-

cations as smart watches, advertising displays, smart textiles, e paper, human health

monitoring systems, and so on. Such devices typically consist of transparent conducting

electrodes deposited on a color stacking structure (Khan et al. 2007; Lin et al. 2010). This

stacking structure is generally fabricated of transparent conducting polymer layers since

polymer has good flexibility and high physical robustness. However, the polymer layers

have a high sheet resistance of 1–2 kX/sq (Betz et al. 2008), and hence the resistance of the
transparent conductive film can affect the performance of the device. Electrical properties

are very important for color stacking Ch-LCDs. Thus, great interest exists in the potential

for replacing polymer color stacking structures in flexible LCDs with ITO/LCD structures.

However, in doing so, it is desirable to reduce both the sheet resistance and the surface

roughness of the ITO films in order to minimize their power consumption and improve

their optical properties. Accordingly, the present study proposes a method for lowering the

sheet resistance and surface roughness of ITO films on Ch-LC layers using a two-step

magnetron sputtering process. The surface morphologies and electrical properties of the

deposited ITO thin films are investigated and compared with those of bare Ch-LC layers

and ITO films deposited on Ch-LC layers using a one-step sputtering process. It is shown

that the proposed two-step sputtering process significantly reduces the surface roughness

and electrical resistance of the deposited ITO films.

2 Experimental method

The ITO deposition process was performed using a DC magnetron sputtering system

(ULVAC SIV-3040) with an In2O3-SnO2 alloy target with a composition of 90:10 (wt%).

Sputtering was performed at room temperature using base pressures of 5.2 9 10-8 Torr

and 5.3 9 10-7 Torr in the load-lock chamber and process chamber, respectively. Prior to

the sputtering process, Ch-LC layers with a thickness of 10 lm were coated on poly-

ethylene terephthalate (PET) substrates (CPfilms-OC100) with a size of 3.5 9 4.5 inch2

using a sheet coater. ITO layers with a total thickness of 100 nm were then deposited on

the Ch-LC/ITO/PET substrates using one-step and two-step magnetron sputtering pro-

cesses, respectively (see Fig. 1). For the two-step process, two different thicknesses of the

ITO layers sputtered in each step were considered, namely 30 nm for Layer 1 and 70 nm

for Layer 2 and 50 nm for Layer 1 and 50 nm for Layer 2. For both sputtering processes,

the argon (Ar) and oxygen (O2) flow rates were fixed at 50 and 0.45 sccm, respectively.

Moreover, the feed speed was set in the range of 400–960 mm/min. The discharge power

settings for the various deposition processes are summarized in Table 1.

The surface morphologies of the Ch-LC layer and ITO films deposited on the Ch-LC

layer were observed using a scanning electron microscope (SEM, Hitachi S-4800). The
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surface roughness of the Ch-LC layer and ITO films was evaluated using a three-dimen-

sional microscope (SIS-1200) with a scanning area of 600 9 600 lm2. The structures of

the ITO films were also examined by grazing incidence in-plane X-ray diffraction (GIXD).

Finally, the sheet resistance of the ITO films was analyzed using a four-point probe (RS

meter HA6100/RG-1000E).

3 Results and discussions

Figure 2 shows the XRD patterns of the one-step (Sample 2) and two-step (Sample 3) ITO

layers deposited on Ch-LC/ITO/PET substrates. For the one-step ITO film, a prominent

diffraction peak occurs at 26� as a result of the Ch-LC layer. However, no other peaks are

observed in the spectrum, and hence it is inferred that the ITO layer has an amorphous

structure. The spectrum for the two-step ITO sample also contains a strong peak

(a)

(b)

One-step ITO 100 nm

Ch-LC 10 μm

ITO 70 nm

PET 125 μm

Ch-LC 10 μm

PET 125 μm

Two-step ITO 100 nm

ITO 70 nm

Fig. 1 Schematic diagrams
showing: a one-step ITO sample
and b two-step ITO sample

Table 1 ITO layer thickness and DC power conditions for various samples

Sample Process ITO layer 1 ITO layer 2

Thickness
(nm)

DC power
(kW)

Thickness
(nm)

DC power
(kW)

1 Without ITO * *

2 One-step ITO deposition 100 2.3 *

3 Two-step ITO
deposition

30 1.0 70 2.3

4 Two-step ITO
deposition

50 1.0 50 2.3
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corresponding to the Ch-LC layer. However, an additional peak corresponding to the (440)

plane of ITO is also observed, which indicates that the ITO layer has a polycrystalline

structure. The SEM image in Fig. 3a shows that the bare Ch-LC layer on the ITO/PET

substrate contains a large number of holes. The one-step ITO layer deposited on the Ch-

LC/ITO/PET substrate also contains holes, as shown in Fig. 3b. However, the holes are

both smaller in size and fewer in number than those in the bare Ch-LC layer. The size and

number of the holes are further reduced in the two-step ITO samples, as shown in Fig. 3c,

d, respectively. The reduction in the hole size and hole number is particularly evident in the

ITO sample prepared with non-equal layer thicknesses (i.e., Sample 3 in Fig. 2). ITO films

were deposited for the two-step process to minimize roughness due to the former had good

step coverage. Overall, the results presented in Fig. 3 suggest that the use of a two-step

deposition process is beneficial in reducing the surface roughness of the Ch-LC layer

deposited on the ITO/PET substrate.

Figure 4 shows the surface morphologies of the bare Ch-LC layer and sputtered ITO

films, as evaluated using three-dimensional microscopy. The results confirm that the

average surface roughness (Sa) reduces following the ITO sputtering process. Figure 5

shows the Sa values of the various samples. The Ch-LC layer has a high surface roughness

of 1.8 lm due to the use of a sheet coater in depositing the LC layer on the ITO/PET

substrate. However, the surface roughness falls to around 0.8 lm for the ITO layer

deposited in a single-step process, and to around 0.6 and 0.7 lm for Samples 3 and 4

deposited in a two-step process with non-equal and equal ITO layer thicknesses, respec-

tively. The present results are consistent with those of Lin et al. (2007), who showed that in

the two-step RF magnetron deposition of ZnO films, the first step was beneficial in min-

imizing the surface roughness through achieving a good coverage of the underlying sub-

strate, while the second step was beneficial in further reducing the surface roughness and

achieving the preferred orientation.

Figure 6 shows the effect of the processing conditions on the electrical properties of the

ITO films. As shown, the one-step ITO film has a sheet resistance of approximately 165 X/
sq. However, the sheet resistance values of the two-step ITO samples are 100 X/sq
(Sample 3) and 135 X/sq (Sample 4), respectively. It is noted that the results presented in

Fig. 6 for the electrical resistance are consistent with those presented in Fig. 5 for the

surface roughness. In other words, as reported in [17], the sheet resistance of the sputtered

ITO films is directly related to the surface roughness.
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Fig. 2 X-ray diffraction profiles
for one-step and two-step ITO
samples

 496 Page 4 of 8 H. K. Lin et al.

123



Fig. 3 Top view SEM images
of: a bare Ch-LC layer, b one-
step ITO layer (100 nm), c two-
step ITO layer (30 ? 70 nm),
and d two-step ITO layer
(50 ? 50 nm)
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As discussed above in relation to Fig. 2, the XRD spectrum for the two-step ITO film

(Sample 3) deposited on the Ch-LC layer shows that the film has a polycrystalline

structure. Previous studies on ITO thin films have shown that crystallization leads to both a

low sheet resistivity and a high optical transmittance (Lin and Hsu 2014). Consequently,

the present results suggest that the use of a two-step magnetron sputtering process is

beneficial in improving both the electrical properties and the optical properties of ITO films

deposited on Ch-LC/ITO/PET substrates.

Fig. 4 Surface morphologies of: a bare Ch-LC layer, b one-step ITO layer (100 nm), c two-step ITO layer
(30 ? 70 nm), and d two-step ITO layer (50 ? 50 nm)
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Fig. 5 Average surface roughness (Sa) values of various samples as measured using three-dimensional
microscopy
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4 Conclusions

ITO films have been deposited on Ch-LC/ITO/PET substrates at room temperature using

single-step and two-step magnetron sputtering processes. It has been shown that the single-

step sputtering process reduces the surface roughness of the bare Ch-LC layer and leads to

a lower electrical resistance as a result. Moreover, the two-step sputtering process not only

yields a further reduction in the surface roughness, but also prompts the formation of a

crystalline structure, which is beneficial in further improving the electrical and optical

properties of the sample. For a two-step ITO film with a total thickness of 100 nm, a

surface roughness of 0.6 lm and a sheet resistance of 100 X/sq can be obtained given ITO

layer thicknesses of 30 nm in the first step and 70 nm in the second step, respectively.

Overall, the results suggest that the two-step magnetron sputtering process is an ideal

solution for fabricating the electrode in the color stacking structures of flexible Ch-LCDs.
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