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Abstract: We report the use of four-layer graphene (4LG) as a highly reliable transparent conductive electrode 

(TCE) for polymer-dispersed liquid crystal (PDLC)-based smart window devices. The adhesion between 4LG 

and the substrate was successfully improved through a water-induced interface-cleaning (WIIC) process. We 

compared the performance of a device with a WIIC-processed 4LG electrode with that of devices with a 

conventional Indium tin oxide (ITO) electrode and a 4LG electrode without a WIIC. With the application of the 

WIIC process, the PDLC smart window with a 4LG electrode exhibited reduced turn-on voltage and haze 

compared to 4LG without the WIIC process and characteristics comparable to those of the ITO electrode. Based 

on our observations, we conclude that 4LG with WIIC is a promising TCE for flexible smart windows. 

Keywords: four layer graphene; polymer dispersed liquid crystal; smart window; water induced 

interface cleaning; adhesion 

 

1. Introduction 

The concept of a "net-zero-energy building," which refers to the balance of emissions and energy 

in a building, attracts considerable attention and is considered a feasible solution instead of a distant 

future objective [1]. Several efforts have been made to reduce the energy consumed by building 

services such as ventilation, heating, and air conditioning [2,3]. Smart window technology is expected 

to play a crucial role in achieving eco-friendly energy savings in buildings because windows are 

among the most energy-efficient components. In particular, smart window devices based on 

polymer-dispersed liquid crystals (PDLC) offer various advantages, including a simple electrode-

sandwiched design, straightforward fabrication process, quick response time, and durability [4–6]. 

Despite decades of steady and intensive research on liquid crystal (LC) coatings, polymer matrices, 

and ultraviolet aging, transparent conductive electrodes (TCE) continue to pose major challenges. 

TCE require low sheet resistance, high transparency, flexibility, and low cost. Indium tin oxide (ITO) 

has been commercially utilized as a TCE in PDLC-based smart windows, owing to its high optical 

transmittance and low sheet resistance. However, the ITO layer has several drawbacks such as rising 

prices due to the scarcity of indium, chemical instability towards acidic and basic sources, and high 

processing temperatures [7,8]. Furthermore, its application in flexible smart windows is severely 
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hampered by its fragility when the substrate is bent or stretched by external force [9,10]. Therefore, 

alternative electrodes that can match or surpass ITO’s optical and electrical properties of ITO, without 

any disadvantages, are required. Numerous alternative materials such as carbon nanotubes [11], 

graphene [12–15], conductive polymers [16,17], and metal nanowires [18,19] have been explored and 

developed to replace ITO layers. Graphene has recently emerged as a promising alternative owing to 

its outstanding optical and electrical properties and thermal and chemical stabilities. Furthermore, 

graphene exhibits the flexibility required for use in smart windows. Pioneering studies have 

demonstrated PDLC-based smart window devices that employ graphene layers as TCEs on glass and 

other flexible plastic substrates. However, the lack of adhesion between graphene and its substrate 

can lead to local delamination, folding, and bending when exposed to a weak external force, resulting 

in the mechanical failure of graphene-based devices at their interface [20–22]. In addition, graphene 

cannot outperform ITO as the TCE due to its high sheet resistance of approximately 1.0 KΩ/  [12–

14]. Consequently, for commercialization, improving the interfacial adhesion between graphene and 

the substrates with low sheet resistance is necessary. In this study, we report a graphene-based PDLC 

device using a four-layer graphene (4LG) TCE with a water-induced interface cleaning (WIIC) 

process. 4LG is the optimal layer for balancing the sheet resistance and transmittance trade-offs. 

Unlike single-layer graphene, 4LG exhibits electrical characteristics comparable to those of ITO. The 

WIIC process is simple and highly effective for eliminating impurities and improving the adhesion 

between graphene and the substrate. We demonstrated that the performance and stability of our 

graphene-based PDLC device are comparable to those obtained using ITO electrodes as conducting 

layers. 

2. Materials and Methods 

2.1. Synthesis of graphene and transfer to glass substrate 

The graphene layers employed in this study were produced by thermal chemical vapor 

deposition (TCVD) on 70 m polycrystalline copper foils. CH4 at 10 standard cubic centimeters per 

minute (sccm) and H2 at 100 sccm were used as the precursors for graphene formation at 1020 °C for 

18 min under a growth pressure of 0.13 Torr. Further details can be found in. 23. Following growth, 

graphene was transferred to a glass substrate at 110 °C using a thermal release tape. We obtained 

4LG using a four-step transfer procedure. 

2.2. Water-Induced Interface Cleaning (WIIC) process 

Figure 1a shows a schematic of the experimental design adopted in this study. We performed 

WIIC to improve the adhesion between graphene and the glass substrate. 4LG/glass was submerged 

in deionized water for 1 min. The 4LG/glass sample was then heated in a chamber at 200 °C under 

vacuum for 10 min using fast thermal processing equipment. Theoretically, because graphene has the 

smallest kinetic diameter [24–27], i.e., no gas molecules can pass through it. Water molecules that are 

entrapped between graphene and the substrate can only move in the lateral directions compared to 

the vertical ones, which would allow them to sweep impurities away. Consequently, the removal of 

impurities significantly improves the adhesion force. In the final stage, the sample was cooled to 

room temperature under an Ar flow of 500 sccm. 

2.3. Fabrication of PDLC device 

To fabricate the PDLC devices, we prepared three different TCEs: (1) conventional Indium Tin 

Oxide (ITO), (2) 4LG without WIIC (w/o WIIC), and (3) 4LG with WIIC (w/WIIC). The PDLC, 

composed of a liquid crystal, prepolymer, and photoinitiator, was acquired from Qingdao QY Liquid 

Crystal Co., Ltd. (QYPDLC-100). To produce a uniform PDLC device thickness, 20 μm silica 

microspheres were used. The combined PDLC and microsphere spacer solution was dripped onto 

the bottom electrode of the glass substrate. Subsequently, a sample with the same electrode is placed 

on top to form a sandwich with a shift. Finally, the PDLC mixture was cured by exposing the device 
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to a UV lamp with an intensity of 1 mW/cm2 at 365 nm for 60 s. Figure 1b shows a schematic of the 

fabricated PDLC device with 4LG as the TCE. 

2.4. Characterization 

Raman spectroscopy (Renishaw) was used to determine the number of layers and the quality of 

graphene, utilizing the 514 nm-line of an Ar-ion laser as an excitation source. Field-emission scanning 

electron microscopy was utilized to examine the surface morphology of graphene transferred to 

SiO2/Si substrate (FESEM, NovaSEM 450). To confirm the uniformity and electrical properties, sheet 

resistance mapping measurements were performed using a non-contact sheet resistance meter and a 

Hall measurement system. Transmittance and haze were measured as functions of various driving 

voltages using a UV-Vis-NIR spectrophotometer (Lambda750, Perkin Elmer) and a haze meter 

(Nippon Denshoku, NDH5000), respectively. 

 

Figure 1. Schematic diagram of (a) WIIC process and (b) fabrication process of graphene-based PDLC 

device. 

3. Results 

3.1. Number of graphene layer 

The two crucial considerations for the use of TCEs in PDLC devices are optical transmittance 

and sheet resistance, because these two parameters significantly impact the device's performance. 

Although the use of 1LG is desirable in terms of optical transmittance, it suffers from a high sheet 

resistance. Hence, we attempted to balance sheet resistance and transmittance by increasing the 

number of graphene layers. Based on our experience, we hypothesized that 4LG would be suitable 

as a TCE in PDLC devices, exhibiting both high transmittance and low sheet resistance. To test this 

hypothesis, we first confirmed the successful transfer of high-quality 1LG and 4LG onto substrates. 

We transferred 1LG and 4LG to SiO2/Si substrates and acquired their Raman spectra to investigate 

their quality and quantity. Figure 2a shows the Raman spectra measured using the 514 nm-line of an 

Ar ion laser. The spectrum of 1LG shows two prominent peaks: the G band at 1594 cm-1 and the 2D 

band at 2703 cm-1. The Raman spectrum of 1LG exhibited typical monolayer graphene characteristics, 

particularly a very sharp Lorentzian peak with a full width at half maximum (FWHM) of 30 cm-1, 

symmetric shape, and a 2D to G intensity ratio greater than two. The 2D peak broadens and becomes 

less intense as the number of graphene layers increases, whereas the G peak becomes more intense 

[28,29]. The spectra of 4LG had a lower 2D to G intensity ratio (0.79) and a larger FWHM (38 cm-1) 

than those of 1LG. Moreover, the so-called defects-induced or disorder-induced D-band peak at 1350 

cm-1 is minuscule, indicating that 4LG is high quality with few defects. The transmittances and sheet 

resistances of the four TCEs are shown in Figure 2b. The transmittances of the conventional ITO, 1LG, 

and 4LG without the WIIC process, and 4LG with the WIIC process at 550 nm were 90.0%, 97.5%, 
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89.6%, and 89.8%, respectively. As expected, the 1LG TCE exhibits the highest transmittance. 

Nevertheless, the transmittance of the 4LG TCE is comparable to that of the ITO TCE. The sheet 

resistance was also determined. Sheet-resistance measurements were performed using a Hall 

measurement system. The obtained sheet resistance values of conventional ITO, 1LG, 4LG without 

WIIC, and 4LG with WIIC are 30±2 Ω/ , 202±10 Ω/ , 49±4 Ω/ , and 57±2 Ω/ , respectively. The sheet 

resistance of 4LG with the WIIC process was slightly higher than that of 4LG without the WIIC 

process. This can be attributed to the fact that some defects in 4LG are linked to oxygen groups during 

the WIIC process. Overall, the 4LG TCEs simultaneously exhibited high transmittance and low sheet 

resistance, which is consistent with our hypothesis. 

 

Figure 2. (a) Raman spectra of 1LG and 4LG transferred to a SiO2/Si substrate. (b) transmittance and 

sheet resistance of ITO, 1LG, 4LG with WIIC, and 4LG without WIIC, respectively. 

3.2. Effect of WIIC 

Our second strategy to improve the performance of graphene-based PDLC devices was to 

employ the WIIC process to remove impurities at the interface between the TCE and substrate. We 

propose that the WIIC process offers two advantages. First, the TCE was uniform throughout the 

study area. Second, it improved the adhesion between the TCE and the substrate. Uniformity was 

already revealed when the sheet resistance was measured. The sheet resistance of 4LG without and 

4LG with WIIC were 49±4 Ω/ and 57±2 Ω/, respectively. The standard deviation of the sheet resistance 

of 4LG with WIIC was half that of 4LG without WIIC. To confirm the uniformity of 4LG o on a large 

scale, we performed 4-point mapping for a 200 mm × 200 mm area of 4LG with and without WIIC, as 

depicted in Figure 3a,b. A sheet resistance value of 58±2 Ω/sq is observed for the 4LG with WIIC 

process, which is slightly higher than the value of 51±5 Ω/sq obtained for 4LG without WIIC process. 

This result is consistent with the Hall measurements. Although the sheet resistance increased because 

of the WIIC procedure, the entire area had a uniform sheet resistance value. The elimination of 

impurities, as indicated by the white circle in Figure 3a, may be responsible for this. The effect of the 

WIIC process is further supported by the on/off optical images shown in Figure 4a,b. The optical 

image of the PLDC device with a 4LG electrode without the WIIC process at an applied voltage is 

unclear and shows the graphene-burning phenomenon resulting from the high power consumption 

of graphene [30,31], as marked by the blue circle in Figure 4a. Because of the current crowding 

induced by impurities and adhesion between the graphene and the substrate at 60 V injection, an 

excessive quantity of power builds up under the graphene electrode in the device, destroying the 

graphene with Joule heat. As illustrated in Figure 4b, in the case of the 4LG electrode following the 

application of the WIIC process, the device in the ON state was nearly transparent and uniform across 

the entire operation region. This clearly indicates that the 4LG electrode with the WIIC process as a 

transparent conductive layer can act as an efficient lateral current diffusion channel. The WIIC 

process effect can be evaluated using the above results obtained from the PDLC device, but the 

adhesion between the 4LG electrode and the substrate could not be verified. To confirm whether the 

WIIC process was capable of enhancing the adherence of the 4LG electrode to the substrate, we 

fabricated patterned graphene using photolithography and etching over a large area of 200 mm × 200 
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mm, as shown in Figure 5a. To form patterned graphene, the CVD-grown graphene films were 

transferred four times onto a glass substrate. Thereafter, the patterned region was covered with a 

protective photoresist (PR) as an etchant mask and graphene was patterned using an inductively 

coupled plasma reactive-ion etcher with O2 plasma. Finally, the PR was removed using acetone. 

Figure 5b and c show the optical images of the patterned graphene without and with the WIIC 

process, respectively. The surface of patterned graphene without a WIIC process is readily and 

partially peeled-off during fabrication owing to the lack of chemical reactivity of graphene, which 

consists of the C-C bond of sp2 hexagonally arranged carbon atoms with no dangling bonds [20–

22,32]. When the WIIC process was applied, we observed a cleanly patterned graphene surface 

without peeling. This is as a result of the fact that the adhesion of graphene to the substrate was 

stronger than its attachment to the PR, which is indicative of enhanced adhesion. 

 

Figure 3. 4-point mapping images of (a) 4LG without WIIC process and (b) 4LG with WIIC process at 

a 200 mm × 200 mm area. 

 

Figure 4. Optical images for PDLC devices of (a) 4LG without WIIC process and (b) 4LG with WIIC 

process in on/off state. 
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Figure 5. (a) Schematic diagram of fabrication process for the patterned 4LG using photolithography 

and etching. Optical images of the patterned 4LG (b) without WIIC process and (c) with WIIC process. 

3.3. Performance of PDLC device 

The properties of the PDLC device were examined to understand the potential of the WIIC 

process. Figures 6a,b show the transmittance at 550 nm and haze of the PDLC devices with 

conventional ITO, 4LG without the WIIC process, and 4LG with the WIIC process, respectively, as a 

function of the applied voltage. All devices scattered or reflected almost all the incident light when 

turned off. As the applied voltage increased, more incident light was transmitted through the device, 

reaching a saturation state at a critical voltage. As shown in Figure 6a, the transmittance of the device 

with the conventional ITO electrode rapidly increased at injection voltages exceeding 15 V and 

reached a maximum transmittance of 68% at 60 V. For the bare 4LG electrode, the transmittance 

increased at driving voltages above 35 V and reached a maximum transmittance of 48% at 60 V. The 

relatively high turn-on voltage and low transmittance associated with the bare graphene electrode 

were due to insufficient current spreading due to poor contact between graphene and the substrate. 

When the WIIC process was applied to the bare 4LG electrode, the transmittance-voltage curves 

revealed a considerable reduction in the turn-on voltage of 17 V and an increase in the maximum 

transmittance of 20% compared to those of the 4LG electrode-based device without the WIIC process. 

This is attributed to the improvement in the adhesion level between the graphene layer and substrate, 

which indicates that the 4LG electrode with the WIIC process serves as the current-spreading 

electrode of the PDLC device. The haze as a function of the injection voltage for the PDLC devices 

with the three different TCEs, as shown in Figure 6a, is illustrated in Figure 6b. The haze values of 

ITO, 4LG without WIIC, and 4LG with WIIC at 60 V were measured to be 5, 22, and 10%, respectively. 

By applying the WIIC process, the haze was significantly reduced by approximately 12% compared 

with that of the 4LG electrode without the WIIC process. As shown in Figure 6a,b, even if the sheet 

resistance increased after utilizing the WIIC process, this was due to the improved interfacial 

adhesion. However, the haze and turn-on voltages for the PDLC device with the 4LG electrode and 

the WIIC process were still slightly higher than those of the PDLC device with the conventional ITO 

electrode owing to the relatively high sheet resistance. If the optoelectrical performance of graphene 

is further improved by optimizing the graphene transfer and improving the electrical properties of 

the graphene layer in the CVD synthesis, it will be suitable for use as a TCE in flexible devices owing 

to the lack of flexibility in ITO. Figure 6c illustrates the temporal characteristics of all the PDLC 
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devices. During the off-to-on and on-to-off voltage transitions, the rise and decay times were defined 

as the times required for the transmittance to increase from 10% to 90%, respectively. Rise times of 

ITO, 4LG without WIIC, and 4LG with WIIC were 1.1, 1.4, and 1.6 ms, respectively, and their decay 

times 41, 27, and 29 ms, respectively. The rise time of 4LG with WIIC was shorter than that of 4LG 

without WIIC owing to the reduced sheet resistance. While all other material properties are constant, 

it is widely known that the decay time increases with the droplet size. We believe that the decrease 

in the decay time of PDLC devices with graphene electrodes results of smaller LC droplets in the 

polymer matrix [14]. Details of the decay time results will be discussed in future studies. 

 

Figure 6. (a) Transmittance (@ 550 nm) and (b) haze according to applied voltage in PDLC devices of 

ITO, 4LG with WIIC process, and 4LG without WIIC process, respectively. (c) Rise and decay time 

for PDLC devices of three different TCEs investigated in this work. 

4. Conclusions 

We investigated the effect of adhesion on the performance of 4LG as a TCEs in PDLC devices. 

WIIC effectively increased the adhesion between 4LG and the substrate. The sheet resistance of 4LG 

with WIIC process used in this work is 58±2 Ω/. Furthermore, it exhibited a uniform sheet resistance 

over the entire area. A PDLC device with the 4LG and WIIC processes was fabricated to confirm the 

WIIC effect. The device with the WIIC process offered a 17 V reduction in turn-on voltage, 20% 

improvement in maximum transmittance, and 12% reduction in haze compared to the device without 

the WIIC process. Our findings suggest that graphene with increased adhesion and ultralow 

resistance as a TCE has considerable potential for use in flexible devices owing to its stability. 
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