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Abstract 

In order to improve the properties of the graphene transparent conductive film we developed a process of O2 plasma 

patterning graphene using a metal mesh as an etching mask. The CVD growth conditions of high quality multilayer 

graphene samples consisting of 400 layers or more were found using Ni foil, and the Rsheet = 3.4 ± 0.6 Ω/sq. was achieved. 

The best performance of graphene micromesh based transparent conductive films so far was Rsheet = 22.2 /sq. at  

T = 47.1 ± 1.9 %. According to theoretical calculations based on combined resistance of the two-dimensional resistance 

lattice circuit, a combined resistance of 46.8 Ω can be realized at T = 90%. Copyright © VBRI Press. 
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Introduction 

At present, indium tin oxide (ITO) is widely used as a 

transparent conductive film. However, indium, which is 

a raw material for ITO, is a valuable metal, and there is 

a limit to stable supply. On the other hand, graphene has 

high carrier mobility, high transparency, and it is 

composed only of carbon rich in raw materials, so it is 

promising as a transparent conductive film material  

[1-3]. In order to apply graphene as a transparent 

conductive film of a solar cell, the performance of 

graphene is not sufficient and further improvement is 

required. We have been attempting to improve the 

performance of graphene transparent conductive film by 

carrier doping so far and have established chemical 

doping technology using organic molecules such as  

1,4-Bis(dicyanomethylene) cyclohexadiene (TCNQ) 

and bis(trifluoromethanesulfonyl) amide (TFSA), or 

molybdenum oxide which is a more stable inorganic 

material [4-7]. However, fabrication processes such as 

quantum dot solar cells require high-temperature heat 

treatment [8,9], and such doping techniques sometimes 

cannot be applied. Graphene-based film is useful as a 

transparent electrode material for devices requiring 

extremely high stability like space solar cells with ultra-

high efficiency, particularly resistance to radiation  

and cryogenic environments [10]. Furthermore, the 

graphene-based film can also be applied to photo-

electrochemical water splitting devices [11]. 

 In this research, we aimed to improve the 

performance of the graphene film itself without using 

carrier doping. Specifically, we first developed a  

high quality multilayer graphene film with low  

sheet resistance  (Rsheet) even though it has a low optical 

 

transmittance (T), and tried to improve the  

transparency by patterning it. As a method of patterning 

graphene, a method of patterning a metal catalyst in 

advance [12] and a method of patterning by lithography 

and etching [13] have been proposed, but as a simpler 

method, we focused on a method of patterning graphene 

by plasma etching through a metal mask [14]. Previous 

reports on patterning of graphene are aimed at 

development of nano-devices by microfabrication and 

surface modification of graphene [15-18]. In this 

research, we aimed to establish a patterning technique 

using a metal mask specialized for improving 

characteristics as a transparent conductive film. We also 

discussed the theoretical analysis of the graphene 

micromesh by considering the resistance as the 

combined resistance of the two-dimensional resistance 

lattice circuit.  
 

Experimental 

Materials 

The 50 m thickness of Ni foils (99 + %) as catalyst for 

graphene growth were purchased from Nilaco. A 

polymethyl methacrylate (PMMA; Sigma-Aldrich, 

average Mw ∼996,000) was dissolved in chlorobenzene 

(Wako Pure Chemical Industries) with a concentration 

of 46 mg/mL. Several stainless steel metal meshes 

(ESCO, SUS304) with different mesh sizes were used as 

the etching masks. Mesh size is defined by line width 

(W) and pitch (P) as shown in (Fig. S1). The mesh 

number indicates number of meshes in 1 inch (e.g. #20 

means 20 meshes in 1 inch). 
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Material synthesis 

Graphene was synthesized using a thermal CVD system 

[19]. The 25 mm × 25mm of Ni foils were putted into 

the CVD furnace, and multilayered graphene films were 

synthesized using H2 and CH4 gas under the conditions 

shown in (Fig. S2). 

 After a PMMA protection layer was spin coated on 

the fabricated graphene films, Ni foil was etched away 

by FeCl4 (3 M) solution [20]. The floated graphene films 

on the etchant were transferred onto soda lime glass and 

rinsed a few times with deionized water. Finally, the 

PMMA protection layer was removed by acetone. 

 The schematic image of graphene micromesh 

fabrication process is shown in (Fig. 1). The metal mesh 

mask was putted on the transferred graphene films, then 

introduced into the plasma chamber. After evacuation, 

pure O2 was introduced up to 50 Pa, and patterning was 

carried out by irradiating RF plasma of 50 W input power 

for 15 minutes. 

 
 
Fig. 1. Schematic image of graphene micromesh fabrication process. 

 

Characterizations 

The quality of graphene samples were analyzed by 

Raman spectrometer (JASCO, RMP-510). The patterned 

graphene films were evaluated for its optical 

transmittance by UV-Vis spectrum measurement 

(JASCO, ARSN-733) and sheet resistance by Hall-effect 

measurements and van der Pauw’s method (ECOPIA, 

HMS-5000). The surface morphology was observed 

using scanning electron microscope (SEM; JEOL, JCM-

6000). 

 

Results and discussion 

The results of evaluating the electrical and optical 

properties of the multilayer graphene films on glass are 

as follows. All the graphene samples were n-type  

and average sheet carrier concentration (nsheet) was  

3.3 ± 0.5 × 1015 1/cm2. An average Hall mobility () was 

estimated to be 517 ± 52 cm2/Vs. The average Rsheet was 

3.4 ± 0.6 /sq. The T of all the graphene films was 

almost 0%, which might indicate the number of layers of 

graphene was 400 layers and more. 

 The Raman spectrum of multilayer graphene film on 

glass is shown in (Fig. S3). The single and sharp 

(FWHM: 15 cm-1) G-band peak at 1578 cm-1 and absence 

of D-band peak at around 1350 cm-1 (deriving from 

defects or disorder) indicated that the graphene films 

were of high quality even after transfer. The shape of the 

2D band peak at around 2700 cm-1 was similar to that of 

graphite, indicating that the grown graphene films were 

very thick. 

 The SEM images of metal meshes are shown in  

(Fig. 2). Periodic mesh structures were observed for all 

samples. The design of each meshes from the definition 

of the mesh size is summarized in Table 1. It was found 

that the measured transmittance value well matches the 

calculated aperture ratio. 

 

 

Fig. 2. The SEM images of metal meshes. 

 
Table 1. Design of metal meshes. 

Mesh# 
Line width 

(mm) 

Pitch 

(mm) 

Aperture 

ratio (%) 

T@1200nm 

(%) 

#20 0.20 1.10 71.2 72.5±0.3 

#60 0.12 0.32 52.9 52.1±0.1 

#100 0.095 0.16 39.8 37.7±0.1 

#250 0.040 0.063 37.6 33.6±0.1 

 

 
 

Fig. 3. The SEM images of graphene micromesh. 

 

 Fig. 3 shows the SEM images of graphene films 

after etching using each masks (graphene micromesh).  

It is obvious that the etched graphene films  

almost reflects the shape of the mesh mask. However 

edge of the patterned graphene was not smooth and 

needed to be optimized the etching conditions more. 

Physical properties of graphene micromesh were 

summarized in Table 2. The both of the line width  
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and pitch were almost same as those of metal meshes, 

respectively. The T of the graphene micromesh was 

lower than that of the metal mesh respectively.  

Although the T increases substantially in proportion to 

the aperture ratio, the Rsheet did not change drastically by 

changing the size of mesh as shown in (Fig. 4). The Rsheet 

of original graphene was about 3.4±0.6 /sq, but it 

increased to about 20 - 30 /sq after etching. In the 

sample #20, the etching conditions could not be 

optimized and the resistance was too high to measure. 

The best performance of graphene micromesh based 

transparent conductive films so far was Rsheet = 22.2 /sq. 

at T = 47.1±1.9 %. 

 
Table 2. Physical properties of graphene micromesh. 

Mesh# 
Line width 

(mm) 

Pitch 

(mm) 

T@1200nm 

(%) 

Rsheet 

(/sq.) 

#20 0.20 1.10 54.6±6.9 N/A 

#60 0.14 0.31 47.1±1.9 22.2 

#100 0.10 0.15 29.7±2.2 23.3 

#250 0.048 0.053 26.5±1.8 28.4 

 

 
Fig. 4. Transmittance and sheet resistance of graphene micromesh. 

 

 We analyzed theoretically by considering the 

resistance of the graphene micromesh as the combined 

resistance of the two-dimensional resistance lattice 

circuit as shown in (Fig. 5). The combined resistance 

(Rmn) between A (0, 0) and B (m, n) can be written as 

follows [21]; 

 

𝑅𝑚𝑛~
𝜌

𝜋

𝑃

𝑊𝑡
(𝛾 +

3

2
𝑙𝑜𝑔2 + 𝑙𝑜𝑔√𝑚2 + 𝑛2)       (1) 

where 𝜌 is resistivity of graphene (3.0×10-5 ∙cm), t is 

thickness of graphene (120 nm), 𝛾  is Euler's constant  

(~ 0.577), and P/W is the ratio of pitch and line width. 

The P/W ratio depends on size of metal mesh. (Fig. 6) 

shows the measured and calculated combined resistance 

of graphene micromesh. According to theoretical 

calculations, if mesh number is fixed to 100 and a mesh 

with P/W = 18.5 is used, a combined resistance of 46.8 

Ω can be realized at T = 90%. Such performance can be 

said to be sufficient for applying transparent conductive 

film of solar cell. 

 

Fig. 5. Two-dimensional resistance lattice circuit. 

 
Fig. 6. The measured and calculated combined resistance. 

 

Conclusion  

First of all, the CVD growth conditions of high  

quality multilayer graphene samples consisting of  

400 layers or more were found using Ni foil, and  

the Rsheet = 3.4 ± 0.6 Ω/sq. was achieved. We succeeded 

in fabrication of graphene micromesh by O2 plasma 

using metal mesh mask. The best performance of 

graphene micromesh based transparent conductive films 

so far was Rsheet = 22.2 /sq. at T = 47.1±1.9 %. 

According to theoretical calculations based on  

combined resistance of the two-dimensional  

resistance lattice circuit, a combined resistance of 46.8 Ω 

can be realized at T = 90%. By designing the mesh masks 

based on the theoretical prediction and further 

optimizing the plasma etching conditions, we will 

further accelerate the improvement of properties of 

graphene micromesh and apply it to next generation solar 

cells and other devices. 
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