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We propose a novel doping method of graphene by a cyclic trap-doping with low energy 

chlorine adsorption. Low energy chlorine adsorption for graphene chlorination avoided defect 

(D-band) formation during doping by maintaining the π-bonding of the graphene, which affects 

conductivity. In addition, by trapping chlorine dopants between the graphene layers, the sheet 

resistance could be decreased by ~88% at an optimized condition. Among the reported doping 

methods including chemical, plasma, photochemical methods etc., the proposed doping method 

is believed to be the most promising for producing graphene of extremely high transmittance, 

low sheet resistance, high thermal stability, and high flexibility for use in various flexible 

electronic devices. The results of Raman spectroscopy and sheet resistance showed that this 
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method is also non-destructive and controllable. The sheet resistance of the doped tri-layer 

graphene was 70 Ω/sq. at 94% transmittance, and which was maintained for more than 100 h in a 

vacuum at 230°C.  Moreover, the defect intensity of graphene was not increased during the 

cyclic trap-doping.  

Introduction 

Graphene has attracted much attention due to its remarkable mechanical and electrical properties 

and is being actively developed to realize its full potential.
[1-7]  

Some of its important properties 

are the suitability for transparent conductive films: high conductivity, high transparency, and 

excellent flexibility, and,
 
because of these superior properties, graphene has been studied as a 

possible replacement for indium tin oxide (ITO).
 [9-11,13-15] 

 Its serious problems, however, have 

been the relatively high sheet resistance (~few hundred Ω/sq.) compared to that of ITO (a 

hundred Ω/sq.) at similar optical transmittance conditions and the difficulty in the scalability to 

large size. In regard to the latter, many approaches and progresses have been reported for the 

synthesis by large area chemical vapor deposition (CVD).
[8-11,13-16] 

The former, i.e., the relatively 

high sheet resistance, has been a bottleneck for its application to transparent conductive films. 

The sheet resistance of ideal graphene is much lower than that of CVD graphene reported.
[9] 

The 

higher sheet resistance of CVD graphene originates from and is strongly dependent on the 

defects in the crystal, wrinkles, and grain and domain sizes of the actually grown graphene layers. 

For these reasons, researchers have tried to improve the sheet resistance by various doping 

methods, including chemical,
[11,12,17]

 plasma,
[18-20]

 and photochemical methods.
[20] 

However, 

many problems still need to be solved, such as the much higher sheet resistance than that of ITO 
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at similar optical transmittance conditions, transmittance degradation during chemical doping, 

thermal instability and serious damage during plasma doping, etc.  

For example, in the case of wet chemical doping, Gunes et al. showed the possibility of 

achieving low sheet resistance by chemical doping, and obtained 54 Ω/sq. of sheet resistance 

using four graphene layers.
[11]

 However, their doping process showed relatively poor 

transmittance of 85% because of the agglomeration of Au ions by the AuCl3 chemical they used. 

In addition to this process, various other chemical doping processes have been investigated to 

improve the sheet resistance and transmittance. 
[17, 20-24]

 However, these methods didn’t satisfy 

both low sheet resistance and high transmittance at the same time. As another technique, Li et al. 

tried to reduce the sheet resistance using photochemical doping process.
 [25]

 The sheet resistance 

they obtained, however, significantly increased by about 3 orders of magnitude. This result 

meant that photochemical method interrupted the conducting system of the graphene, and 

introduced damage-inducing scattering centers.  

In this study, we propose an innovative method for doping graphene to realize a graphene 

film of low sheet resistance, high transparency and high thermal stability while maintaining the 

nature of graphene. To realize a graphene film having these properties, we used the cyclic trap-

doping method with low energy chlorine adsorption. The graphene film synthesized by chemical 

vapor deposition (CVD) was transferred to PET, quartz films for low energy chlorine doping. 

Our results demonstrated that the graphene network was not destroyed by low energy adsorption. 

The proposed method produced graphene films with high transmittance of 94% at 550nm and 70 

Ω/sq. sheet resistance with excellent thermal stability after two cyclic chlorine trap-doping 

processes.  
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Results and Discussion 

Fig. 1 shows a schematic flow chart of the cyclic trap-doping strategy for multilayer graphene. 

Pristine CVD-grown monolayer graphene was transferred onto various substrates and was 

chlorinated by chlorine adsorption. In this chlorine doping process, low energy radicals extracted 

from the chlorine plasma confined by a double-mesh grid system were used to prevent damage to 

the graphene (see Figure S1, Supporting Information). When Cl radical is adsorbed on the 

graphene surface, due to the strong electronegativity of Cl atom, an electron is transferred from 

the graphene surface to the attached Cl atom, and the ionic bonding between graphene surface 

and Cl atom is formed without breaking the graphene structure. Generally, during the plasma 

doping for the previous researches, graphene is damaged by breaking the C-C bonding in the 

graphene (the C-C bond strength in graphene is very delicate as 4.9 eV) due to the ion 

bombardment during the exposure to the plasma. In our Cl plasma, we used a double mesh-grid 

shown in Figure S1 to remove ion energy bombardment during the Cl plasma operation and not 

to break the graphene network by the ions. Generally, chlorine dopants adsorbed on a graphene 

film surface can be easily removed during handling of the graphene in various environmental 

conditions such as heating, moisture, oxygen, etc. For this reason, in addition to low energy 

chlorine doping, the confinement method of chlorine dopants between graphene films by the 

transfer of a second graphene layer on the doped graphene layer has been used for the bi-layer 

doped graphene. For the tri-layer doped graphene, after the transfer of the second layer, chlorine 

doping was repeated on the second graphene layer, followed by the transfer of the third graphene 

layer on top of the second graphene layer, etc. Therefore, through the cyclic low energy chlorine 

doping and transfer strategy, multi-layer doped graphene can be prepared. During cyclic chlorine 

radical doping, just after the transfer of each graphene layer, the graphene was annealed in a 
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vacuum furnace at 250°C for the SiO2 and quartz substrate, and at 230°C for the PET film for 

30min.
[26]

 

To understand the effect of chlorine doping by low energy chlorine adsorption using chlorine 

plasma, Raman analysis was carried out. Doping effect can be observed through the changes of 

the peak positions of the G and 2D bands. Fig. 2(a) shows the Raman spectra data for a mono-

layer graphene sample before and after the chlorine doping process using low energy chlorine 

radicals for 25 s, and after heating in a vacuum furnace at 230°C for 6.5 h. Fig. 2 (b) and (c) are 

the zoom-in spectra of the Raman G peak and 2D peak in Fig. 2(a), respectively.  The chlorine 

plasma was generated at 20W of rf power with 60sccm, 10mTorr Cl2. From previous researches, 

in the cases of conventional plasma doping techniques, serious defects are generally formed in 

the graphene network because the energetic ions and electrons in the plasma bombard the 

graphene surface and destroy the sp
2
 bonded carbon network of graphene. As the characteristic 

disorder-induced D band emerges, the 2D band intensity is decreased significantly and the G 

band is also broadened.
[18,27,28] 

(see Figure S2, Supporting Information). The damage and severe 

degradation of the graphene film by these methods significantly limit the application of the 

graphene film to various electronic devices. As shown in Fig. 2 (a), after the chlorine radical 

doping with low energy chlorine radicals, the D peak intensity of graphene did not increase, 

indicating no noticeable degradation of graphene after the doping even though the ID/IG ratio was 

slightly increased from 0.07 to 0.09. However, as shown in Fig. 2(b) and (c), G and 2D peak 

positions were blue-shifted by 5cm
-1

 and 7cm
-1

, respectively. We heated the doped graphene in a 

vacuum furnace at 230-250°C for 100 h and checked its reversibility through the Raman shift. If 

this doping method did not affect the graphene network, after the removal of dopants through the 

heating, the doped graphene should change back to pristine graphene. As shown in the figures, 
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after the heating in a vacuum furnace at 230-250°C for 100 h, the Raman shifts of G and 2D 

peaks by the chlorine doping returned back to their original positions, indicating no damage to 

the graphene during doping by the low energy chlorine doping method. Fig. 2(d) shows the X-

ray photoelectron spectroscopy (XPS) C 1s narrow scan spectra of the pristine mono-layer 

graphene, chlorine doped mono-layer graphene and after heating in a vacuum furnace at 230-

250°C for 100 h. In the chlorine doped mono-layer graphene sample, the C-Cl bonding peak at 

286.8 eV due to chlorine doping on the graphene surface and the C-O bonding peak at 289 eV 

attributed to the presence of carbon oxide contaminations were observed. However, after the 

heating, the C-Cl bonding peak was significantly removed and recovered close to that of the 

pristine mono-layer graphene. From these consistent results, the method of chlorine doping 

through low energy chlorine adsorption is believed to be an effective method for damage-free 

graphene doping. Therefore, we proceeded to investigate the chlorine trapping between the 

overlapping graphene layers with each other in order to be vanish the above drawbacks as 

illustrated in Fig. 3. 

In fact, for damage-free graphene doping, the plasma condition needs to be optimized such that 

high energy chlorine ions do not bombard the graphene surface. Using low energy chlorine 

radicals, we carried out doping experiments with mono-layer graphene and observed the 

variation in sheet resistance according to the beam conditions. (see Figure S3, Supporting 

Information) In low energy radical doping using the chlorine plasma with the double-mesh grid 

system, the number of chlorine radicals passing through the mesh grid depends on the operation 

conditions such as rf power, plasma exposure time, etc. The increase of rf power increases not 

only the chlorine radical density in the plasma but also the possibility of damaging the graphene 

by the increased high energy ion bombardment. The increase of the plasma exposure time 
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increases the chlorine radical dose to the graphene. From these results, the chlorine plasma with 

the double-mesh grid could be used to control and optimize the degree of doping without 

damaging the graphene film. At an optimized condition, the sheet resistance of the graphene was 

decreased by more than 50% compared to that of the pristine monolayer graphene film.  

Generally,  the effect of chlorine radical doping through  pure chemisorption accompanied by the 

breaking of the sp
2
 C-C bonding followed by the formation of C-Cl bonding can be maintained 

longer than that of chlorine radical doping though the physisorption of Cl on C-C bonding. 

However, by the chlorine radical doping through pure chemisorption, the graphene structure is 

damaged and sheet resistance is increased by 3 orders.
[20]

 This highly resistive graphene film 

cannot be applied to various electronic applications including transparent conductive films. On 

the other hand, in the case of chlorine radical doping through physisorption, chlorine atoms are 

weakly bonded to the graphene surface; therefore, it is difficult to maintain the doping effect for 

a long time. For this reason, we trapped the chlorine radical dopants between the graphene layers 

by using the trap-doping technique and studied the effect of trap-doping on the thermal stability 

and sheet resistance of the graphene structure. Fig. 3(a) shows the change of sheet resistance 

with heating time after the surface chlorine radical doping of mono-layer graphene and that after 

the chlorine trap-doping in a bi-layer graphene structure, which includes chlorine doping and 

trapping between two graphene layers. The chlorine radical doping condition was the same as 

that described in Figure 2 and the graphene was heated in a vacuum furnace at 230°C for 30min 

to 6.5h to investigate the thermal stability of the doped graphene. As shown in the figure, for the 

mono-layer graphene, after the surface chlorine radical doping, the sheet resistance became 50% 

of that of pristine graphene. However, after the doped monolayer graphene was heated in a 

vacuum furnace at 230°C for 100 h, the sheet resistance returned to the level of the pristine 
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graphene because the volatile chlorine dopants were removed from the surface of the graphene 

film during the heating. However, in the case of the trap-doped bi-layer graphene structure, the 

sheet resistance further decreased after heating for 30min and did not change significantly with 

increasing heating time up to 6.5h. Therefore, the trap-doped bi-layer graphene structure 

remained stable after the doping.  

In addition, as shown in Fig. 3(b), through  the cyclic trap-doping, which includes the 1
st
 cycle of 

trap-doping (chlorine doping, transfer of 2
nd

 graphene layer, annealing), 2
nd

 cycle of trap-doping 

(2
nd

 cycle of chlorine doping, transfer of 3
rd

 graphene layer, annealing), etc., the sheet resistance 

of the tri-layer graphene structure decreased significantly to about 70 Ω/sq.  The annealing was 

also conducted at 230°C for 30 min in a vacuum furnace. The significantly low sheet resistance 

of a tri-layer graphene is related to the doping effect, which incidentally does not form any 

scattering centers in the graphene layers because chlorine doping through physisorption does not 

interrupt the conjugated system of the graphene composed of conducting π-bonds.(see Figure S4, 

Supporting Information) In addition to the low energy chlorine radical doping itself, the 

optimization of the annealing condition after the trap-doping will be play an important role in the 

decrease of the sheet resistance because in our results, the sheet resistance was further decreased 

by about 40% and 14% after the annealing of 1
st
 and 2

nd
 trap-doping, respectively. These 

decreases are believed to be from the annealing of the defects in the graphene layers with 

chlorine radicals trapped between the graphene layers. Finally, the result shows that the trap 

doping method is very stable and can be used as a damage-free graphene doping method in 

combination with the low energy chlorine radical doping used for the mono-layer graphene.  

Using transmission electron microscopy (TEM), the location of chlorine atoms in the chlorine 

trap-doped graphene was investigated. Fig. 4 (a) and (b) show low-magnification color-scaled 
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DF (Dark Field)-TEM images of a bi-layer graphene without (pristine) and with the chlorine trap 

doping process using the low energy radicals, respectively. Wide brown colored areas in Figure 4 

(b) are believed to be related to the locations of chlorine atoms between the graphene layers 

caused by the trap doping of chlorine. A thin network of brown color is also shown in Fig. 4 (a) 

and, even though it is not clear this time, it is believed to be from the slight doping of Cl on the 

graphene from a FeCl3 etchant used during the graphene transfer process (See the experimental 

section). The existence of Cl atoms in the brown colored area was confirmed through micro-EDS 

(Energy Dispersive X-ray Spectroscopy) in TEM. (see Figure S5, Supporting Information)  

Fig. 5 shows the optical transmittance of the mono-layer and tri-layer chlorine doped graphene 

on PET substrates. The pristine mono-layer graphene showed a high transmittance of ~97.6% 

(±0.3%) at 550nm. After the chlorine radical doping, although the sheet resistance was decreased 

by 50%, the transmittance remained the same as that of the pristine graphene. As the chlorine 

doping was repeated to tri-layer by cyclic trap-doping, transmittance changed to ~94%. This 

indicates that chlorine trap-doping did not deteriorate the optical transmittance, but only reduces 

the optical absorption as the graphene film layer is increased to tri-layer. 

Fig. 6 shows that the comparative analysis for the transmittance and sheet resistance of various 

transparent conductive films.
[8,11,29-31]

 As shown in the figure, some films show the highest 

transmittance with high sheet resistance while other films show the lowest sheet resistance with a 

low optical transmittance. Among the transparent conductive films investigated, the tri-layer 

graphene doped by the cyclic trap-doping strategy showed excellent properties of both low sheet 

resistance and high transparency. Moreover, as mentioned above, this cyclic trap-doping strategy 

can be the most powerful doping technique for realizing doping stability according to 

environment.  
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 ITO has been an excellent material for transparent electrode applications. However, with the 

industry of transparent electrode applications moving toward the development of flexible 

electronics, ITO has shown many limitations in flexibility, such as bending, stretching, etc. Fig. 7 

shows the change of sheet resistance during the bending of the graphene on PET substrates. A 

pristine mono-layer graphene layer and doped graphene layers (mono-, bi-, and tri-layer) were 

prepared on 100µm thick PET substrates and were bent with a 5.0 mm curvature radius 1400 

times at a frequency of 1 Hz. The reduced resistance (R-R0)/R0 plotted in the figure indicates the 

ratio of the change of the sheet resistance divided by the initial resistance. The bending results of 

ITO and AgNW are provided.
[9] 

In the bending test of the AgNWs conductive film, the sheet 

resistance was not significantly changed as the number of bending cycles was increased while 

the ITO film showed an abrupt increase of sheet resistance even after the first bending.  In the 

case of the monolayer graphene with/without the chlorine doping, the sheet resistance was 

initially increased possibly due to  defect formation on the graphene; however, after the 1400 

times of bending, the resistance remained similar. In addition, the sheet resistances of the 

graphene were almost the same with/without chlorine doping. It indicates that the graphene 

doping through low energy chlorine adsorption did not change the mechanical properties of the 

monolayer graphene film. In the cases of bi-, tri-layer of graphene, the sheet resistance increased 

slightly at initial bending, and after that, it remained similar even after 1400 times of bending 

cycles. Therefore, this cyclic low energy chlorine trap-doping strategy can be highly applicable 

to graphene transparent conductive films on flexible substrates, which require robust mechanical 

properties and reliability during bending, as well as high transparency and low sheet resistance.  
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Conclusion 

In summary, a new doping method (cyclic trap-doping through low energy chlorine adsorption) 

was introduced to obtain a graphene film having properties of low sheet resistance, high 

transparency, low damage and high thermal stability. After the low energy chlorine doping, the 

Raman results showed that the G and 2D peaks blue-shifted with no increase of the D peak, 

indicating doping without significant damage to the graphene. DF-TEM showed that chlorine 

atoms were trapped between the graphene layers by forming a network. After the cyclic chlorine 

trap-doping, we obtained a tri-layer graphene-based PET film with 70 Ω/sq. sheet resistance at 

94% transmittance at 550nm. This means that this trap-doping through low energy chlorine 

adsorption can be an effective and controllable way to engineer the physical and electronic 

properties of graphene. And the observed results on the sheet resistance and transmittance were 

improved beyond other previous results. Especially, if the thermal stability is considered 

additionally, this doping method could be a powerful technique. The graphene film doped by 

cyclic chlorine trap-doping also showed excellent flexibility and stability in the bending test. The 

cyclic chlorine trap-doping strategy introduced in this study can be applied to graphene used in 

various electronic applications such as printed electronics, flexible touch screens, transistor, 

integrated circuit, etc.  
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Experimental section 

Synthesis of the graphene layer 

 Monolayer graphene films were synthesized on Cu foil by the chemical vapor deposition (CVD) 

method. Cu foil of 100 ˟  90 cm
2
 area and 75 µm thickness was rolled into a vacuum CVD 

quartz chamber. The temperature was increased up to 1050 °C in H2 10sccm and the foil was 

annealed for 1h at this temperature prior to growth. Graphene was synthesized at 1050 °C by  gas 

flow of H2/CH4, 10/20sccm, for 30 min, and then the chamber was cooled down to room 

temperature with H2 gas 10sccm in 1h. After the synthesis, the Cu foil was cut into small equal 

pieces (3x3cm
2
), coated with Poly (methyl methacrylate) (PMMA), and immersed into a Cu 

etchant (FeCl3) solution to etch away the Cu foil. When Cu was completely etched away, the 

graphene sheets with PMMA were rinsed in deionized water several times to wash away etchant 

residues. Then, PMMA-coated graphene sheets were transferred onto polyethylene terephthalate 

(PET), quartz and SiO2 substrates. PMMA was removed by acetone for 30min after the graphene 

completely adhered onto the substrates. 

Cyclic trap-doping by low energy chlorine absorption and annealing (heating) procedure 

The chlorine doping steps were repeated on the same graphene-coated substrate in order to 

maintain the cyclic chlorine trap-doping of the graphene sheets up to tri-layers. One cycle of 

trap-doping includes low energy chlorine doping on the top of the graphene, trapping of chlorine 

by the transfer of an additional graphene layer, and annealing at 250°C for the SiO2 and quartz 

substrate, and at 230°C for the PET film for 30min-6.5h. The low energy chlorine doping was 

conducted with the inductively coupled plasma (ICP) system with a double-mesh grid shown in 

Figure S1 using 10mTorr, 60sccm Cl2 at 20~300W 13.56MHz rf power. To minimize the 
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adsorbed Cl dopant removal on the doped graphene surface during the transfer of second or third 

graphene layers on the substrates with the doped graphene, the substrate with doped graphene 

was not dipped in the deionized (DI) water directly during the graphene transfer. Instead, the 

graphene was transferred on PET film first and the graphene on the PET film was transferred to 

the substrate with doped graphene. However, as shown in Figure S6, the fabricated doped 

graphene turned out to be extremely stable even for air exposure more than 120 days, followed 

by DI water dipping for 3 hours, and followed by Aceton cleaning for two hours. For the 

investigation of the thermal stability, the prepared graphene films were also heated around 230-

250°C for 100h in a vacuum furnace.  

Characterization 

 Sheet resistance was measured by a sheet resistance meter (Dasoleng, FPP-2400) at room 

temperature for the graphene films on SiO2 and PET. Ultraviolet-Visible-Near infrared (UV-Vis-

NIR) absorption spectroscopy (Shimadzu, 3600) and Raman spectroscopy (Renishaw, RM-1000 

Invia) with excitation energy of 2.41 eV (514 nm, Ar
+
 ion laser) were used to characterize the 

optical properties of the graphene films on the PET, quartz and SiO2 substrates, respectively. For 

the observation of chlorine atom locations between the graphene layers prepared with/without 

the chlorine trapped doping, DF-TEM was used, and micro-EDS (Energy Dispersive X-ray 

Spectroscopy) installed in the TEM was used for the analysis of components in Cl trapped area 

for a chlorine trap doped bi-layer graphene. Graphene surface was investigated using angle 

resolved X-ray photoelectron spectroscopy (ARXPS, ESCA2000, VG Microtech Inc.) using a 

Mg Kα twin-anode source. To observe the carbon binding states near the surface, the take-off 

angle was fixed at 45°. The bending test of the graphene coated on PET was carried out under 
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the bending condition of 5.0 mm curvature radius and bending frequency of 1 Hz using an in-

house bending test machine.  
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Captions 

Fig. 1. A schematic flow chart for multi-layer cyclic trap-doping strategy: One cycle of trap-

doping includes low energy chlorine doping, graphene transfer, and annealing process. 

Fig. 2. (a) Raman spectra data for a monolayer graphene sample before and after the chlorine 

doping process using the low energy chlorine radicals, and after heating at 230-250
o
C for 6.5 h. 

The chlorine plasma was generated at 20W of rf power with 60sccm 10mTorr Cl2. (b) Zoom-in 

spectrum of the Raman G peak before/after the chlorine doping, and after heating at 230-250
o
C 

for 6.5 h. (c) Zoom-in spectrum of the Raman 2D peak before/after the chlorine doping, and after 

heating at 230-250
o
C for 6.5 h. (d) XPS C1s spectra of the pristine monolayer graphene, chlorine 

doped mono-layer graphene and after annealing at 230-250
o
C for 6.5 h. 

Fig. 3. (a) The change of sheet resistance with heating time after the surface chlorine radical 

doping of monolayer graphene and that after the chlorine trap-doping in a bilayer graphene. The 

chlorine radical doping condition was the same as that described in Figure 2 and the heating of 

graphene was conducted in a vacuum furnace at 230°C for 30min to 100 h. (b) The change of 

sheet resistance through the cyclic trap-doping which includes 1
st
 cycle of trap-doping (chlorine 

doping, transfer of 2
nd

 graphene layer, annealing), 2
nd

 cycle of trap-doping (2
nd

 cycle of chlorine 

doping, transfer of 3
rd

 graphene layer, annealing). The annealing was also conducted at 230°C in 

a vacuum furnace. 

Fig. 4. Low-magnification DF-TEM images of a bi-layer graphene with/without trap doping. (a) 

DF-TEM image of pristine bi-layer graphene and (b) DF-TEM image after the chlorine trap-

doping in a bilayer graphene. The chlorine radical doping condition was the same as that 
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described in Figure 2. The wide brown color areas in Figure 4 (b) are related to the chlorine 

atoms between the graphene layers.  

Fig. 5. The optical transmittance measured using UV-Vis-NIR spectroscopy for PET substrate 

itself and the doped graphene on PET substrates with mono-, bi-, tri-layer graphenes. White 

paper is the area without any PET film.   

Fig. 6. Comparative analysis of various transparent conductive films reported in recent 

researches in the aspects of transmittance and sheet resistance. 

Fig. 7. Sheet resistance change during the bending of the graphene on PET substrates. The 

pristine monolayer graphene layer and the doped graphene layers (mono-, bi-, tri-layer) were 

prepared on 100µm thick PET substrates and were bent with a 5.0 mm curvature radius at a 

frequency of 1 Hz. 
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Fig.5/ V. P. Pham & K. N. Kim et al. 
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Fig.6/ V. P. Pham & K. N. Kim et al. 
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