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This study reports a novel approach for chlorine doping of graphene using low-energy plasma in a low
damage inductively coupled plasma (ICP) system, which results in signiﬁcant reduction (~60%) of the
sheet resistance while maintaining high optical transparency. The chemical vapor deposited graphene on
Cu (graphene/Cu foil) was directly doped with low-damage chlorine plasma before transferring to the
substrate, i.e. pre-doped, in addition to the normal doping conducted after the transfer. Some of the predoped chlorine remained on the graphene surface even after the wet transfer to the substrate due to
strong CeCl bonds formed at the graphene defect site. This technique allowed us to achieve the highest
chlorine doping ever reported, 47.2%, through combination of pre-doping with conventional doping. By
this additional pre-doping on graphene/copper foil (that is, 90 s pre-doping þ 90 s normal doping), a
monolayer of graphene with very low sheet resistance of 240 U/sq could be obtained without sacriﬁcing
the optical transmittance (>97.7% at 550 nm wavelength).
© 2015 Elsevier Ltd. All rights reserved.

Keywords:
Pre-doping
Normal doping
Combined doping
Mesh-grid
Cl radical
ICP system
Resistance
Transmittance

1. Introduction
Graphene, a zero band gap semiconductor with massless charge
carriers that has sp2-plane bonded carbon atom structure in a honeycomb crystal lattice, has attracted huge research interest during
the last few years due to its extraordinary properties, including very
high carrier mobility, extremely high mechanical strength, high optical transparency, high electrical and thermal conductivity, high
chemical stability, etc [1e3]. Accordingly, graphene is considered as a
potential material for next generation semiconductor and display
devices to replace the current device technologies.
However, due to the absence of a band-gap and high sheet
resistance, graphene in pristine form cannot be used directly for
many applications, including semiconductor and display devices
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[4]. The graphene synthesized via thermal chemical vapor
deposition (CVD) and other methods exhibits high sheet resistance, which in turn lowers the electrical conductivity. Therefore,
reduction of the sheet resistance, or in other words, enhancement of the electrical conductivity of graphene has been one of
the important research issues in this ﬁeld [5e7]. Many efforts
have been made to reduce the sheet resistance and to open the
band gap in graphene, however, to control the electrical properties of CVD graphene, the graphene surface is generally doped
by either chemical doping using acid [8e14], metal chlorides
[15e18], and organic molecules [6,19e25], or plasma doping
[26e29].
For chemical doping using metal chlorides, a monolayer CVD
graphene ﬁlm was doped with AuCl3, which resulted in reduction of
the sheet resistance from 725 to 301 U/sq, but with a sacriﬁce in the
optical transmittance of the graphene (from 97.6 to 96.6% at
550 nm) [24]. In another study on chemical doping using organic
molecules conducted by Tongay et al., p-doping of graphene with a
TFSA ((CF3SO2)2NH) polymer displayed reduction in the sheet
resistance of about 70%, but also with a decrease of the optical
transmittance of ~3% [20]. Kim et al. also investigated the effects of
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TFSA doping on carbon nanotubes, and found it to reduce the sheet
resistance by 93.6% compared to that of pristine graphene at an
optical transparency of 85% [19]. Chemical doping of graphene is an
effective method for tuning the electrical properties of graphene
and opening the band-gap; however, it does not have long-term
stability, and some chemical residues always remain on the graphene, which has detrimental effects on the performance of
graphene-based devices [6].
Plasma doping is also an effective technique for tuning the
properties of graphene. Zhang et al. used microwave plasma
accompanied with DC biasing to the substrate for the chlorine
functionalization of graphene, and, by varying the DC bias voltage,
the chlorine coverage of graphene could be controlled [26]. At
optimized conditions (bias voltage of 8 V), they achieved 45.3%
chlorine coverage on the graphene with a decrease of the averaged
sheet resistance from 678 to 342 U/sq. Chlorine plasma is one of the
most controllable graphene doping techniques [27]. Plasma treatment of graphene also proved helpful in residue cleaning on the
graphene surface [29]. Therefore, plasma doping results in reduction of the sheet resistance without sacriﬁce of the optical transmittance. However, in the case of plasma doping by conventional
plasma methods, there is limited decrease of the sheet resistance
through plasma doping due to possible damage on the graphene
surface during plasma exposure from the bombardment of energetic particles during the process.
For the CVD graphene processing, graphene grown on the Cu
foil is generally transferred to other substrate such as PET or SiO2/
Si using PMMA and the PMMA residue remains on the transferred
graphene surface. PMMA thin layer remaining on the graphene
surface is known to cause weak p-doping on CVD graphene
[30,31], or to modify graphene surface properties [32]. In addition, PMMA residue could affect the electrical properties of graphene network in terms of mobility, sheet resistance, and contact
resistance [31,32], optical transmittance [32], etc. Therefore, to
remove the PMMA residue remaining on the transferred graphene surface, many researchers used wet chemicals such as by
acetone [33,34], chloroform or toluene [35], hot N-Methylpyrrolidone (NMP) solvent [36], diazonium salt [37], etc. or dry
processing such as oxygen plasma treatment [33,34,38], high
temperature annealing (150e400  C) [33,34,39,40], etc. However,
the PMMA residue could not be perfectly removed possibly due
to the nature of CVD graphene surface (such as defects, grain
boundaries, no uniformity, etc.). Normally, for the conventional
graphene doping on CVD graphene, whether it is wet doping or
dry doping, the doping is performed on the graphene surface
transferred to the substrate, therefore, PMMA residue is
remaining on graphene surface even after the PMMA removal
before the doping. Therefore, the remaining PMMA residue on
the transferred graphene surface can also affect the intentional
doping on the graphene surface by blocking dopants to react with
graphene.
One of the most important applications of graphene lies in
photonic and optoelectronic devices, which require a combination
of excellent electronic and optical properties. It is necessary to have
not only a very low sheet resistance, but also very high optical
transparency without damaging the structure of the graphene. In
the present study, we propose a novel approach for the doping of
CVD-grown graphene with chlorine plasma directly on the graphene grown on copper before transferring to the substrate,
therefore, on the pure graphene surface with no PMMA residue
using an inductively coupled plasma (ICP) equipment installed with
a dual mesh grid assembly. Using this approach, high reduction of
the graphene sheet resistance could be obtained without damaging
the graphene surface or degradation of the high optical
transparency.
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2. Experimental section
2.1. Synthesis of the graphene layer and doping
Monolayer graphene ﬁlms were synthesized on Cu foil by the
CVD method. Cu foil with an area of 100  90 cm2 and thickness of
75 mm was rolled into a CVD vacuum chamber made of quartz. First,
the discharge chamber was ﬁlled with H2 gas at a ﬂow rate of
10 sccm, and the Cu foil was annealed for 1 h at a temperature of
1050  C in an H2 environment. Next, graphene was synthesized at
1050  C in the environment of H2/CH4 (10/20 sccm) for 30 min, after
which the chamber was cooled down to room temperature with H2
gas (10 sccm) for 1 h. After the synthesis, the Cu foil was cut into
small, equally-sized pieces (3  3 cm2). These small pieces of graphene on Cu foil were then afﬁxed on glass substrates using tape.
The glass substrates were used as holders for the graphene-Cu foil
assembly.
In the case of pre-doped graphene, the Cl plasma described
below was doped directly on graphene/Cu foil and then Cl/graphene/Cu foil was spin-coated with PMMA, while for the normally
doped graphene, the grown graphene/Cu foil was spin-coated with
PMMA without the chlorine doping. For the pre-doped/undoped
graphene/Cu foils were dipped in a copper etchant solution (a
FeCl3 solution) for 45 min on a hot plate (45  C) to completely
remove the Cu foil, and then transferred onto PET or SiO2/Si substrates. (PET substrates were used for measurements for sheet
resistance and optical transmittance. For the other experiments,
SiO2/Si substrates were used.) Finally, the PMMA residue on the
surface of the pre-doped/undoped graphene and the FeCl3 residue
remaining after the Cu etching were removed with acetone
(20 min), isopropanol (IPA) (20 min), and deionized (DI) water
(20 min). Then, the transferred pre-doped/undoped graphene was
dried in a dry oven at 80  C for 20 min. These pre-doped and
undoped graphene samples on PET or SiO2/Si substrates were
doped with the same Cl plasma to have combined doping (pre- and
normal doping) and normal doping, respectively.
2.2. Experimental set-up
Fig. 1 shows the ICP source used in the present study for lowdamage chlorine plasma doping. It had a dual mesh grid assembly inserted in between the source and substrate. The ICP source,

Fig. 1. Low damage ICP source used in the present study, with a dual mesh assembly
inserted between the source and substrate. The ICP source used herein was equipped
with a grounded dual mesh grid assembly in the chamber between the ICP source and
the substrate to conﬁne energetic ions near the ICP source, preventing bombardment
of the graphene surface with energetic ions. (A color version of this ﬁgure can be
viewed online.)
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made of a Cu inductive coil and a dielectric window separated from
the processing chamber, was located at the top of the processing
chamber. The processing chamber and substrate holder were made
of anodized aluminum, which had the internal diameter (chamber)
and diameter (holder) of 32 cm and 16 cm, respectively. The optimization height between the substrate holder and plasma source is
13 cm (see Fig. S1 in the Supplementary data). Cl2 plasma was
sustained at a 13.56 MHz RF power of 20 W to the ICP source, with
the pressure of 10 mTorr. The Cl2 gas ﬂow rate was kept at 60 sccm.
The chlorine doping was carried out for 10e120 s. For doping, the
graphene ﬁlms on PET substrates or SiO2/Si substrates were inserted into the processing chamber using a load-lock system without
breaking the vacuum, and the substrate was cooled at a temperature of 15  C with a chiller. Compared to the conventional ICP
source [33], the ICP source used herein was equipped with a
grounded dual mesh grid assembly in the chamber between the ICP
source and the substrate to conﬁne energetic ions near the ICP
source and prevent bombardment of the graphene surface with
energetic ions (Figs. S2 and S3).
2.3. Characterization
Sheet resistance of the graphene ﬁlms on PET substrates (or
SiO2/Si wafer) was measured using a sheet resistance meter
(Dasoleng, FPP-2400) at room temperature. UVeViseNIR absorption spectroscopy (Shimadzu, 3600) and Raman spectroscopy
(Renishaw, RM-1000 Invia) with the excitation energy of 2.41 eV
(514 nm, Ar þ ion laser) were used for characterization of the optical properties and investigation of the damage to the graphene
ﬁlms produced by the plasma, respectively. The graphene surface
was investigated using X-ray photoelectron spectroscopy (XPS,
ESCA2000, VG Microtech. Inc.) with a Mg Ka twin-anode source to
observe the carbon binding states near the surface, the take-off
angle was ﬁxed at 45 . Optical microscope (Olympus-BX51M,
Japan) is used to observe the morphology of mesh-grid system.
Plasma parameters have been measured by using RF-compensated
Langmuir probe (Espion by Hiden Analytical Ltd., UK).
3. Results and discussion
A schematic diagram of the various doping methods and sequences used in the present study is presented in Fig. 2. This includes (i) the pre-doping, where the chlorine doping was
conducted on graphene/Cu Foil before wet transfer to the PET (or
SiO2/Si) substrates, (ii) the normal doping, where the chlorine
doping was conducted after wet transfer to the substrates, and (iii)
the combined doping (pre- þ normal-), where the doping was
performed both before and after wet transfer to the substrates.
Fig. 3 shows the sheet resistance of the monolayer CVD graphene, measured according to the chlorine plasma exposure time
for pre-doping (means doping before wet transfer), normal doping
(means doping after wet transfer), and combined doping (predoping þ normal doping). The chlorine doping was carried out with
plasma generated at 20 W of RF power with 60 sccm, and 10 mTorr
Cl2. As shown in Fig. 3, for the normal doped graphene, by using the
low damage ICP system which has grounded dual mesh-grids to
remove the ion bombardment from the plasma source to the graphene sample and to permit chlorine radicals only, the sheet
resistance was decreased by ~54% from about 610 to 280 U/sq with
increase of the chlorine plasma exposure time due to increase of
doping concentration on the graphene surface. After that, the
reduction of sheet resistance was saturated at about 90 s, and no
further decrease of sheet resistance was observed. This reduction
for the normal doping in our study is better and more effective
compared to the previous study by Zhang et al. (decreased by ~50%

at the optimize condition as mentioned in the introduction section
and, after the after optimistic exposure time, sheet resistance was
increased signiﬁcantly) [26].
In the case of the pre-doped graphene, similar to the normal
doped graphene, the sheet resistance was decreased with increase
of the chlorine plasma exposure time, ﬁnally saturating at the
relatively higher sheet resistance of 440 U/sq. Some of the doped
chlorine appeared to remain on the surface of the pre-doped graphene, even after the wet transfer to the substrate; therefore, sheet
resistance lower than that of the pristine graphene was obtained.
For the combined doping of graphene, including both pre-doping
(90 s) and normal doping (90 s), the lowest sheet resistance of
240 U/sq for monolayer graphene could be obtained. The lowest
sheet resistance for the combined doping is believed to be related
to the strong CeCl bonds formed on the graphene surface during
the pre-doping, which remain even after the wet transfer process,
while the weak CeCl bonds formed on the graphene surface during
the normal doping which is very easily to be removed and just
remain a few after the wet transfer process.
For the chlorine plasma doping process conducted above,
damage to the graphene surface should be minimized. Generally,
ion energy plays a vital role in graphene doping by plasma. Since
the CeC bond strength in graphene is very delicate (4.9 eV) [4],
most probable energy of the ions impinging on graphene ﬁlms
should be less than 4.9 eV. In the literature related to graphene
plasma treatment, various methods have been adopted to reduce
the ion energy, such as substrate biasing [26], processing at offcenter and away from the plasma source [33,34], and using very
low RF power [29]. Plasma treatment of graphene with substrate
biasing adds extra complexity, the problem of RF noise, whereas
off-center center and low power processing suffer from nonuniformity and reduced radical ﬂux available for treatment. In the
present study, a grounded dual mesh grid assembly was introduced
between the plasma source and substrate. The dual mesh grid used
herein had geometrical transparency of more than 62%, and two
grids were separated from each other by 2 cm. The mesh grid assembly behaved like a solid potential surface in plasma and
conﬁned the plasma more efﬁciently, thereby allowing the chlorine
plasma doping to be carried out with extremely low damage.
To gain an understanding of the effects of low-damage chlorine
doping with the plasma used in the experiment, as well as the effects of chlorine pre-doping using chlorine plasma, Raman analysis
was carried out (Fig. S4). Fig. 4a shows the Raman spectra for
monolayers of pristine graphene, that after 90 s of pre-doping, that
after 90 s of normal doping, and that after combined doping (90 s of
normal doping after the 90 s pre-doping). For measurement of the
Raman spectra, the same graphene sample was used. Fig. 4b and c
show the magniﬁed spectra of the Raman G peak and 2D peak in
Fig. 4a, respectively. When the sp2 bonded carbon network of
graphene is damaged by the energetic ions and electrons in the
plasma, the characteristic disorder-induced D band peak located at
near 1350 cm1 emerges, while the 2D band peak intensity near
2670 cm1 is decreased, and the G band peak near 1590 cm1 is
also broadened [26,41,42], As shown in Fig. 4a, after the pre-doping
(90 s), normal doping (90 s), and combined doping (90 s predoping þ 90 s normal doping) with chlorine plasma using the dual
mesh assembly, no emergence of the D peak intensity of graphene
was observed, along with no changes in the G and 2D peaks,
indicating no noticeable disorder in the graphene sp2 network
resulting from the chlorine doping. However, as shown in Fig. 4b
and c, the positions of the G and 2D peaks were blue-shifted after
pre-doping by 3 cm1 and 4.2 cm1, after normal doping further by
3 cm1 and 3 cm1, and after combined doping further by 2 cm1
and 11 cm1, respectively. The blue-shift of the G and 2D peaks is
related to the p-type hole doping by CeCl bonding in graphene
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Fig. 2. Schematic diagram of the doping sequences used in the present study. Sequences for chlorine doping and wet transfer to the substrate for pre-doping (90 s chlorine doping
before transfer to the substrate), normal doping (90 s chlorine doping after transfer to the substrate), and combined doping (90 s pre-doping þ 90 s normal doping) are shown. (A
color version of this ﬁgure can be viewed online.)

[26]. In addition, the increase of p-type chlorine doping also obviously is related to the reduction of sheet resistance as shown in

Fig. 3. Sheet resistance of monolayer CVD graphene measured according to the
chlorine plasma exposure time for pre-doping, normal doping, and combined doping
(pre-doping þ normal doping). (A color version of this ﬁgure can be viewed online.)

Fig. 3. Therefore, it could be determined that not only the normal
doping, but also the pre-doping causes hole doping in the graphene
surface without damaging the graphene network; consequently,
the lowest sheet resistance shown in Fig. 3 was obtained for the
graphene with combined doping.
The degrees of CeCl binding states of carbon in the graphene
doped by pre-doping (90 s), normal doping (90 s), and combined
doping (90 s pre þ 90 s normal) were investigated using XPS, and
the XPS narrow scan data of C1s before (pristine) and after the predoping, normal doping, and combined doping are shown in Fig. 5.
As shown in the ﬁgure, for the pristine graphene, only CeC binding
related to sp2 bonding was observed. However, after the chlorine
doping, the peak related to CeCl bonding was observed at 286.2 eV
[28,43], in addition to CeOx bonding, which was possibly due to
contamination with PMMA residue and during the wet transfer.
The percentages of CeC, CeCl, and CeOx bonding in the XPS C 1s
peak intensity were estimated by deconvolution, the results of
which are shown in Table 1 and Fig. 6. The CeCl bond percentage
for the pre-doped sample was about 15.63%, while that for the
normal doping was 43.11%. For the normal doped graphene, after
spin-coating and removal of the 2nd PMMA, the carbon bonding
percentages were measured again using XPS. The percentages of
CeC, CeCl, and CeOx bonding in the XPS C 1s peak intensity were
estimated by deconvolution, the results of which are shown in
Table 1 and Fig. 6. The CeCl bond percentage for the pre-doped
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Fig. 4. (a) Raman spectra data for monolayer graphene measured for pristine graphene, that after 90 s of pre-doping, that after 90 s of normal doping, and that after combined
doping (90 s of normal doping after the 90 s pre-doping). For the Raman spectra measurement, the same graphene sample was used. (b) and (c) provide zoomed-in images of the
Raman G peak and 2D peak in (a), respectively. (A color version of this ﬁgure can be viewed online.)

Table 1
Percentages of CeC, CeCl, and CeOx bonding in the XPS C 1s peak intensity for the
graphene doped by pre-doping (90 s chlorine doping before transfer to the substrate), normal doping (90 s chlorine doping after transfer to the substrate), and
combined doping (90 s pre-doping þ 90 s normal doping). XPS C 1s peak intensity of
pristine graphene on Cu foil was included. In addition, for the normal doped graphene, after the spin-coating and removal of the 2nd round of PMMA, the carbon
bonding percentages were measured again using XPS.
Doping type

Bonding type
XPS C 1s bonding (%)

Pristine
Pre-doping
Normal doping
Combined doping (Pre þ Normal doping)
2nd PMMA coating & removal after Normal doping

Fig. 5. XPS narrow scan data of C1s before (pristine) and after the pre-doping (90 s),
normal doping (90 s), and combined doping (90 s pre þ 90 s normal). (A color version
of this ﬁgure can be viewed online.)

sample was about 15.63%, while that for the normal doping was
43.11%. For the normal doped graphene, after spin-coating and
removal of the 2nd PMMA, the carbon bonding percentages were
measured again using XPS. (For normal doping, the CeCl bonding %

CeC

CeCl

CeOx

99.9
55.95
44.68
44.1
62.57

0
15.63
43.11
47.22
3.96

0.1
28.43
12.21
8.68
33.47

is measured after the chlorine doping on the wet transferred
pristine graphene (the wet transfer process includes PMMA coating
and wet cleaning of graphene) while the CeCl bonding % for the
pre-doping is measured after the wet transfer of chlorine doped
graphene. And, that for the combined doping is measured with the
graphene which was doped before and after the wet transfer.
Therefore, to compare the remaining CeCl bonding on the graphene for pre-doping and normal doping surface after the wet
cleaning or the wet transfer, normal doped graphene was again
coated with PMMA and wet cleaned before measurement similar to
pre-doped graphene.) The results are also shown in the bottom line
of Table 1 and last column in Fig. 6. As shown in Table 1 an Fig. 6,
after the 2nd PMMA coating and the normal doped graphene and
removal, the CeCl bonding was measured to make up only 3.96%,
though 15.63% CeCl bond was observed for the pre-doped graphene after similar PMMA processing. The results are also shown in
the bottom line of Table 1 and last column in Fig. 6. As shown in the
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Fig. 6. Peak intensity ratios of each component in C 1s spectra. (A color version of this
ﬁgure can be viewed online.)

table, after the 2nd PMMA coating and the normal doped graphene
and removal, the CeCl bonding was measured to make up only
3.96%, though 15.63% CeCl bond was observed for the pre-doped
graphene after similar PMMA processing. The higher percentage
of CeCl bonds for the pre-doped graphene is believed to be due to
strong CeCl bonds formed at the graphene defect sites in the CVD
graphene on Cu foil. In the case of the normal doped graphene, the
graphene defect site is already bonded to contaminants such as
oxygen, forming strong CeO bonds, during the graphene transfer
processing, apparently leaving only weak CeCl bond sites such as p
bonding sites on the graphene surface available during the chlorine
doping. Due to the additional CeCl bonds for the pre-doped graphene, the combined doped graphene showed the highest CeCl
bond percentage of 47.22%, which is the highest ever reported, and
the lowest CeOx bond percentage.
The CeCl bond percentage on the monolayer graphene surface
after doping should be related to the sheet resistance of the graphene. To investigate the relationship between sheet resistance and
CeCl bonding percentage, the sheet resistances for the graphene
samples with various doping conditions were measured and drawn
as a function of the CeCl bond percentage in the ﬁlm for normal
doped graphene and combined doped graphene. The results are
shown in Fig. 7. As shown in the ﬁgure, regardless of the doping
time or type of doping, the sheet resistance of the graphene was
almost linearly related to the CeCl bond percentage of the ﬁlm. For
the normal doping, the CeCl bond percentage in the graphene was
not a linear function of the chlorine exposure time due to saturation
of chlorine percentage on the graphene surface, which is the reason
for the saturation of sheet resistance shown in Fig. 3. In addition,
the lowest sheet resistance of 240 U/sq (decreased by 60%
compared with 610 U/sq of pristine graphene) obtained in the
experiment was also related to the extremely high Cl coverage of
47.22% on the graphene surface.
Fig. 8 shows a comparison of the optical transmittance and sheet
resistance obtained herein with some of the best previous results
for the doped monolayer CVD graphene reported to date using
various dopants, such as nitric acid (HNO3), gold chloride (AuCl3),
and polyvinyl alcohol (PVA) [24,44e48]. As shown, for the monolayer doped graphene, our method showed the best sheet resistance of 240 U/sq on PET without sacriﬁcing the optical
transmittance (97.7%).
The chlorine doping mechanisms for pre-doping, normal doping,
and combined doping described above are illustrated in cartoon
form in Fig. 9. CVD graphene grown on Cu foil contains defects, such
as point defects, dislocation-like defects, grain boundaries, etc.
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Fig. 7. Relationship between the sheet resistance and the CeCl bonding percentage on
the graphene surface after the doping. The sheet resistances for the variously doped
graphene samples were measured regardless of doping time or doping type. (A color
version of this ﬁgure can be viewed online.)

Fig. 8. Comparison of optical transmittance and sheet resistance of our work with
some of previous best results on the doped monolayer CVD graphene reported until
now. (A color version of this ﬁgure can be viewed online.)

Carbons at such sites are not as tightly bound as carbon in sp2
binding [49]; therefore, during the pre-doping process, when the
defect-containing fresh graphene on Cu foil is exposed to chlorine
plasma, it is expected that chlorine could be bonded to the defect
sites in the form of strong CeCl bonds (such as covalent bonding),
which may remain even after the transfer process. In this case,
because the Cl is bonded to already existing defects, no increase in
the number of defects (such as increase of the D peak intensity in
Raman spectroscopy) is also expected as we observed in Fig. 4. In the
case of undoped graphene, the defect sites are exposed to contaminants during the graphene transfer process, thus becoming bonded
to oxygen, hydrogen, etc. Therefore, during the chlorine plasma
exposure for normal doping, chlorine is only adsorbed on the carbon
network surface as weak CeCl bonds (such as ionic bonding). Such
CeCl bonds are easily removed during the wet process due to weak
bonding of the chlorine with carbon and just remain a few of weak
CeCl bonds after the wet transfer. For combined doping, in addition
to the strong CeCl bonds on the defect sites during the pre-doping,
weak CeCl bonds are also formed on the graphene surface during
the additional normal doping, allowing the highest CeCl bond percentage to be obtained.
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Fig. 9. Chlorine doping mechanisms for pre-doping, normal doping, and combined doping. (A color version of this ﬁgure can be viewed online.)

4. Conclusions
In this study, the effects of chlorine pre-doping (doping before
transfer to the substrate), normal doping (doping after transfer to
the substrate), and combined doping (pre-doping þ normal
doping) on the sheet resistance of graphene were investigated with
low-damage chlorine plasma formed by an innovated ICP system
with a dual mesh grid assembly. The pre-doping allowed doping of
chlorine at the defects sites existing on the fresh graphene on Cu
foil, which was not possible for normal doping because these sites
were already bonded to carbon and contaminants such as oxygen,
hydrogen, occurring during the graphene transfer process. Therefore, by using the combined chlorine doping (90 s predoping þ 90 s normal doping), the highest CeCl bond percentage of
47.2% on the monolayer graphene surface could be obtained. With
our low-damage chlorine plasma doping, almost linear relation of
the sheet resistance of the graphene with the CeCl bond percentage on the graphene surface was obtained. Therefore, by using the
combined doping, we were able to obtain damage-free graphene
with the lowest sheet resistance of 240 U/sq without sacriﬁcing the
optical transmittance (97.7% at 550 nm). This pre-doping technique may open promising potential applications for graphenebased devices requiring highly transparent graphene electrodes,
such as ﬂexible touch screens, ﬂexible organic light emitting diode
displays, smart windows, electronic paper, photodetector, solar
cells, etc.
Conﬂict of interest
The authors declare no conﬂict of interest.
Acknowledgments
This research was supported by the Nano Material Technology
Development Program through the National Research Foundation

of Korea (NRF), funded by the Ministry of Education, Science and
Technology (2012M3A7B4035323) and also supported by Basic
Science Research Program through the National Research Foundation of Korean (NRF) funded by the Ministry of Education
(2015R1D1A4A01020731). Support was also given by the MOTIE
(10048504) and KSRC (Korea Semiconductor Research Consortium)
support program for the development of future semiconductor
devices.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.carbon.2015.08.070.
References
[1] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, et al.,
Electric ﬁeld effect in atomically thin carbon ﬁlms, Science 306 (2004)
666e669.
[2] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, M.I. Katsnelson,
I.V. Grigorieva, et al., Two-dimensional gas of massless Dirac fermions in
graphene, Nature 438 (2005) 197e200.
[3] C.R. Dean, A.F. Young, C. Lee, L. Wang, S. Sorgenfrei, K. Watanabe, Boron nitride
substrates for high-quality graphene electronics, Nat. Nanotech. 5 (2010)
722e726.
[4] D.W. Brenner, O.A. Shenderova, J.A. Harrison, J.S. Sttuart, B. Ni, S.B. Sinnott,
A second-generation reactive empirical bond order (REBO) potential energy
expression for hydrocarbons, J. Phys. Condens. Matter 14 (2002) 783.
[5] C. Mattevi, H.W. Kim, M.A. Chhowalla, Review of chemical vapour deposition
of graphene on copper, J. Mater. Chem. 21 (2011) 3324e3334.
[6] H. Liu, Y. Liu, D. Zhu, Chemical doping of graphene, J. Mater. Chem. 21 (2011)
3335e3345.
[7] W. Chen, D. Qi, X. Gao, A.T.S. Wee, Surface transfer doping of semiconductor,
Prog. Surf. Sci. 84 (2009) 279e321.
[8] W.J. Zhao, P.H. Tan, J. Zhang, J. Liu, Charge transfer and optical phonon mixing
in few-layer graphene chemically doped with sulfuric acid, Phys. Rev. B 82
(2010) 245423.
[9] V.M. Gun’ko, V.V. Turov, R.L. Whitby, G.P. Prykhod’ko, A.V. Turov,
S.V. Mikhalovsky, Interactions of single and multi-layer graphene oxides with
water, methane, organic solvents and HCl studied by 1H NMR, Carbon 57
(2013) 191.

V.P. Pham et al. / Carbon 95 (2015) 664e671
[10] E. Bouleghlimat, P.R. Davies, R.J. Davies, R. Howarth, J. Kulhavy, D.J. Morgan,
The effect of acid treatment on the surface chemistry and topography of
graphite, Carbon 61 (2013) 124.
[11] N.A. Cordero, J.A. Alonso, The interaction of sulfuric acid with graphene and
formation of adsorbed crystals, Nanotechnology 18 (2007) 485705.
[12] W. Zhou, J. Vavro, N.M. Nemes, J.E. Fischer, F. Borondics, K. Kamaras, et al.,
Charge transfer and Fermi level shift in p-doped single-walled carbon nanotubes, Phys. Rev. B 71 (2005) 205e423.
[13] A. Kasry, M.A. Kuroda, G.J. Martyna, G.S. Tulevski, A.A. Bol, Chemical doping of
large-area stacked graphene ﬁlms for use as transparent, conducting electrodes, ACS Nano 4 (2010) 3839.
[14] S. Das, P. Sudhagar, E. Ito, D. Lee, S. Nagarajan, S.Y. Lee, et al., Effect of HNO3
functionalization on large scale graphene for enhanced tri-iodide reduction in
dye-sensitized solar cells, J. Mater. Chem. 22 (2012) 20490.
[15] D.H. Shin, J.M. Kim, C.W. Jang, J.H. Kim, S. Kim, S. Choi, Annealing effects on the
characteristics of AuCl3-doped graphene, J. Appl. Phys. 113 (2013) 064305.
[16] K.C. Kwon, B.J. Kim, J. Lee, S.Y. Kim, Effect of anions in Au complexes on doping
and degradation of graphene, J. Mater. Chem. C 1 (2013) 2463.
[17] K.K. Kim, A. Reina, Y. Shi, H. Park, L. Li, Y.H. Lee, et al., Enhancing the conductivity of transparent graphene ﬁlms via doping, Nanotechnology 21 (2010)
285205.
[18] K.C. Kwon, K.S. Choi, S.Y. Kim, Increased work function in few-layer graphene
sheets via metal chloride doping, Adv. Funct. Mater 22 (2012) 4724.
[19] S.M. Kim, Y.W. Jo, K.K. Kim, D.L. Duong, H.J. Shin, J.H. Han, et al., Transparent
organic p-dopant in carbon nanotubes: Bis(triﬂouromethanesulfonyl)imide,
ACS Nano 4 (2010) 6998e7004.
[20] S. Tongay, K. Berke, M. Lemaitre, Z. Nasrollani, D.B. Tanner, A.F. Hebard, et al.,
Stable hole doping of graphene for low electrical resistance and high optical
transparency, Nanotechnology 22 (2011) 425701.
[21] I. Lee, H. Park, J. Park, J. Lee, W. Jung, H. Yu, et al., Hydrazine-based n-type
doping process to modulate Dirac point of graphene and its application to
complementary inverter, Org. Electron. 14 (2013) 1586.
[22] P. Wei, N. Liu, H.R. Lee, E. Adijanto, L. Ci, B.D. Naab, et al., Tuning the Dirac
point in CVD-grown graphene through solution processed n-type doping with
2-(2-methoxyphenyl)-1,3dimethyl-2,3dihydro-1H-benzomidazole, Nano Lett.
13 (2013) 1890.
[23] X. Dong, D. Fu, W. Fang, Y. Shi, P. Chen, L. Li, Doping single-layer graphene
with aromatic molecules, Small 5 (2009) 12.
[24] F. Gunes, H.J. Shin, C. Biswas, G.H. Han, E.S. Kim, S.J. Chae, et al., Layer-by-layer
doping of few-layer graphene ﬁlm, ACS Nano 4 (2010) 4595e4600.
[25] J. Zheng, H.T. Liu, B. Wu, C.A. Di, Y.L. Guo, T. Wu, et al., Production of graphite
chloride and bromide using microwave sparks, Sci. Rep. 2 (2012) 662.
[26] X. Zhang, A. Hsu, H. Wang, Y. Song, J. Kong, M.S. Dresselhaus, et al., Impact of
chlorine functionalization on high-mobility chemical vapor deposition grown
graphene, ACS Nano 7 (2013) 7262e7270.
[27] J. Wu, L. Xie, Y.G. Li, H.L. Wang, Y. Ouyang, J. Guo, et al., Controlled chlorine
plasma reaction for noninvasive graphene doping, J. Am. Chem. Soc. 13 (2011)
19668e19671.
[28] B. Li, L. Zhou, D. Wu, H. Peng, K. Yan, Z.F. Liu, Photochemical chlorination of
graphene, ACS Nano 5 (2011) 5957e5961.
[29] Y.D. Lim, D.Y. Lee, T.Z. Shen, C.H. Ra, J.Y. Choi, W.J. Yoo, Si-compatible cleaning
process for graphene using low-density inductively coupled plasma, ACS
Nano 6 (2012) 4410e4417.
[30] A. Pirkle, J. Chan, A. Venugopal, D. Hinojos, C.W. Magnuson, S. McDonnell, et

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]
[39]
[40]
[41]
[42]
[43]

[44]

[45]
[46]

[47]

[48]

[49]

671

al., The effect of chemical residues on the physical and electrical properties of
chemical vapor deposited graphene transferred to SiO2, Appl. Phys. Lett. 99
(2011) 122108.
J.W. Suk, W.H. Lee, J. Lee, H. Chou, R.D. Piner, Y. Hao, et al., Enhancement of the
electrical properties of graphene grown by chemical vapor deposition via
controlling the effects of polymer residue, Nano Lett. 13 (2013) 1462e1467.
X. Li, Y. Zhu, W. Cai, M. Borysiak, B. Han, D. Chen, et al., Transfer of large-area
graphene ﬁlms for high-performance transparent conductive electrodes, Nano
Lett. 9 (2009) 4359e4363.
N. Mcevoy, H. Nolan, N.A. Kumar, T. Hallam, G.S. Duesberg, Functionalization
of graphene surfaces with downstream plasma treatments, Carbon 54 (2013)
283e290.
N. Peltekis, S. Kumar, N. Mcevoy, K. Lee, A. Weidlich, G.S. Duesberg, The effect
of downstream plasma treatments on graphene surfaces, Carbon 50 (2012)
395e403.
P. Niranan, S. Marco, D. Alberto, A. Athanasia, Effect of solvents on the dynamic behavior of poly(methyl methacrylate) ﬁlm prepared by solvent casting, J. Mater. Sci. 46 (2011) 5044e5049.
L. Xuelei, A.S. Brent, C. Irene, C. Guangjun, A.H. Christina, Z. Qin, et al., Toward
clean and crackles transfer of graphene, ACS Nano 5 (2011) 9144e9153.
Y.F. Xiao, N. Ryo, C.Y. Li, T. Katsumi, Effects of electron-transfer chemical
modiﬁcation on the electrical characteristics of graphene, Nanotechnology 21
(2010) 475208.
C. Stephen, R.K. Peter, J.R. Preston, Nanoimprint lithography, J. Vac. Sci.
Technol. B 14 (1996) 4129e4133.
C.L. Yung, C.L. Chun, H.Y. Chao, J. Chuanhong, S. Kazu, W.C. Po, Graphene
annealing: How clean can it be? Nano Lett. 12 (2012) 414e419.
S.L. Wei, T.N. Chang, T.L.T. John, What does annealing do to metal-graphene
contacts? Nano Lett. 14 (2014) 3840e3847.
M.W. Iqbal, A.K. Singh, M.Z. Iqbal, J.H. Eom, Raman ﬁngerprint of doping due
to metal Adsorbates on graphene, J. Phys. Condens. Matter 24 (2012) 335301.
Z. Ni, Y. Wang, Z. Shen, Raman spectroscopy and imaging of graphene, Nano
Res. 1 (2008) 273e291.
X. Zhang, T. Schiros, D. Nordlund, Y.C. Shin, J. Kong, M. Dresselhaus, et al., Xray spectroscopic investigation of chlorinated graphene: surface structure and
electronic effects, Adv. Func. Mater (2015), http://dx.doi.org/10.1002/
adfm.201500541.
R.R. Nair, P. Blake, A.N. Grogorenko, K.S. Novoselov, T.J. Booth, T. Stauber, et al.,
Fine structure constant deﬁnes visual transparency of graphene, Science 320
(2008) 1308.
P. Blake, D.B. Paul, R.N. Rahul, J.B. Tim, J. Da, S. Fred, et al., Graphene-based
liquid crystal device, Nano Lett. 8 (2008) 1704e1708.
X. Li, C.W. Magnuson, A. Venugopal, J. An, J.W. Suk, B. Han, et al., Graphene
ﬁlms with large domain size by a two-step chemical vapor deposition process,
Nano Lett. 10 (2010) 28e34.
S.H. Kim, W. Song, M.W. Jung, M.A. Kang, K. Kim, S.J. Chang, et al., Carbon
nanotubes and graphene hybrid thin ﬁlm for transparent electrodes and ﬁeld
effect transistors, Adv. Mater 26 (2014) 4247e4252.
D. Choi, C. Kuru, C. Choi, K. Noh, S. Hwang, W. Choi, et al., Unusually high
optical transparency in hexagonal nanopatterned graphene with enhanced
conductivity by chemical doping, Small 11 (2015) 3143e3152.
H. Terrones, R. Lv, M. Terrones, M.S. Dresselhaus, The role of defects and
doping in 2D graphene sheets and 1D nanoribbons, Rep. Prog. Phys. 75 (2012)
062501.

