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t of Hall mobility and conductivity
of CVD graphene through radical doping and
vacuum annealing†

Viet Phuong Pham,*ab Anurag Mishraac and Geun Young Yeom*ab

We report an innovative method for chlorine doping of graphene utilizing an inductively coupled plasma

system. TEM analysis reveals that the pre-doping (doping before wet transfer) and normal-doping (doping

after wet transfer) were generally formed and trapped well between graphene layers; moreover, by thermal

stability testing, the chlorine-trapped layer-by-layer graphene showed a very high thermal stability in

vacuum at 230 �C for 100 hours. We also obtained the sheet resistance and optical transmittance of the

Cl-trapped tri-layer graphene at 72 U sq�1 and 95.64% at 550 nm wavelength, respectively. In addition, the

high hole mobilities for the chlorine-trapped bi- and tri-layer graphene were observed up to 3352 and

3970 cm2 V�1 s�1, respectively.
Introduction

Graphene has attracted signicant interest due to its exotic
characteristics such as high mobility, high transmittance (% T),
and excellent thermal and electrical conductance.1–3 However, for
many applications, graphene in its pristine form cannot be used
due to the absence of a band-gap and high sheet resistance (Rs).4

Graphene synthesized using thermal chemical vapor deposition
(CVD) and other methods show high Rs and low conductivity.
Therefore, Rs reduction and conductivity enhancement of gra-
phene are exciting topics.5–8

Doping is one of the best methods for Rs reduction using
chemical doping6,9,10 and plasma doping.11–13 In the case of
chemical doping, a layer-by-layer doping of 3 layers thin gra-
phene lms with AuCl3 yields a signicant reduction in Rs;
however, it shows a sacrice in the % T of the 3-layer doped
graphene assembly (85%).9 In addition, Tongay et al. presented
p-type bis(triuoromethanesulfonyl)amide doping of graphene
with a signicant reduction in the Rs value (425 to 129 U sq�1)
and % T of�87%.14 However, the limitation of chemical doping
is that it has no long stability and the remaining chemical
residues induce a deterioration in device performance.6

To date, there are no methods for the complete removal of
chemical residues and these cannot be removed even via
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tion (ESI) available. See DOI:
chemical methods (acid), physical methods (Ar plasma clean-
ing) or both.14–26 The existence of polymer residues or defects is
inevitable because of the imperfect origin of CVD graphene. For
instance, poly(methyl methacrylate) (PMMA) and contaminants
can be attached at the edges of wrinkles, at the graphene
domains, at grain boundaries,27 or bent graphene surfaces due
to the highly rough Cu and imperfect processing during their
synthesis.28

Plasma doping is an effective way to tune the graphene prop-
erties, as shown in a previous report.11 Chlorine (Cl) plasma is the
most controllable factor for graphene doping and can produce
non-destructive doping with increased electrical conductivity.12

The true potential of graphene lies in photonics and optoelec-
tronics with exotic electronic and optical characteristics. This
requires a very low Rs value for graphene with no degradation in
transparency. Herein, we proposed a method based on an inno-
vative inductively coupled plasma (ICP) system, which is of low
energy and non-damaging29 for Cl-doping in graphene with very
low Rs values, extremely high transparency, high thermal stability,
and high mobility.
Results and discussion

Monolayer graphene was grown on Cu via a CVD approach, as
described in detail in a previous report.29 To optimize the Cl-
doping effect, pre-doping (doping before wet transfer) on
graphene/Cu, normal-doping (doping aer wet transfer), and
a combination of pre-doping and normal-doping on the graphene/
substrate of PET and SiO2 were carried out. Aer Cl pre-doping,
graphene/Cu was coated with PMMA, Cu was etched using
a FeCl3 etchant over 45 min, and then transferred on PET and
SiO2. Finally, the PMMA was removed by washing the material
with acetone, IPA, and DI water. For Cl normal-doping and
This journal is © The Royal Society of Chemistry 2017
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combined-doping, which were applied for Cl-doped mono-, Cl
trap-doped bi-, and tri-layer graphene, the doping process was
repeated until 3 layers of graphene were achieved. Fig. 1(a) shows
the strategy of Cl-trap-doping on layer-by-layer graphene utilized
in this study. An innovative ICP source was used in the present
study, with a dualmesh assembly inserted between the source and
substrate as shown in Fig. 1(b). Fig. 1(c) depicts the crystal
structure of the chlorinated graphene with the formation of
covalent C–Cl bonds on the CVD graphene surface. In this chlo-
rine doping process, low energy radicals extracted from the chlo-
rine plasma conned by a double-mesh grid system were used to
prevent damage to graphene.When a 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 an ionic bond between the graphene surface
and Cl atom is formed without breaking the graphene structure.
Generally, as previously reported,30 during plasma doping, gra-
phene is damaged by breaking the C–C bonds in graphene (the
C–C bond strength in graphene is very low at 4.9 eV) due to ion
bombardment during exposure to the plasma.30 Herein, in the Cl
plasma, we used a double mesh-grid to remove the ion energy
bombardment during the Cl plasma operation and to prevent the
breaking of graphene network by the ions. Generally, chlorine
dopants adsorbed on a graphene lm surface can be easily
removed during handling of the graphene under various envi-
ronmental conditions such as heating, moisture, oxygen, etc.
However, with covalent bonding, when the defect-containing fresh
graphene on Cu foil is exposed to chlorine plasma, it is expected
that chlorine can be bonded to the defect sites in the form of
Fig. 1 (a) The strategy of Cl-trap doping on layer-by-layer graphene usin
study, which is comprised of a dual mesh assembly inserted between the s
graphene with covalent C–Cl bonding.

This journal is © The Royal Society of Chemistry 2017
strong C–Cl bonds (such as covalent bonding), which may remain
even aer the transfer process. In this case of covalent bonding,
no increase in the number of defects (such as no increase of the D
peak intensity in Raman spectroscopy) was observed because the
Cl is bonded to pre-existing defects, as presented in Pham et al.29

To observe the low energy Cl adsorption on the graphene
surface and interface, TEM analysis was utilized. Fig. 2(a) and
(b) show the DF-TEM images of a bi-layer graphene without/
with Cl trap-doping. The white-colored clouds shown in
Fig. 2(b) are believed to be the Cl atom locations caused by trap
doping between the graphene layers. A thin network of white
color is also shown in Fig. 2(a), which is believed to be the slight
Cl-doping originating from the FeCl3 etchant. The existence of
Cl atoms was also proven by micro-EDS in TEM with the anal-
ysis points conrming that the Cl adsorbates were small (0.5%)
and that they were sandwiched between two graphene layers, as
shown in Fig. 2(c). In Fig. 2(c), the oxygen composition was
increased from 0.96% (pristine bi-layer graphene) to 3.27% (Cl-
trapped bi-layer graphene) because all our experiments were
carried out in an air atmosphere; in addition, the layer-by-layer
graphene transfer was via wet method (PMMA). Therefore,
reactions occur between the experimental processes with the
contaminants, impurities in the air or the residues during wet
transfer and these contaminants or residues contain oxygen
functional groups (OH–, COOH–, etc.), which are known as key
factor in the deterioration of device performance. As the result,
residues and impurities are inevitable during the CVD process
of graphene, even a little bit. This is still a big challenge for 2D-
materials research community. Recently, a promising method
g the ICP system. (b) The low damage ICP source used in the present
ource and substrate. (c) An image of the crystal structure of chlorinated

RSC Adv., 2017, 7, 16104–16108 | 16105

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra01330b


Fig. 2 TEM images (a and b) of pristine bi-layer graphene and the Cl-trapped bi-layer graphene. (c) Micro-EDS data of the atomic percentages in
regions (1) and (2) of (b).

Fig. 3 Thermal stability testing of the Cl-trapped bi-layer and tri-layer
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using the direct-growth of graphene on insulating substrates to
avoid the wet transfer process was revealed and is still in
progress.31

The Raman and XPS investigations used in this study have
been investigated in detail in our previous report.29 In addition,
we also showed the Raman spectra of tri-layer graphene with/
without p-type Cl-trap doping (see Fig. S1, ESI†). With Cl-trap
doping, the tri-layer graphene showed the blue-right shi in
the G and 2D peaks (1577 and 2679 cm�1) when compared with
the G and 2D peaks in the without Cl-trap doping of tri-layer
graphene (1574 and 2675 cm�1), indicating the Cl dopant as
a p-type dopant on graphene. In other words, the Raman spectra
showed a blue-shi of 3 cm�1 and 4 cm�1 in the G and 2D
peaks, indicating the Cl dopant as a p-type dopant on graphene.
In fact, an investigation of the blue-shis in the peaks of the
Raman spectra of few-layer graphene has been carried out in
detail in previous reports.9,32

For the long-term stability testing of Cl trap-doping on gra-
phene, a thermal annealing process was carried out (Fig. 3). In
fact, we kept some of the doped graphene samples used for the
experiment, which were made four months earlier and, there-
fore, the Rs values were re-measured. We found no change in the
Rs values aer exposure to an air environment for four months.
The Rs values for 130 U sq�1 of bi-layer graphene and 72 U sq�1

of tri-layer graphene were measured. Moreover, the four-month-
old-doped graphene samples were heated for 100 h in a vacuum
furnace at 230 �C and, as shown in Fig. 3, no signicant change
in the Rs values was observed. Therefore, it is believed that the
doped grapheme samples prepared in our study are extremely
stable.
16106 | RSC Adv., 2017, 7, 16104–16108
Fig. 4(a) shows the Hall mobility values of the graphene
samples without and with Cl-doping as a function of the Rs value.
The Cl-dopedmono-, bi-, tri-layer samples showed hole mobilities
and Rs values of (2750 cm2 V�1 s�1, 305 U sq�1), (3352 cm2 V�1

s�1, 118 U sq�1), and (3970 cm2 V�1 s�1, 72 U sq�1), respectively.
Due to the Cl p-type doping effect, these doped results are much
higher when compared to those without Cl-doping.

The explanation of the mechanism of Cl p-type doping has
been presented in detail in our previous report (with the
strongly covalent C–Cl bonds in the graphene lattice).29 Due to
graphene in a vacuum furnace.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) The Hall mobility values of graphenewith/without Cl-doping
as a function of the sheet resistance. (b) The optical transmittance of
the graphene samples with/without Cl-doping.
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the Cl p-type doping, the Rs value was decreased and led to an
enhancement in the conductivity and Hall mobility of gra-
phene. The correlations between the Rs value, conductivity and
mobility are depicted in the formulas: Rs¼ rL/A and r¼ 1/s¼ 1/
(enm) where r is the resistivity, L is the length of the piece of
graphene, A is the cross-sectional area of the specimen, s is the
conductivity, e is the electron, n is the carrier density, and m is
the mobility. In fact, these correlations have been well-
described by De et al.33

The high % T of graphene layer and low Rs value are very
important in transparent electrode-based applications. Pham
et al. obtained the best values for Rs and% T in dopedmono-layer
graphene on a PET substrate at 240 U sq�1 and 97.7%, respec-
tively.29 Therefore, wemeasured the% T of themono-, bi-, and tri-
layer graphene on PET doped with Cl plasma and the results are
shown in Fig. 4(b). The monolayer graphene doped with the
optimized doping process (90 s of pre-doping and 120 s of
normal-doping) showed a high% T of�98.2% at 550 nm. For the
bi-layer graphene and tri-layer graphene doped via cyclic trap
doping using Cl plasma, we measured the % T at 97.3 and
95.64% at 550 nm, respectively. Because onemonolayer graphene
absorbs �2.3% at 550 nm (ref. 34) and the light excitation of Cl
atoms,35–37 the % T of the doped mono- (98.2%), bi- (97.3%), and
tri- (95.64%) layer graphene samples that we observed in the
This journal is © The Royal Society of Chemistry 2017
experiments were a little higher than those of the undoped
pristine mono- (97.5%), bi- (96.5%), and tri-layer graphene
(94.98%) samples.
Conclusions

In conclusion, we demonstrated the Cl-doping of graphene using
an ICP system. Using TEM analysis, the Cl-trap doping strategy
was generally formed well between the layer-by-layer graphene.
Moreover, by thermal stability testing, the Cl-trapped layer-by-layer
graphene showed a very high thermal stability in vacuum at 230 �C
for 100 hours. We also obtained the Rs and % T of the Cl-trapped
tri-layer graphene at 72U sq�1 and 95.64% at 550 nm, respectively.
In addition, high hole mobilities of the Cl-trapped bi- and tri-layer
graphene samples of up to 3352 and 3970 cm2 V�1 s�1, respec-
tively, were achieved. This study opens the promising potential for
utilizing a combination of Cl pre-doping and normal-doping for
transparent graphene electrode-based applications,38 e.g. OLEDs,
photodetectors, sensor, and solar cells.
Experimental

Cu foil with an area of 100� 90 cm2 and thickness of 75 mmwas
rolled into a CVD vacuum chamber made of quartz. First, the
discharge chamber was lled with H2 gas at the ow rate of 10
sccm and then the Cu foil was annealed for 1 h at 1050 �C under
a H2 environment. Then, graphene was synthesized at 1050 �C
under a H2/CH4 (10/20 sccm) environment for 30 min and then
the chamber was cooled down to room temperature with H2 gas
(10 sccm) for 1 h. Aer the synthesis, the Cu foil was cut into
small equal pieces (3 � 3 cm2). These small pieces of graphene
on Cu foil were affixed on glass substrates using tape and the
glass substrate was used as a holder for the graphene–Cu foil
assembly.

An innovative ICP source, with dual mesh assembly
inserted between source and substrate to prevent the
bombardment of energetic ions on the graphene surface, has
been demonstrated in a previous report.29 The Cl2 plasma was
generated under the conditions of 13.56 MHz, 20 W, 10
mTorr, and 60 sccm for 90–120 s. The graphene lms, which
were inserted in the chamber, were cooled down to 15 �C
using a chiller.

The Rs values of the graphene lms on PET and SiO2 were
measured utilizing an Rs meter (Dasoleng, FPP-2400). UV spec-
troscopy (Shimadzu, 3600) was used to measure the optical
characteristics of the graphene lms with/without Cl trap-
doping. To observe the Cl atoms between the graphene layers,
a micro-EDS (energy dispersive X-ray spectroscopy) installed in
the DF (dark eld)-TEM (Transmission Electron Microscopy, FEI
Titan 80/300) and scanning transmission electron microscopy-
electron energy loss spectroscopy (STEM-EELS) were utilized.
The Hall carrier mobility was measured using a Hall effect
measurement system (HMS-3000, ECOPIA). Raman spectroscopy
(Renishaw, RM-1000 Invia) with an excitation energy of 2.41 eV
(514 nm, Ar+ ion laser) was used for the characterization of the
graphene lm trapped with Cl radicals.
RSC Adv., 2017, 7, 16104–16108 | 16107
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