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ABSTRACT: We have devised a method to selectively
ﬂuorinate graphene by irradiating ﬂuoropolymer-covered
graphene with a laser. This ﬂuoropolymer produces active
ﬂuorine radicals under laser irradiation that react with
graphene but only in the laser-irradiated region. The kinetics
of C−F bond formation is dependent on both the laser power
and ﬂuoropolymer thickness, proving that ﬂuorination occurs by the decomposition of the ﬂuoropolymer. Fluorination leads to a
dramatic increase in the resistance of the graphene while the basic skeletal structure of the carbon bonding network is
maintained. Considering the simplicity of the ﬂuorination process and that it allows patterning with a nontoxic ﬂuoropolymer as
a solid source, this method could ﬁnd application to generate ﬂuorinated graphene in graphene-based electronic devices such as
for the electrical isolation of graphene.
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plasma can damage the graphene by ion bombardment and
high-temperature reactions are not recommended.17,25 Decomposition of XeF2 at low temperature or photochemical
decomposition of Cl 2 was also demonstrated for the
ﬂuorination or chlorination of graphene.16,17,19,21 An environmentally friendly and nontoxic process that enables eﬃcient
and controllable halogenations is thus a valuable target goal.
The controlled ﬂuorination of graphene by using a solid
ﬂuorine source and laser irradiation is reported here. The
ﬂuoropolymer, CYTOP (Cytop, CTL-809 M from Asahi Glass
Co.) was used as a solid source and a Raman laser (WITec
alpha300, λlaser = 488 nm, ∼500 nm spot size) was used to
decompose the CYTOP for the formation of the ﬂuorine
precursor. Chemical vapor deposition (CVD)-grown large-area
graphene on Cu foil was used for study of ﬂuorination with
CYTOP. Selective (patterned) ﬂuorination of the graphene was
achieved, which is highly favorable for the integration of
ﬂuorinated graphene into functional devices.
As-synthesized monolayer graphene ﬁlm on Cu foil was
transferred onto a SiO2 (thickness of 285 nm)/Si substrate by a
polymer-assisted transfer method.26−29 We used CYTOP to
transfer the graphene and avoided trapping residual polymethylmethacrylate (PMMA) between the CYTOP and
graphene, thus achieving direct contact between CYTOP and

unctionalized graphene has received considerable attention
because it can change the chemical, structural, and
electronic properties of graphene.1−9 For example, graphene
oxide is one of the most extensively studied forms of
functionalized graphene and readily available by exfoliating
oxidized graphite. However, the extensive oxidation can lead to
fragmentation into smaller fragments and it is known that the
oxidation is aperiodic.4 In addition to epoxy and hydroxyl
groups, other forms of functional groups are known to attach to
the graphene basal plane and edge.5,10 On the other hand,
oxidation of pristine graphene produces diﬀerent binding states
of oxygen such as endoperoxide or charge-transfer complexes
on the graphene, which suggests that oxidized forms of
graphene are complicated and diﬃcult to control.11
Hydrogenation or halogenation of graphene provides
another possibility to tune the chemical functionalization of
graphene such as for bandgap engineering.12−24 Hydrogen
plasma was used to make hydrogenated graphene and its
structural and electrical properties were quite diﬀerent from
those of pristine graphene.14,18,22 Halogenation has signiﬁcant
advantages over hydrogenation: (1) the high electronegativity
of halogen atoms enables eﬃcient doping and/or bandgap
opening of the graphene and (2) ﬂuorination, chlorination, or
bromination can be applied to the graphene. Except for the
exfoliation route to obtain ﬂuorinated graphene from graphite
ﬂuoride,23,24 gaseous species have been commonly used to
synthesize halogenated graphene.15−17,19,21,22 F or Cl plasma,
or F2 exposure at high temperature, have been used to attach F
or Cl atoms to the basal plane of graphene.15,22 However,
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Figure 1. (a) Change of the Raman spectrum of the CYTOP-covered graphene ﬁlm as a function of laser irradiation time (0, 10, 20, 40 s; 2 and 5
min). The graphene ﬁlm was transferred by CYTOP (∼15 nm) and then was selectively irradiated with a Raman laser (WITec alpha300, λlaser = 488
nm, ∼500 nm spot size, 100× objective lens, laser power: 3 mW). (b) Raman maps of the D- (1300−1500 cm−1), and 2D- (2600−2800 cm−1)
bands, respectively. Bottom plots show single spectra from the marked A, B, and C spots. The defects of graphene, which are spaced within the
selected-area, were formed by irradiating CYTOP-covered graphene with the laser (power: 10 mW). Raman scanning (power: 0.3 mW) was used to
obtain the maps. (c) Plots for the intensities of D- and 2D-bands as a function of the laser ﬂuence. The D-band intensities were normalized by the
maximum intensity whereas the 2D-band intensities were normalized by the initial intensity before laser irradiation (Black rectangles, 3 mW laser
power; red circles, 0.3 mW laser power).

detected at the cross pattern where the laser passed through.
On the other hand, the 2D-band exhibits the opposite trend.
Interestingly, both the D- and 2D-bands are relatively small at
the center of the cross pattern at which laser irradiation time is
the highest. This corresponds well with the time dependent
change of the Raman spectrum as shown in Figure 1a and can
be interpreted as enhanced structural disorder in a local active
model of the D-band.18,30 According to this model, intensity of
the D-band decreases gradually by an overlapping of the
activation areas in the disordered regions notwithstanding an
overall increase of structural disorder in the graphene.
To examine the relationship between laser power and the
structural disorder induced within graphene, a laser with two
diﬀerent powers (0.3 and 3 mW) was used to irradiate
graphene ﬁlms and the relative intensity changes in the D-band
and 2D-band were plotted in Figure 1c. A low laser power, 0.3
mW, gave a reduced peak change rate compared to power of 3
mW (compare Figure 1a and Supporting Information Figure
S1). Although the 3 mW laser power exhibits a higher overall
rate of change, the 0.3 and 3 mW laser power show similar
trends in peak intensity changes: (1) a slow change in D- and
2D-band intensities at the initial stage, (2) an abrupt change in

the graphene surface. Figure 1a shows the change in the Raman
spectrum of CYTOP (thickness of 15 nm)-covered graphene as
a function of laser irradiation time. The intensity of the D band
at 1350 cm−1, which was negligible before laser irradiation,
increases sharply as laser irradiation time increases (0−40 s).
On the other hand, the intensity of the 2D band at 2700 cm−1
decreases gradually. These results indicate a breaking of the
translational symmetry of the sp2 bonded network in graphene
with laser irradiation.16,17 When the laser irradiation time is
increased even more, the intensities of D-, G-, and 2D-band
decrease at the same time and a new band at 2940 cm−1
appears. This new band corresponds to a combination mode of
the D- and G-bands, which was observed in ﬂuorinated
graphene.16,17 The regions of ﬂuorination in graphene can be
patterned by positioning the laser. Raman scanning (laser
power: 10 mW), which is routinely used for characterizing the
quality of graphene, is used here to produce structural disorder
(i.e., top ﬂuorinate) in a deﬁned area. Afterward, a Raman map
with a low laser power (0.3 mW) was obtained to characterize
the irradiated graphene ﬁlm. Figure 1b shows Raman maps of
the D- and 2D-bands of the graphene ﬁlm and a single spectra
from the marked A, B, and C spots. The D-band is only
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Figure 2. (a) AFM image and height proﬁle of the CYTOP-covered graphene after selective-area laser exposure. The exposure condition is the same
as in Figure 1b. (b) The scheme showing a mechanism for ﬂuorination by using CYTOP and laser irradiation. (c) (Top) Raman map (D-band: from
1300 to 1450 cm−1) of the ﬂuorinated graphene ﬁlm adhered to a SiNx membrane (with hole diameter of 3 μm). Inset shows a single spectrum of a
freestanding graphene ﬁlm after ﬂuorination. (Bottom) Typical selected-area electron diﬀraction pattern of the ﬂuorinated graphene membrane.

irradiation does (see Supporting Information Figure S4).
Laser-induced decomposition of CYTOP will produce many
active intermediates such as CFx and F radicals, as well as
char.34 These CFx and F radicals can react with sp2-hybrized
graphene and form a C−F sp3 bond. In a control experiment to
examine correlation between CYTOP and the structural
disorder within graphene, the graphene ﬁlm was transferred
by PMMA and then irradiated with a Raman laser. Even after
long exposure time to laser, D-band was not detected (see
Supporting Information Figure S5). This result conﬁrms that
laser irradiation of graphene without CYTOP layer does not
induce any structural disorder within graphene and decomposition of CYTOP under laser irradiation is the main reason
for the observed phenomena. Figure 2b shows a schematic
representation of our ﬂuorination process using CYTOP and
laser irradiation. Because active ﬂuorine species are present only
on one side of the graphene and because the active ﬂuorine
species cannot permeate through to the SiO2/Si substrate,16,17
we obtain single-side ﬂuorinated graphene (or partially
ﬂuorinated graphene) with this process. Oxygen molecules in
the atmosphere could also possibly contribute to the structural
disorder. However, oxidation of graphene only contributes to a
relatively small increase in the D-band intensity and only occurs
in a high-temperature reaction, thereby ruling out this
possibility.11 With this process, we can conclude that the
laser irradiation both causes decomposition of CYTOP and
facilitates patterned ﬂuorination in the underlying graphene.
To evaluate the structural properties of ﬂuorinated graphene,
CVD-grown graphene was transferred onto a SiNx membrane

peak intensities at an intermediate stage, (3) and a decrease and
saturation at a minimum value of the peak intensity at the ﬁnal
stage. The amount of disorder induced in graphene is thus
aﬀected by both the laser power and the irradiation time.
Furthermore, when a thinner CYTOP layer (∼2 nm) was used
instead, the yield was greatly reduced (see Supporting
Information Figure S2). These results strongly imply that
irradiation-induced structural disorder does not follow a singlephoton process as in the photochemical reaction of graphene
and that the phenomena might be due, instead, to active
intermediates.31
To better understand the structural disorder phenomena, a
surface proﬁle of the CYTOP-covered graphene after laser
patterning was examined by atomic force microscopy (AFM)
(Figure 2a). The AFM image shows that the grooves correlate
with laser irradiation, conﬁrming selective removal of CYTOP
by laser irradiation. Thus, it is reasonable to speculate that the
structural disorder in graphene is closely related to the
decomposition of CYTOP. We surmise that the light source
with high photon ﬂux induces a chain scission reaction and
deﬂuorination of the backbone of this ﬂuoropolymer.32−34
Additionally, we expect that heat generation has little eﬀect on
structural disorder in graphene. This is supported by noting
that (i) heat may dissipate through the substrate, (ii) the 2Dband does not show a temperature-induced shift,35,36 (iii) the
D-band was detected after exposure to even low laser power
(20 μW) (see Supporting Information Figure S3) where heat
generation is negligible, (iv) and thermal annealing at 250 and
450 °C does not create as much structural disorder as
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using CYTOP, followed by laser irradiation. Figure 2c top
shows the D-band (1200−1450 cm−1) map of ﬂuorinated
graphene on a SiNx membrane. Because there are indicators
from the graphene placed on the SiNx, the freestanding regions
can be easily detected from the map.29 A single spectrum of the
graphene membrane exhibits D- and G-bands with a similar
intensity ratio, as well as a negligible 2D-band (Figure 2c top
inset). The electron diﬀraction pattern from transmission
electron microscopy (TEM, FEI Titan S operating at 80 keV)
conﬁrms that our ﬂuorinated graphene maintains the basic
skeletal structure of the carbon binding network, and is similar
in quality to that of pristine graphene (see Supporting
Information Figure S6) and ﬂuorinated graphene from other
groups.17,19,24 Recent theoretical calculations predict that
partially ﬂuorinated graphene is structurally stable and the
atomic and electronic structures are dependent on the coverage
of ﬂuorine atoms.12,37,38 The 25% coverage (C4F), which is
known to be the lowest energy conﬁguration in single-side
ﬂuorinated graphene,16,37 is a possible stoichiometry for this
process, but we are not able to conﬁrm that at this stage. In a
control experiment to determine the size of the attached
ﬂuorine species, the graphene ﬁlm was transferred by PMMA,
covered by CYTOP (∼15 nm), and then selectively irradiated
with a Raman laser. Although the CYTOP layer contacts an
ultrathin (thickness of 1−2 nm) PMMA residue rather than the
graphene surface,39,40 the amount of structural disorder is not
less than that of CYTOP-transferred graphene (see Supporting
Information Figure S7). This suggests that PMMA residue does
not limit the kinetics of ﬂuorination. Thus active ﬂuorine
species are CFx/F radicals, and predominantly F radicals, and
not radicals with long chains because long chains cannot
permeate through PMMA residue and form bonds with the sp2hybrized graphene.
To examine the change in electrical properties with
ﬂuorination, Ti (5 nm)/Au (30 nm) source/drain electrodes
were deposited on the graphene after deﬁning patterns using
standard e-beam lithography (Figure 3a inset). Raman spectra
and electrical properties were measured after device fabrication.
The device was covered by CYTOP and the channel region was
selectively ﬂuorinated by exposure with a Raman laser
(following the same procedure in Supporting Information
Figure S7). Figure 3a,b shows Raman spectra of the graphene
ﬁlm in the channel region and current−voltage characteristics
of the graphene device, respectively. We checked two diﬀerent
ﬂuorination stages: at the point where the D-band is high
(ﬂuorination stage1) and at the point where the decreases of
the D- and 2D-bands are saturated and the 2D-band is
negligibly small (ﬂuorination stage2). Note that the degree of
ﬂuorination is higher at the latter point.17 After fluorination
stage1, the resistance increases by around 2 orders of
magnitude (from 4.8 kΩ to 0.43 MΩ). Further ﬂuorination
(ﬂuorination stage2) leads to an abrupt increase in resistance of
>10 GΩ, which is nearly the resolution limit of our
semiconductor parameter analyzer setup. This highly insulating
behavior corresponds well with experimental results on the
ﬂuorinated graphene synthesized from XeF2 or exfoliated from
graphite ﬂuoride.16,17,24 Although the ﬂuorinated graphene
synthesized in our method is not “ﬂuorographene” (stoichiometry CF) since it is graphene ﬂuorinated only on one side
(CnF, n greater than 1), its bandgap should be large enough to
be considered an insulator.16,38
In conclusion, graphene has been selectively ﬂuorinated by
irradiating ﬂuoropolymer-covered graphene with a laser. The

Figure 3. (a) Change of the Raman spectrum in the channel region of
the graphene devices before and after ﬂuorination. Inset shows the
image of the graphene devices with a channel length of 2 μm and
width of 5 μm. Raman mapping was used to ﬂuorinate the channel
region of the graphene devices. (b) Change of the current−voltage
characteristics of the graphene devices before and after ﬂuorination.
The source−drain voltage (VD) was swept from 0 to 0.02 V at zero
gate voltage.

active ﬂuorine radicals produced by photon-induced decomposition of the ﬂuoropolymer react with the sp2-hybrized
graphene, and form C−F bonds. This ﬂuorinated graphene
exhibited nearly the same structural and electrical properties as
those of single-side ﬂuorinated graphene synthesized from XeF2
and exfoliated graphite ﬂuoride. This is an eﬃcient method for
isolating graphene devices because the laser irradiation on
ﬂuoropolymer-covered graphene process produces ﬂuorinated
graphene with highly insulating properties in a single step. This
will reduce production costs by circumventing the complicated
isolation patterning procedures such as photolithography,
etching, and lift oﬀ.
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