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T
he discovery of graphene has led to
an explosion of research activities
pursing the vision of building nano-

scale electronics by synthesizing, proces-
sing, and assembling intrinsically two-
dimensional materials together in a bot-
tom-up fashion. To implement theenormous
range of functionalities that current electro-
nics and optoelectronics perform, metallic,
semiconducting, and insulating elements
are all needed. Graphene is an excellent
conductor but is not suitable for digital
and optical operations due to the absence
of a band gap. Chemical functionaliza-
tion, for example, the formation of gra-
phene oxide and its reduction, opens many
new doors for using graphene in materials
applications.1 Electronically, chemisorbed
adatoms and molecular groups create sp3-
hybridized bonds, which modify the π
bands of graphene and can lead to the
opening of a gap at large adatom coverage.
A full hydrogenation (graphane) or fluorina-
tion (graphene monofluoride) is expected
to turn graphene into an insulator with a
large gap greater than 6 eV,2�5 while par-
tially and periodically fluorinated graphene
(FG) could be a semiconductor with a

variable gap.6 Fluorination has a particular
appeal in this approach thanks to the vast
existing knowledge of the synthetic meth-
ods and properties of fluorinated carbon.7,8

Studies to date have shown that FG can
indeed be very resistive,6,9�12 where the
charge transport exhibits hopping charac-
teristics.9,11�14 The drastic decrease of con-
ductivity upon chemical functionalization is
supported by quantum transport calcu-
lations.15 Experiments have produced trans-
parent FGwith an optical gap of∼3 eV,6,10,16

and several defect-induced photofluores-
cence modes in the visible range are ob-
served in nearly stoichiometric graphene
monofluoride.17 These studies show that
FG is indeed promising as the material for
barrier, gate dielectric, coating, or perform-
ing optoelectronic functions in nanoelec-
tronics based on graphene and other two-
dimensional materials.
To further explore this possibility, the

synthesis and properties of FG derived from
large-scale synthesized graphene sheets,
such as those produced by chemical vapor
deposition (CVD), need to be carefully ex-
amined. Specifically, it is important to un-
derstand and control not just the density of

* Address correspondence to
jzhu@phys.psu.edu.

Received for review December 10, 2013
and accepted January 28, 2014.

Published online
10.1021/nn406333f

ABSTRACT Since the advent of graphene, there has been intense interest in

exploring the possibility of incorporating fluorinated graphene (FG), an ultrathin

insulator, into graphene electronics as barriers, gate dielectrics, and optoelectronic

elements. Here we report on the synthesis of FG from single-layer graphene sheets

grown by chemical vapor depositition (CVD) using CF4 plasma. We examine its

properties systematically viamicroscopic and spectroscopic probes. Our studies show

that, by controlling the conditions of the plasma, FG of varying fluorine coverage can

be produced; however, the resulting material contains a mixture of CFx (x= 1�3) bonds. Existing grain boundaries and lattice defects of CVD graphene play

an important role in controlling its rate of fluorination and the damage of the sheet. Combining topography and current mapping, we demonstrate that the

spatial distribution of fluorine on CVD graphene is highly inhomogeneous, where multilayer islands and structural features such as folds, wrinkles, and

ripples are less fluorinated and consequently form a conductive network through which charge transport occurs. It is the properties of this network that

manifest in the electrical transport of FG sheets. Our experiments reveal the many challenges of deriving electronics-quality FG from current CVD graphene

while at the same time point to the possible solutions and potential of FG in graphene electronics and optoelectronics.
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the C�F bonds but also the lattice damage (e.g.,
vacancies and line defects) in the fluorination process,
which is critical to the integrity and functionality of the
FG sheet. Transport and optical measurements can-
not differentiate the effect of lattice damage and
sp3-hybridized fluorine. CVD-grown graphene is also
far from the perfect single-crystalline sheet often as-
sumed in calculations. Grain boundaries, lattice defects,
and wrinkles and folds generated in the growth and
transfer processes may significantly affect the fluori-
nationprocess.18�20 Theuniformity of thefluorine cover-
age in FG is an important metric in its potential applica-
tions such as tunneling barriers. To examine the local
fluorine density, microscopic probes are necessary.
Furthermore, it would be desirable to have a fluorination
method compatible with lithography to pattern areas of
FG and graphene within a single sheet,21 an example of
which was demonstrated by removing fluorine selec-
tively using electron irradiation.12,14

With these goals in mind, we have conducted a sys-
tematic and comprehensive study of the synthesis and
properties of FG derived from CVD-grown graphene
using CF4 plasma and a wide range of spectroscopic
and microscopic tools including X-ray photoelectron
spectroscopy (XPS), Raman, optical absorption, electri-
cal transport, and conductive atomic force microscopy
(c-AFM). A rich tapestry of information emerged by
correlating results obtained using these different
probes. XPS of FG on a copper substrate shows a high
degree of fluorine coverage in the range of tens of
percent but also reveals the coexistence of CFx (x =
1�3) bonds, indicating the presence of lattice damage.
A comparison to FG produced from exfoliated gra-
phene suggests that grain boundaries and existing
lattice defects of CVD-grown graphene play an impor-
tant role in controlling its fluorination and the forma-
tion of lattice damage. Furthermore, large areas of
graphene film on a copper substrate are resistant to
fluorination, which points to the importance of sub-
strate interaction. Electrical transport studies show that
the resistivity of the FG sheet increases with increasing
fluorine coverage and can be very insulating indeed.
However, c-AFM mapping indicates that the spatial
distribution of fluorine is far fromuniform in FG derived
from CVD-grown graphene. Imperfect structural fea-
tures including multilayer islands, wrinkles, folds, and
ripples are less fluorinated, and consequently, charge
conduction occurs through a network formed by these
features. Macroscopic transport measurements probe
the connectivity of the network, instead of the con-
ductivity of fluorinated area. This picture departs from
the simple scenario of a mixture of sp2 and sp3 carbon
in a homogeneous FG sheet and calls for more realistic
considerations in calculations and interpretations of
transport and optical data on FG. The c-AFM technique
employed here can be used to assess the spatial
uniformity of other types of functionalized graphene

such as graphene oxide and surface modifications of
other 2D materials in general.

RESULTS AND DISCUSSION

Synthesis of Graphene and FG. Graphene sheets are
synthesized on 25 μm copper foil (Alpha Aesar) using
a low-pressure CVDmethod following ref 18. As-grown
sheets show an average ID/IG of less than 0.1. The areal
percentage of multilayer islands varies from 5 to 20%.
Devices made of synthesized sheet show an average
field effect mobility of ∼5000 cm2/Vs (Wang et al.,
unpublished), indicating the high quality of the
synthesized sheet. CF4 plasma is chosen because it
is fast and compatible with lithography and also
because of its prior use in fluorinating nanotubes22

and exfoliated graphene.23,24 The process is done in a
Versalock 700 ICP (Plasma-Therm) reactive ion etch
chamber at room temperature. We investigated two
approaches of synthesizing FG. In the first approach,
CVD graphene sheets are fluorinated directly after
growth on the copper substrate. In the second ap-
proach, the fluorination is done after the graphene
sheet has been transferred to a quartz substrate and
then annealed in a mixture of Ar/H2 (90%/10%) at
450 �C for 2 h. XPS studies are performed on as-grown
graphene and FG supported on the copper substrate.
Raman, absorption, electrical transport, and c-AFM
measurements are done on FG supported on a quartz
substrate. We have conducted a plasma time se-
quence trial and a power sequence trial. In the time
sequence, the bias power is set to P = 10 W and the
duration of the plasma T = 3, 10, 12, 15, and 20 min. In
the power sequence, the duration of the plasma is
set to T = 10 min and P = 10, 12, 14, 15, and 20 W.
Measurements corresponding to the same condition
are performed on samples fluorinated simultaneously
to minimize recipe fluctuations.

Raman Spectroscopy. Figure 1a,b shows the Raman
spectra of FG derived from CVD graphene and exfo-
liated graphene, respectively, with plasma power P =
10 W and increasing duration T from 3 to 20 min
(labeled as 10W3m and so on). The ID/IG and the
strength of the Raman signals display a trend consis-
tent with previous studies of defects (including fluo-
rination) in sp2 carbon.6,10,25,26 However, the rate of
fluorination on CVD and exfoliated graphene appears
to be quite different. In FG synthesized from CVD
graphene, ID/IG∼ 1 (2�3% defect coverage) is reached
after about 3min (magenta trace in Figure 1a), whereas
similar spectra only appear after 20 min of plasma on
exfoliated graphene (red trace in Figure 1b). This
difference shows that CVD graphene is more chemi-
cally reactive than exfoliated graphene. We suspect
that this increased reactivity originates from the de-
fect-rich grain boundaries,19,20 which are absent in
exfoliated graphene. More evidence is presented in
the XPS studies below.
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XPS. XPS is performed on FG synthesized from CVD
graphene to further characterize the fluorine coverage
and probe the nature of the chemical bonds. Survey
and high-resolution (HR) spectra are collected on as-
grown graphene and FG sheets supported on a copper
substrate. Figure 2 shows theHR spectra of the C1s, F1s,
and Cu2p core electron states on FG synthesized with
P= 10Wand T= 3, 10, 12, 15, and 20min, together with
those of the as-grown graphene.

In as-grown graphene, the C1s spectrum exhibits a
single, asymmetric peak C0 at E0 = 284.3 eV, which is
the signature of sp2 carbon, and the Cu2p peak splits
into 2p3/2 and 2p1/2 due to spin-orbit coupling at
binding energies of 932.5 and 952.3 eV, respectively.
These energies correspond to that of elemental copper
and confirm previous reports of graphene film acting
as corrosion-inhibiting coating on metals.27 No signal
from fluorine is detected.

After plasma treatment, several satellite peaks
(C2�C5 in Figure 2a) start to develop in the C1s spectra
at relatively fixed binding energies. Their peak energies
ΔEi = Ei� E0 (given by the fit to the 12m spectrum) and
normalized spectrum weight (area under the peak) are
given in Table 1. The appearance of C3�C5 is accom-
panied by prominent peaks occurring at EA0 = 687.3 eV
and EA = 688.3 eV in the F1s spectrum, which we
attribute to the low-coverage semi-ionic (EA0) and
high-coverage covalent (EA) C�F bonds in fluorinated
carbon, respectively.28,29 Correspondingly, we identify
C3�C5 with the C1s state in bulk �CF, edge �CF2, and
terminal �CF3 bonds, respectively, using the upshifts
of their binding energies from sp2 carbon (ΔE3 = 5.1 eV,
ΔE4 = 7.2 eV, andΔE5 = 9.3 eV). These binding energies
are approximately 1 eV lower than that of the corre-
sponding CFx bonds in bulk graphite fluoride and are in
excellent agreement with prior results on fluorinated
surface carbon.7,16,28,29 In stark contrast to C3�C5, the C2
peak persists even in the absence of the A peak in F1s,

indicating that it is not of carbon�fluorine origin. Its
binding energy (ΔE2 = 4.1 eV) suggests C(O)O passiva-
tion of a terminal carbon atom,31,32 which presumably
occurs when an uncapped terminal carbon reacts with
the air outside the plasma chamber. Lastly, a relatively
broad peak C1 centered atΔE1 = 2.7 eV accounts for the
spectrum weight between C2 and C0. This binding
energy is consistent with secondary C*�CFx (x =
1�3) atoms30 and also possible CdO bonds formed
at the external edges of platelets or internal edges of
voids.31,32 The presence of CF2, CF3, and possibly C(O)O
and CdObonds indicates lattice damage in the formof
vacancy, void, terminal carbon, and fragmentation
of the sheet in the fluorination process, as Figure 3
schematically shows. We also observe the onset of a
second peak (labeled B) at EB = 684.4 eV in the F1s
spectra after 10 min of plasma treatment. This peak
correlates with the onset of a series of higher energy
satellite peaks (arrows in Figure 2c) in the Cu2p1/2 and
2p3/2 spectra, indicating the formation of CuF2.

33 This
suggests that the graphene barrier becomes perme-
able to fluorine after 10 min, probably due to the dam-
age to the lattice. FG on copper appears to be more
insulating as shown in the SEM images in Figure S1 of
the Supporting Information.

Following the evolution of C2�C5 and FA‑B quanti-
tativelywith increasing plasmaduration T (Figure 2 and
Table 1) reveals many insights into the fluorination
process. As Table 1 shows, the plasma treatment of
CVD graphene produces all three types of CFx (x= 1�3)
bonds, and the percentage of each type increases with
increasing T initially, yielding a total of 28% fluorinated
carbon atoms at T = 12 min. However, CF bonds only
account for about one-half of the fluorinated carbon. In
another word, FG synthesized from CVD graphene is
quite defective. In comparison, Raman studies on FG
synthesized from exfoliated graphene (see Figure 1b)
show much less fluorine coverage under comparable

Figure 1. Raman spectra of as-grown and fluorinated graphene obtained by CVD synthesis (a) andmechanical exfoliation (b).
From bottom to top: as-grown (blue), 10W3m (magenta), 10W10m (black), and 10W20m (red).
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conditions, and most importantly, more than 90% of
the CF bonds are reversible upon thermal annealing,
indicating alsomuch less lattice damage (see Figure S2
of the Supporting Information for details). A possible
explanation is that, in CVD-grown graphene, the de-
fective lattice sites at the grain boundaries are more
chemically active,19,20 and this leads to a faster reac-
tion, but also more lattice damage, signaled by the

formation of CF2 and CF3 bonds. Lattice damage limits
the potential application of FG as tunnel barriers or
dielectric layers in electronics because of leakage
problems. However, our studies of FG synthesized from
exfoliated graphene suggest that this challenge can be
overcome by using graphenewith large grain sizes, the
growth of which has been demonstrated.34

The C1s and F1s spectra beyond 12 min reveal
another interesting aspect of fluorinating graphene
on a copper substrate. From 12 to 20min, we observe a
sharp loss of total carbon count by 50%; meanwhile,
the weight of the CFx and the FA peaks continues to

Figure 2. High-resolution XPS spectra of C1s, F1s, and Cu2p states on as-grown and fluorinated CVD graphene. The plasma
conditions are indicated in the plot. The C1s spectra are scaled to have C0 peaks of the same height. The F1s and Cu2p spectra
are plotted as taken.

TABLE 1. Energy and SpectrumWeight of the C1s Bonding

States in As-Grown and Fluorinated CVD Graphene

C0

C�C

C2

C(O)O

C3

CF

C4

CF2

C5

CF3

C1

other

ΔEi =

Ei � E0 (eV) 0 4.1 5.1 7.2 9.3 2.7

CF þ
CF2 þ CF3

normalized spectrum
weight (%)

0 100 0 0 0 0 0 0
3 min 56.7 13.6 6.9 3.8 0.8 18.2 11.5
10 min 64.9 10.5 5.3 6.0 1.6 11.7 12.9
12 min 50.1 4.6 13.1 9.3 5.1 17.8 27.5
15 min 74.8 16.3 0 4.8 0 4.1 4.8
20 min 81.8 15.5 0 1.7 1.0 0 1.7

Figure 3. Examples of chemical bonds in FG synthesized
from CVD graphene.
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vanish, and the remaining carbon is mostly sp2

bonded. These observations suggest continuous re-
moval of carbon atoms from fragmented sp2 graphene
nanoplatelets in the plasma chamber, whose edges are
subsequently passivated in air by C(O)O bonds as
indicated by the large C2 component. This scenario is
contrary to a continuous conversion of sp2 carbon to
carbon�fluorine bonds observed in suspended graph-
ene.6 Multilayer islands are more resistant to fluorina-
tion (see c-AFM results below), but the area is too small
(up to 20%) to account for the spectrum weight of the
C0 peak, which is ∼80%, in the bottom two panels in
Figure 2. The trend shown here also appears in samples
progressively fluorinated by increasing the plasma
power instead of duration (see Figure S3 of the Sup-
porting Information for the power sequence).

Comparison to FG synthesized on a quartz sub-
strate points to the inhibiting role of copper substrate.
UV�Vis�NIR absorption studies of FG on quartz ob-
tained after 15 min of plasma treatment show absor-
bance less than 10% of pristine graphene, which
suggests a low fraction of intact sp2 carbon area (see
Figure S4 of the Supporting Information for more
details). Indeed, a recent study shows that fluorine
chemisorbs to high-index Cu facets preferentially,
which suggests that the fluorine-resistant graphene
patches observed here are grown on low-index Cu
facets.35 In order to synthesize uniform FG suitable for a
“fluorinate before transfer” approach, a better under-
standing and control of the effect of the copper
substrate is necessary.

In the second half of the paper, we investigate the
electrical transport properties of FG using two-terminal
conductance and c-AFM measurements. Titanium
electrodes (35 nm thick) are deposited on FG sheets
fluorinated on quartz using a stencil mask. A typical
sample has five electrodes in parallel with the

dimensions of the graphene sheet straddled between
two adjacent electrodes being approximately 4 mm
(width) � 1 mm (length). Two-terminal IV measure-
ments are performed by sweeping the drain-source
bias Vds and recording the current Ids between adjacent
electrodes using a Keithley 6430 DC sourcemeter.

Conductance of FG. Figure 4a shows typical IV curves
of FG synthesized on quartz using P = 10 W and T = 3,
10, 12, and 15 min. Measurements from many devices
show that the IV is linear with a resistance R of∼1 MΩ
and several MΩ for T= 3 and 10min. Above 10min, the
IV becomes nonlinear with large low-bias resistance R.
The variation among devices also increases. R ranges
from GΩ to hundreds of GΩ for 12 min devices and is
more than the parasitic resistance of our measurement
setup (∼280 GΩ) for 15 min devices. Using the XPS
data as a rough guide, we observe resistance increases
of more than 7 orders of magnitude from 10 kΩ to
greater than 100 GΩ as the fluorine coverage increases
from zero to a few tens of percent. This observation is in
good agreement with prior studies conducted on FG
synthesized using XeF2

6,10 or exfoliated from bulk
graphite fluoride.9,11,12 Despite the similar resistance
range observed in macroscopic measurements, c-AFM
measurements described below reveal unique micro-
scopic aspects of conduction in FG synthesized from
CVD graphene.

Conductive AFM. Current maps are obtained by mea-
suring the current flow from one electrode to the AFM
tip using a current preamplifier integrated on the tip
(Asylum Research MFP-3D with ORCA module). Scan-
ning away from the contact, the currentmap traces out
the paths of current flow directly. Figure 5a shows a
local area on a 10W3mdevice. Remarkably, although IV
curves on this device show an ohmic resistance of
∼1 MΩ, the current flow through the sheet is not uni-
form but rather follows a network formed by structural

Figure 4. (a) Typical IV curves of fluorinated CVD graphene devices. P = 10W and T = 3 (magenta), 10 (blue), 12 (red), and 15
(black)min. The zero-bias resistance R is 1MΩ, 5.3MΩ, 3 GΩ, and >280 GΩ, respectively. The inset shows the IV of the 12min
device in a log�log plot showing power law dependence I = VR. The exponent R = 2.65 here. (b) Tunneling current vs bias
voltage with the AFM tip contacting a bilayer island on as-grown (olive, current divided by 10), 10W3m (blue), 10W10m
(magenta), 10W12m (red), and 10W15m (black) devices. Inset: Schematic diagram of the measurement circuit.
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features commonly seen in CVD-grown graphene
such as bilayer islands, folds (2-layer height, width
∼100 nm), wrinkles (line width <50 nm), and ripples
(fine parallel lines with spacing ∼150 nm).18,36

Figure 5b,c shows SEM and AFM images of these
features in our as-grown graphene. The current flow
pattern indicates that these structures are less fluori-
nated than the flat area of the sheet. This is the first
observation of inhomogeneous electrical transport
through fluorinated graphene. It is perhaps not surpris-
ing given that the underlayers of bilayer islands and
folds are protected from the directional plasma by the
top layer, and C�F bonds may be difficult to form on
the side ofwrinkles and ripples because of the negative
curvature.37

The correlation between morphology and conduc-
tion and the evolution of this conductive network with
increasing fluorine coverage are further illustrated in
Figure 6a�h, where we show simultaneously the AFM
topographic and current maps of the same areas on FG
devices fluorinated with increasing plasma duration T

from 3 to 15 min. As the fluorination progresses, fine

ripples and wrinkles first turn dark in the current map,
followed by large wrinkles and folds. As T increases,
bilayer islands also disappear in the current map,
probably due to a combination of fluorination and loss
of connectivity to the network. In Figure 6h, an island
containing both bilayer and trilayer regions only shows
conduction in the trilayer region, suggesting that the
two top layers have been fluorinated. This vertical
progression may result from the lattice damage dis-
cussed in the XPS section. The typical current mea-
sured decreases rapidly with increasing T. For example,
as T increases from 10 to 12 min from (d) to (f), the
current drops by an order of magnitude from 80 to
7 pA. This is consistent with our IV data, where the two-
terminal resistance of a macroscopic device increases
quickly from several MΩ tomore than GΩ between T =
10 and 12 min. These c-AFM studies show that the
fluorine coverage in FG synthesized using CVD gra-
phene is highly inhomogeneous due to the existence
of multilayer islands, folds, wrinkles, and ripples in as-
grown and transferred samples. These structures are
less fluorinated and consequently form the conductive

Figure 5. (a) c-AFM current map of a device made with 10W3m fluorinated CVD graphene on quartz. The bright area at the
lower right corner is the electrode. (b) SEM image of as-grown graphene transferred to a SiO2/Si substrate. Examples of
various features are labeled in the image following common nomenclatures. (c) AFM image of another transferred graphene
sheet. The fine ripples are outlined by residual polymer contaminant and are difficult to see otherwise.

Figure 6. AFM topographic (top row) and current (bottom row)mapping on fluorinated graphene devices. From left to right:
10W3m (a,b), 10W10m (c,d), 10W12 m (e,f), and 10W15 m (g,h). The voltage bias is 3.5 V in (b) and 5 V in (d), (f), and (h). In
(b�h), the typical current level is labeled for when the AFM tip is above the respective multilayer islands. The bilayer islands
are difficult to see in (a) due to the rough quartz surface but are clearly outlined in (b). The height of fluorinated graphene
sheets increases to a few nanometers, and themultilayer islands are clearly visible in (c), (e), and (g). The scale bar is 1 μm in all
images. Images are taken 5�10 μm away from electrode.
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network through which charge transport preferentially
occurs. Macroscopic transport characteristics, such as
resistance and IV, probe the properties of this network,
instead of the bulk conductivity of FG. This is probably
not the case in FG obtained from bulk graphite
fluoride,9,11,12 where folds and wrinkles are much less
likely. The nonuniform fluorine coverage of FG synthe-
sized from CVD graphene is undesirable to its potential
applications as dielectric films and tunnel barriers.
There are, however, a number of ways to improve the
synthesis38,39 and transfer40 of graphene to address
this issue. For example, a H2 etching step can eliminate
the growth of multilayer islands38,39 while a redeposi-
tion of polymer reduces the formation of wrinkles and
cracks in transferred graphene.40

On the other hand, a controlled fluorination of the
top layer of a bilayer graphene sheet offers a facile and
transfer-free approach to create an insulator/graphene
junction,41 which may be a useful component in 2D
layered electronics. To explore this idea, we perform
local tunneling measurements on fluorinated bilayer
islands. Point IV spectra are taken by positioning the
AFM tip in contact above a bilayer island and measure
the IV curve using a Keithley 6430 DC sub-fA source-
meter. A schematic of the setup is shown in the inset of
Figure 4b. In this configuration, the bottom layer is less
fluorinated and serves as the bottom contact for the
top layer, and the bilayer is chosen to be very close to,
and well connected to, an electrode by folds and
wrinkles to minimize the resistance of the bottom
contact. Figure 4b shows representative IV curves from
bilayer islands fluorinated for T = 3, 10, 12, and 15 min.
All traces exhibit strong nonlinearity and sharp onset of
conduction beyond a threshold voltage Vth, where
Vth ∼ 1.8�2.1 and 2.7�3.3 V for T = 3 and 10 min,
respectively, and is beyond 3.5 V for T > 10min. In stark
contrast, two-terminal IV measurements on 3m and
10m devices show linear IV andmoderate resistance

in the range of MΩ. This difference again highlights
the different aspects of the FG probed in these mea-
surements. While two-terminal IV measures the
resistance of the conductive network, the point IV
shown here is presumably dominated by the tun-
neling process through the fluorinated top layer.
The increase of Vth with increasing T is consistent
with the increased fluorine coverage of the top
layer. A quantitative analysis of the point IV spectra
is difficult because of the nonstoichiometric nature
of the FG and unknown parameters of the setup.
Nonetheless, these results do point to the potential
of FG as integrated, ultrathin tunnel barriers in
graphene circuits, and more studies need to be
done to further understand and explore this venue
of applications.

CONCLUSIONS

To summarize, we have synthesized fluorinated
graphene from CVD-grown graphene and investigated
its chemical, electrical, and optical properties using
microscopic and spectroscopic probes. Our studies
highlight two important practical issues in the synthe-
sis of FG: homogeneity and defect creation, both of
which are critical to its proposed applications in elec-
tronics. We show that the spatial distribution of fluo-
rine on CVD-grown graphene strongly correlates with
imperfect structural features produced in the growth
and transfer steps. Consequently, the resistivity of FG is
spatially nonuniform. Our results also point to the
defect-rich grain boundaries of CVD-grown graphene
as the source of increased chemical reactivity and
lattice damage. Our experiments delineated a realistic
and complex scenario of graphene fluorination and
identified several challenges to the production of
electronics-grade FG. Improving the synthesis and
processing of graphene is key to addressing many of
the challenges.

METHODS

CF4 plasma fluorination is done in a Versalock700 ICP
(Plasma-Therm) reactive ion etch chamber using gaseous CF4 at
room temperature. The gas pressure and flow rate are set to be
100 mTorr and 25 sccm, respectively. We vary the bias power P
and the duration of the plasma T. The inductively coupled coil is
not used.

XPS studies are performed on a Kratos Analytical Axis Ultra
system using a monochromated Al KR line. The analysis is
performed with CASA XPS analysis package. The sp2 carbon
peak in the C1s spectra is fit to the Gelius function, which
includes the high-energy tail arising from the vibrational modes
of the lattice. The background of all spectra is computed with
the Shirley algorithm. The peaks are fit to a mixed Gaussian and
Lorentzian line shape.42

Raman spectroscopy is performed using a Renishaw
inVia micro-Raman system with an excitation energy
(wavelength) of 2.41 eV (514 nm) and a spot size of ∼1 μm.
The laser power is limited to below 1mW/μm2 to avoid damag-
ing samples. Each spectrum is integrated for 60 s. At least three

spectra from different spots are taken on each sample and
averaged.

Absorption spectroscopy is performed using the transmis-
sion setup of Lambda 950 (PerkinElmer) in the spectrum range
of 1.44 to 6 eV with a spot size of 1 � 3 mm2. Transmission
spectra of the bare quartz substrate and of the substrate with
the specimen are collected, from which we calculate the ab-
sorption of the specimen using the method described in ref 43.
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