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ABSTRACT Graphene ﬁlms grown on Cu foils have been ﬂuorinated with xenon diﬂuoride (XeF2) gas on one or both sides. When
exposed on one side the F coverage saturates at 25% (C4F), which is optically transparent, over 6 orders of magnitude more resistive
than graphene, and readily patterned. Density functional calculations for varying coverages indicate that a C4F conﬁguration is lowest
in energy and that the calculated band gap increases with increasing coverage, becoming 2.93 eV for one C4F conﬁguration. During
deﬂuorination, we ﬁnd hydrazine treatment effectively removes ﬂuorine while retaining graphene’s carbon skeleton. The same ﬁlms
may be ﬂuorinated on both sides by transferring graphene to a silicon-on-insulator substrate enabling XeF2 gas to etch the Si underlayer
and ﬂuorinate the backside of the graphene ﬁlm to form perﬂuorographane (CF) for which calculated the band gap is 3.07 eV. Our
results indicate single-side ﬂuorination provides the necessary electronic and optical changes to be practical for graphene device
applications.
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T

he ﬂuorination of sp2 carbon dates back decades, ﬁrst
with bulk graphite1-3 and later with buckeyballs4 and
carbon nanotubes.5-7 Graphite ﬂuoride attracted
interest for technological applications such as lubricants,8
and as a result, numerous experimental3,9,10 and theoretical11,12 studies exist describing its synthesis and properties.
The basic building block of graphite ﬂuoridesreferred to as
graphite monoﬂuoride (CF)n or carbon monoﬂuoridesis in
vogue again, due to the recent scientiﬁc and technological
interest in graphene.13,14 Beyond its potential for lubrication,
ﬂuorination of graphene enables its electronic properties to
be tuned for modern electronics. In particular, band gap
engineering through chemical modiﬁcation is attractive since
it is both scalable and inexpensive.15 Moreover, by analogy
with ﬂuorinated carbon nanotubes, ﬂuorination should also
enable multiple robust reaction pathways for subsequent
chemical modiﬁcation. In this work we describe a facile
route to ﬂuorinate graphene, form large cm2 sheets of
graphite monoﬂuoride (CF)n (referred to here as perﬂuorographane) and discuss their resulting properties.
A number of techniques have been used to ﬂuorinate sp2
carbon, including exposure to F2 gas at moderate temperatures (400-600 °C)1,2 and treatment with F-based plasmas.16,17 In the present work we combine advances in largearea graphene growth and ﬂuorine-based etching of silicon
to ﬂuorinate graphene at room temperature. Xenon diﬂuoride (XeF2) isotropically etches silicon and can ﬂuorinate
carbon nanotubes.18 We show that XeF2 is a strong ﬂuorinating agent for graphene without etching, thereby providing
a facile route for graphene functionalization. Characteriza-

tion of this process via X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy reveals room-temperature
ﬂuorination saturates 25% coverage (C4F) for single-sided
exposure and CF for double-sided exposure. Transport
measurements show C4F is signiﬁcantly more resistive (by
a factor of 106) than graphene, which suggests the feasibility
of patterning electronic pathways by removing conductivity
as opposed to removing conductor. Finally, we also use
density functional theory (DFT) calculations to show the C4F
structure is the lowest energy conﬁguration for single-sided
ﬂuorination and that an appreciable band gap opens even
at low ﬂuorine coverages.
Graphene ﬁlms were grown on Cu foils then transferred
to either silicon-on-insulator (SOI) or SiO2/Si substrates using
techniques described by Li et al.19 Transferred graphene
samples were subsequently annealed up to 400 °C in
forming gas to further remove residues.20 The graphene
ﬁlms contain wrinkles as well as isolated multilayers covering no more than 5% of the ﬁlm.19 Graphene ﬂuorination
occurred in a Xactix® XeF2 etching system, where XeF2 gas
exposure times ranged from 30 to 1200 s at approximately
30°C. Deﬂuorination was carried out using hydrazine vapor
and mild thermal annealing between 100 and 200 °C using
a system described elsewhere.21 DFT calculations of the
electronic and structural properties of these systems were
made using a plane wave code22 with GGA with the PBE
exchange-correlation, Vanderbilt ultrasoft pseudopotentials,23 a kinetic energy cutoff energy of 300 eV, and Brillouin
zone sampling with a Monkhorst-Pack mesh. For unﬂuorinated graphene, this approach gave the usual zero gap
semimetal with a band crossing at the K point of the Brillouin
zone.24 It also gives a lattice constant a ) 4.65 atomic units
in agreement with experiment25 and with other calculations.24
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shown in Figure 1D. Here, part of the ﬁlm was protected with
photoresist during XeF2 exposure.
Due to its high electronegativity, ﬂuorine induces strong
chemical shifts in the carbon 1 s binding energy allowing
the use of X-ray photoelectron spectroscopy (XPS) to quantify composition and bonding type. Two types of samples
were fabricated to characterize the ﬂuorination process: (i)
graphene on Cu for single-side ﬂuorination and (ii) graphene
on silicon-on-insulator (SOI) for double-side ﬂuorination. As
mentioned earlier, XeF2 gas preferentially etches silicon.
Pinholes in graphene that are naturally occurring allow the
passage of XeF2 to etch the Si and ﬂuorinate the backside of
the graphene ﬁlm (inset Figure 2A). Figure 2A shows the
percent ﬂuorination for the single-side and double-side
ﬂuorinated samples, as well as the percent silicon left in the
top silicon layer of the SOI substrate during XeF2 exposure.
Graphene on Cu is the “cleanest” system having no adventitious carbon contamination from adhesive tapes or PMMA.
Under these ﬂuorination conditions the ﬂuorine content
linearly increases (triangles in Figure 2A) with exposure time
until 90 s, after which the concentration saturates at 20 atom
% F (25% coverage or C4F). This corresponds to one ﬂuorine
atom per every two primitive graphene unit cells in graphene.
We have made calculations for several single-sided periodic arrangements of ﬂuorine atoms on graphene for a
number of different coverages.32 Results for the binding
energy per F atom33 for the conﬁguration with the lowest
total energy for each coverage is shown in Figure 3A. The
binding energy is largest for the 25% coverage (C4F), which
is consistent with the 25% coverage observed in experiment
(Figure 2A). This conﬁguration is shown in Figure 3B and has
F atoms at third nearest neighbor sites (resulting in isolated
pi resonances), a conﬁguration shown to be favored for
carbon nanotubes (CNTs).33 However, unlike graphene, the
minimum energy coverage for CNTs is C2F, where the
curvature of the CNT surface favors a close packing of
ﬂuorine atoms that form “bands” along the tube axis.33,34
The ﬂuorination of graphene on SOI (preannealed at 400
°C) proceeds to the same concentration as that on copper
for the ﬁrst 90 s of exposure, after which the ﬂuorine content
increases and saturates at 50 atom % (black circles in Figure
2A). This concentration corresponds to two ﬂuorine atoms
in each unit cell and an empirical structure of CF. Simultaneous to the sharp rise in ﬂuorine levels, XeF2 begins to etch
the silicon underlayer (red circles in Figure 2A) as shown in
the inset of Figure 2A. At this point, the backside of the
graphene ﬁlm has access to XeF2 for ﬂuorination. XPS
analysis of the carbon spectrum after ﬂuorine saturation at
50 atom % shows the majority of bonding is C-F (∼86%),
with a smaller fraction of C-F2 (∼12%) and C-F3 (∼2%)
(Figure 2C). The formation of C-F2 and C-F3 on graphene
would occur at defects such as vacancies, free edges, or
domain boundaries. We note the graphene transfer process
can also introduce defects, and we observe larger quantities
of C-Fx (x > 1) species for these samples compared to the

FIGURE 1. Optical changes of graphene upon ﬂuorination. Optical
micrograph (A) before and (B) after single-side ﬂuorination on SiO2
(SiO2 thickness ) 100 nm, scale bar ) 10 μm). The expected etch
rate of thermal SiO2 with XeF2 gas under these conditions is
negligible (<0.1 nm).29,30 (B inset) AFM height image after singleside ﬂuorination. The height of the ﬁlm after patterning and
ﬂuorination is ∼1.0-1.5 nm. (C) The green component of the RGB
signal taken along the green line in (A) from top to bottom, recorded
with a CCD camera. The small arrows in (A) and (B) mark the
location of the bilayer regions shown in (C). Proﬁles were taken at
varying exposure times to XeF2 and after deﬂuorination (labeled
above each proﬁle). (D) A different graphene ﬁlm selectively patterned with ﬂuorine (note: image is contrast enhanced; dark central
cross is graphene; light regions are partially ﬂuorinated graphene).

Exposing graphene to XeF2 gas results in ﬂuorine chemisorption, which dramatically changes the ﬁlm’s optical and
electronic properties. Most immediately evident is a disappearance of optical contrast upon ﬂuorination, suggesting
an insulating nature for ﬂuorinated graphene (Figure 1).
Optical transparency and low conductivity also occur when
bulk graphite ﬂuoride is formed from graphite, which appears white26 due to scattering from interfaces within the
bulk. In Figure 1A an as-fabricated graphene Hall cross
structure shows three regions of optical contrast: single-layer
graphene, bilayer graphene, and wrinkles in the ﬁlm. Upon
ﬂuorination of the top surface to C4F, contrast from the
single-layer regions disappears and only that from the bilayer
regions and the wrinkles remain (Figure 1B). Atomic force
microscopy (AFM) conﬁrms the ﬁlm is not etched after XeF2
treatment (Figure 1B). The optical absorption of graphene
is quantized with each layer27,28 and as the surface is ﬂuorinated here, absorption equivalent to single-layer graphene
remains at the bilayer regions (Figure 1C). The complete loss
of contrast for single-layer but not bilayer graphene indicates
that ﬂuorine chemisorption occurs only at the surface and
does not intercalate between layers under these conditions.
We exploit this to pattern graphene ﬁlms with ﬂuorine as
© 2010 American Chemical Society

3002

DOI: 10.1021/nl101437p | Nano Lett. 2010, 10, 3001-–3005

FIGURE 2. X-ray photoelectron spectroscopy (XPS) analysis of ﬂuorine functionalization during XeF2 exposure. (A) Fluorine fraction for single
(graphene/Cu) and double (graphene/SOI) side exposure to XeF2 for different samples. The silicon fraction refers to the percent silicon left in
the top silicon layer of the SOI stack and was estimated by taking the ratio of the Si-Si peak area (99 eV) to the Si-Si plus Si-O peak area
(103.5 eV) (panel E). (inset) Cartoon showing Si underlayer etching through a pinhole and edges in the graphene ﬁlm on SOI. Individual XPS
carbon spectra from (A) are shown in (B) and (C). (B) XPS carbon spectra after XeF2 exposure of graphene on Cu. Several carbon-ﬂuorine
components are labeled.31 (C) XPS carbon spectra after XeF2 exposure of graphene on SOI. (D) XPS carbon spectra illustrating deﬂuorination
after hydrazine vapor exposure. (inset) Fluorine peak before and after 24 h hydrazine treatment. (E) XPS silicon spectrum from (A) showing
evolution of Si-Si peak during XeF2 etching.

FIGURE 3. (A) Calculated binding energy per F atom compared to
the F2 gas state. (B) Sketch of the calculated C4F conﬁguration for
the 25% coverage from (A). (C) Calculated total density of states of
single-side ﬂuorinated graphene for several ﬂuorine coverages.

FIGURE 4. (A) Raman spectrum of graphene during single-side
ﬂuorination and deﬂuorination on SiO2 (λ ) 532 nm). Deﬂuorination
via hydrazine vapor (24 h at ∼100 °C) and thermal annealing (400
°C for 1 h in H2/Ar gas) is shown for comparison. (B) Raman
spectrum comparing graphene on SiO2 and perﬂuorographane
formed on SOI. The spectra are offset for clarity. (C) Example of the
resistance per square vs gate voltage curve for a typical graphene
device exposed to XeF2 at different times. The 240 s exposure
nominally represents C4F. (D) Resistance per square vs gate voltage
of the device in (C) after exposure to hydrazine vapor for 18 h. The
hole ﬁeld-effect mobility (μFE) changed from μFE ) 1060 cm2/(V s)38
to ∼5 cm2/(V s) before ﬂuorination and after deﬂuorination,
respectively.

ﬂuorination of graphene on copper. Importantly, these
multiply ﬂuorinated carbons will contribute more to nonreversibilities toward a pristine graphene structure. During
thermal deﬂuorination of doubly ﬂuorinated carbons, the
products can evolve as C2F4 instead of ﬂuorine alone.9
Changes in the Raman spectra also are dramatic during
ﬂuorination. During single-side ﬂuorination, the characteristic disorder-induced peak (D peak) at 1350 cm-1 appears
as ﬂuorine chemisorbs on the surface (Figure 4A). The ratio
of the 2D peak (2680 cm-1) to G peak (1580 cm-1) drops
signiﬁcantly, while both the D′ (1620 cm-1) and the D + D′
(2950 cm-1) peaks broaden, to the point where they overlap
with the G and 2D peak, respectively. This transitions
increasing D and D′ peaks, broadening G peak, and decreas© 2010 American Chemical Society

ing 2D peakscorresponds to a high degree of structural
disorder. Indeed, after a 5 min XeF2 exposure the Raman
spectra look more like that from highly disordered or nanostructured carbon-based materials.35,36 When ﬂuorinated to
a concentration of 50 atom % F, the Raman signature is
almost completely quenched (Figure 4B). This indicates
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virtually no sp2 coordinated carbon remains after doubleside ﬂuorination. For these experiments the small fraction
of sp2 domains that remain will mostly be constrained to
multilayer regions, such as that observed in Figure 1.
Calculations were made for the system with full ﬂuorination on both sides (CF), which has two F atoms per graphene
unit cell, one on each side. The fully ﬂuorinated system is
an insulator with a band gap of 3.07 eV, in agreement with
previous calculations.37 It is a regular periodic structure, with
different electronic properties than graphene and no defects.
These properties are consistent with the absence of G and
D features in the Raman spectra in Figure 4B.
The Raman data of the deﬂuorinated material (Figure 4A)
show that graphene recovery is not complete, potentially due
to carbon loss from the skeleton during deﬂuorination.
Thermal reduction between 300-400 °C removes ﬂuorine
but also apparently loses signiﬁcant carbon as indicated by
the relatively unchanged Raman spectra before and after
deﬂuorination (Figure 4A and Supporting Information). Carbon loss is observed in bulk thermal deﬂuorination of
graphite ﬂuoride at 400-600 °C where carbon-ﬂuorine
products such as CF4, C2F4, and C2F6 evolve from the
material.39 In contrast, we ﬁnd chemical reduction via
hydrazine vapor more effectively removes ﬂuorine while
retaining carbon. The reduction via hydrazine likely proceeds as 4CFn + nN2H4 f 4C + 4nHF + 2nN2, which
suggests low temperature chemical reduction schemes will
result in “higher-quality” recovery.5
The measurement of ﬁeld-effect transistors (FETs) during
the ﬂuorination process shows the ﬁlm resistance increases
over 6 orders of magnitude with ﬂuorination up to C4F.
Figure 4C shows the typical changes in the gate characteristics of a graphene FET after exposure to XeF2 gas. The
ambipolar behavior is still observed after a 120 s XeF2
exposure, though the Dirac point has shifted positive and
the resistance increased 3 orders of magnitude. The exact
origin of the positive Dirac point shift, from either intrinsic
or extrinsic doping, is currently unknown since these samples
were measured in air, where, for example, water and O2 can
unintentionally p-type dope graphene and decrease the
electron mobility over the hole mobility.13,40 After a 240 s
exposure, the device resistance increased beyond the semiconductor parametric analyzer range of >1 GΩ. Importantly,
regions protected from ﬂuorination retain their original
mobility and can be used for conductive pathways and
devices. Exposing this same ﬂuorinated device to hydrazine
for 18 h restores much of the conductivity and the ambipolar
behavior as shown in Figure 4D. After deﬂuorination the FET
mobilities typically ranged between 4 and 20 cm2/(V s),
which is consistent with residual disorder seen from Raman
spectroscopy (Figure 4A).
Fluorine modiﬁes the electronic properties of graphene
by reducing the charge in the conducting π orbitals, by
introducing scattering centers, and by opening band gaps.
These effects are consistent with the reduction of conductiv© 2010 American Chemical Society

ity and reduction of the mobility seen in experiment in
Figure 4C. Our density of states calculations for graphene
with varying F coverages are shown in Figure 3C. For
increasing F coverage the band gap widens and the Fermi
level is lowered in the valence band. These effects are due
to interaction of the p orbitals of F with the π orbitals of C
producing sp3 bonds that modify the charge densities and
introduce scattering centers for conduction. In particular, in
the case of C4F (from Figure 3B) the band gap is 2.93 eV and
has the π bands largely disrupted, giving rise to π resonances
surrounded by sp3 bonded C atoms. Optical transparency
is expected for a material with a 2.93 eV band gap, which is
consistent with our observations in Figure 1B. Together these
results indicate that even a relatively low ordered coverage
of ﬂuorine can open an appreciable band gap in graphene.
Therefore, single-side ﬂuorination should be sufﬁcient to
considerably modify the transport properties of graphenebased devices.
In conclusion, we have demonstrated the synthesis and
facile patterning of ﬂuorinated graphene via XeF2 gas exposure. Spectroscopic techniques and atomic force microscopy
show XeF2 treatment ﬂuorinates graphene without etching.
Fluorination of the graphene lattice signiﬁcantly changes the
optical, structural, and transport properties of the material.
Fluorine adatom addition saturates at C4F for one-sided
ﬂuorination, which is found to be the lowest energy conﬁguration from DFT calculations. The calculated band gap for
C4F is 2.93 eV and experiment shows the material becomes
optically transparent at this coverage. When graphene is
deposited on a SOI substrate, XeF2 etching of the Si underlayer allows XeF2 access to both sides of the graphene ﬁlm
and formation of perﬂuorographane (CF). We expect the
techniques described here to further broaden the graphene’s
utility in electronic, optical, and sensing technologies.
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