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We have fabricated transistor structures using fluorinated single-layer graphene flakes and studied their
electronic properties at different temperatures. Compared with pristine graphene, fluorinated graphene has a
very large and strongly temperature-dependent resistance in the electroneutrality region. We show that fluori-
nation creates a mobility gap in graphene’s spectrum where electron transport takes place via localized electron
states.
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Graphene, a gapless semiconductor with “massless”
charge carriers, is a material with many unusual electron
properties and potential for new device applications.1 How-
ever, in a graphene-based transistor the absence of the gap in
the band-structure results in a relatively small resistance dif-
ference between the electroneutrality �Dirac� region and a
region with large carrier concentration �i.e., between the
“on” and “off” states�. This can become a significant limita-
tion in its use in electronics and intensive research is cur-
rently underway aimed at the creation of a �tunable� gap in
graphene’s energy spectrum. One direction is functionaliza-
tion of graphene with suitable elements that will transform
its planar crystal structure, with sp2 bonds between the car-
bon atoms, into a three-dimensional structure with sp3 bond-
ing between them. Theoretical predictions show that hydro-
gen and fluorine are good candidates to play such a role with
an expected band gap of 3.8 eV and 4.2 eV for 100% func-
tionalization, respectively.2,3

Successful hydrogenation of monolayer graphene has al-
ready been achieved4,5 but there has been no experimental
investigation of fluorinated graphene transistors. In this work
we have succeeded in fabricating transistor structures with
fluorinated graphene monolayers and studied their transport
properties at temperatures from 4.2 to 300 K. Fluorinated
graphene flakes were separated by mechanical exfoliation1

from fluorinated graphite with fluorine contents of 24% and
100%. They are then processed into transistor structures
which have shown a strong increase in the resistance in the
Dirac region, caused by the opening of a mobility gap in the
graphene spectrum.

There are two main ways to produce fluorinated
graphite.6–9 In the first graphite is heated in the presence of
F2 to temperatures in excess of 300 °C so that covalent
CuF bonds are formed and modify the carbon hybridiza-
tion. The layered structure of graphite is then transformed
into a three-dimensional arrangement of carbon atoms. In the
second, graphite is exposed to a fluorinating agent, XeF2, and
the process is performed at a temperature lower than 120 °C
as XeF2 easily decomposes on the graphite surface into
atomic fluorine. Due to its reactivity and diffusion, the fluo-
rination results in a homogenous dispersion of fluorine atoms
that become covalently bonded to carbon atoms.8,10 At low
fluorine content �F/C atomic ratio �0.4�, conjugated CvF
double bonds in the nonfluorinated parts and covalent CuF
bonds in corrugated fluorocarbon regions coexist,9,11 with the

concentration of the covalent bonds increasing with concen-
tration of fluorine.

In this work we use both methods of fluorination of the
original graphite material. We first considered fully fluori-
nated highly oriented pyrolytic graphite �CF�n as a starting
material. The flakes are mechanically exfoliated from the
fluorinated graphite onto conventional Si /SiO2 �275 nm�
substrates. The produced flakes are noticeably smaller
��1 �m in size� than the flakes fabricated by the same
method from nonfluorinated graphite. They contain more
than 10 monolayers, it was impossible to produce monolayer
fluorinated graphene using this method.

The many-layer exfoliated flakes were first characterized
by Raman spectroscopy using excitation light with a wave-
length of 532 nm and a spot size of 1.5 �m in diameter. An
incident power of �5 mW was used. We ensured that this
power does not damage the graphene by performing Raman
measurements on a similarly sized pristine graphene flake
which shows the common spectra of mechanically exfoliated
graphene: the G and 2D bands at 1580 and 2700 cm−1, see
Fig. 1�a�.

In fully fluorinated graphene, a D peak appears at
1350 cm−1 and its intensity is larger than that of the G and
2D peaks, see Fig. 1�b�. As the D resonance requires a defect
for its activation, its presence is associated with an increased
degree of disorder.12–14 Various defects can contribute to the
D peak, such as bond dislocations, missing atoms at the
edges of the sample and sp3-hybridized carbon atoms. Pre-
vious studies demonstrated that the intensity of the D peak
produced from the edges of a graphene flake is relatively
small compared to the G peak.15 Our experiments consis-
tently show that the D peak of pristine graphene flakes with
similar size as fully fluorinated graphene is below the reso-
lution of the measurement, see Fig. 1�a�. This suggests that
the edges of the fully fluorinated flakes give minimal contri-
bution to the D peak in Fig. 1�b�. Furthermore, structural
studies6 of the bulk fully fluorinated graphite material show
that the defects are sp3-bonded carbon atoms and not bond
dislocations. Therefore, we expect some contribution to the
D peak of fully fluorinated graphene to come from
sp3-bonded carbon atoms.

Several transistor structures have been fabricated from the
fully fluorinated flakes using e-beam lithography and depo-
sition of Cr/Au contacts �5 nm of Cr and 50 nm of Au�. All
the studied devices show very large resistance �more than
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1 G�� and no gate-voltage control of the resistance, typical
of a wide band-gap semiconductor material. Recent
works16,17 have shown that the I /V characteristics of fully
fluorinated graphene are strongly nonlinear with a nearly
gate-independent resistance value higher than 1 G�, sug-
gesting the presence of a band gap. The purpose of this work
is to produce transistor structures with a large on/off ratio of
the current. To this end, we reduced the fluorine content by
annealing the samples at �300 °C in a 10% atmosphere of
H2 /Ar for 2 h. The resistance is decreased and a partial gate-
voltage control is achieved, Fig. 2�a�. The annealing, how-
ever, has not noticeably changed the Raman spectrum in Fig.
1�b�.

Resistance measurements of the fully fluorinated flakes
after annealing show a strong temperature dependence, Fig.
2�a�. To examine the presence of the energy gap, we ana-
lyzed ��T� at the highest gate voltage Vg=50 V �which is
still far from the Dirac point� by an exponential law describ-
ing thermal activation of carriers across the energy gap
�� :�=�0 exp��� /2kBT�, Fig. 2�b�. The resulting value of ��
found at high temperatures is only �25 meV, which is sig-
nificantly smaller than the expected energy gap for fully flu-
orinated graphene. It is also seen that the slope of ln ��1 /T�
dependence decreases with decreasing T, which is a signa-
ture of hopping conduction via localized states.18 The fact
that in the whole range of studied temperatures electron
transport is not due to thermal activation across the gap but
due to hopping, has been confirmed by reanalyzing the tem-
perature dependence in terms of two-dimensional hopping:
��T�=�0 exp�T0 /T�1/3, where kBT0=13.6 /a2g���, g is the
density of localized states at the Fermi level � and a is the
localization length.18 The results are found to be in good
agreement with this expression, Fig. 2�b�, with the value of
T0=20 000 K. This confirms that the previously found acti-

vation energy of 25 meV is not the activation energy �� that
separates the localized states from extended states at the mo-
bility edge but is an activation energy �� of hopping between
localized states within the mobility gap, Fig. 2�c�. Although
not measured, the value of �� in these samples seems to be
larger than that in hydrogenated graphene, as the obtained
value of T0 is �100 times larger than in Ref. 5, indicating a
smaller density of localized states and smaller localization
length.

To achieve good Vg control of fluorinated graphene tran-
sistors, one needs to fabricate monolayer flakes. To do this,
we have used the second method of fluorination by gaseous
XeF2. The mixture of natural graphite and XeF2 was pre-
pared in a glove box in an Ar atmosphere. The reactor was
then kept at 120 °C for 48 h, which gave a fluorine content
of 24% as measured by mass uptake. Mechanical exfoliation
of the partially fluorinated graphite is carried out under am-
bient conditions. Flakes are located using an optical micro-
scope and monolayer flakes with an optical contrast of
�5–7 % in green light were selected for processing into
transistor structures. �We noticed that the contrast of fluori-
nated monolayers is �2% lower than that of pristine
graphene on Si /SiO2 �275 nm� substrates.� The flakes were
confirmed to be monolayer by Raman spectroscopy. The 2D
peak which is well fitted by a single Lorentzian function, and
has a full width at half maximum in the region of
20–30 cm−1 is typical for pristine monolayer graphene.12

The Raman spectrum of partially fluorinated monolayer
graphene, Fig. 1�c�, shows much narrower D, G, and 2D
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FIG. 1. Raman spectra for �a� pristine graphene, �b� multilayer
fully fluorinated graphene, and �c� fluorinated graphene monolayer.
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FIG. 2. �Color online� �a� Resistivity as a function of gate volt-
age for a fully fluorinated device. Inset: optical image of the device
�scale bar is 1 �m�. �b� Resistivity plotted against T−1 and T−1/3 at
Vg=+50 V. �c� A diagram of the energy dependence of the density
of electron states with the Fermi level at zero energy and localized
states shown by the shaded area. �Dense shading shows occupied
localized states.�
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peaks compared with thicker layers made from fully fluori-
nated graphite, Fig. 1�b�. This made it possible to detect
additional features in the Raman spectrum that also arise in
hydrogenated graphene:5 the D� peak at �1620 cm−1, which
also requires a defect for its activation, and a combination
mode �D+D�� at �2950 cm−1. It is interesting to note that
in our fluorinated graphene the ratio of the integrated inten-
sities ID / IG=3.8, which is larger than that found in partially
�on one side� hydrogenated sample, and is comparable to that
in the samples hydrogenated on both sides.5 This can be the
result of the fact that in the monolayer flakes fabricated by
exfoliation from fluorinated �intercalated� graphite the prob-
ability of fluorination is equal for both sides of the plane.

In total, four monolayer flakes were processed into four-
terminal transistor devices. Figure 3�a� shows the resistance
as a function of gate voltage measured for a range of tem-
peratures. �Comparisons of two- and four-probe measure-
ments have shown that the contact resistance is negligible
compared with the sample resistance, which indicates a good
Ohmic contact between the Cr and fluorinated graphene.�
Due to the small size of the samples, �4 �m2 in area, the
resistance shows strong mesoscopic fluctuations,19 and thus
the R�Vg� dependences were smoothed for the subsequent
analysis using a moving average filter.

The curves in Fig. 3�a� have been offset along the Vg axis
to account for doping, which is detected as a shift of the
maximum resistance �the Dirac point� from Vg=0. The par-
tially fluorinated samples were found to be doped to
Vg=+10 V �n=0.74�1012 cm−2�. This level of doping is
similar to that seen in conventional �pristine� graphene de-
vices, which we attribute to doping by atmospheric water.
Unlike pristine graphene devices with very weak temperature
dependence of the resistance, in the range of Vg= 	20 V
around the Dirac point the resistivity of fluorinated samples
is seen to grow by 2 orders of magnitude as T decreases from
300 to 4.2 K. Outside this region the temperature dependence
remains weak with the mobility of carriers
�150 cm2 V−1 s−1.

Analysis of the temperature dependence of the resistance
in terms of the activation law, �=�0 exp��� /2kBT�, shows
that it is not applicable for the whole temperature range and
at high temperatures gives an activation energy of �7 meV
at the neutrality point. Similarly to the fully fluorinated lay-
ers, the resistivity ��T� is fitted well by variable range hop-
ping, ��T�=�0 exp�T0 /T�1/3, Fig. 3�c�. Figure 4 shows the
hopping parameter T0 as a function of carrier concentration.
The value of T0 approaches zero at a carrier concentration of
	1.2�1012 cm−2. This value gives the concentration of the
localized electron states in the energy range from �=0 to the
mobility edge. The mobility edge occurs at Vg� 	20 V and
indicates the transition from hopping to metallic conduction,
Fig. 2�c�.

In order to relate the obtained concentration of the local-
ized states to the energy gap ��, one needs to know the exact
energy dependence of the density of states in the gap. For
estimations, we will use the linear relation for the density of
extended states above the mobility edge, g���=2
 /��2v2

�v=106 m s−1 is the Fermi velocity� and a constant value for
the density of localized states below the mobility edge, Fig.
2�c�. This gives an estimation ���60 meV and twice this
value for the full mobility gap. In this approximation the
density of the localized states in the gap is estimated as
1036 J−1 m−2. Using the obtained value of the hopping pa-
rameter T0�500 K in the Dirac point, one can then estimate
the localization length at �=0 as a�40 nm.
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FIG. 3. �Color online� �a� Resistivity of fluorinated monolayer
graphene as a function of gate voltage. Inset: false color scanning
electron microscopy image of the monolayer device �scale bar is
1 �m�. Resistivity in the Dirac region plotted as a function of �b�
T−1 and �c� T−1/3.
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FIG. 4. �Color online� �a� The value of the hopping parameter T0

as a function of the carrier density. Arrows indicate the concentra-
tion at which T0 approaches zero and the conduction becomes
metallic.
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The presence of localized states in the electroneutrality
region is clearly the result of disorder due to the random
positions of F atoms on graphene in the partial fluorination.
The current experiment does not allow us to establish
whether these states exist in the band gap produced by fluo-
rination or are simply the result of a “smearing” of the linear
density of states of graphene �as sketched in Fig. 2�c��. Tak-
ing into account the relatively small value of the parameter
T0 and large localization radius a, it seems that the latter case
is most probable and there is no large band gap created in the
spectrum. For future applications, however, it is only an in-
crease in the resistance in the electroneutrality region which
matters and this is achieved in both scenarios of creation of
the mobility gap. Our results show that in order to achieve
large resistances in graphene transistors at room temperature,
future efforts should be aimed at decreasing the density of

localized states in the mobility gap and decreasing the local-
ization length, which can be done by partial fluorination with
the fluorine content in the range between our studied values
of 24% and 100%.

In conclusion, the possibility of fabricating a transistor
structure using fluorinated monolayer graphene has been
demonstrated. Fluorination has been shown to cause a sig-
nificant increase in the resistance in the electroneutrality re-
gion, which is a consequence of the creation of the mobility
gap in the electron spectrum where electron transport is
through localized states.
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