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Abstract. We demonstrate a novel method to tune the energy gap €; between
the localized states and the mobility edge of the valence band in chemically
functionalized graphene by changing the coverage of fluorine adatoms via
electron-beam irradiation. From the temperature dependence of the electrical
transport properties we show that €; in partially fluorinated graphene CF g
decreases upon electron irradiation up to a dose of 0.08Ccm~2. For low
irradiation doses (<0.1Ccm™2) partially fluorinated graphene behaves as a
lightly doped semiconductor with impurity bands close to the conduction and
valence band edges, whereas for high irradiation doses (>0.2Ccm™2) the
electrical conduction takes place via Mott variable range hopping.
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1. Introduction

The future development of transparent and flexible electronics depends on the ability to
engineer conductive and semiconducting materials which are mechanically flexible and
optically transparent [1, 2]. Graphene—a single layer of carbon atoms with a honeycomb
structure—meets most of the requirements for flexible electronics [3]. This is the most
flexible transparent material [4—6] which can be doped with FeCl; to become also the best
known transparent electrical conductor [7]. However, in its pristine form, graphene does not
have a band gap in the energy dispersion [8], and this prevents the full exploitation of the
potential of this material in transistor applications where a large on/off ratio of the current
is required. A variety of techniques are currently under investigation to engineer a band-gap in
graphene materials, such as an electric field induced band-gap in few-layer graphene [9, 10],
quantum confinement—e.g. nanoribbons [11] and quantum dot structures [12]—and chemical
functionalization [13-20]. The latter is currently attracting a growing interest since it is typically
simple to implement and to scale up to wafer size for industrial production.

The opening of a band-gap via chemical functionalization typically involves a change
of the sp2 hybridization of the electronic orbitals characteristic of pristine graphene to a
tetragonal sp3 orbital. Depending on the chemical specie employed in the functionalization
process, it is possible to turn graphene into a wide or narrow gap semiconductor. For
example, fluorinated graphene has a band-gap of >4 eV [21-23] and this functionalization is
thermodynamically stable at temperatures as high as 400 °C [18]. In contrast to other methods,
chemical functionalization is expected to open a band-gap which is robust against disorder
as long as the mean free path of the electrons is large compared to the average distance
between adatoms [24]. In this case, the value of the band-gap is also expected to depend
on the degree of functionalization—i.e. coverage of adatoms [24]. Though this prediction
considerably widens the potential of chemically functionalized graphene, it has not yet been
demonstrated experimentally due to the difficulty to tune continuously the coverage of adatoms
in the functionalization process.

In this paper we demonstrate experimentally that the energy gap €, between the localized
states and the mobility edge of the valence band in chemically functionalized graphene, can be
tuned in partially fluorinated graphene (PFG) by changing the coverage of fluorine adatoms
simply via electron-beam irradiation. From a detailed study of the temperature dependence
of the resistance (from 4.2 K up to room temperature), we find that the electrical conduction
in PFG takes place via thermally activated carriers over the energy gap €,. We show that in
flakes exfoliated from CF »g this energy gap decreases monotonically upon electron irradiation.
At the same time we find that PFG displays an insulator to metal transition upon reducing
the fluorine coverage. In particular, for low irradiation doses (<0.1 Ccm~2) the electrical
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conduction in this material is described well by the lightly doped semiconductor model [32]
characteristic of standard semiconductors such as germanium and silicon. On the other hand,
for high irradiation doses (>0.2 C cm~2), electrical conduction takes place via Mott variable
range hopping (MVRH).

2. Results and discussion

The chemical functionalization of graphene with fluorine adatoms is obtained by exposing
natural graphite to F, atmosphere at 450 °C. Upon functionalization, the planar layer structure
of each graphene sheet composing the bulk graphite is transformed into a three-dimensional
structure with covalently bonded fluorine atoms above and below the plane of the sheet. The
percentage of the fluorine coverage is determined via gravimetry (mass uptake) and further
confirmed by solid state NMR measurements [26—28]. Subsequently, flakes of few-layer PFG
were isolated by mechanical cleavage of bulk fluorinated graphite (CFj,s) onto a p-doped
Si substrate—which acts as a back gate—covered by a 285nm thick layer of SiO,. PFG
flakes are identified via their low optical contrast, typically 2-4% for few layers with white
light. Electrical contacts are fabricated using standard electron beam lithography and thermal
evaporation of Cr/Au contacts (5/70 nm) followed by a lift-off process in acetone. The zero-
bias resistance of the devices was measured in a constant voltage configuration with a lock-
in amplifier, where the excitation voltage was varied to ensure that the energy range where
electrical transport takes place is smaller than the energy range associated to the temperature
of the electrons (eV,, < kgT). This prevents heating of the electrons and the occurrence of
non-equilibrium effects. In these studies we employ two terminal electrical measurements
in transistor devices with a negligible contact resistance at the metal/fluorinated graphene
interface as compared to the sample resistance (see supporting information, available from
stacks.iop.org/NJP/15/033024/mmedia).

We change in situ the level of fluorine coverage by irradiating the samples with an incident
electron beam of 10keV energy and a current of 0.13 nA. Under these conditions, secondary
electrons generated from the primary beam and from the backscattered electrons break the C—F
bonds with an efficiency of ~5 x 107>, whereas the electrical properties of pristine multilayer
samples are not significantly affected [29]. To prevent electrical discharges from damaging
the device during the irradiation process, the contacts and the back gate are kept connected
to ground. In total we have studied more than five different samples which behaved similarly
under the same electron-irradiation conditions.

Figure 1(a) shows a plot of a typical zero-bias square resistance (Ryq) measured at room
temperature after different steps of electron irradiation which correspond to different fluorine
coverage. The starting material is the electrically insulating PFG with 28% coverage (CF »g)
and Ry ~ 1 TQ2. Upon reducing the fluorine coverage we find that Ry, decreases monotonically
down to ~ 10K after exposure to 1Ccm™2. Such low values of Ry, are typical of pristine
graphene samples and suggest that electron irradiation has reduced PFG to the pristine form.
A measurement of the back-gate dependence of R, reveals that PFGs are hole-doped (see inset
in figure 1(a)).

At the same time, the temperature dependence of Ry, measured after different dose
exposures shows that PFG undergoes an insulator to metal transition driven by the decrease
of fluorine coverage (see figure 1(b)). In particular, for CF, 3 the R,y diverges when lowering
the temperature, as expected for insulating materials. After irradiating to 1 Ccm™2 and after
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Figure 1. (a) Plot of the zero-bias square resistance (Ry,) measured at room
temperature after different steps of electron beam irradiation for a representative
sample. The cartoon in the inset shows a sketch of the electron-irradiation
induced defluorination process. The graph in the inset shows a plot of the
gate dependence of R, after irradiation with different doses. (b) Plot of the
temperature dependence of the In(R,y) after subsequent electron irradiation
steps. A transition from an insulating state in CF »g to a metallic state is observed
after complete defluorination by exposure to a dose of 1 C cm~2.

conducting a mild annealing to remove contaminants from the surface [29], the samples exhibit
a very weakly temperature dependent Ry, which is typical of pristine graphene [30].

We first present the experimental characterization of PFG exposed to low electron
beam irradiation corresponding to doses ranging from 0 up to 0.1Ccm™2 in steps of
0.02Ccm~2 (see figure 1(a)). To understand the nature of the electrical conduction in these
materials we consider a semilog plot of the inverse temperature dependence of Ry, for
a representative sample (see figures 2(a)—(b) and supporting information, available from
stacks.iop.org/NJP/15/033024/mmedia). In all cases we find that In(R,) has a similar functional
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Figure 2. (a) Semilog plot of the high resistive region of the inverse temperature
dependence of Ry, for a CFy,s sample in the temperature range <30K after
exposure to 0.06Ccm~2. The four regions (A, B, C and D) with distinct
slopes of In(Ry,) versus 7! characteristic of lightly doped semiconductors are
highlighted on the graph. (b) Full-scale semilog plot of the inverse temperature
dependence of Ry, for samples irradiated to different electron doses and
measured up to room temperature. The continuous lines are linear fits to the
exponential dependence of the resistance in region A due to thermally activated
carriers across the energy gap €. The plot in the inset highlights the exponential
dependence of the resistance in A by presenting a double-log scale plot.
(c) Shows a plot of the energy gap €; between the impurity states and the valence
band edge and e, the impurity band width. The top inset shows a sketch of
the density of states versus energy for PFG, whereas the bottom inset shows
a sketch of the energy dispersion in PFG. (d) Plot of the hopping conduction
activation energy extracted from the linear fit of the semilog inverse temperature
dependence of R for different doses of electron irradiation shown in the inset.

dependence on T~! characterized by four regions with distinct slopes (regions A, B, C and
D highlighted in figure 2(a) which focuses on the low temperature range 7" < 30 K behavior
extracted from the plots in figure 2(b)). We note that this particular temperature dependence is
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identical to the well established temperature dependence of lightly doped semiconductors [32].
This similarity suggests that PFG is a semiconductor with impurity states in the band gap.
Previous studies in standard semiconductors [32] have established that region A corresponds
to intrinsic electrical conduction due to thermally activated carriers across the energy gap €,
between the localized states and the mobility edge of the valence or conduction band depending
on the position of the chemical potential in the system. At sufficiently low temperatures the
intrinsic charge carriers become less than the concentration contributed by the impurities. In
these regions, i.e. B to D, the conduction is entirely determined by the nature and concentration
of impurities. In what follows we adopt the lightly doped semiconductor model to explain the
evolution of the energy dispersion in fluorinated graphene as a function of F-coverage.

The intrinsic carrier concentrations of electrons and holes in region A gives an exponential

dependence of the resistance on temperature: R(7T) = Roez’% where €; is the energy gap
between the impurity states and the valence band edge. Due to the impurity and/or defect
induced states, €; in these PFG is smaller than the true energy gap corresponding to the
difference between the top and bottom of the valence and valence bands (see inset in figure 2(c)).
The value of €; and its dependence on the electron irradiation are readily determined from a
linear fit to the plot of In(Ry,) versus T~! for region A after different low dose irradiation (up
to 0.08 Ccm™2), see figure 2(c). We find that €, decreases monotonously from ~90meV (after
irradiation to 0.02 C cm~2) to &30 meV (after irradiation to 0.08 C cm™2).

In lightly doped semiconductors [31, 32], upon lowering the temperature the systems enter
the so-called saturation range. Here all impurities are ionized and the carrier concentration in the
band is nearly temperature independent. At the same time, upon lowering the temperature we
observe a reduction of R, due to an increase of the mobility. This is likely to be the consequence
of a reduction of the electron scattering rates due to ion impurity scattering, whereas electron
phonon scattering is not relevant since PFG has low values of charge carrier mobilities [31, 32].
This is region B for PFG. The subsequent range is known as the freezing-out range (region C),
where the extrinsic charge carriers are recaptured by the defects and/or impurities. In this region

the temperature dependence of the sample resistance is commonly described by Ry = R3e”<%
with an activation energy €, which is much smaller than €; [32]. In particular, we find that
€, is enhanced from ~0.4meV after irradiation to 0.02Ccm™2 to a value of €, ~ 0.55meV
after exposure to a dose of 0.08 Ccm~2, see figure 2(d). The observed increase of €, upon
electron irradiation is possibly due to an increase of random Coulomb potential associated with
the dangling bonds created by the irradiation-assisted defluorination process. Finally, at the
lowest temperatures in region D the main contribution to the electrical conductivity comes from
electrons hopping directly between localized states at sub-gap energies.

We now turn our attention to the higher dose regime, which corresponds to a lower coverage
of fluorine adatoms. Figure 3(a) shows a semilog plot of the temperature dependence of the
square resistance after various electron beam irradiations from a dose of 0.2 up to 1 Ccm~2. In
all cases we find that at high enough temperatures the conduction in these samples takes place
via hopping through localized states with R(T") e%7 and €, the hopping activation energy.
This temperature range corresponds to region C and the values of €, extracted from the fits are
plotted in figure 3(b). It is apparent that €, shows a monotonic decrease with increasing dose.

Upon lowering the temperature the In(Ry,) is nonlinear in 7', indicating that another
mechanism of conduction is at play in this D region (see figure 3(a)). To identify the specific
hopping mechanism of conduction dominating in D, we consider the generic expression R(7") =
Roe'™/D" where p is a parameter that depends on the dimensionality of the system as well as the
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Figure 3. (a) Semilog plot of the inverse temperature dependence of Ry, after
various high dose irradiation steps as indicated in the graph. The continuous
lines are a fit to thermally activated transport. (b) Plot of the activation energy
of the hopping conduction via localized states as a function of electron dose
irradiation extracted from the linear fits in (a). (c) Logarithmic scale plot of
W = —In(R(T))/In(T) versus temperature, the continuous lines are fitto W =
p(Ty/T)? and (d) shows the best fit values for p for each given electron dose
irradiation. (¢) Shows a semilog plot of R, as a function of T~'/3, the dashed
lines are fit to the MVRH.

conduction mechanism and 7j is the characteristic temperature of the system which correlates to
the degree of localization. For a two-dimensional system—such as fluorinated graphene—p is
equal to 1 for thermally activated transport, 1/2 for Efros—Shklovskii variable range hopping and
1/3 for MVRH [25]. The exponent p can be determined from a linear fit to the logarithm of the
reduced activation energy versus In7(K)/1K, where the reduced activation energy is defined
by the relation W = —InR(T')/(InT) = p(Ty/T)?, see figures 3(c) and (d) [33]. We find that
for all the studied doses the best fit gives p = 1/3, demonstrating that the electrical conduction
takes place by MVRH. From a fit of R(7T') to MVRH conduction mechanism (see figure 3(e)) we
can extract the values of 7 for each different electron dose irradiation. This hopping parameter
is shown in figure 4(a) and it is found to decrease with increasing the electron dose therefore
suggesting an increased density of sub-gap states and of localization radius.
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Figure 4. Graphs in (a) and (b) show the characteristic temperature 7, of the
MVRH mechanism and the field effect mobility as a function of electron beam
dose irradiation.

A two-dimensional tight binding theoretical model predicts that an energy gap whose value
depends on the coverage of adatoms is expected in the limit that the mean free path of charge
carriers is longer than the average distance between adatoms [24]. In this case, assuming an
asymmetry between the graphene sublattices, the Bragg scattering of electron waves by the
adatoms opens a uniform energy gap which is immune to the positional disorder of the adatoms.
Although the structure of PFG is not two-dimensional and an extension of the theoretical
model by Abanin et al [24] to capture the tetragonal sp3 bonds is needed, we note that in
our experiments the mean free path in this low-dose regime is always longer than the distance
between fluorine adatoms. The charge carrier mobilities in PFG are typically of the order of

10cm? Vs™! (see figure 4(b)). The Fermi velocity in PFG is vg = 4/ ?mLﬁz with n charge density,
e the charge of the electron and mx* the effective mass in fluorinated graphene [22]. Therefore

the typical mean free path for charge carriers in our devices is [ = %"‘ / 2”7” ~ 1.5nm. Thus we

can expect that also in our PFG materials Bragg scattering of electron waves plays a primary
role in opening a uniform energy gap down to a F-coverage of 0.72% which is the concentration
at which the average distance between adatoms becomes equal to the charge carriers mean free
path. Since electron-irradiation is a simple method to control the fluorine functionalization in
PFG, our experiments show that PFG might be an easier system where to study the interplay
between Bragg scattering of electron waves and adatoms in opening a uniform band gap.
However, an extension of the previously developed two-dimensional model [24] is needed.

3. Conclusions

In conclusion we show that the energy gap €; between the localized states and the mobility edge
of the valence band in PFG can be tuned by changing the coverage of fluorine adatoms simply
via electron-beam irradiation. We show that in CF »g this energy gap decreases monotonically
upon electron irradiation up to a dose of 0.08 Ccm™2. At the same time, these PFG materials
display an insulator to metal transition when decreasing the coverage of fluorine adatoms. In
particular, for low doses of electron beam irradiation, PFG is a lightly doped semiconductor
with an intrinsic energy gap whose value depends on the fluorine coverage. For higher doses,
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the transport is governed by MVRH. These experimental findings highlight that electron beam
irradiation of fluorinated graphene is a novel way to engineer energy gaps in graphene materials.
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