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 ABSTRACT 
We report a novel and easily accessible method to chemically reduce graphene
fluoride (GF) sheets with nanoscopic precision using high electrostatic fields 
generated between an atomic force microscope (AFM) tip and the GF substrate.
Reduction of fluorine by the electric field produces graphene nanoribbons (GNR)
with a width of 105–1,800 nm with sheet resistivity drastically decreased from 
>1 TΩ·sq.–1 (GF) down to 46 kΩ·sq.–1 (GNR). Fluorine reduction also changes the 
topography, friction, and work function of the GF. Kelvin probe force microscopy
measurements indicate that the work function of GF is 180–280 meV greater 
than that of graphene. The reduction process was optimized by varying the AFM
probe velocity between 1.2 μm·s–1 and 12 μm·s–1 and the bias voltage applied 
to the sample between –8 and –12 V. The electrostatic field required to remove 
fluorine from carbon is ~1.6 V·nm–1. Reduction of the fluorine may be due to 
the softening of the C–F bond in this intense field or to the accumulation and
hydrolysis of adventitious water into a meniscus. 

 
 

1 Introduction 

Chemical modification can extend the already super-
lative properties of graphene. Of particular interest 
has been tuning the electronic properties of graphene, 
which in its pristine form is a semimetal with 

excellent conductivity. While many different chemical 
functionalizations of graphene have been reported, the 
two most efficient at making graphene electrically 
insulating are oxidation [1, 2] and fluorination [3, 4]. 
Graphene oxide (GO) is an inexpensive and readily 
available material with the potential to excel in many 
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different applications; however, it has two significant 
limitations if one wishes to control its chemistry. The 
first one is that GO has many different oxygen-rich 
functionalities that complicate its chemistry. The second 
is that, once oxidized, edge ether moieties form in the 
basal plane that cannot be removed without destroying 
the carbon lattice [5]. This implies that oxidized gra-
phene will be quite difficult to selectively restore to 
pristine graphene if that is the goal, as it is in this paper. 
In contrast, graphene fluoride (GF) has a relatively 
uniform chemistry and is readily formed in large 
sheets by exposing graphene to XeF2 [3, 4]. GF was first 
synthesized independently at the Naval Research 
Laboratory (by Robinson et al. [3]) and Manchester 
University (by Nair et al. [4]) in 2010. Graphene grown 
on copper foil was fluorinated using a commercial XeF2 
etcher at 30 °C for less than 15 min [3], and exfoliated 
graphene was treated with XeF2 at 70 °C for much 
longer (>100 hours) exposure times [4]. Fluorinating 
just one side of graphene produces one of the thinnest 
known insulating materials with a DFT-calculated 
band gap of 2.93 eV for C4F [3]. Another interesting 
approach is based on selective area fluorination of 
graphene with laser irradiation of a fluoropolymer so 
that it produces active fluorine radical reacting with 
graphene in irradiated areas [6]. In practical GF films, 
the majority of the fluorine bonds are covalent C–F 
bonds [7] with a small fraction of CF2 and CF3 bonds 
existing at grain boundaries, point defects, and other 
edges. Recent testing of GF with Raman, FTIR, and 
photoluminescence spectroscopy techniques suggests 
that the band gap can be (3.8– 3.9 eV), and it may 
luminesce in the visible and UV ranges [8]. GF is thus 
a promising material for future graphene electronics 
and optoelectronics. 

Multiple lithographic approaches have been intro-
duced to create graphene-based devices using fluorina-
tion, such as creating chemically-isolated graphene 
nanoribbons via thermal dip-pen nanolithography [9] 
or directly reducing GF to reduced graphene fluoride 
(rGF) via electron beam irradiation [10]. Similarly, there 
have been studies using a high electric field between 
graphene and a conductive scanning probe either to 
oxidize [11–13] or hydrogenate graphene and thereby 
define electronic devices [14]. Here, we explore an 
alternative approach that uses high electrostatic fields  

to reduce GF to rGF from the 2D graphene mesh by 
“breaking” the C–F bonds. This bond breaking may 
stem from local chemistry induced by the electrolysis 
of adventitious water or from the polarization of the 
C–F bond under the electrostatic field. 

2 Results and discussion 

2.1 Patterning of GF devices 

To pattern the GF, we followed the protocol for atomic 
force microscopy-based electrostatic nanolithography, 
or AFMEN, where a conducting AFM tip is held a fixed 
distance above the surface while an intense electric 
field is applied across the gap [15]. AFMEN has been 
used to generate nanostructured polymeric films by 
inducing the mass transport of polarized polymer 
molecules along the electric field lines emanating from 
an electrically charged AFM tip and the grounded 
conductive substrate. The electric field inside an 
insulator such as polystyrene can exceed 1–10 V·nm–1. 
Without external heating or AFM-tip contact, the 
process can precisely generate 1–50 nm high polymer 
nanostructures at AFM tip velocities from 0.1 to 
8 μm·s–1 [15, 16]. 

All experiments were performed by modifying 
pre-existing micrometer-scale graphene field effect 
transistor (FET) devices (Figs. 1(a) and 1(b)). This 
enables the electronic properties of the graphene to 
be measured at the beginning of the experiment and 
then monitored at each stage of fabrication. To prepare 
these base devices, the silicon oxide substrate (100 nm 
of SiO2 on n-Si (resistivity: 1–10 ·cm) was first reacted 
with hexamethyldisilazane (HMDS) prior to depositing 
graphene onto the surface of SiO2. The HMDS reacts 
with silanol groups to form a hydrophobic monolayer 
that reduces the intercalation of water and other polar 
adsorbates into the substrate/graphene interface where 
they can dope the graphene device and produce 
hysteresis in I–V sweeps [17]. The next stage was 
fluorination of the whole device with a Xactix® XeF2 
etching system with the duration of gas exposure 
ranging from 12 to 15 min at a temperature of ~30 °C. 
The XeF2 fluorination affects the graphene bridges (i.e., 
the film between the two gold electrodes) but not the 
gold electrodes themselves [18]. The resistance of each 
device was then measured using a Keithley 4200-SCS 
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Figure 1 (a) Optical image of the base devices used for AFMEN 
fabrication of a GNR FET. (b) Zoomed in image of the device 
with a graphene sheet width of 12 µm and a channel length of 
4 µm. (c) Cartoon of the biased AFM probe using AFMEN to 
write a nanoribbon that is chemically isolated in the insulating 
graphene fluoride. Three stage process of graphene de-fluorination. 
(d) Height and (e) friction images of the formed GNR. The 
cross-section in (d) is a horizontal average of the channel area to 
the left of the plot. 

and only open circuit devices (Rsheet > 1 TΩ·sq.-1) were 
selected for subsequent nanolithography. 

The GF bridge was then selectively defluorinated 
to rGF using AFMEN [15, 16] as shown in Fig. 1(c). 
Specifically, the grounded AFM tip was moved above 
the GF film that rested on top of the negatively 
biased silicon/silicon oxide substrate. Experiments 
could be carried out in nitrogen ambient; however, 
reproducibility was enhanced at ambient levels of 
humidity. To write the line, the conductive AFM tip 
was rastered over the area to be reduced in lift mode 
(~5 Å separation from GF) at tip velocities between 1 
and 10 μm·s–1 (Fig. 2(a)) and with applied negative 
biases between –8 and –12 V (Fig. 2(b)). The scan size 
was maintained at 6 μm; however, the length of the 
bridge, and thus the effective length of the patterned 
nanoribbons, was ~4 μm. The dynamic friction (lateral 

bending of a cantilever) between the moving probe 
and the substrate is greater for GF than grapheme 
[19, 20], so the most immediate means of imaging  
the graphene nanoribbons formed in the GF was to 
image simultaneously in height and friction modes 
(Figs. 1(d) and 1(e)). Note that in each operation  
only a single nanoribbon was produced between two 
gold electrodes. After fabrication, the sheet resistivity 

 
Figure 2 Friction force AFM image showing the experimental 
thresholds of the AFMEN technique on graphene fluoride when 
using varying (a) tip velocities and (b) voltages. The y-averaged 
friction values are below each plot. The portions of the line where a 
graphene wrinkle occurred were not included in the average. 
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of graphene nanoribbons with widths from 105 to 
1,800 nm were measured at zero gate bias (Fig. 3). The 
sheet resistivity decreases dramatically with nanorib-
bon width from 149 GΩ·sq.–1 for a 105 nm wide GNR 
down to 46 kΩ·sq.–1for a 1,080 nm wide GNR. The 
reason for this dramatic shift is not clear; however, the 
reduction process could depend heavily on the nature 
of the probe–GF gap such that any contamination by 
residual resist would greatly reduce its efficiency  
and increase the patchiness of the reduction. The 
fabricated GNRs were highly p-doped, presumably 
due to residual fluorine or surrounding GF (see Fig. S4 
in the Electronic Supplementary Material (ESM)) [9]. 
More importantly, the resistivity of the rGF structures 
is 46 kΩ·sq.–1 which is only ~30 times that of the pristine 
graphene and is less than half the resistivity achieved 
through high electron doses via electron beam irradia-
tion [10]. This indicates that high quality reduction 
can be achieved. Finally, it should be noted that, unlike 
other efforts at modifying pristine graphene, reduction 
may be started arbitrarily on the GF substrate and 
does not require commencing either at an electrode 
or graphene edge. 

2.2 Kelvin probe force microscopy (KPFM) measure-
ments 

Fluorine reduction was confirmed initially by topo-
graphical changes in height (5–8 Å, Fig. 1(d)), images 
in friction mode, and also by the substantial decrease 
in resistance. This abrupt decrease of resistance is 
similar to the percolation behavior of carbon nanotube 
thin film channels after the width was reduced by 

 
Figure 3 Resistivity·sq.–1 of the rGF versus the width of the 
nanoribbon. 

patterning [21]. To verify independently the successful 
reduction of the fluorinated graphene by AFMEN, the 
surface potentials of nanoribbon devices were recorded 
with Kelvin probe force microscopy (KPFM). Figure 4 
shows the topography (a), surface potential (b), and 
friction (c) of a wide graphene nanoribbon device 
captured with two different instruments. Histograms 
of the data are also shown along with their attributions. 
Similar results for two more nanoribbon devices are 
provided in the ESM (Fig. S1 in the ESM). Relative to 
the untreated GF, the AFMEN-treated area exhibits 
lower friction and a higher surface potential. The 
surface potential of the rGF (Fig. 4(b)) is close to that of 
pristine graphene (Fig. S2 in the ESM) demonstrating 
the high degree of the reduction in the former. Note 
that typically in KPFM, the electrostatic surface 
potential measured with respect to the conductive 

 

Figure 4  (a) Topography of a wide graphene nanoribbon 
chemically isolated in fluorinated graphene. The GNR was pro-
duced by selective reduction of fluorinated graphene via electrostatic 
pressure. (b) A Kelvin probe image of the same nanoribbon along 
with a labeled histogram of the surface potentials with the 
potential of the Au electrodes set to 0. (c) Friction image of the 
same device along with a labeled histogram of the friction forces 
experienced by the tip. 
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cantilever tends to drift between measurements and 
often shows poor reproducibility, possibly due to 
inadvertent contamination of the tip. Consequently, a 
more reliable value is the potential difference between 
areas of the same surface recorded in a single measure-
ment. Here the surface potentials are referenced to 
that of the contacting gold electrodes, whose potential 
is set to zero.  

The non-zero potential of graphene relative to   
the gold electrodes results from the electron transfer 
between the graphene and electrodes necessary to 
align their Fermi levels [22]. The relative surface 
potential of the graphene  G–Au = 87.1 meV ± 6.6 meV 
(see Fig. S1 in the ESM) is comparable to the ~+150 meV 
potential difference in a previous KPFM experiment 
[23] without backgating. The relative surface potential 
of the rGF is slightly lower at  rGF–Au = 77.5 meV ± 
20.2 meV, a value within the experimental error if  
one makes the fairly safe assumption that the gold 
electrodes in the two devices investigated have 
identical work functions. This suggests that the rGF 
possesses a work function and electronic structure 
close to those of pristine graphene. Noting the very 
different potential difference between the GF and gold 
electrodes (Fig. 4(b)), our measurements indicate that 
AFMEN can almost completely reduce the GF. Finally, 
our measurements indicate that the work function of 
the fluorinated graphene is some 230 meV ± 57.3 meV 
greater than that of graphene (or rGF) and alignment 
of Fermi levels in the fluorinated and rGF requires 
electron transfer from the latter to the former. Such 
electron transfer is consistent with the lateral hole 
doping of graphene nanoribbons chemically isolated 
in GF recently reported by us [9]. 

2.3 Effects of tip bias and velocity 

The impact of changing the velocity and bias voltage 
of the AFM probe on reduction quality is presented 
in Fig. 3. In the first experiment the probe velocity 
was increased from 1.2 μm·s–1 to 12 μm·s–1 while the 
scan area (6 μm × 0.1 μm) and bias voltage (–12 V) 
remained constant. An AFM tip travelled the entire area 
four times to draw each nanoribbon. This experiment 
was essential to determine the optimal tip velocity 
(between 1.2 μm·s–1 and 4 μm·s–1) which was later used 
in further experiments. The purpose of the second 

experiment was to determine the threshold voltage for 
fluorine reduction. The AFM tip velocity was held at 
1.6 μm·s–1 while the scan area was again 6 μm × 0.1 μm, 
and exposure time was optimized at 240 s to pattern 
nanoribbons in GF. The substrate bias was then 
adjusted from –9 to –12 V. The results show that the 
minimum voltage required to remove fluorine is –10 V.  

2.4 Finite element calculations 

While it is clear that fluorine is reduced from the GF, 
these experiments provide only indirect evidence for 
the mechanism of reduction. Understanding the 
mechanism is further complicated in that the intense 
electric fields used can activate multiple processes 
that lead to reduction. The two most likely processes 
of fluorine reduction are the polarization of the C–F 
bond and the generation of reactive species during 
the hydrolysis of adventitious water. To estimate the 
electrostatic field present at the GF surface, we used 
finite element analysis (COMSOL 4.3a) and obtained 
the electric field distribution between a grounded 
gold coated AFM tip, modeled as a cone with a 20° 
internal angle terminated by a hemisphere of radius 
30 nm, raised by 0.2–1 nm above the 1 nm thick GF. 
The GF sheet sits on a 100 nm thick thermal SiO2  
film that terminates the highly doped n-Si (ρ:5·cm) 
substrate, the bottom of which is biased at 10 V.   
The two main unknowns are the dielectric properties 
of the fluorinated graphene and the composition of 
the gap between the probe and GF. We assumed the 
dielectric constant of GF was the same as that of 
polytetrafluoroethylene (ε2.1) due to their structural 
similarity. The composition of the gap is more 
difficult to estimate in that while fluorine may be 
reduced under nitrogen, more reproducible reduction 
occurred in the ambient, suggesting that adventitious 
water may enhance fluorine reduction. The amount 
of water present would be limited since water wets 
GF even less than the already hydrophobic graphene; 
however, high electric fields can draw water into the 
meniscus [24, 25]. The balance of these forces, and 
thus whether adventitious water forms a meniscus, is 
unknown. To set an upper bound on the electric field 
we chose nitrogen (ε~1) as the gap material with the 
understanding that the presence of water (ε~80.1) 
would reduce the field. Figure 5 displays the results  
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Figure 5 Electric field at the GF surface as a function of the 
lateral distance from the probe apex coordinate for (a) a probe 
held at 0.2, 0.6, and 1.0 nm with a 10 V bias and (b) a probe held 
at 0.6 nm with –8, –10, and –12 V. The inset in (a) shows the 
calculated potential. 

of the numerical calculations for electric field for a 
probe held at distances of 0.2, 0.6, and 1.0 nm above 
the GF (Fig. 2(a)) as well as a tip held at 0.6 nm with 

biases from 8 to 12 V (Fig. 2(b)), bracketing the con-
ditions from Fig. 2. We note that an analytical approach 
using the method of images gave comparable results 
(Figs. S2 and S3 in the ESM) [26]. The peak field of 
~2 V·nm–1 is comparable both to the field needed to 
rupture a chemical bond and the field needed to 
dissociate water (2.5 V·nm–1 by theory [27], 3.2 V·nm–1 
by experiment [28]). We will briefly discuss each 
mechanism as outlined in Fig. 6. 

2.5 Reduction mechanism. 

Previous studies [10–12] have shown that the dissocia-
tion of water can drive chemistry with graphene, with 
either hydrogenation or oxidation possible depending 
on bias. In our experiments we applied a negative bias 
to the substrate (i.e., positive tip bias) to defluorinate 
the material. Since defluorination appears to require 
at least a low level of relative humidity, we initially 
assumed that hydrolysis of the water played a role in 
defluorination.  

2 H2O ↔ OH– + H3O+ 

Given the electrical bias in the experiment, we expect 
hydronium to be driven to the substrate and the 
hydroxyl anion to be driven towards the tip; however, 
the tip–substrate separation is comparable to a single 
hydration sphere, so both ions would be available  
for chemistry at the interfaces of GF and tip. To 
determine whether either OH– or H3O+ could remove 
fluorine, we used XPS to monitor the stability of large  

 
Figure 6 Two possible mechanisms for the AFMEN reduction of fluorine. (a) Fluorine could be reduced by electric field driven 
desorption. The electric field due to the negatively biased sample is represented by light blue arrows. (b) Water molecules are 
dissociated in the meniscus around the AFM tip due to electrolysis. This forms hydronium (H3O

+) and hydroxyl (OH
–
) ions that can 

react with the fluorine. 
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sheets of fluorinated graphene submerged in buffers 
of different pH for 3 hours by XPS (Fig. 7). From the 
results it is clear that extended submersion in water 
alone can reduce much of the fluorine from the surface. 
At room temperature, there is a secondary effect where 
higher pH values, and thus higher OH– concentra-
tions, reduces more fluorine. These results suggest 
that the drawing of water into a meniscus may be the 
more significant contribution of the electric field to 
reduction.  

The second potential mechanism for fluorine reduc-
tion is field-induced dissociation and desorption of 
fluorine from the C–F bond (Fig. 6(a)) [29]. In this 
mechanism, the intense electric field will soften the 
highly polar C–F bond. The passage of electrons will 
also stimulate this bond ultimately leading to the 
desorption of fluorine from the surface. Although the 
current apparatus for this experiment provides us 
with the precise gap height and bias on the probe, it 
does not allow us to measure the current through the 
system. Determining the relative contributions of 
these two mechanisms and also influence of water 
condensation in the vicinity of nanoscale asperities 
are the goals of ongoing research. 

 
Figure 7 Loss of fluorine from GF after submersion in a 
buffered solution at 25 °C and 100 °C at the stated pH. Loss is 
greater at higher temperatures and, at room temperature, at higher 
pH. Note that submersion in pH 10 buffer at 100 °C etched the 
substrate and removed the GF. 

3 Conclusions 

We have demonstrated that the AFMEN process can 
robustly reduce fluorine from GF to form chemically 
isolated graphene nanoribbons with dramatically 
decreased sheet resistivity. The approach requires only 

commercially available conductive probes which, 
because the tip does not contact the surface, should 
wear minimally during fabrication. The technique may 
be started arbitrarily on the GF substrate and does 
require commencing either at an electrode or graphene 
edge. Given this and the relatively fast lithography 
speeds (μm·s–1), the technique should be sufficient for 
the routine manufacturing of conducting graphene 
nanostructures. The next logical steps in this research 
would be to determine the stability of GF-based devices 
and the nature of electronic transport through them 
using variable temperature conductivity measurements. 
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1  KPFM of a graphene device 

KPFM was used to measure surface potential of a pristine graphene device prior to its fluorination. Figure 3 in 
the main text shows surface potential image of the device and corresponding distribution of potentials. 
Comparison of potentials indicates that the surface potential of graphene relative the gold electrodes is 
 G-Au = 84.8 ± 22.0 meV. 

 
Figure S1 A KPFM image of pristine graphene device along with a labeled histogram of the surface potentials with the potential of the 
Au electrodes set to 0. 

2  Calculation of charge distribution via method of images 

To estimate the distribution of electric field and potential between negatively polarized fluorine and grounded 
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AFM tip we have used an exact analytical solution based on the method of images derived for a configuration 
comprising an AFM tip (covered with Au; R = 30 nm) and a thin layer of GF (thickness a = 1 nm; dielectric 
constant εFG = 2.1 selected to be the same as that of Teflon) as presented in Fig. 1 in the main text. The GF layer 
is placed on top of the SiO2 film. An electric field of –10 V is induced between the negatively polarized layer of 
FG and a conductive sphere presenting an AFM tip. The tip is separated at a distance of 0.2 nm from FG surface. 
An AFM tip is modeled as a conductive sphere (R = 30 nm) with charge Q in its center and is equivalent to the 
electric field of the set image charges at a air–GF–SiO2 interface.  

Specifics of the derivation can be found online at arXiv:cond-mat/0408247v2, and also on 
http://nebula.physics.uakron.edu/dept/faculty/sfl/Induced_nanoscale.pdf.  

We used the final solution for the electric field obtained inside of a dielectric (GF) and also outside the 
junction [20]: 
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. The vector a is directed along the z-axis, and a = a  is the 

thickness of GF. An asterisk above vectors that the mirror reflection is executed with respect the plane S . We 
consider the case when the AFM tip is separated from the GF at a distance (H = 0.2 nm) comparable with the FG 
thickness (1 nm). Then an AFM tip can be presented as a charge Q producing an electric field 0 ( )E r : 


 

 
  

0 3
0

( )( )
4 ( )

Q r a HE r
r a H

 

 

Figure S2 Schematic presentation of the nanojunction comprising an AFM tip, and a negatively biased layer of GF sitting on top of 
the silicon oxide. The method of images was used to calculate the electric field (in the range 108–109 V·m–1). Each image charge creates 
a pair of charges with equal magnitude and opposite sign that can be represented by a dipole inside a conductive sphere along with an 
infinite set of image dipoles.  
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Figure S3 Distribution of electric field with respect to distance for tip–GF separation H = 2 Å; Radius of the tip R = 30 nm. 

3  Fluorographene pH stability in buffers 

Graphene was transferred onto a SiO2/Si wafer and fluorinated with XeF2 gas according to previously published 
procedures. The wafers were immersed in commercially-obtained (VWR) buffer baths at pH 4 (potassium 
hydrogen phthalate), 7 (sodium and potassium phosphate), and 10 (sodium carbonate/bicarbonate), at room 
temperature or at 100 °C. After 2 hours, the wafers were removed and washed with distilled water and acetone 
and dried under a stream of dry nitrogen. The XPS spectra were obtained immediately thereafter on a Thermo 
Kα spectrometer using an Al Kα line source (1,486.7 eV). All experiments were run with the electron flood gun 
turned on. Detailed XPS spectra were obtained for the Si 2p, C 1s and F 1s regions. For analysis, the Si and F 
peaks were fitted with one product-mixed Lorentzian–Gaussian function (mixing ratio 30:70) and the C peaks 
were fitted with four such functions. The F/C molar ratios were calculated from the areas under these fitted 
peaks and analyzed using standard statistical methods. 

 
Figure S4 Typical transconductance behavior of a GNR (width = 223 nm) reduced by an electric field. 


