
1

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17562  | https://doi.org/10.1038/s41598-020-74618-4

www.nature.com/scientificreports

Ultra‑strong stability 
of double‑sided fluorinated 
monolayer graphene and its 
electrical property characterization
Haidong Wang1,5, Masahiro Narasaki2,3,5, Zhongwei Zhang4,5, Koji Takahashi2,3, Jie Chen4* & 
Xing Zhang1*

Fluorinated graphene has a tunable band gap that is useful in making flexible graphene electronics. 
But the carbon–fluorine (C–F) bonds in fluorinated graphene can be easily broken by increased 
temperature or electron beam irradiation. Here, we demonstrate that the stability of fluorinated 
graphene is mainly determined by its C–F configuration. The double‑sided fluorinated graphene has 
a much stronger stability than the single‑sided fluorinated graphene under the same irradiation 
dose. Density functional theory calculations show that the configuration of double‑sided fluorinated 
graphene has a negative and low formation energy, indicating to be an energetically stable structure. 
On the contrary, the formation energy of single‑sided fluorinated graphene is positive, leading to an 
unstable C–F bonding that is easily broken by the irradiation. Our findings make a new step towards a 
more stable and efficient design of graphene electronic devices.

Graphene has attracted intense attention since its  discovery1. Utilizing the superior properties of this two-
dimensional (2D) material, such as the exceptionally high charge  mobility2, high optical  transparency3, excellent 
 flexibility4, ultrahigh mechanical strength and thermal  conductivity5–9, pristine graphene can be used in a wide 
range of applications. However, the special feature of zero bandgap in graphene has greatly limited its applica-
tion as a  semiconductor10–12. Consequently, it is important to open the bandgap of pristine graphene through 
the bandgap engineering and explore its utilization as a novel 2D semiconductor. Fluorination has been proved 
to be an efficient method to modify the electronic structures of graphene. The band gap in the fully fluorinated 
graphene (F/C ratio is 50%) can be opened up to 3.07 eV based on the theoretical  calculation13. The rise of 
fluorinated graphene makes the flexible and transparent all-graphene-electronics  possible14. By simply changing 
the fluorine/carbon (F/C) ratio of this atomic layer, the electrical characteristic of fluorinated graphene can be 
tuned from conductive, semiconductive to insulating. The electron beam lithography (EBL) and direct electron 
beam irradiation have been practically used to open the nanometer-sized conductive channels in the fluorinated 
graphene and fabricate the all-graphene-electronic  devices14–16.

Synthesis of fluorinated graphene and its stability are important for designing the flexible and printed elec-
tronic  devices17–20. The conventional synthesis methods include chemical fluorination and physical exfoliation: 
the former includes direct gas  fluorination13,21, plasma  fluorination22–24, hydrothermal  fluorination25, etc.; the 
latter includes sonochemical  exfoliation26,27, modified Hummer’s  exfoliation28, thermal  exfoliation29, etc. The F/C 
ratio in the fluorinated graphene depends on the fluorine agents or exfoliation solvents, the reaction temperature 
and time. By using the same synthetic method, higher reaction temperature and longer reaction time will result 
in a higher F/C ratio.

So far, there are a lot of works focused on the synthesis of the fluorinated graphene, while less attention has 
been paid to the stability of fluorinated graphene. Recently, researchers found that the stability of fluorinated 
graphene is sensitive to both  temperature30,31 and electron beam  irradiation13,14. A short time of annealing at 
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temperatures below 400 °C or low-dose electron beam irradiation will partially recover fluorinated graphene to 
pristine graphene. A direct proof for the recovery of fluorinated graphene is the decrease in the D-band Raman 
spectra and significant increase in the electrical conductivity. Prolonged annealing time at high temperature and 
high-dose electron beam irradiation may remove both C and F atoms in the fluorinated  graphene14,31. On the 
other hand, single-sided fluorinated graphene with low F/C ratio prepared by using  XeF2 gas will lose 50–80% 
initial fluorine coverage over 10 days before reaching a saturated  state32. All these facts show that the fluorinated 
graphene possesses a poor stability over storage time, temperature and irradiation, which severely limits the 
practical utilization of fluorinated graphene as a candidate of 2D semiconductor. It is interesting to know that 
the stability of fluorinated graphene is related to the F/C ratio of sample. A highly fluorinated graphene on 
substrate remains insulating after 10 days while a mildly fluorinated sample is partially recovered to its pristine 
state. It reflects the fact that stability of fluorinated graphene depends on the site and structure of C–F bonds, 
but the physical mechanism remains unclear. Understanding the stability of C–F bonding at molecular level 
and its electrical property is the key for the practical design of fluorinated graphene-based 2D semiconductors.

In this work, we have synthesized both single-sided and double-sided fluorinated monolayer graphene by 
using  XeF2 gas. Subsequently, the electron beam irradiation was used to selectively remove the fluorine atoms 
on graphene, and the resultant variation of the sample’s electrical conductivity was monitored continuously. 
The measurement results show that the electrical conductivity of double-sided fluorinated graphene remained 
unchanged after electron beam irradiation, while the electrical conductivity of single-sided sample was sig-
nificantly increased due to the loss of fluorine atoms. Such comparison demonstrates that the structure of C–F 
bonding at both sides of graphene has much stronger stability than that at the single side. First-principle calcu-
lations further confirmed the symmetric charge distribution and stable formation energy in the double-sided 
fluorinated graphene, which explains the strong stability of double-sided C–F bonding at molecular level. This 
work highlights the importance of double-sided fluorination to achieve stable chemically functionalized gra-
phene samples, which can be used in the practical design of all-graphene transparent and flexible electronics.

Synthesis of fluorinated graphene
The fabrication process of fluorinated graphene is given as  following30,31. At first, a monolayer graphene was 
grown on copper foil by using a conventional chemical vapor deposition method. Then, a thin layer of polymethyl 
methacrylate (PMMA) was spin-coated on the surface and used as supporting layer during the transfer process. 
The copper foil was etched away and the graphene/PMMA layer was transferred onto a  SiO2/Si substrate. After 
that, the graphene was cut into micro-ribbons following the EBL patterning and  O2 plasma etching. In order to 
measure the electrical properties of functionalized graphene sample, a thin metallic film (10 nm thick Cr and 
100 nm thick Au) was deposited on the graphene ribbon by using an electron beam physical vapor deposition 
method. The patterned metallic electrodes were made by using EBL and a standard lift-off method. Then, the 
graphene was chemically modified following two schedules: (1) For the single-sided fluorinated graphene, the 
graphene supported on  SiO2/Si substrate was directly put into a  XeF2 gas etcher (BP-3F Samco Inc.). The thin 
 SiO2 passivation layer blocked the contact between  XeF2 gas and backside of graphene, thus only the top surface 
of graphene was fluorinated in the  XeF2 gas. (2) For the double-sided fluorinated graphene, the thin  SiO2 layer 
was removed in a buffered hydrofluoric solution. Then, the graphene ribbon partially supported on silicon was 
put into the  XeF2 gas etcher and the silicon substrate was etched by a depth around 8 μm. Finally, the graphene 
ribbon was suspended between two metallic electrodes above the substrate. In this way, both top and bottom sur-
faces of graphene were fluorinated in the  XeF2 gas. The fluorination of graphene was done at room temperature. 
The F/C ratio of fluorinated graphene can be tuned by controlling the exposure time in the  XeF2 gas. Scanning 
electron microscope (SEM) images of tested samples can be found in Fig. 1.

Figure 1a shows 3 samples of double-sided fluorinated graphene (DSFG) and 4 samples of single-sided fluori-
nated graphene (SSFG). Both DSFG and SSFG samples are bridged between Au sensor and electrode (marked 
by the red arrows). It is worth noting that both electrical and thermal contact between graphene and the directly 
deposited metallic thin film are much better than those of the conventional method by transferring graphene 
onto the fabricated electrodes. No residual air bubbles, contaminations or wrinkles were trapped between the 
metal and  graphene33–37. In the fabrication process, the  SiO2 layer was removed by using a buffered hydrofluoric 
acid (BHF) through a micrometer sized window opened in the polymer resist layer. Due to the isotropic etching 
behavior of BHF, a part of  SiO2 below graphene and metal was removed. The length of over-etching was measured 
to be 2.5 μm in the SEM image of device taken after released from the silicon substrate by using  XeF2 etching. 
So it is seen in Fig. 1 that the  SiO2 under the metallic source,  SiO2 between source and drain, and a 2.5 μm wide 
 SiO2 section under the metallic drain were removed. But  SiO2 in the middle of the drain pad remains and forms 
an Au/Graphene/SiO2 sandwich structure, shown as the light green part in the figure.  XeF2 gas cannot permeate 
the  SiO2 layer, so the graphene between Au and  SiO2 still remains its pristine crystalline structure. In Fig. 1b, 
the graphene ribbon in two square areas marked by dashed lines was fluorinated at the bottom surface, while 
the graphene ribbon marked by yellow color between source and drain was fluorinated at both surfaces. It was 
reported that the absorption spectra of graphene were drastically changed after fluorination. The fully fluorinated 
graphene (F/C ratio is 50%) has an almost zero absorption below 3 eV, and thus only the light with energy higher 
than 3.0 eV can be absorbed by the fluorinated  graphene38. This indicates that the fluorinated graphene is almost 
transparent in the range of visible light with energy from ~ 1–3  eV38. The absorption spectrum of partially fluori-
nated graphene is higher than that of the fully fluorinated graphene, and slowly increases as the photon energy 
increases. Hence, the fluorinated graphene with low F/C ratio appears semi-transparent under the light. As seen 
in Fig. 1, the dependence of electron beam transparency on the F/C ratio is very similar to the behavior of light 
transparency. For the fully fluorinated graphene, i.e. DSFG, almost 100% electron beam can pass through the 
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free-standing graphene layer at 10 kV accelerating voltage and 2.9 pA current, while for the partially fluorinated 
graphene, i.e. SSFG, the graphene layer is semi-transparent under the electron beam.

Raman spectra, XPS and XRD results
Raman spectra, X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) data were collected on 
the fabricated samples.

Figure 2a shows the Raman spectra of samples, which were taken by using T64000 system from Horiba Inc. 
The pristine graphene represents a typical Raman spectrum of monolayer carbon crystal, in which the intensity 
of 2D-band peak is much higher than that of G-band peak. For the pristine graphene, the D-band peak for defects 
is negligibly small. After fluorination in  XeF2 gas on the top surface of supported graphene, the 2D-band peak 
is dramatically decreased, while the D-band peak increased and exceeds the G-band peak. All the Raman peaks 
of fluorinated graphene are widened and the baseline has been raised, comparing with the Raman spectrum 
of pristine graphene. These features indicate that the fluorination will break the symmetrical two-dimensional 
lattice structure of graphene and increase its defect level. In the case of DSFG, the baseline of Raman spectrum 
keeps increasing and the ratio between 2D-band and G-band peaks is further decreased. This indicates a higher 
level of fluorination to the graphene lattice.

Figures 2b and 2c show the XPS signals of samples which were taken by using PHI Quantera II system from 
Ulvac-Phi Inc. The individual spectra of C1s, O1s and F1s are shown in the figure. The strong F1s peaks in DSFG 
and SSFG samples indicate a high level of fluorination in graphene, while the F1s peak is missing for pristine 
graphene. The higher F1s peak and C-F peak in DSFG indicate a higher fluorine coverage. Based on the spectra 

Figure 1.  SEM images of suspended and supported fluorinated graphene samples. (a) SEM images of all 
samples, where the yellow dashed circles highlight the free-standing fluorinated graphene ribbon, which is 
almost transparent under the electron beam; (b) Zoom-in image of DSFG sample and its geometric sizes.
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of C1s and F1s, the atomic ratio between F and C was estimated to be around 20% and 50% for SSFG and DSFG, 
respectively. The atomic ratio between Si and O was calculated to be 1:2, indicating that the O and Si signals are 
origin from the  SiO2 layer under graphene. The Si and O signals were missing for the suspended DSFG sample.

Figure 2d shows the XRD signals of samples which were taken by using D/Max 2500v/pc system from Japan 
Rigaku Inc. It is seen that the (002) peak around 25° is missing for the pristine graphene, while this peak is usually 
sharp and strong for the stacked graphite samples. It confirms the monolayer structure of the graphene sample. 
For the fluorinated graphene, a small and broad peak was noticed around 12°.

Electrical property of fluorinated graphene
It has been reported that the electron beam irradiation can be used to remove the fluorine atoms on graphene and 
regain its electrical  conductivity13,14. It is an effective and precise tool to investigate the stability of C–F bonding. 
In order to conduct in-situ electrical characterization of fluorinated graphene in the SEM chamber, four-lead 
wires were fed through to connect the graphene sample and two high-precision Keithley digital multimeters (2002 
series). The I-V curve of fluorinated graphene was measured by using a four-probe method. Electrical measure-
ment inside the SEM chamber (< 10–4 Pa) prevents contamination or dopant in the atmospheric environment, 

Figure 2.  (a) Raman spectra, (b, c) XPS data and curve fitting, (d) XRD data of fluorinated and pristine 
graphene samples.
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which may further change the resistance of graphene sample. A low energy electron beam (10 kV, 2.9 pA) was 
used for observation in the experiment, which does not significantly affect the electrical property of  graphene14.

Figure 3a shows the source-drain I-V curve of SSFG sample #4. The whole SSFG ribbon between source and 
drain was uniformly irradiated by an electron beam, with a dose gradually increased from 0 to 0.40 C/cm2. A 
similar experimental  result14 of single-sided fluorinated graphene with a dose up to 1.00 C/cm2 is also included 
in Fig. 3a for comparison. The I-V curve of SSFG sample shows a typical symmetric behavior with respect to the 
bias voltage ranging from − 9 V to 9 V. Higher electron beam irradiation dose removes more fluorine atoms from 
graphene surface, and the source-drain current Isd increases monotonically. Hence, the resistance per square of 
SSFG decreases quite rapidly with the increasing irradiation dose, as shown in Fig. 3b. It is seen that our result 
has the same resistance-dose declining trend as the SSFG sample reported in the  literature14. The fluorine atoms 
on graphene skeleton reduce the charge in the conducting orbitals and introduce more scattering centers. Thus, 
the resistivity of fluorinated graphene is much larger than its pristine state, and is highly sensitive to the F/C 
ratio. Although four SSFG samples have almost the same geometric size and crystalline quality as a pristine 
graphene before fluorination, the fluctuation in the  XeF2 gas pressure and reaction time may cause significant 
difference in the resistances of SSFG samples. As for SSFG #3, the resistance was decreased by 200 times after 
electron beam irradiation and approached a saturation value of the pristine graphene. This result demonstrates 
that the single-sided fluorinated graphene can be easily tuned from an insulator to a conductor by simply apply-
ing electron beam irradiation. However, the electrical property of SSFG is not so stable in two aspects: (i) the 
resistivity of sample is highly sensitive to the synthesis process of fluorination, and (ii) the resistivity of partially 
fluorinated graphene may change due to various reasons, such as irradiation, temperature, dopant in the atmos-
pheric environment or storage  time17,32. This can be understood by the fact that even a low energy electron beam 

Figure 3.  (a) I-V characteristics of SSFG sample #4. The electron beam irradiation dose was increased from 0 
to 0.40 C/cm2. The I-V curve of fluorinated graphene reported in Ref.14 is shown as open circles. Inset: the SEM 
image of device, where the green parts are the Au film electrodes used as source and drain, respectively, the 
yellow part between source and drain is the fluorinated graphene ribbon. (b) The resistance per square of SSFG 
sample normalized by the reference resistance of pristine graphene. The dashed line is the guideline for eyes. The 
resistance of fluorinated graphene reported in Ref.14 is shown as black solid symbols. Inset: the illustration of 
single-sided fluorinated graphene supported on substrate.
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irradiation can alter the resistance of SSFG, and the other factors (temperature, dopant, etc.) at the same energy 
level will have the similar impact.

Figure 4 shows the source-drain I−V curve and resistance per square of DSFG samples. The I−V curve in 
DSFG sample represents a typical asymmetric diode characteristic, which is totally different from the metallic 
symmetric electrical behavior of SSFG shown in Fig. 4a. Similar to the normal graphene/doped silicon verti-
cally stacked  structure40–43, a charge rectification behavior is noticed in the metal/fluorinated graphene (MFG). 
The graphene below metallic film was fluorinated at the bottom surface with an opened band gap up to 2.8 
 eV13. The difference in the work functions between metal and fluorinated graphene causes a potential barrier at 
their interface, leading to the charge rectification phenomenon. Here, the thickness of MFG heterojunction is 
mainly decided by the metallic film, because the fluorinated graphene only has a thickness less than 1 nm. It has 
a potential to create a vertically stacked diode within several nanometers by reducing the thickness of metallic 
film. For the SSFG samples supported on  SiO2/Si, no charge rectification behavior was shown in Fig. 3a, since 
the pristine graphene between metal and  SiO2 has a zero band gap. This result proves the validity of building 
nanoscale diodes by using fluorinated graphene with a tunable band gap.

In addition to the charge rectification at the MFG interface, the main finding in Fig. 4b is that the resistance of 
DSFG is independent of the dose for electron beam irradiation, which is in sharp contrast with the exponentially 
decreasing resistance of SSFG with an increasing irradiation dose. This result demonstrates that the C–F bond 
is much stronger and more stable in DSFG than that in SSFG. The electron beam irradiation cannot dissociate 
the C–F bond in the free-standing F–C-F molecular structure, shown in the inset of Fig. 4b. It can be noticed 
that the irradiation dose for DSFG is smaller than that for SSFG. This is due to the fact that the suspended fluori-
nated graphene is much more vulnerable than the supported graphene when the device encounters electrical 

Figure 4.  (a) I-V characteristics of DSFG samples. The maximum electron beam irradiation doses of three 
DSFG samples varies from 0.03 to 0.06 C/cm2. Inset: the SEM image of device #1, where the green parts are 
the Au film electrodes used as source and drain, respectively, the yellow part is the fluorinated graphene ribbon 
suspended between two electrodes. (b) The normalized resistance plotted with respect to the electron beam 
irradiation dose on a logarithmic scale. The black open symbols are the results of DSFG samples, while the 
other small solid symbols with dashed guidelines are the results of SSFG samples. Inset: the illustration of free-
standing graphene with fluorine atoms bonding on two surfaces.
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fluctuation during the measurement. Even a small voltage fluctuation could break the free-standing monolayer 
graphene ribbon. In the experiment, a full I-V curve of DSFG was measured from − 8 V to 8 V at each irradia-
tion dose. Extreme caution should be paid to load the bias voltage on DSFG, and it took a relatively long time 
to obtain a single experimental data point in Fig. 4b. Unfortunately, all the three DSFG samples were broken 
before reaching a high irradiation dose, and all the available data are shown in Fig. 4b. However, the limited data 
points of DSFG do not affect the conclusion. As seen in the case of SSFG, the electron beam irradiation removes 
the fluorine atoms more efficiently in the beginning, and then becomes saturated as irradiation dose increases. 
For example, the sample SSFG #3 regained over 40% electrical conductance in the beginning of 0.06 C/cm2 dose 
irradiation. In contrast, the same electron beam irradiation didn’t cause any reduction in the resistance of DSFG, 
but instead slightly increased the resistance. These results all proves the fact that the C-F bonding in DSFG has 
a much stronger stability than that in SSFG.

First‑principle calculations
In order to understand the mechanism responsible for the ultra-strong stability observed in DSFG, first-principle 
calculations were carried out by using the Vienna Ab initio Simulation Package (VASP) based on density func-
tional theory (DFT) and planewave  basis44,45. The electron–ion interactions are described by the projector-aug-
mented-wave (PAW)  method46. The Perdew-Burke-Ernzerhof (PBE) functional within the generalized-gradient 
approximation (GGA) is used to treat the exchange–correlation interaction of  electrons47. A kinetic energy cutoff 
of 400 eV for the planewave basis and a convergence criterion of  10–7 eV for the total energies are adopted for 
all ab initio calculations. The van der Waals (vdW) interaction is included according to the Tkatchenko and 
Scheffler  method48.

To gain insight into the stability of fluorinated graphene, we calculated the averaged formation energy per 
fluorine atoms (eF) by performing ab initio calculations. Take the suspended graphene for instance, the eF is 
calculated  as49:

where, EFG, EF and EG are the total energy of fluorinated graphene, one fluorine atom, and pure graphene sheet, 
respectively. NF is the number of fluorine atoms in the calculation cell.

For the case of DSFG, we consider the structure of the fully fluorinated graphene (F/C ratio is 100%). The 
optimized crystal structure is shown in Fig. 5a. Moreover, the averaged formation energy eF is − 1.0534 eV, 
exhibiting a strong stability. The negative sign of eF indicates that the adsorption of fluorine atoms on graphene 
would be energetically favorable. As a comparison, we further construct supported SSFG where the top surface 
is fluorinated while the bottom surface is supported on substrate, to mimic the experimental condition. The 
hexagonal boron nitride (h-BN) and silicon dioxide  (SiO2) are used as the substrate in our calculations, where 
are two typical dielectric substrates in  literatures50,51. The stability of SSFG supported on the substrate of h-BN 
and amorphous  SiO2 was studied respectively. As shown in Fig. 5b and c, the surface of SSFG supported on h-
BN substrate is relatively flat, while it is notably curved on amorphous  SiO2 substrate. The eF of the supported 
graphene was calculated similar as Eq. (3) after replacing EFG with the total energy of fluorinated graphene with 
substrate, and EG with the total energy of pure graphene with substrate. The eF of the supported fluorinated gra-
phene on h-BN and  SiO2 substrates are 1.4854 eV and 1.5144 eV, respectively. Obviously, the positive values of 
eF indicate an unstable C–F bonding. Therefore, the defluorination in the single-sided fluorinated graphene can 
be easily induced by the electron beam irradiation as observed in experiment. In addition, the rough surface of 
amorphous  SiO2 substrate causes fluctuation in the supported SSFG structure, which makes the defluorination 
process even easier.

To further understand the bonding nature and stability in the fluorinated graphene, we calculated the defor-
mation charge density (DCD)52. As shown in Fig. 5d, in the case of DSFG, the charges are uniformly distrib-
uted along C-F bonds, indicating a strong covalent bonding which explains the fact that no defluorination was 
observed in the experiment. On the contrary, the interaction between h-BN and graphene leads to the charges in 
graphene dangling on the substrate side, as shown in the DCD of Fig. 5d. Correspondingly, this charge transfer-
ring weakens the bonding strength between the carbon and fluorine atoms on the other side, and consequently 
leads to an unstable C-F bond formation. So the defluorination in the single-sided fluorinated graphene can be 
easily caused by the electron beam irradiation as observed in the experiment. Moreover, our additional first-
principle calculations show that in the fluorinated graphene the C–C bonding still exhibits strong stability. For 
instance, the eF between neighbor C atoms in DSFG is − 3.380 eV, which is higher than the eF between fluorinate 
atoms and graphene layer (− 1.0534 eV). This calculation indicates the defluorination can be achieved without 
damaging the graphene layer as observed in the previous  study13, which further makes the resistance of fluori-
nated graphene approaching to the value of pristine graphene during the defluorination process.

Conclusions
Fluorination has been proved to be an efficient way to tune the band gap of graphene and control its electrical 
properties. Furthermore, electron beam irradiation was proved to be an efficient method in patterning the con-
ductive channels in the fluorinated graphene, wherein the stability of fluorinated graphene is an important factor. 
In this report, we have fabricated electronic device with fluorinated graphene in two different configurations, 
double-sided fluorinated graphene and single-sided fluorinated graphene. The results show that the double-sided 
fluorinated graphene has an ultra-strong stability against the electron beam irradiation, while the single-sided 
fluorinated graphene loses the fluorine atoms easily even at a low irradiation dose. The first-principle calculations 
reveal that there exists a strong covalent bonding between the fluorine and carbon atoms in the double-sided 

(1)eF =

EFG − NFEF − EG

NF
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fluorinated graphene, which well explains the ultra-strong stability observed in the experiment. Furthermore, a 
significant charge rectification behavior was observed at the interface between metal and fluorinated graphene. 
Our study provides important insights to the understanding of the unique chemical bonding characteristics in 
suspended graphene sheet, which is crucial for the fabrication of more stable and efficient graphene electronic 
devices.

Received: 15 June 2020; Accepted: 14 September 2020
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