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Abstract: Fluorinated graphene is an up-rising member of the graphene family and attracts significant attention 

since it is a 2D layer-structure, is self-lubricating, has a wide bandgap and high thermal and chemical stability. By 

adjusting the C–F bonding character and F/C ratios through controlled fluorination processes, fluorinated 

graphene can be utilized for a wide range of applications including energy conversion, storage devices, bio- and 

electrochemical sensors. Herein, monolayer CVD graphene/Cu was fluorinated via SF6 plasma with a time and 

power sequence trial. Structural, morphological, roughness, adhesive forces, and wettability of fluorinated 

graphene were explored. Insight was gained by Raman spectroscopy, SEM and EDS, surface roughness and adhesive 

force measurements via AFM on different samples. Fluorination produced a p-doped structure, a blue shift in the 

2D peak and a red shift in the D peak of the Raman spectra of graphene. Increasing plasma time increased the 

defects and weakened C-C bonds more rapidly at higher plasma power (40 W), whereas lower plasma power  

(15 W) retained more of the graphene properties (characterized by high La, LD, and low nD), as confirmed by 

Raman, SEM, and EDS analyses. Surface roughness and adhesive forces on the graphene surface mainly were 

increased with the increase in plasma time at a certain power. Higher plasma power resulted in more hydrophobic 

surfaces and even the wettability tuning occurred in the hydrophobic regime while lower plasma power 

demonstrated tuning in the hydrophilic regime. Influence of the underlying surface and π-electron pairs were shown 

to play more significant roles in tuning the wettability at higher plasma power. 
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1. INTRODUCTION 

Graphene, as the only carbonous surface with 

many remarkable electrical, optical, thermal, and 

mechanical properties, has been exploited for the 

fabrication of many biomedicine, bio-adhesion 

and bio-monitoring devices [1-3], desalination 

membranes [4-8], electric generators [9, 10], 

energy storage capacitors [11] and extraordinary 

wettable devices [12]. Graphene-related materials 

are promising solid lubricants due to the easy 

shear between lattice layers, but at the macroscale, 

their lubrication performance is mainly constrained 

by the external environment. Once fluorinated, 

they exhibit an excellent lubrication performance 

with a coefficient of friction more than half  

that of pristine graphene [13]. The surface energy 

of graphene governs fundamental interfacial 

interactions like molecular assembly, wetting,  

and doping [14]. A captive bubble measurement 

showed that large area free-standing clean 

graphene is hydrophilic with a contact angle of 

42° ± 3° [15]. However, recent studies have 

shown a wide range of water contact angle (CA) 

on graphene [16, 17], with values ranging from 

10° to 127° due to different aspects [18, 19]. 

Sample preparation and measurement conditions, 

adsorption of airborne hydrocarbons, cleanliness, 

and quality of the graphene–substrate and graphene–

water interface all have substantial impacts on the 

measured CA [3]. Some of these aspects can be 

diminished by directing experiments in controlled 

atmospheres and by avoiding the use of polymers 

during the transfer process [20, 21].  

Intrinsic hydrophilicity of graphene can be closely 

connected to the position of its Fermi level.  

The underlying substrate, or dopants, can tune 

hydrophilicity by modulating the Fermi level of 

graphene. By shifting the Fermi level of graphene 

away from its Dirac point, enhanced hydrophilicity 

has been shown with experiments and first-

principles simulations [22]. Hydrogenating graphene 

raises its polar surface energy with little effect  

on its dispersive surface energy, leading to being 

more hydrophilic.  

In contrast, fluorinating graphene lowers its 

dispersive surface energy with a substrate-

dependent effect on its polar surface energy, which 

results in becoming more hydrophobic [14]. In a 

relevant study, the wettability of graphene patterned 
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into micro-scale sections without creating significant 

defects was investigated only by non-destructive 

hydrogen plasma. Hydrophobic graphene was 

progressively converted to hydrophilic hydrogenated 

graphene that reached superhydrophilicity. The 

stark contrast in the wettability of pristine and 

hydrogenated graphene allows selective positioning 

and isolating human breast cancer cells on arrays 

of micro-patterns [23]. Wetting behavior of CVD 

grown graphene, MoS2 and WS2 studied on few 

layers of h-BN and SiO2/Si demonstrated a 

significant amount of influence by the underlying 

substrate due to dominant vdW forces. CA 

measurements indicated that graphene and 

graphene-like layered TMDs have dispersive 

surfaces with a dominating London-vdW force-

mediated wettability [24]. Fluorographene is an 

exclusive functional material among vdW layered 

materials; the strong electronegativity difference 

between carbon and fluorine forms strong dipoles 

in the lattice [25], it preserves the original 

graphene lattice with a tunable carbon/fluorine 

stoichiometry [26] is one of the thinnest atomic 

dielectric materials with a high breakdown electric 

field of up to 10 MV/cm [27] and can decouple 

the long-range surface scattering in graphene 

transistors because of its excellent interfacial 

quality [28]. The application of this atomically 

thin layer into the synaptic junction region 

improves the efficiency, tunability, and symmetry 

of the synaptic plasticity and may be a promising 

building block for constructing efficient 

neuromorphic computing hardware [29, 30]. 

Among graphene functionalization methods [25, 56] 

plasma fluorination is compatible with conventional 

semiconductor processes and is highly efficient  

as it better controls the functionalization time  

and concentration of the functional groups and 

minimizes chemical residues [30-32]. 

Here, commercial monolayer CVD graphene on 

copper was fluorinated using SF6 plasma at 

various plasma times and powers. Raman 

spectroscopy, AFM topography and force, SEM 

and EDS were conducted to characterize the as-

grown graphene before and after fluorination 

while water CA measurements were used to 

demonstrate the distinct wettability behavior  

of the fluorinated surfaces. Mechanisms of 

wettability tuning via plasma time and power 

variation were discussed. Surface roughness  

and adhesive forces were also measured with 

fluorination time variation, aspects that are less 

studied in the literature, and insight was gained 

into their relationship. 

2. EXPERIMENTAL PROCEDURES 

2.1. CVD Graphene Fluorination 

Chemical vapour deposited (CVD) graphene on 

Cu was purchased from Graphenea, without the 

polymeric coating. The thickness of the Cu was 

18 μm . The large sheet was cut into several 

identical 0.64 cm2 pieces, moved into a vacuum 

chamber, following [31, 56], exposed to SF6 

plasma and mildly fluorinated at two different 

plasma powers, P= 15 W and 40 W. At each power, 

plasma time sequence trials were conducted at  

T= 10, 20, 30, and 40 s. The processes are 

schematically shown in Figure 1. The fluorination 

time and power were based on effective values 

found in the literature [32, 49-52]. The time of 

fluorination was increased from 10 s to 40 s with 

10 s steps at both 15 W and 40 W, and a 0 W-0 s 

sample was kept for comparison.   

 
 

Fig. 1. Schematics of graphene fluorination via SF6 

plasma in an RF RIE setup under vacuum  

2.2. Surface Topography, Roughness, and 

Force Measurements 

Samples were imaged using an atomic force micro-

scope (AFM, Ara Pajuhesh Advanced) in contact 

mode, and various surface roughness parameters 

were obtained via SPIP image processing software 

on images of 0-40 s fluorination time (and 40 W 

power) with identical scales. Furthermore, force 

spectroscopy measurements were performed on 

comparable regions in contact mode.    

2.3. Water CA Measurements 

Various methods are often used for measuring the 

CA of surfaces. Most of these techniques rely on 
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static contact angle measurements, while some 

involve measurement of advancing and receding 

contact angles [33-36]. For a surface with a global 

energy minimum, static CA is sufficient to give 

information on the wettability of the surface [35]. 

Here, the Sessile drop method was used to obtain 

water CA on 0 s-40 s fluorinated samples at both 

fluorination powers (15 W and 40 W), via a 

home-made CA instrument equipped with a 

digital camera. In this method, 0.1 ml of distilled 

water was dropped with a precise micropipette on 

the surface of the samples. Immediately, 240 s 

length video was captured from graphene surface 

with a high-resolution camera. Using an image 

processing program (Image J), solid-liquid angles 

with an interval of 20 s were obtained for each 

sample. Measurements were iterated a second round 

after 48 h, and the average values were reported. 

2.4. Raman Spectroscopy, SEM Imaging and 

EDS Measurement  

Raman spectra of pristine graphene and 

fluorinated samples were taken on four random 

points by a TEKSAN instrument with a laser 

excitation of 532 nm. The average values of the 

measurements were reported for each fluorination 

time. Scanning electron microscopy (SEM) was 

performed on different samples with a Vega 

Tescan instrument via backscattered electrons 

(BSE) imaging and a WD of about 15 mm. An 

energy dispersive spectrometer (EDS) with the 

same instrument was used for elemental analysis 

on the surface of graphene samples.  

3. RESULTS AND DISCUSSION 

3.1. Roughness and Force Measurement Insights 

on Fluorinated Graphene 

Atomic force microscopy images were recorded 

on identical image windows 10 μm2 × 10 μm2 on 

graphene surfaces at 0 s–40 s fluorinated samples 

exposed to 40W SF6 plasma (Figure 2a). For 

better comparison, various roughness parameters 

were extracted from topographic images by SPIP 

image processing software (Figure 2b). Average 

roughness (Sa) and root mean square roughness 

(Sq) are the average of the deviations from the 

mean plane and the standard deviation of the 

height distribution, respectively. Skewness (Ssk) 

measures deviations relative to the normal height, 

and Kurtosis (Sku) measures “tailedness” of the 

distribution. For Ssk< 0, there is a prevalence of 

valleys, and for Ssk >0, a prevalence of peaks 

occurs. For Sku< 3, there is a prevalence of high 

peaks and/or low valleys, whereas in Sku >3, 

there is a lack of peaks and/or valleys. As seen,  

Sa and Sq both increase with the increase in 

fluorination time due to the rise of defective 

structure of the graphene surface. At 0 s, these 

roughness values are around 22 and 27 nm, which 

is relatively high. This is due to the roughness of 

the underlying copper surface. Strikingly, at 30 s, 

these values are the highest, which may relate to 

the onset of copper fluorination explained in 

section 3.4 via the EDS results and discussions. 

Beyond 30 s, the fluorinated copper surface may 

have reoriented and induced lower roughness 

values. Ssk values for all fluorination times apart 

from 10 s, are above zero and indicate prevalence 

of peaks. In 10 s fluorinated graphene, with Ssk< 0, 

there is a prevalence of valleys. As of Sku, 0 s and 

30 s samples exhibit a prevalence of high peaks 

and/or low valleys, whereas other samples lack 

peaks and/or valleys, with 10 s, 20 s, and 40 s 

samples lacking the most, respectively. AFM 

roughness measurements in [26] showed that 

doped and undoped graphene over flat surfaces 

have similar roughness, with Sq values of less 

than 10 nm.  

Using AFM contact mode and a sharp contact tip, 

force spectroscopy measurements with 1000 nm 

indentation were carried out on identical image 

windows 10 μm × 10 μm on graphene surfaces 

at 0 s–40 s fluorinated samples at 40 W SF6 

plasma (Figure 2c). To the best of our knowledge, 

roughness and force studies have not been 

conducted on fluorinated monolayer CVD 

graphene. The difference in force in the approach 

and retraction of the probe toward and from the 

graphene surface represents the adhesion force. 

At each point, 10 measurements were taken, and 

the average is presented for clarity. Interestingly, 

with the increase in fluorination time from 0 s to 

10 s, the adhesive force on the surface increases 

from 21.72 nN to 29.03 nN. However, in 

agreement with the roughness data, the force 

drops to 26.70 nN at 20 s and further increases to 

54.99 nN at 30 s. This is the highest force 

measured among fluorination times, while at 40 s, 

the force decreases to 47.31 nN. The area of the 

triangle formed in the force curves, gives an 

estimation of the work done by the adhesive force. 

A preliminary examination of these areas reveals 

a higher workload at higher fluorination times. 
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Fig. 2. a) 3D AFM topography images of 0 s-40 s fluorinated graphene exposed to 40 W SF6 plasma,  

b) Comparison of roughness parameters with fluorination time; roughness data extracted from AFM topography 

images of 0 s-40 s fluorinated graphene exposed to 40 W SF6 plasma, c) Evolution of force curves of 0 s-40 s 

fluorinated graphene exposed to 40 W SF6 plasma 

In [55], a substrate doping-induced charge carrier 

density modulation led to tunable adhesion of 

graphene. Therein, adhesion force measurements 

using an AFM probe revealed enhanced attraction 

toward undoped graphene. Adhesion force 

measurement of graphene/SiO2 samples demonstrated 

∼25 nN, [55] comparable to the force measured 

in this work over 40 W 20 s graphene samples. In 

[26], an AFM tip was positioned above the center 

of a fluorographene membrane and indented it. 

The bending of the AFM cantilever as a function 

of its displacement, and the force acting on the 

membrane, was calculated from the cantilever’s 

rigidity. Young’s modulus obtained from analysis 

of the force-displacement curves showed fluoro-

graphene was three times less stiff than graphene, 

but still extremely high in comparison with 

structural steel [57]. Longer sp3-type bonding in 

fluorographene results in a reduction in stiffness 

and breaking strength of the sheet [26]. 

3.2. Wettability tuning of Fluorinated Graphene 

Understanding the wettability of 2D materials 

involves crucial steps to quantify the interplay 

between interfacial forces and the impact of 

water-surface, water-medium, and medium-surface 

interactions. It is shown that the intrinsic 

hydrophilicity of graphene can be intimately 

connected to the position of its Fermi level [59]. 

Graphene interacts with external molecules in its 

close vicinity through delocalized π-electrons. 

Recent studies have suggested that doping and 

charge injection into graphene can lead to higher 

water adsorption and changes in wettability [55, 

58-60] while water is an electron acceptor. The 

interaction of graphene with atoms and molecules 

attracts great attention due to its potential 

applications when supported on a substrate, as 

opposed to its use in free-standing form. These 

applications include catalysis, photocatalysis, and 

gas sensing [60].  

In an interesting study, electroplated Cu was used 

for in-situ CVD growth of graphene such that the 

graphene coating was well-adhered to the surface 

and followed the contours of the surface [61]. An 

outstanding anti-corrosion and wetting stability 
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was gained for the underlying surface, namely as 

a condensation surface for water harvesting [61]. 

Measurements of CA across fluorinated graphene 

bring insight into its wettability properties. A. 

Asharaf et al. [55] demonstrated that n-doped 

graphene is more hydrophobic while p-doped 

graphene is more hydrophilic with respect to 

undoped graphene. They demonstrated graphene’s 

water CA changes by as much as 13° because of 

a 300 meV change in doping level. These results 

agreed with those attained by [59].  

Here, a direct measurement method of the  

tangent angle at the three-phase contact point on 

a sessile drop profile was performed on the as-

grown graphene on copper. Although graphene 

can be transferred to any substrate, unintentional 

contaminations, mainly polymer residue, are 

experimentally unavoidable, which totally hinders 

wettability investigations [59]. Since the main 

polymer used in CVD graphene transfer is 

polymethyl methacrylate (PMMA), the residues 

contain PMMA fragments, oxidized PMMA, 

short-chain hydrocarbons, crosslinked carbonaceous 

remainders and residual Fe3+ or Fe2+ from the 

FeCl3 etching process [62-64]. These include C-C 

(sp3), C-H, O-CH3 and O-C=O. During transfer, 

water layers get trapped between graphene and 

the target substrate, where they act as nucleation 

sites for further contamination adsorption, such as 

hydrated salts [65]. Airborne or environmental 

adsorbates, such as hydrocarbons from lab air, 

oxygen, and ambient organic molecules, are other 

possible residues left on the graphene surface 

[66]. However, these contaminations are avoided 

here by avoiding transfer over a substrate. 0 s 

graphene samples presented CA just below 80° 

(Figure 3).  

Studies show that graphene grown via the CVD 

method on copper substrate is hydrophilic, while 

its CA varies in different reports from around 60° 

to 85° [13, 16, 31]. A captive bubble measurement 

shows that free-standing clean graphene has a 

contact angle of ~42° [15]. With 15 W SF6 plasma, 

at all fluorination times (10 s-40 s), the surface 

becomes more hydrophilic with the lowest CA 

measured for 30 s fluorination. This is in agreement 

with p-doped graphene wettability behaviour and 

the blue shift in the 2D band of Raman spectra. At 

40 s, graphene becomes more hydrophobic, which 

may relate to the saturation of carbon atoms and 

the onset of copper fluorination or a reorientation 

of the surface. With 40 W exposure of SF6  

plasma, at most fluorination times (10 s, 30 s, 40 s), 

the surface becomes more hydrophobic with the 

highest CA measured for 30 s fluorination. At 40 s, 

graphene becomes more hydrophilic compared to 

30 s, but remains hydrophobic compared to the  

0 s sample.  

 

Fig. 3. Water contact angle measurement results on of 0 s-40 s fluorinated graphene at a) 15 W and b) 40 W SF6 

plasma in 240 s measurement time, c) comparison of contact angles at 0 s-40 s fluorination time in a single 

measurement time  
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The variations of CA with fluorination time 

exhibit the potential for wettability tuning. CA in 

all samples slowly declines in the 240 s period, 

which agrees with previous studies [13, 16, 31, 

24, 58-61]. This is due to longer interaction times 

of the fluorinated graphene surface with water 

molecules and the higher chances for hydrogen 

bonding occurrence. 

Figure 3(c) summarizes results on 0 s-40 s 

fluorination at both plasma powers at the 

beginning of the measurements. In 40 W graphene 

samples. Aromatic graphene rings with one or 

more fluorine atoms lose electrons, resulting in a 

loss of electron density that provides an opportunity 

for π-electron pair formation between oxygens in 

water and the rings. A few studies [67, 68] have 

investigated graphene saturation and its impact on 

hydrophobicity. At 40 s, water curvature resembles 

that in the 10s sample, indicating a reduction in 

hydrophilic nature. This may be due to the 

deformation of aromatic rings and the lower 

chance of water molecules forming π -electron 

pairs with the rings. The lower the plasma power, 

the more fluorine atoms that can sit on the carbon 

surface, and higher persistence of 𝜋 -electron 

pairs happens. With the increase in plasma power, 

more of the carbon atoms become saturated.  

Many studies have considered the wettability of 

polymer-assisted transferred monolayer CVD 

graphene and obtained CAs of ~ 81°, 79°, 33°, 

78°, 48° over SiO2, h-BN, Si, Au, glass, respectively 

[55, 24, 16]. However, only a few studies in the 

literature have investigated the wettability of 

monolayer CVD graphene directly on Cu without 

transfer and obtained CAs of ~80° and 86° [59, 

16, 61]. Even fewer research investigated the 

impact of fluorination on the wettability of 

monolayer CVD graphene. T. Lim et al. [32] 

treated graphene by CF4 plasma and attained CA 

~104.9° of fluorinated graphene/SiO2 at 50 W  

20 s while CA of graphene/SiO2 was ~66.7° for 

pristine graphene [32]. In another study, 4 min 

fluorination of monolayer graphene on Cu increased 

CA to ~95° from ~80° without fluorination. 

Although several studies discussed the impact of 

the underlying substrate or the effect of the 

number of graphene layers on CA [15, 16, 55, 61], 

to the best of our knowledge, the effect of 

temperature variation on CA measurements has 

not been investigated on fluorinated graphene yet. 

However, research on graphene [69] confirms that 

temperature varying between 2°C and 90° can 

significantly influence its wettability by raising or 

lowering contact angles depending on the crystal 

orientation of the Cu surface during the graphene 

growth procedure. Therein, the lowest contact 

angle was obtained on graphene coating on 

copper with orientation (1 1 1). Defects on the 

surface of the Cu substrate were also impactful in 

a change in the wettability of the graphene layer. 

According to wetting theory [70], the equilibrium 

CA depends on surface tensions, which generally 

decrease with temperature. Fluorination changes 

graphene surface roughness, induces a band gap 

in the electronic band structure and more defects 

on the surface (see section 3.3), exhibits lower 

surface energy, and at elevated temperatures, 

thermal motions may enhance CA hysteresis and 

perturb wettability even more. At some higher 

temperatures (above 500°C), the fluorination may 

overturn, and the graphene sheet may lose most 

of its bonds with fluorine. For all these complex 

concerns, an in-depth study needs to be performed 

to understand microscopic impacts of wettability 

with the changes in temperature on fluorinated 

graphene at different regimes. 

3.3. Raman Spectroscopy on Fluorinated 

Graphene 

Raman spectroscopy of graphene confirms its typical 

characteristics with D-band (1350 cm-1), G-band 

(1580 cm-1), and 2D-band (2690 cm-1) [37]. This 

a very sensitive, powerful, and nondestructive 

technique to electronic structure and for the 

characterization of carbon-based materials including 

graphene [38, 39]. D-band indicates the presence 

of defects or other impurities, G-band corresponds 

to the tangential stretching mode of an ordered 

graphite structure with sp2 hybridization (=C-), 

and 2D-band in graphene gives information about 

the degree of crystallinity and about the number 

of graphene layers [40-42]. With fluorination in 

graphene, =C- turn into -CF- in the bulk and -CF2- 

at the edges. Figure 4(a) demonstrates Raman 

spectra of graphene at various fluorination time 

when exposed to 15 W and 40 W SF6 plasma, 

respectively.  

In each set of samples, an increase in fluorination 

time declines the intensity of the 2D peak and 

rises the D peak, significantly. There is also a red 

shift in the D peak while a blue shift occurs with 

the increase in fluorination time and power in 

agreement with [53]. The blue shift of the 2D 

peak is often related to hole doping, increase in 
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the number of layers, decrease in temperature, and 

decrease in strain and tensile strength [16, 43-48]. 

Here, the blue shift is mainly related to the exchange 

of aromatic C=C sp2 hybridization with CF-CF 

sp3 hybridization due to increase in fluorination 

time and power as seen in Figures 4(b,c). G peak 

position does not seem to change with the 

fluorination conditions and its intensity variations 

with fluorination time is not very significant. 

Figure 4(c) depicts 2D peak frequency increase 

with the increase in fluorination time for both 

powers in graphene samples. However, in 15 W, 

the increase in frequency is very fast while in 40 W 

is monotonic. Quantifying defects in graphene is 

another vital step toward describing fluorination 

[42]. The first-order Raman scattering process 

causes the G peak; a high-frequency E2g Raman 

allowed optical phonon, and it is characteristic of 

sp2 hybridization. The D peak reflects a common 

feature of defect density in the graphene, assigned 

to an A1g breathing mode at the Brillouin Zone 

boundary K [40, 41]. Figures 5(a,b) compare ID/IG 

and I2D/IG at different fluorination times and 

power. ID/IG at 0s fluorination in both sets of 

samples is approximately 0.2. However, with 

increased fluorination time, the D band intensity 

increases gradually in 15 W samples but more 

severely in 40 W samples up to 20 s, after which 

it increases much more slowly. On the contrary, 

I2D/IG, decreases fast with the increase in 

fluorination time in 15 W samples from 1.34 at 0 s 

to around 0.65 at 40 s. 40 W samples experience 

a fast decline in this ratio within the first 10 s  

of the fluorinations, but beyond this time, the 

probability of graphene saturation increases, and 

the I2D/IG ratio remains around 1 up to 30 s. With 

further increase of fluorination time to 40 s, this 

ratio drops to around 0.75, confirming an increase 

of defects in the graphene structure.  

The ratio of the D to G intensities is shown to vary 

inversely with La  known as the crystallite size, 

domain size or the in-plane correlation length [40-

42]. Recent studies show that La can be estimated by 

Raman spectroscopy through the following relation:  

 

Fig. 4. Raman spectra a) of graphene at 0 s-40 s fluorination with 15 W and at 0 s-40 s fluorination 40 W SF6 

plasma exposure, b, c) showing blue shift of the 2D peak in both 15 W and 40 W fluorinated graphene samples  
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La = C(L)
IG

ID
                           (1) 

Where C(λ)= C0+λLC1. According to [41], C0=  

-12.6 nm, C1= 0.033 and λL is the excitation laser 

wavelength (532 nm in this work) [42]. La values 

for 0 s-40 s fluorination at 15 W and 40 W are 

compared in Figure 5(b) and Table 1. La as the 

domain size, is largest (about 28 nm) in graphene 

with 0 s 0 W fluorination in agreement with the 

literature [39]. With the increase in fluorination 

time at 15 W, La  almost monotonically reduces 

from 0 s to 40 s, but at 40 W, it drastically 

decreases from 0 s to 10 s and slowly declines 

from 20 s to 40 s due to the increase in surface 

defects (Figure 5(d)). This quantity is in close 

relation with defect distance (LD), through [42]: 

LD
2 (nm2) = (1.8 ± 0.5) × 10−9L

4 IG

ID
              (2) 

Therefore, when La  decreases, the distance 

between defects also decreases with similar trend 

(Figure 5(e)). LD is also related to defect density 

nD(
1

cm2) =
1014

πLD
2  [42] where: 

nD (
1

cm2
) = (1.8 ± 0.5) × 1022 1

L
4 (

ID

IG
)             (3) 

From the equations, it is expected that nD will 

increase with the decrease in La and LD. This can 

be seen in Figure 5(f) where nD increase almost 

monotonically from 0 s to 40 s at 15 W fluorination 

while it increases much faster from 0 s to 10 s at 

40 W fluorination. For simplicity of the discussion, 

average values of LD and nD are calculated and 

reported here. IG/D decrease and IG/2D increase with 

the increase in plasma time in this work agreed 

with the relevant studies in the literature on 

monolayer CVD graphene [26, 29, 32, 49, 51, 52, 

54]. Even though the plasma treatment here  

was conducted without any filters over graphene, 

IG/D, IG/2D, La and LD obtained with 40 W plasma 

here were comparable with those who applied 

filters and fluorination was conducted indirectly 

[29, 30, 52]. This suggests that even direct 

fluorination on graphene surface with controlled 

power and time of the plasma retains graphene’s 

properties at an acceptable degree. All IG/D,  

IG/2D, La and LD values obtained for 15 W plasma 

here were higher than those who used filters 

during plasma or had examined similar time and 

power of plasma. nD values for different plasma 

time at 15 W plasma here were three orders of 

magnitude lower than the literature (Table 1).  

The significantly lower nD and higher La and  

LD values obtained in this work can be attributed 

to the direct plasma treatment of as-grown 

graphene/Cu, a method not commonly used in  

the literature, where monolayer CVD graphene is 

typically transferred onto another substrate, such 

as SiO2/Si, using a polymer. 

 

Fig. 5. a) ID/IG, b) I2D/IG, c) 2D frequency, d) La, e) average LD and f) nD variations with fluorination time in 

graphene samples at 0 s-40 s fluorination with 15 W and 40 W SF6 plasma exposure, extracted from Raman 

spectra of fluorinated graphene samples; demonstrating increase in defects, decrease in crystallinity, blue shift in 

2D peak, decrease in crystal domain, decrease in defect distance and increase in defect density of graphene 

samples with the increase in fluorination time 
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Table 1. 2D peak position, IG/ID, IG/I2D and La variations with fluorination time in graphene samples with 15 W 

and 40 W SF6 plasma exposure data extracted from Raman spectra and compared with those in the relevant 

literature. Quantities with * are calculated from available data for better comparison 

 

3.4. Morphological and Elemental Aspects of 

Fluorination 

Figure 6a demonstrates an SEM image of a large 

area of as-grown monolayer graphene on Cu by 

Graphenea with grain sizes of up to 20 μm, for the 

sake of comparison.  

The enlarged area in Figure 6b shows the waviness 

of the underlying Cu surface and focuses on grain 

boundary intersections. The images were taken at 

5 kV accelerating voltage and can be considered 

for a 0 W 0 s fluorination process. At 40 W plasma 

exposure of SF6 to the graphene surface, various 

dark points are visible in the SEM images in 

Figure 6b where plasma time varies from 10s to 

40 s. These dark regions were absent when no 

fluorination took place. There is also an evolution 

of the graphene surface with the increase in 

fluorination time at this power. These images 

were taken at equal magnification (2000 times) with 

5 kV accelerating voltage. To gain more insight 

into the morphology changes of the graphene 

surface with fluorination, SEM images (in Figure 7) 

were taken on both 15 W and 40 W samples at  

10 s-40 s for comparison, with a magnification of 

5000 times and an accelerating voltage of 20 kV. 

Clearly, at 15 W, the evolution of the graphene 

surface is very mild, with very few dark points with 

respect to 40 W, highlighting the wavy structure 

of CVD graphene on Cu. SEM images obtained at 

a lower accelerating voltage in Figure 6 show 

much more details of the graphene surface than 

those obtained at a higher accelerating voltage in 

Figure 7 due to the penetration depth dependency 

of electron beams with accelerating voltage. 

Figure 6c compares EDS spectra of a graphene 

sheet at 15 W and 40 W, both with 10 s fluorination, 

similar magnification and accelerating voltage. 

Both spectra demonstrate the presence of the 

underlying substrate Cu at around 8 keV and  

8.9 keV. In an EDS spectrum, each element gives 

a peak at characteristic X-ray energies (keV), 

corresponding to specific electronic transitions 

known as Kα , Kβ , Lα , etc. With the increase in 

plasma power, the intensity of the peak related to 

F increases as expected. The height/area of a peak 

in the EDS spectrum is proportional to the number 

of characteristic X-rays detected from that element. 

In studying EDS results, it is more important to 

investigate the relative weight (W%) and atomic 

(A%) percentages of the key elements we are 

after. Since the intensity of the peaks counts photons 

events, it does not directly represent W% or A%. 

Figure 6d illustrates quantitatively the evolution 

of F/C ratio in 15 W and 40 W samples at 10 s-40 s 

fluorination in two distinct magnifications and 

accelerating voltages of EDS. Additionally, EDS 

maps of F and C traces taken at both plasma 

power and individual plasma times in monolayer 

graphene samples are depicted in Figure 7. W% is 

the mass fraction of each element relative to the 

total sample mass. This tends to highlight heavier 

elements because they contribute more mass per 

atom. A% is the atomic fraction of each element 

relative to the total number of atoms. A heavier 

element with the same W% as a light element will 

show lower A%.  

Plasma 

power 

Plasma 

duration 

Plasma 

type 
(nm) 

laser 
IG/D IG/2D 𝐋𝐚 (nm) 𝐋𝐃 (nm) 𝐧𝐃 (

𝟏

𝐜𝐦𝟐
) Ref 

0 W 0 s SF6 532 5.59 0.75 27.75 28.13 4.27e10 this work 

15 W 

10 s SF6 532 5.22 0.96 25.87 27.16 4.58e10 this work 

20 s SF6 532 3.66 0.92 18.15 22.75 6.53e10 this work 

30 s SF6 532 3.39 0.94 16.81 21.89 7.05e10 this work 

40 s SF6 532 1.58 1.37 7.82 14.93 1.52e11 this work 

40 W 

10 s SF6 532 0.84 0.9 4.16 10.89 2.84e11 this work 

20 s SF6 532 0.57 0.99 2.83 8.97 4.19e11 this work 

30 s SF6 532 0.56 1.17 2.77 8.89 4.28e11 this work 

40 s SF6 532 0.53 1.38 2.61 8.62 4.55e11 this work 

40 W 10 s CF4 532 0.40 1.33 1.98* - - [50] 

50 W 120 s CF4 514 0.55 2.08 2.39* - - [32] 

10 W 5 min CF4 514 < 1 - 4.36* - 1.00e14 [52] 

- 5 min CF4 532 0.67 0.82 3.32* 8.58 - [30] 
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Fig. 6. a) SEM images of pristine as grown monolayer CVD graphene by Graphenea with large grain boundaries, 

with permission from Graphenea. b) SEM images of fluorinated graphene surface at 40 W in 0 s, 10 s, 20 s, 30 s 

and 40 s show an increase evolution of the surface with the increase in fluorination time at a constant plasma 

power. c) EDS spectra of fluorinated graphene at two plasma powers 15 W and 40 W, d,e) Fluorine/Carbon ratio 

comparison at two plasma powers 15 W and 40 W with fluorination time 0 s to 40 s with different EDS 

magnification, accelerating voltage and live time 

In other words, for the same number of atoms, the 

heavier element contributes more to W%. With 

the increase in fluorination time (in Figure 7d), 

the F/C ratio increases in both plasma powers  

in great agreement with the Raman results and 

analyses. An increase in the F/C ratio (from 0.11 

to 0.48) was mainly attributed to the formation of 

the CF–CF2 group in a study conducted by Z. Wang 

[71]. Evidently, the increase in F/C in 40 W 

samples is faster than in 15 W samples. However, 
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A% in all cases is lower than W% since F (19 g/mol) 

is heavier than C (12 g/mol). It is important to note 

that the quantity of the F/C ratio at each individual 

plasma time obtained from EDS measurements 

contains artefacts, and a much more precise F/C 

ratio can only be obtained by X-ray photoelectron 

spectroscopy (XPS) measurements, where photo-

electrons are collected by a detector mostly from 

the very top (< 5nm) surface. In EDS, X-rays 

emitted from the surface and parts of the bulk of 

the sample are collected in the detector, and the 

interaction volume of the electron beam is much 

larger than the spot size, and the actual X-ray 

signal comes from a pear-shaped volume. The 

sample here is a monolayer of graphene, one 

atomically thin layer, decorated with fluorine over 

an 18 μm Cu. Furthermore, F Kα at 0.677 keV is 

in the soft X-ray region where the ionization 

cross-section is high. Therefore, it produces a 

large number of X-rays per incident electron. So 

even a thin layer of F can generate an intense, 

sharp peak compared to the weaker C Kα  at  

0.277 keV. Briefly, in EDS measurement over an 

atomically thin graphene sheet, C is under-detected. 

However, in this study, the trend of F/C ratio 

variation is in focus and F/C individual values are 

not significant to the results. 

Looking closer at the data in Figures 7d and 7e, 

one will realise that EDS conditions likewise 

significantly impact the F/C ratio. At 2000 times 

magnification and 5 kV accelerating voltage, F/C 

in both sets of samples at 15 W and 40 W is 

relatively slow and does not exceed 1.2 in 40 W 

40 s. Notably, increasing the magnification to 

5000 and the accelerating voltage to 20 kV  

causes F/C to increase much faster, reaching 

approximately 3.5 at 40 W after 40 seconds. It  

is known that the scanning area or magnification 

in SEM-EDS can impact the composition 

measurements. As mentioned, the interaction 

volume of the electron beam is very large and 

extends hundreds of nm to a few μm  deep 

depending on the accelerating voltage and sample 

density. So, a large scan area (low magnification) 

integrates signals from both surface and substrate 

over many microns.  

 
Fig. 7. SEM images along with F and C EDS map of fluorinated monolayer graphene a) at 15 W and b) at 40 W. 

All data taken with magnification of 5000 times and 20 kV accelerating voltage  
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Therefore, both F and C contributions are less 

significant, as seen in Figure 6d (with 2000  

times magnification). A small scan area (high 

magnification) integrates signals more from the 

surface than the bulk so, the relative contribution 

of the fluorinated monolayer graphene becomes 

more significant. On the one hand, since F is 

detected more efficiently and C is under-detected, 

zooming in at higher magnifications removes 

some of the Cu background and makes the  

F/C ratio even higher. Briefly, the higher F/C 

ratios obtained in Figure 6e (with 5000 times 

magnification) are artefacts of sampling geometry 

and not an actual change in the composition of F 

or C atoms. EDS maps at 15 W and 40 W in 

Figure 7 also show a higher concentration of F 

with respect to C at both plasma powers, which 

relates to the same argument that C is under-detected.   

4. CONCLUSIONS 

Fluorinated graphene with its 2D layer-structure, 

high thermal and chemical stability, and other 

unique properties, may be adjusted via controlled 

fluorination processes, for a wide range of 

applications. In this work, monolayer CVD 

graphene grown on Cu was fluorinated with a 

time and power sequence trial via SF6 plasma. To 

gain insight into the purity, roughness, adhesive 

forces, and wettability of fluorinated graphene. 

Structural, morphological, and elemental studies 

were carried out via SEM, EDS, and Raman 

spectroscopy along with surface roughness and 

adhesive force measurements via AFM. P-doped 

graphene was obtained upon fluorination, while  

a blue shift/red shift was observed in the 2D 

peak/D peak of the Raman spectra of fluorinated 

graphene. Lower plasma power (15W) at most 

fluorination times retained more graphene properties 

with respect to relevant studies in literature, 

having higher La, LD and lower nD, confirmed by 

Raman analyses. Surface roughness and adhesive 

forces on the graphene surface mainly were 

increased with the increase in plasma time at a 

certain power. Wettability tuning was observed  

in graphene samples that experienced varied 

fluorination time at both low and high plasma 

power, while, in contrast, samples fluorinated at 

higher plasma power exhibited more hydrophobicity, 

demonstrating how π -electron pairs play an 

essential role in tuning the wettability. SEM 

characterisations and EDS analyses showed  

more substantial surface evolution and a more 

significant increase of F/C for higher plasma 

power on the graphene sheet. EDS conditions also 

impacted on the F/C ratio, and the results were 

discussed accordingly. Overall, the results showed 

that lower plasma power retained more of the 

graphene properties while still demonstrating 

considerable tuning of the wettability with 

fluorination. 
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