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ABSTRACT

The chemical functionalization of two-dimensional materials is an effective method for tailoring their
chemical and electronic properties with encouraging applications in energy, catalysis, and electronics.
One exemplary 2D material with remarkable properties, graphene, can be exploited for hydrogen storage
and large on/off ratio devices by hydrogen termination. In this work, we describe a promising plasma-
based method to provide high hydrogen coverage on graphene. A low pressure (~10 mtorr) discharge
generates a fine-tunable low-temperature hydrogen-rich plasma in the applied radial electric and axial
magnetic fields. Post-run characterization of these samples using Raman spectroscopy and X-ray
photoelectron spectroscopy demonstrates a higher hydrogen coverage, 35.8%, than the previously re-
ported results using plasmas. Plasma measurements indicate that with the applied magnetic field, the
density of hydrogen atoms can be more than 10 times larger than the density without the magnetic field.
With the applied electric field directed away from the graphene substrate, the flux of plasma ions to-
wards this substrate and the ion energy are insufficient to cause measurable damage to the treated 2D
material. The low damage allows a relatively long treatment time of the graphene samples that con-

tributes to the high coverage obtained in these experiments.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene, a two-dimensional honeycomb lattice with a sp?
carbon bond structure, offers a radically new platform for electronic
and photonic science and technology based on its exceptional
electronic, mechanical, and optical properties [1—3]. Graphene is a
zero-gap semiconductor with a linear energy-momentum disper-
sion relation and the charge carriers behave like massless Dirac
fermions [4]. However, the absence of a sizeable bandgap around
the Fermi level has severely limited the application of graphene in
microelectronic devices. To date, the desire to opening a bandgap
[4,5] in graphene has given rise to intense studies in both theo-
retical [6,7] and experimental works [8]. Two major routes to
introduce bandgap in graphene are forming graphene nano-
structures [7] and chemical modification [8]. It is extremely
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challenging to fabricate graphene nanostructures, including nano-
ribbons [9] and nanopores [10], with reliable control at the nano-
meter scale. In contrast, the chemical modification of the graphene
surface is more practical for industrial applications because it is
compatible with large scale processing. In particular, one promising
chemical approach to modify the chemical and electronic proper-
ties of graphene is the exposure to hydrogen plasma [11,12] or
hydrogen annealing [13] to induce hydrogen chemisorption on the
carbon lattice with sp> hybridization. Moreover, observations on
hydrogenated graphene have shown that hydrogen can be removed
with the annealing process at modest temperatures [12], suggest-
ing a weak chemical covalent bond between graphene and
hydrogen. This advocates graphene as an alternative material for
hydrogen storage.

Hydrogenation by plasma is a promising technique to induce
hydrogen chemisorption on graphene due to the high reactivity of
hydrogen radicals and compatibility with standard wafer-scale
microfabrication techniques. However, in conventional direct-
current (DC) and radio-frequency (RF) plasma processing re-
actors, high energy hydrogen ions and energetic atoms generated
due to charge-exchange collisions between ions and atoms can
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induce substantial damage on graphene surface by irreversible
etching and sputtering [14]. This drawback limits the applicability
of the plasma-based graphene hydrogenation. Elias et al. showed
the first study on hydrogenation of suspended graphene using DC
plasma by hydrogen/argon gas mixture for several hours and ach-
ieved 10% hydrogen coverage [15]. Larger hydrogen coverages of
graphene (e.g. 16.67% [12] and 33% [16]) were achieved with RF
hydrogen plasma. However, graphene with low damage was only
possible to achieve with a relatively short exposure (~1 min) of
graphene samples to this plasma. There is also a report on 33%
hydrogen coverage using electron-beam-generated plasma
confined by the applied magnetic field, while no dehydrogenation
process was applied to confirm the damage situation [17]. In this
work, it is shown that the use of a hydrogen plasma generated by
energetic electrons in crossed electric and magnetic fields (so-
called cross-field or ExB plasma discharge [18—20]) can provide a
higher hydrogen coverage than the above studies. The cross-field
discharge yields a high density of hydrogen atoms which can be
modified with an adjustable magnetic field. We explored the
treatment of graphene samples by changing variables such as
magnetic field, sample location, and plasma duration. Plasma
properties were characterized by electrostatic Langmuir probes
[19,21] and optical emission spectroscopy (OES) [22]. Hydroge-
nated graphene samples were characterized by Raman spectros-
copy and X-ray photoelectron spectroscopy (XPS). High hydrogen
coverage of 35.8% on monolayer graphene was achieved by 30 min
11 Gauss (G) plasma. Furthermore, bi-layer and tri-layer graphene
were studied as well and subsequent thermal annealing processes
show evidence for reversible hydrogenation. Hydrogen is more
likely to bond on multi-layer graphene, reaching 45% on tri-layer
graphene, due to lower surface barrier energy. Herein, we
demonstrate that the use of ExB plasma discharge enables to ach-
ieve a high value of hydrogen coverage with low damage to the
graphene.

2. Material and methods
2.1. Preparation of graphene sample on SiO,/Si

Graphene (provided from Graphenea Inc.) was synthesized by
chemical vapor deposition (CVD) on Cu foils, including monolayer,
bi-layer, and tri-layer graphene. The MMA resist was used as the
carrier layer during the wet chemical transfer process. The MMA/
graphene/copper foil was floated on the surface of a solution of 0.5 M
ammonium persulfate (Aldrich, >98%) at room temperature for 2 h
to etch the copper foil. After the copper was etched, the block was
rinsed in DI water and transferred onto a SiO,/Si substrate. The
transferred substrate was dried in the air for 15 min. Finally, the
MMA carrier layer was dissolved in acetone firstly at 70 °C for 2 h,
then at room temperature overnight. Before to be loaded in the
plasma chamber, the graphene/SiO,/Si samples were annealed in Ar/
H, (5% of Hy) at 150 °C for 6 h to burn off the MMA residue.

2.2. Plasma hydrogenation

Hydrogen plasma was generated by the energetic electrons
extracted from RF-plasma cathode to the reactor chamber in which
radial electric and axial magnetic fields are applied as shown in Fig. 1.
This cross-field plasma discharge is described in detail elsewhere
[18—21]. The RF cathode is electrically insulated from the reactor
chamber that allows the DC voltage biasing of the chamber with
respect to the cathode to generate the plasma in the chamber [20]. A
set of electromagnet coils are placed in a Helmholtz configuration
(Fig. 1) to produce a nearly uniform magnetic field along with the
reactor chamber. In the operation of the cross-field discharge, the
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Fig. 1. Low-temperature crossed-field plasma discharge system setup. (A colour
version of this figure can be viewed online.)

applied DC bias extracts electrons from the plasma cathode to the
reactor chamber where a low-temperature magnetized plasma is
formed by impact ionization of energetic electrons with neutral gas
atoms and molecules. The applied magnetic field keeps the electron
flow along the field lines. Nevertheless, electrons can diffuse across
the magnetic field towards the reactor chamber wall (acting as the
anode) due to scattering induced from collisions with heavy plasma
species (ions, atoms, and molecules) and plasma fluctuations [18,19].
The applied electric field between the reactor chamber and the RF
cathode keeps ions away from reaching the chamber wall. The
operation details are in Supplementary material 1.

2.3. X-ray photoelectron spectroscopy (XPS)

The XPS analysis of graphene samples was conducted using a
ThermoFisher K-Alpha X-ray Photoelectron Spectrometer. The
system is equipped with a monochromated Al Ko X-ray radiation
source (1486.6 eV) and a focusing lens allowing for analysis area
from 30 to 400 pm in 5 pm steps. In this study, we selected a
400 pm X-ray spot for all XPS measurements. Survey spectra were
taken at 200 eV pass energy and the high-resolution spectra for the
C 1s region was recorded at 20 eV pass energy. The XPS system has
been calibrated using the Au 4f7); (84.0 eV) signal from freshly Ar"
sputtered samples. The XPS data was analyzed with CasaXPS (Casa
Software Ltd.). A Shirley-type background was subtracted from the
raw photoemission data. The individual peaks were fitted by a
Gaussian-Lorentzian (GL(30)) function with the FWHM between
0.8 and 1.2 eV.

2.4. Raman spectroscopy

The graphene sheets on SiO, were characterized by Raman
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spectroscopy on a Horibo Jobin-Yvon LabRAM Aramis Raman sys-
tem using a 100x objective lens with a numerical aperture (NA) of
0.95. The excitation source for Raman spectroscopy is a 532 nm
laser (2.33 eV) with a laser power of 0.6 mW to avoid laser-induced
heating. The acquisition time is 10 s with 5 accumulations.

2.5. Atomic force microscopy (AFM)

AFM measurements were carried out in tapping mode on AFM
nanoman system. The tips are 1-10 Ohm/cm n doped Si with a
resonant frequency of 331-340 kHz and a spring constant of
20—80 N/m from Veeco (RTESP). The surface roughness was
determined by AFM mapping using a 5 x 5 um? area with a 512 x
512 pixel resolution.

2.6. Annealing of hydrogenated graphene

Annealing of samples of hydrogenated graphene was carried out
in a quartz tube furnace. The samples were loaded in a ceramic
boat. After the pressure reached 1 mTorr, Ar gas flow with 100 sccm
was introduced into the tube to 1 atm. The annealing process was
3 h long at 500 °C.

2.7. Plasma analysis

To understand the mechanism of the hydrogenation, spatial
variations of the electron energy probability function (EEPF) were
measured using an electrostatic Langmuir probe with and without
the magnetic field. The probe system used in this experiment is
described in Ref. [20]. In addition to spatial variations of plasma
properties, the chemical composition of the plasma was deter-
mined using optical emission spectroscopy (OES). For that purpose,
an OceanOptics 2000-HR spectrophotometer was used to collect
the spectra through a viewport flange on the reactor chamber
(Fig. 1) [22]. More details can be found in the Supplementary
material.

3. Results and discussion

3.1. Characterizations of monolayer and multi-layer graphene
before and after plasma treatment

Before discussing the hydrogenated graphene, we wish to stress
two main points that must be considered for the sake of clarity.
Firstly, no pure graphane or graphone has been synthesized yet and
all the reported experimental products are partially hydrogenated
graphene. Secondly, it is difficult to measure the percentage of
hydrogen on graphene films by most surface techniques. Indeed,
surface characterization techniques, such as Raman spectroscopy,
Fourier-Transform infrared spectroscopy (FTIR), and XPS, provide
indirect information based on assumptions, educated guesses, and
assignments. However, FTIR is not suitable for ambient exposing
monolayer graphene samples owing to the weak thin film signals
and amorphous carbon coating on the surface. In this study, we
analyzed all the samples by Raman spectroscopy and XPS with
unified assignments to seek reliability. Pristine monolayer graphene
on SiO, was characterized by Raman spectroscopy and XPS as shown
in Fig. S1 to confirm the graphene quality. To estimate the effective
plasma condition, graphene samples were treated at different
plasma chamber locations, magnetic field values, and process dura-
tions (Figs. S1d, e, ). The plasma treatment of 30 min 11 G plasma
was chosen in the study. To understand the effect of the magnetic
field, 30 min 0 G plasma treatment was appointed as the control
measurement. The samples were located at 10 cm, 14 cm, and 18 cm
away from the chamber axis to the sample holders.
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3.1.1. Raman spectroscopy analysis

Raman spectroscopy has served as a powerful tool in charac-
terizing graphene thickness, defects, and lattice strain. However, its
quantitative use is limited for graphene grown on Cu because of
strong metallic photoluminescence that interferes with Raman
signals. Fig. S1a shows one Raman spectra of hydrogenated gra-
phene on Cu with strong photoluminescence. The electronic in-
teractions between graphene and the metallic substrates may
modify the effective Fermi velocity of graphene, and thus affect the
double resonance excitation of 2D peak [23]. To avoid such pho-
toluminescence for Raman peak quantitative analysis, the graphene
was transferred to the SiO,/Si substrates in our study. Hydrogena-
tion results in the appearance of D and D’ bands, slight broadening
and a decrease of the intensity of the 2D band relative to the G band
in Raman spectra. The D band at 1340 cm~! and the D’ band at
1620 cm~! are assigned as graphene defects activated via an
intervalley double-resonance Raman process [24]. The observation
of D and D’ indicates that the defects are introduced in the gra-
phene lattice by the plasma treatment. All of the graphene samples
treated by 30 min 11 G and 30 min O G plasma at 10 cm, 14 cm, and
18 cm locations were recovered back to pristine graphene state
after dehydrogenation annealing. The defects are mainly caused by
the hydrogenation of graphene, which results in breaking the
symmetry of C=C sp? bonds to form C—H sp>-like bonds. The D
band allows indirect estimation of the extent of hydrogenation by
considering each C—H bond as an sp>-like impurity on the lattice,
but with little justification. The integrated intensity of the D band
(Ip) can be used to estimate the size of defect-free areas (L;) in the
film when related to the integrated intensity of the G band (I¢) and
the wavelength in nm of the Raman excitation energy (1) (Eq. (1))
[25].

(1)

-1
La=2.4 x 107194 (12)
Ig

As shown in Fig. 2a and c, the Ip/Ig ratios of graphene samples in
the 30 min 11 G plasma treatment increase following the sample
holders getting closer to the chamber axis. However, without the
magnetic field, the Ip/I¢ ratio is independent to different locations
and overlaps, as shown in Fig. 2b and c. Referring to Eq. (1), the
domain sizes L, of hydrogenated graphene films are estimated in
Table 1.

3.1.2. X-ray photoelectron spectroscopy and atomic force
microscopy analysis of monolayer graphene

To precisely determine the hydrogen coverage, the XPS data is
analyzed with a Shirley background subtraction and fitted by
Gaussian-Lorentzian line shape. In the C 1s core-level scan, the
hydrogenation coverage 7, the atomic hydrogen to carbon ratio in
percent, corresponds to

C3
C1+C2+C3

The parameters of C1, C2, and C3 denote the areas under the
relevant constituents of C 1s spectrum shown in Fig. 2d and e
[26,27]. We assign C1 as unhydrogenated carbon atoms sp? at
284.4 eV (green peak), C2 as the three nearest neighboring unhy-
drogenated C atoms adjacent to one C—H bond at 284.0 eV (yellow
peak), and C3 as the C atoms with hydrogen attached in an sp>-like
configuration at 285.1 eV (blue peak) [26]. The rest of the other
components are carbon-oxygen components, including hydroxyl
(C—OH, 285.7 eV), epoxy (C—0O—C, 286.7 eV), carbonyl (C=0,
288.0 eV), and carboxyl (0—C=0, 289.1 eV) [28]. Hydrogen plasma
has been reported to remove sticky residues composed of MMA and

1(%) =100 (2)
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Fig. 2. Raman spectra of monolayer graphene after 30 min 11 G plasma (a) and 30 min 0 G plasma (b) treatments at different sample locations away from the chamber axis to
sample holders. (c) the ratio of integrated intensity, Ip/lg, in the Raman spectra as the function of the hydrogen coverage determined by XPS. The XPS C 1s core-level spectra of
graphene after 30 min 11 G plasma (d) and 30 min 0 G plasma (e) treatments. The green peak (graphene sp? peak) is C1 at 284.4 eV, the yellow peak (the nearest neighbor C atoms
to a C—H bond) is C2 at 284 eV, the blue peak (C—H bonds sp>-like peak) is C3 at 285.1 eV, and the rest peaks are the carbon-oxygen components [26]. A schematic inset of C1, C2,

C3’s positions is shown in (d). (A colour version of this figure can be viewed online.)

Table 1
The size of defect free areas L, and hydrogen coverage of graphene samples treated
by plasma.

Plasma condition 30 min 11 G Plasma 30 min 0 G Plasma

Sample location 10 cm 14 cm 18 cm 10 cm 14 cm 18 cm
Ip/lg 33 2.7 1.6 2.01 2.03 2.02
L, (nm) 5.80 7.12 12.01 9.56 9.47 9.51
n 35.8% 28.9% 19.7% 26.1% 25.8% 26.0%

Si-based nanoparticles on graphene surface [29]. The XPS survey
scans in Fig. S2 show that the ratio of C/O increases after the plasma

treatment owing to the removal of residues by hydrogen plasma,
which is consistent with the AFM surface morphology analysis
shown in Fig. 3. The surface root mean square (RMS) roughness of
the clean SiO,/Si substrate is 0.21 nm. Fig. 3b reveals that MMA
residual contamination (white spots) presents on the graphene
surface after the wet transfer and annealing processes with the
RMS 0.71 nm. After plasma treatment, the RMS of graphene surface
decreased to 0.23 nm and no apparent damage was observed. The
carbon-oxygen components of hydrogenated graphene samples are
primarily from air exposure. The XPS peak location, the full width at
half maximum (FWHMs), and the peak area percentage of mono-
layer graphene after plasma treatments with and without magnetic

5.0 nm

-5.0 nm

Fig. 3. AFM topography map of the SiO,/Si substrate (a), CVD graphene transferred on SiO,/Si before hydrogen plasma treatment (b) and after 30 min 11 G plasma treatments
located at the 10 cm away from the chamber axis to sample holders (c). (A colour version of this figure can be viewed online.)
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field are shown in Table S1. After 30 min 11 G plasma treatments,
the 7 increases from 19.7% to 35.8% as the sample is placed closer to
the plasma center. Nevertheless, the 1 for samples treated by zero
magnetic field plasma is independent of different sample locations,
with values around 26.0%. The hydrogen coverages determined by
XPS are in good agreement with the Ip/Ig ratio of Raman spectra
and the size of defect free area (Fig. 2c and Table 1). In our study, a
gas mixture of Ar/H, was applied as the hydrogen source for the
plasma, as opposed to pure hydrogen gas. With the addition of the
Ar gas, it is easier to run the hydrogen content plasma to generate
and sustain the plasma, as Ar has a larger ionization cross section
than hydrogen molecules and unlike hydrogen molecules, does not
involve energy losses on dissociation and molecular excitation. On
the other hand, the Ar ions could cause a stronger sputtering of the
graphene than hydrogen to create irreversible defects. Considering
the effect of the Ar plasma ions, the dehydrogenation thermal
annealing process was studied. After annealing in Ar for 3 h at
500 °C, the Raman and XPS spectra of three samples treated by
30 min 11 G Ar/H; plasma were recovered back to the pristine
graphene state and no new peak appeared which indicates no new
materials crystallinity was created during annealing, as shown in
Fig. S3. The reversible dehydrogenation behavior verifies the low
damage induced by the low-temperature plasma.

3.1.3. X-ray photoelectron spectroscopy analysis of multi-layer
graphene

Further characterization studies have been done on bi-layer and
tri-layer graphene. Raman spectra of multi-layer samples are
shown in Fig. S4. Bi-layer and tri-layer graphene have a broader
redshifted 2D band and a slight blue-shifted G band [24]. After
hydrogen plasma treatment, the analysis of XPS of samples at the
10 cm location is shown in Fig. 4. Defect-free graphene is widely
considered to be completely impermeable to all gases and liquids.
Geim’s group shows that monolayer graphene is permeable to
thermal protons and hydrogen molecules, whereas hydrogen
permeation was observed at a high pressure of hydrogen (750 torr)
on free-standing monolayer graphene through three days [30,31].
No proton and hydrogen transport was detected for bi-layer gra-
phene [31]. In this study, graphene was supported on SiO,/Si and
the hydrogen plasma was carried out at a low pressure (mtorr
range) and 30 min, suggesting that hydrogen is unlikely to
permeate through bi-layer and tri-layer graphene. We assume that
the XPS C—H sp>-like signal is only from the top layer of graphene.
The XPS intensity data is evaluated from different thickness mea-
surements. Considering the different thickness of graphene on a
substrate (SiO/Si), the intensity of overlayer-originated photo-
emission peak [32] is:

—t

where I is the peak intensity from the clean substrate. Here A
represents the electron attenuation length (EAL), t is the overlayer
(graphene) thickness and 6 is the angle between the surface normal
and electron emission direction. The EAL values are list in Table S2.
In our study, at a monochromated Al Ka X-ray radiation source
(1486.6 eV), C 1s with a kinetic energy of 1200 eV has the Aof
3.05 nm through few-layer graphene on SiO,/Si [32—34]. The
electron escape depth d (d= Acosf and § = 0°) is 3.05 nm and the
thickness of a single layer of graphene is 0.335 nm [34]. We esti-
mate that the signal from the top graphene layer contributes (7y)
52.8% and 37% from the sp? intensity components of the bi-layer
and tri-layer graphene, respectively. Therefore, the hydrogen
coverage of multi-layer is

(3)
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Fig. 4. XPS C 1s core-level of bi-layer and tri-layer graphene located at the 10 cm away
from the chamber axis to sample holders after plasma 30 min 11 G plasma treatment.
(A colour version of this figure can be viewed online.)

c3
¥yC1+C2+C3

In this study, the XPS scan area was chosen according to optical
microscopy images to avoid visible defects. We assume the scan
areas of multi-layer samples are defect-free and the hydrogen
coverages are 39% for bi-layer graphene and 45% for tri-layer gra-
phene. The XPS results indicate that hydrogenation is more likely to
bond on bi-layer and tri-layer graphene than monolayer graphene.
Under the same plasma condition, the different hydrogen coverage
is caused by the different surface hydrogenation barrier. The hy-
drogenation barrier of bi-layer and tri-layer is similar to graphite,
about 0.2 eV, while that of the monolayer is 0.53 eV [12]. The hy-
drogenation of the bi-layer and tri-layer graphene is more feasible
than that of the monolayer graphene on SiO,/Si due to the lower
hydrogenation barrier on bi-layer and tri-layer graphene.

7(%) =100 (4)

3.2. Characterization of the hydrogen plasma

Fig. 5 shows the results of probe measurements during the
operation of the cross-field discharge with the above specified Ar/
H, gas mixture. The results are compared for the plasma operation
with the applied magnetic field of 11 G and without the magnetic
field. Electrostatic probe measurements were conducted at two
different locations of the reactor chamber — at R = 0 cm of chamber
center, i.e. on the chamber axis and in front of the RF cathode, and
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Fig. 5. Plasma electron-energy probability function (EEPF) in the Ar/H, gas mixture
plasma with (11 G, black) and without (0 G, blue) magnetic field at two different lo-
cations: 0 cm of the chamber on the chamber axis and in front of the RF cathode, and
10 cm away from plasma axis where the graphene samples (with highest hydrogen
coverage). (A colour version of this figure can be viewed online.)

at R = 10 cm where the graphene samples with the highest
hydrogen coverage were exposed to the plasma. The most dramatic
difference between the B = 11 G and B = 0 G cases is for the EEPFs
measured at the axis. With the magnetic field, the EEPF departs
from Maxwellian and has a large fraction of electrons with energies
above the first ionization potential for argon (15.75 eV). This is in
contrast to the case without the magnetic field, where the EEPF is
closer to Maxwellian with the T, = 5 eV and the energy cutoff
below 30 eV. These differences between the two discharge cases
can be attributed to the confinement of energetic electrons by the
magnetic field in the radial direction (i.e. in the direction to the
electron attractive chamber wall which is at the anode potential,
Fig. 1).In the axial direction along the magnetic field lines, electrons
are bouncing between the cathode and the electron-repelling
plasma-wall sheath formed at the surface of the dielectric wall
facing the plasma and intersected by the axial magnetic field [20].
The overall result of these plasma processes is a much larger plasma
density obtained in the vicinity of the centerline of the plasma
reactor with the magnetic field. For example, the plasma density
measured at the chamber axis is 6 times large with the magnetic
field than without the magnetic field (e.g. ne =6-10!!1 cm—3 vs. ne =
1-10!! cm—3). At the distance of 10 cm from the axis, the EEPFs
with and without the magnetic field are similar. For both cases, the
plasma density and the effective electron temperature at the
plasma periphery region are (7—8)-10°cm~3 and 4.7-4.8 eV,
respectively.

There are three important implications of the above results of
plasma measurements. First, the energy of ions impinging on the
graphene surface placed on the floating substrate is determined by
the potential drop at the plasma-sample interface. For plasma with
Maxwellian EEPF, the sheath potential drop at the planar floating
wall can be expressed using well-known expression [31] 4V =
Teln(0.61,/2mm, /M ), where m. and M are the electron mass and
the mass of a bombarding ion (Ar, H). Argon ions are heavier than
carbon atoms and therefore, can cause a stronger sputtering of the
graphene than hydrogen. Then, using the above results for the local
electron temperature the sheath voltage drop is 4V~25 V. Thus, at
graphene, the Ar ion energy acquired by an electrostatic accelera-
tion in the sheath should not exceed 25 eV. This energy is lower
than the energy threshold for an Ar ion to displace a carbon atom in

249

Carbon 177 (2021) 244-251

a suspended graphene sheet, 31.2 eV [35, 36]. Thus, under experi-
mental conditions of this discharge, the Ar ions do not have enough
energy to induce irreversible damage to the graphene. Secondly,
the ion flux to the floating substrate is likely small because it is in
the opposite direction to the applied electric field and the density of
the cylindrical plasma column drops significantly at the plasma
periphery, at the location of the samples. Thirdly, the above plasma
measurements also imply that with the magnetic field, there are
larger gradients in the plasma density and the electron temperature
along the radial direction than without the magnetic field. How-
ever, these results cannot directly explain the differences in the
graphene hydrogenation coverage results with and without the
magnetic field. A plausible explanation of these differences in the
graphene hydrogenation is that with the magnetic field, a larger
fraction of energetic electrons generates more hydrogen atoms by
the dissociation of hydrogen molecules than that without the
magnetic field. This explanation, which is consistent with the EEPF
measurements, is supported by the OES measurements [36]. In
particular, for the case with the magnetic field, we measured more
than 10 times larger intensity of hydrogen H-alpha (Ha), which is a
specific deep-red visible spectral line in the Balmer series with a
wavelength of 656.28 nm, compared to the Ha intensity without
the magnetic field, shown in Fig. S5. At the operating pressure of 11
mtorr, the mean free path of hydrogen atoms in the background Ar/
Hj gas, Ay, is comparable with the distance between the electron
beam region (the central region of the plasma reactor) and the
graphene samples, L, Ay, = 1/no ~ L, where n is the density of the
background gas and ¢ is the collisional cross-section area

(0 ~ 7r(RAr+RH)2, where Ry, Ryare radii of Ar and H atoms,
respectively. Thus, hydrogen atoms generated at the electron beam
region of the plasma reactor should be able to reach the sample
surface without collisions with the background gas.

Finally, the results of plasma-induced hydrogen coverage on
graphene from different studies, including this work, are high-
lighted in Table 2. Higher hydrogen coverage results are obtained by
plasma with an applied magnetic field. The low-temperature cross-
field discharge plasma used in the present study provides a
promising high hydrogen coverage on graphene with a long-
duration and low-damage treatment.

4. Conclusions

In conclusion, the plasma discharge with applied crossed elec-
tric and magnetic fields generates the flux of hydrogen atoms
enabling low damage hydrogenation on an atomically thin 2D
material, graphene. Plasma measurements revealed that the
application of the magnetic field allows to confine a larger fraction
of energetic electrons in the plasma which generates more
hydrogen atoms and ions than that without the magnetic field. The
Raman spectra and the XPS spectra investigation demonstrates that
this cross-field plasma provides a promising way to achieve higher
hydrogen coverage than other reported plasma methods. Due to
the lower hydrogen barriers of multi-layer graphene, the hydrogen
coverages on the bi-layer and tri-layer graphene are higher than
that on the monolayer graphene.

In addition, our plasma measurements explain low damage
induced by the ions to the 2D thin films. The main reasons are in 1)
a relatively low local electron temperature which determines the
voltage drop between the plasma and the floating samples - the
plasma ions accelerated by this voltage drop fail to acquire enough
energy to displace the carbon atoms in the graphene; 2) a low
plasma density at the periphery of the cylindrical plasma column
that implies a flux of low energy ions, and 3) the direction of the
applied electric field that accelerates plasma generated ions away
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Table 2
Comparison of hydrogenated graphene by plasma from different groups.
Sample Plasma Gas Source Duration Dehydrogenation Hydrogen coverage Reference
Annealing®
Exfoliated graphene DC Ar/H; (9:1) 120 min Yes 10% 15
Exfoliated graphene RF H, 1 min Yes 16.67% 12
CVD graphene Microwave H, 20 min Yes 25% 27
CVD graphene RF with a magnetic field H, 2s No 33% 16
CVD graphene Electron beam with a magnetic field Ar/H; (19:1) 60 s No 33% 17
CVD graphene DC-RF with a magnetic field Ar[H; (4:1) 30 min Yes 35.8% this work

2 Confirm if the reference provides a dehydrogenation annealing process to demonstrate the graphene damage situation.

from the samples towards the reactor chamber axis. The low
damage of graphene samples allowed a relatively long treatment
time (30 min) that contributes to the high coverage obtained in
these experiments. Thus, the low damage and high coverage
plasma treatment make this low-temperature fine-tunable plasma-
based source of hydrogen atoms attractive for use in functionalizing
thin films, delivering modified 2D materials more exciting and up-
and-coming for vast applications. One potential application of the
cross-field plasma is to dope transition metal dichalcogenides as
highly active catalysts for energy conversion.
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