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ABSTRACT

This work demonstrated the effects of 1.2 GeV high-energy electron beam irradiation on a few-layers of graphene
(FLG) and multi-layer graphene (MLG) films grown via an in-house hot wire chemical vapour deposition (HWCVD)
system. The FLG and MLG films were grown on highly doped n-type ¢-Si (100) substrates which were pre-treated
using argon plasma (50 W) for 1 min and 10 min, respectively. The as-prepared samples were then irradiated using a
1.2 GeV high-energy electron beam with a dosage of 1.2 x 10° e/cm? at atmospheric and room temperature ambient
conditions. The effects of the irradiation-mediated defects on the carbon lattice structure of both graphene samples
were validated from the decreased sp?> C=C carbon content, and the increase in the adventitious carbon contamination
C-O-C content. Raman results showed an elevation of the I /I, ratio and blue-shift of the 2D and G band peaks for
both the irradiated samples, which validated the mediated defects due to the dislocation of carbon atoms in the
graphene sheets. The blue-shifted of 2D and G peaks were much more significant in the MLG than FLG which may
indicate a better self-reconstructing property for the MLG atomic network, compared to the FLG. The stability of the
films against high-energy electron beam irradiation was validated by their conductivity and surface topography. In
conclusion, HWCVD grown graphene nanoplatelet films have high potential for graphene-based high-energy charged
particle detectors.
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ABSTRAK

Kajian ini menunjukkan kesan penyinaran radiasi elektron bertenaga tinggi 1.2 GeV pada beberapa lapisan grafin (FLG)
dan berbilang lapisan grafin (MLG) yang dihasilkan melalui kaedah wayar panas pemendapan wap kimia (HWCVD).
Filem FLG dan MLG dihasilkan pada permukaan substrat c-Si (100) jenis-n berdop tinggi yang telah dirawat terlebih
dahulu menggunakan plasma argon (50 W) selama 1 minit dan 10 minit. Sampel yang telah disediakan kemudiannya
disinari menggunakan radiasi elektron bertenaga tinggi 1.2 GeV dengan dos 1.2 x 10° e/cm? pada keadaan atmosfera
dan suhu bilik. Kesan radiasi dalam menghasilkan kecacatan pada struktur kekisi karbon kedua-dua sampel grafin
telah disahkan daripada pengurangan kandungan karbon sp? C=C serta peningkatan kandungan kontaminasi karbon
adventif C-O-C. Analisis Raman menunjukkan peningkatan nisbah I /I, dan anjakan-biru bagi puncak jalur 2D dan
G untuk kedua-dua sampel yang disinari, yang mengesahkan kecacatan pengantara disebabkan oleh kehelan atom
karbon dalam helaian grafin. Anjakan-biru puncak 2D dan G adalah lebih ketara dalam MLG berbanding FLG yang
mungkin menunjukkan sifat membina semula diri yang lebih baik untuk rangkaian atom MLG, berbanding FLG.
Kestabilan filem terhadap penyinaran radiasi elektron bertenaga tinggi telah disahkan oleh kekonduksian dan topografi
permukaannya. Kesimpulannya, filem nanoplatelet grafin yang dihasilkan menggunakan kaedah HWCVD ini mempunyai
potensi tinggi untuk menghasilkan pengesan zarah bercas tenaga tinggi berasaskan grafin.

Kata kunci: Grafin; HWCVD; nanoplatelet; sinaran elektron bertenaga tinggi; toleransi radiasi
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INTRODUCTION

Since the discovery of the first two-dimensional material
by Andre Geim and Konstantin Novoselov in 2004,
graphene has received a great attention because of its
excellent properties, and great potential to be applied
in nanoelectronics technology, especially in sensors
and detectors. It exhibited excellent Young’s modulus,
intrinsic strength, thermal conductivity, sheet resistance,
and electron mobility (Lee et al. 2008). High electron
density, outstanding thermal conductivity (Moser,
Barreiro & Bachtold 2007) and excellent electron
mobility contribute to the excellent potential of graphene
as a superb candidate for high-energy and high-tension
detectors and sensors. Graphene is known to work with
high cut-off frequencies (1 GHz), which proves its ability
to produce quick responses during detection (Lin et al.
2009). The study of graphene in gas detectors, chemical
detectors, and biomolecular detectors (Ang et al. 2008;
Kim et al. 2008; Lu, Ocola & Chen 2009; Robinson
et al. 2008; Schedin et al. 2007; Zhang et al. 2010)
has previously been reported, however, its application
in high-energy detection experiments remains
unexplored. The application of graphene in this field
offers exciting advantages, such as producing thin and
flexible detectors which can be directly integrated with
electronics in pixel sizes and provides low maintenance
costs compared to the current state-of-art detectors (Serry
et al. 2015). A simulation study on the application
of MLG as detector material in high-energy physics
application was performed as previously reported (Nor
et al. 2022).

The interaction between high energy particles
and materials not only produce defects such as atomic
displacement, but also results in electronic excitations
(Shulman & Ginell 1970). Although few studies have
discussed the effects of particle/ions irradiation with
graphene, most of the research focused on the low energy
range only to understand the interaction mechanism
(Kang et al. 2022; Warbinek et al. 2019). Recently, few
studies have been reported on the effect of high-energy
irradiation (Kinetic energy >10 KeV) with graphene.
Slobodian et al. (2018) reported that the knock-on
collision resulted in carbon atoms displacement for
interaction with high-energy charged particles. Childres
et al. (2010) demonstrated the impact of 30 keV
electron beam irradiation on a single-layer graphene
prepared from mechanical exfoliation-based graphite.
The study showed that electron irradiation resulted
in n-type doping, and created defects in the graphene,
which changed its transport properties and reduced

the carrier’s mobility. At the same time, lower energy
(5-20 keV) of electron irradiation was demonstrated
to introduce defects to the single-layer and bilayer of
graphene samples which were prepared using mechanical
exfoliation-based graphite (Teweldebrhan & Balandin
2009). Meanwhile, Liu, Teweldebrhan and Balandin
(2011) reported that energetic electron irradiation
introduced lattice defects to the graphene network due to
altered electrical and structural properties of the single-
layer and bilayer graphene. On the other hand, Lee et
al. (2016) reported an increase in the conductivity of
graphene after irradiation with 5 MeV protons due to
the strong hole-doping that increase the hole-density by
10-times and the dc-resistance decreased by 60% from
the initial condition. However, it should be noted that
most studies focus on energy lower than 10 MeV and
single-layer or one thick atomic graphene only. Most
graphene mentioned also requires a transfer process from
the substrate, forming more defects introduced from the
transfer process.

In this work, a few-layers of graphene (FLG) and
multi-layer graphene (MLG) films were prepared
using an in-house hot wire chemical vapour deposition
(HWCVD) system. The effect of high-energy electron
irradiation of 1.2 GeV on the different graphene structures
(i.e., FLG and MLG) was investigated with an intensity of
up to 1.2 x 10° e/cm?. The effects of high-energy electron
irradiation on the lattice structure, chemical contents,
and electrical properties of the irradiated graphene films
are discussed.

MATERIALS AND METHODS

PREPARATION OF GRAPHENE SAMPLES
The FLG and MLG samples were directly grown on
highly doped n-type crystal silicon (c-Si) substrates
with a (100) orientation using an in-house HWCVD
system, as previously reported by Anuar et al. (2021).
The substrates were prepared (2.5 cm x 2.5 cm) whilst
a coiled tungsten (W) wire (99.95% purity and 0.5 mm
diameter) was used as the hot-filament and was connected
to the voltage reulator (IBC Regavolt 1P-1kVA 0-240
V A.C). The experimental processes were divided into
two parts; the argon (Ar) ion plasma, and the graphene
deposition processes. The Ar ion plasma process was
performed to deposit W nanoparticles on the crystal
Silicon (c-Si) substrates. The W nanoparticles acted as
an effective metal catalyst particle to facilitate the growth
across a large-area, and provide a controllable thickness
of graphene layers in either the FLG or MLG. This can



be done by varying the Ar ion plasma duration from 1
to 10 min, which resulted in nanoparticle grains size of
7.4 and 24.3 nm. The parameter settings used for Ar ion
plasma were as follows: i) duration: 1-10 min; ii) process
pressure: 0.4 mbar; iii) substrate temperature: 450 °C; iv)
Ar gas flow rate: 10 sccm; v) radio-frequency power: 50
W and vi) filament temperature: 1600 °C.

After the plasma process, the deposition process
was subsequently carried out by switching off the mass
flow controller of the Ar gas and radio-frequency power,
introducing methane (CH,) and hydrogen (H,) gases
into the chamber and maintaining the gases at 10 and
200 sccm, respectively. The filament temperature was
quickly increased to 2200 °C to sufficiently decompose
the CH, and H,, whilst the substrate temperature remained
at 450 °C.

HIGH-ENERGY ELECTRON BEAM EXPERIMENTAL SETUP

The as-prepared FLG and MLG samples were exposed
to a high-energy electron beam of 1.2 GeV for 10 h using
The Beam Test Facility (BTF) in the Synchrotron
Light Research Institute (SLRI), Nakhon Ratchasima,
Thailand. The properties of the electron beams obtained
from the synchrotron booster at the High-energy
Beam Transport Line (HBT) are shown in the Table 1
(Kittimanapun et al. 2018, 2016). Figure 1(a) depicts
the schematic diagram of the high-energy electron
irradiation process at the BTF, while Figure 1(b) shows
the actual picture of the BTF setup, and the sample’s
position during the beam test. The beam size and sample
size for this test were 3.1 mm x 1.7 mm and 2.5 cm x 2.5
cm, respectively. The characterisation for both samples
were carried out after the irradiation.
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CHARACTERIZATION OF FLG AND MLG

The chemical states of the FLG and MLG (the as-prepared
and irradiated samples) were examined using X-ray
photoemission spectroscopy (XPS) at the photoemission
spectroscopy (PES) beamline centre, BL3.2Ua, which
was located at SLRI, Thailand. The PES system combined
with Thermo VG Scientific CLAM2 electron spectrometer
was operated at 600 eV, with an energy step of 0.1 eV.
The binding energies were then calibrated using the C 1s
energy of 284.6 eV (Greczynski & Hultman 2020). The
high-resolution scan at the C 1s band was deconvoluted
to possible C-related bands representing the chemical
states for the as-prepared and irradiated samples. The
fitting of the C 1s band was performed using the Gaussian
fitting function in MS Excel, which was provided by
the beamline, BL3.2U. The XPS measurements for the
irradiated FLG and MLG were subsequently conducted
just after the beam test to avoid any further contamination.

The Raman spectra of the as-prepared and irradiated
samples were produced using the InVia Raman
microscope with a diffraction grating (2400 lines/mm)
and a charge-coupled device detector. An Ar ion laser
(514 nm and 5 mW) was used to produce an effective
laser irradiation spot area of 2 pm in diameter and was
carefully calibrated using an internal single-crystal silicon
at 520 cm™. Owing to the ultra-thin thicknesses of the
FLG and MLG, the measurement was conducted using
10 % of the laser power (equivalent to 5 mW), for 30 s
in the range between 1000 and 100 cm™. The D, G, and
2D band peak parameters (peak position, Full-width Half
Maximum (FWHM), and intensity) were obtained using
the Origin Pro curve fitting method.

TABLE 1. The working parameters of the BTF at the SLRI

Particle Electron
Energy up to 1.2 GeV
Energy spread -0.05 %
Current ~10 mA
Repetition rate every 2 s

No. of electron per bunch

Pulse duration

Beam size

between 10° and 10°

8.5 ns

~3.1 mm x 1.7 mm
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FIGURE 1. (a) Schematic diagram of the high-energy electron beam irradiation
on graphene sample. Inset represent a real graphene film (darker area) on Si (111)
substrate. (b) Actual photographs of the high-energy electron beam test setup, and

the positions of graphene sample and electron beams output and apertures

The current-voltage curves of the as-prepared and  voltage drop curve, resulting from the applied current on

irradiated samples were determined using the four- the outer probes, following the Equation (1) as follows:
point probe (JANDEL Universal Probe). A tungsten
carbide needle with a 0.5 mm diameter was used in this Rs = =& (1)

measurement. The sheet resistance was calculated from a In(2) 1



The surface roughness of both the as-prepared and
irradiated FLG/MLG samples were determined using
the tapping mode of Atomic Force Microscopy (AFM)
(AFMS5500M system by Hitachi).

Elemental analysis of the as-prepared and irradiated
MLG samples was done using an energy dispersive
x-ray spectroscopy (EDX) detector (Model: XFlash
6/100, Bruker Scientific LLC), which was attached to the
field-emission scanning electron microscope (FESEM).
The electron accelerating voltage was 15 kV while the
working distances for imaging and EDS were 8 and 15
mm, respectively.

RESULTS AND DISCUSSIONS

Figure 2(a) and 2(b) depicts the FESEM images of
the graphene nanoplatelet films for the FLG and MLG
samples, respectively. The sample showed high-density
graphene nanoplatelets which were uniformly distributed
over an area of up to 20 pm?. These nanoplatelets were
very thin and highly transparent, with an average size
between 100-150 nm, clearly implying the formation
of FLG nanoplatelets. Thicker graphene flakes were
observed for the MLG sample, which was shown from
the contrast of the electron images, compared to the FLG
sample, which indicated an elevation of the graphene
layers in the sample (Kochat et al. 2011).

The respective Raman spectra of the FLG and
MLG samples are depicted in Figure 2(c) and 2(d). The
Raman spectra displayed the typical graphene-based
Raman vibrational bands with its Raman shift positions
atD (~1350 cm™), G (~1591 cm™), D’ (~1620 cm™), and
2D (~2698 cm™). The G band is typically attributed to
the in-plane vibrations of the sp? bonded carbon atoms.
In contrast, the D band is attributed to the out-of-plane
vibration, which is due to the structural disorder/
defects of graphene which are possibly induced by the
impurities (Lee et al. 2016). It represents the disorder
in the six-fold carbon ring which originates from the
sp* microdomains of the bond angle disorder, which is
in return induced by the sp? hybridisations (Dresselhaus
et al. 2005). The 2D band is attributed to the bond
stretching of the pairs of the sp?> C=C bonds and the
double resonance Raman scattering mode (Kumari et al.
2017; Zheng et al. 2015). In contrast to the D band, the
D’-band occurred from the intra-valley double resonant
process (Malard et al. 2009). The D’ peak originated from
the resonant phonons of the LA branch near I'. This peak
was activated from the crystal defect of graphene. The
combination of the (D+D’) mode appears at ~ 2941 cm™!
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for all the films, which is directly associated with the
defect’s concentration.

The FLG sample showed an I, /I ratio of 0.83,
and the FWHM 2D peak was approximately 91 cm™' and
possessed several graphene layer features (bilayers up to
six layers), as reported by Karamat et al. (2015) and Wu
et al. (2018). Generally, the peak intensity ratio of the 2D
and G bands (I,/I,,) and peak’s FWHM values are used
to determine the number of layers of the graphene sheet,
where I, /. >1 and the FWHM value of the 2D peak is
around 30-40 cm ! which indicates a single-layer of
graphene sheet or flake ( Anuar et al. 2021; Syed et al.
2015). Asifetal. (2015) showed that the formation of 3-4
layers of graphene grown on Copper foil substrate had an
L,/1,, ratio of 0.79. The MLG sample had a smaller I,/
I, ratio (0.52) and broader FWHM value for the 2D peak
(149.07 cm™), showing the multi-layer features of the
graphene film. On the other hand, the number of layers
in the MLG samples were expected to be lower than
20 as the D’ band did not appear at 1620 cm™', which is
typically presented in the graphite structure.

Figure 3 shows a comparative analysis of the
Raman spectra between the as-prepared and irradiated
samples for (a) FLG and (b) MLG films. Clearly, there
was a substantial reduction in the Raman peak intensities
for both samples after the irradiation with high-energy
electron beam. This showed that the high-energy
electron beam with 1.2 GeV had directly induced a
permanent carbon atom displacement in the graphene
sheets under the electron beam bombardment effect.
Similar carbon-related peak reductions were observed
by Slobodian et al. (2018) with a much lower irradiation
electron energy of 3 keV.

Table 2 tabulates the details of the C-related
vibrational bands obtained using the peak deconvolution
method. A blueshift in the G- and 2D bands for both
samples were observed after electron beam irradiation.
It is much more significant in the MLG samples with 9.75
and 12.06 cm™, than the FLG sample with 1.63 and 7.8
cm’!, respectively. This blueshift presumably resulted
from either the p-type doping (Zheng et al. 2015), or the
compression strain due to the carbon atom displacement,
creating point defects in the graphene samples (Igbal
et al. 2012; Murakami, Kadowaki & Fujita 2013). The
doping of graphene could be due to the disruption of
graphene lattice structure from carbon atom displacement
when the incident beams interact with the graphene, and
formed covalent bond with doping molecules such as
gas substance in the atmosphere (Liu, Teweldebrhan &
Balandin 2011; Ryu et al. 2010). The doping substance
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such as oxygen, water vapour and nitrogen cause
changes in the electrical properties of graphene by n-or-
p-doped graphene samples. Incorporation of the doping
substances can happen at the edges via intermediate
vacancies, defect states, and dangling bonds, showing
significant increments in their I /1, values (FLG ~ 1.78
and MLG ~ 2.11 after the electron beam irradiation).
The electron beam irradiation produces point defects
originating from the dislocation of carbon atoms,
resulting in the modification of the graphene structure’s
atomic network (Slobodian et al. 2018; Song et al. 2013).
However, this did not affect the graphene nanoplatelet
layers, as shown by the L, /I ratios after the irradiation
(as tabulated in Table 2).

Normalized Intensity (arb. unit)

Normalized Intensity (arb. unit)

Figure 4 depicts the survey-scan XPS spectra of
the as-prepared and irradiated samples (FLG and MLG
films). The spectra mainly consist of O 1s, C 1s, W 4f,
and Ag 3d bands centred at 284.5, 529.5, 33.5, and 368.3
- 374 eV, respectively. The presence of impurities such
as Ag (Figure 4(a) & 4(b)) and W peaks are attributed
to the silver conducting paint and the metallic W catalyst
nanoparticles, respectively. The narrow scan of XPS
spectra of C bands centred at 284.5 ¢V, and their fitted
components are shown in Figure 5. Typically, the C
peak can be decomposed into four major constituents
namely C=C, C-C=C, C-OH, and C-O-C bonds at 284.3,
284.6, 285.4, and 286.6 eV, respectively (Diaz et al.
1996; Lesiak et al. 2018). The C=C and C-C=C bands
represented the sp? and sp?® hybridised bonded C atoms
with a 0.3 eV binding energy separation, which was
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associated with the threefold and fourfold-coordinated
carbon atoms (Diaz et al. 1996). The sp?/sp? hybridisation
ratio was associated with the atomic density of the carbon
structure, and represented the quality of the graphene
in terms of its homogeneity and electronic properties
(Haerle et al. 2002; Syed 2017; Yang et al. 2014).
The sp? tetrahedral hybridisation bond of carbon atoms
in the as-prepared samples was contributed by either
edge defects of the individual graphene layers, or the
intrinsic sp® defects in the FLG samples (Al-Harthi et al.
2012; Turgeon & Paynter 2001). The C-OH and C-O-C
generally corresponded to the oxide hydroxyl groups
and adventitious carbon contamination, respectively. The
C-O-C bands are believed to have originated mainly
from the edge defects of the nanoplatelets or flakes
(Meyer et al. 2012).

The composition (in %) of each C-related component
can be determined by dividing the integrated intensity
of the component with the integrated intensity of
the main peak. The percentage of C-related bands are
tabulated in Table 3. The sp?> C=C content reduced
for both the FLG and MLG after the electron beam
irradiation, which was approximately 8.5% and 2.7%,
respectively. The carbon atoms dislocated from its
graphene structure when it received higher electron
beam energy than the displacement threshold energy of
the sp? bonded carbon, in the range between 15-20 eV
(Krasheninnikov & Banhart 2007). The high electron
beams causes various electron-nuclei interactions,
such as localised amorphisation or rehybridisation of
the carbon atoms, which requires a minimum energy of
100 keV or above, as previously reported for multiwalled
carbon nanotubes (Kumari et al. 2017). The electron-
nuclei ionisation results in carbon atom displacements in
the graphene structure. It also leads to multiple defects
due to electron excitations (Meyer et al. 2012). The
defects, such as oxidation and transformation of the sp?
to sp’ via hybridisation are shown by the changed C-O-C
contents in the FLG and MLG, at a value of 14.6 and 2.03
%, respectively. Obviously, the hydroxyl groups (C-OH)
have a much more negligible effect under the electron
beam irradiation for the FLG and MLG. The obtained
sp?/sp’ ratios of the as-prepared and irradiated FLG
samples were 5.5 and 6.5, respectively, indicating an
improved graphene structure quality after the irradiation
(Al-Harthi et al. 2012). This was accompanied by an
increment in the C-O-C content, which implied that the
FLG was more sensitive to the electron beam irradiation
due to its two-dimensional sheet characteristic, and the
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large surface area of the nanoplatelet structure. The effect
of the beam irradiation was more significant in the FLG
than MLG, due to the different thicknesses of the target
with the high kinetic energy from the electron beam.
Figure 6 depicts the I-V curves of the as-prepared
and irradiated FLG and MLG samples. The I-V curves
of c-Si substrate and W nanoparticles deposited on
the c-Si substrate are provided in the figure for control
purposes. Obviously, the as-prepared FLG and MLG
samples show an ohmic characteristic in the logarithmic
scale with the measuring electrodes, implying that the
metallic behaviour of graphene’s unique electrical
characteristic (Cooper et al. 2012), is naturally
compatible, and shows low contact resistance towards
Cr, Ti, Ni, and Pd (Xia et al. 2011). A relatively low
turn-on voltage for the as-prepared MLG compared to
the as-prepared FLG indicates that the MLG possesses
lower resistivity compared to the FLG. The calculated
sheet resistances of the as-prepared MLG and FLG films
were 79.97 and 194.24 Q/sq. The higher sheet resistance
observed in the FLG compared to MLG might be due
to the ambipolar characteristics of the thin films that
resulted in heterogeneous current flow as a function of
voltage (Bae et al. 2010). In addition, more significant
lattice defects at the edges of graphene nanoplatelets
which were grown using the HWCVD method
contributed to the increase in the sheet resistance of
the FLG (Cummings et al. 2014). It is observed that
the I-V curves of c-Si n-type substrate and samples
with W nanoparticles followed a non-linear Schottky
junction characteristic, which was expected from the
metal probe/semiconductor junction. The probe contact
resistance may contribute to this case since the barrier
height between the metal and semiconductor is very
high, which is approximately 1-1.5 eV (Chandra et al.
2011). The linear curves observed for the as-prepared
FLG and MLG samples suggest that the synthesised
graphene films may reduce the contact resistance and
barrier height between the probe and the samples. For
the high-energy electron beam irradiated samples, it
is found that the I-V curves consisted of two different
conduction mechanism regions of ohmic and space
charge-limited currents (SCLC). An ohmic conduction
mechanism is dominant at low current supplies,
where the logarithmic scale slope is almost equal to 1,
following ohm’s law for current conduction. At higher
current supplies, the slope is measured at almost 2,
indicating that the SCLC conduction mechanism obeyed
the Mott-Gurney law of current conduction (Rohr
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et al. 2018). This regime occurs when the injected
charge concentration is higher than equilibrium charge
concentration and establishes a space charge region
adjacent to the injecting electrode (Elakrmi, Chaabane
& Ouada 2011). The W nanoparticles samples also
showed high conductivity (48.5 mQ/sq), owing to
its metallic properties. This sheet resistance was
comparable with the W thin films grown using the CVD
technique, with a sheet resistance of 73.6 - 155 mQ/
sq, as reported in Li et al. (2012). The sheet resistance
of the highly doped n-type c-Si substrate as calculated
from the manufacturer’s specification was also within
a similar range (16 - 80 mQ/sq).

The irradiated FLG and MLG samples showed
similar electrical properties, as observed in the W
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nanoparticle samples with two types of conduction
mechanism regions. However, for irradiated samples,
the SCLC region had a higher slope value with n =4.5
and 6, indicating that the region was regulated by the
traps of the conduction region. The presence of the traps
introduced by irradiation reduces the current at higher
voltage supplies, originating from immobilised injected
carriers in the traps (Vu 1970). Both irradiated FLG
and MLG samples showed a similar sheet resistance,
as calculated in the W nanoparticles sample, at 45 and
44 mQ/sq, respectively. The changes in this conduction
mechanism are probably due to the dislocation of the
carbon atoms from the sample’s surface, showing the
W nanoparticles beneath the graphene layers. The
non-ionising energy loss (NIEL) from the electron-
nucleus atom scattering which exceeded the energy
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FIGURE 4. Survey-scan XPS spectra of (a & b) the as-prepared and irradiated
samples of FLG, and (c & d) the as-prepared and irradiated samples of MLG,
respectively



displacement threshold (E,> 20 eV) in the graphitic
structure was speculated to have contribute to this
displacement effect in the graphene (Krasheninnikov
& Banhart 2007; Liao et al. 2019). This is in agreement
with the findings from the Monte Carlo simulation for
the displacement damage in the graphene, as reported
by Chatzikyriakou, Smyrnis and Chatwin (2014) and
Liao et al. (2019) for high-energy interactions. These
displacement effects have been reported to be much
more dominant in FLG, due to the large cross-sections
involved during interaction, compared to the MLG.
The higher number of the graphene layers in the MLG
reduces the scattering angle during the interaction
and produces cascade collisions with lower defect
creation. The changes in the I-V properties following
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the interaction with high-energy charged particle beams
(proton) have previously been demonstrated (Kim et al.
2008; Slobodian et al. 2018).

The AFM topographic images provide information
about the structural defects created from the interaction
between high-energy electrons with the surface of the
FLG and MLG. Figure 7(a) & 7(c) depicts the topographic
images of the as-prepared FLG and MLG samples. The
grainy topography of the as-prepared samples illustrates
the graphene platelet structures with small spikes,
originating from the tungsten nanoparticles on top of
the graphene. The legend profiles indicate the maximum
height of the samples, which agrees with the FLG ad
MLG samples. The arithmetical mean roughness (Sa)
of the as-prepared FLG sample (Sa = 10.90 nm) was
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FIGURE 5. High-resolution scan XPS spectra of C 1s bands for (a & b) the as-prepared and
irradiated samples of FLG, and (¢ & d) the as-prepared and irradiated samples of MLG,
respectively
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FIGURE 6. I-V curves as-prepared and irradiated samples of FLG and MLG. The -V
curves of c¢-Si substrate and W nanoparticles deposited on c-Si substrates as controls
are provided in the figure

relatively lower than the MLG (Sa = 13.89 nm). This
is similar to the root-mean-square (RMS) roughness
(Sq) for both samples. Figure 7(b) and 7(d) shows the
2D and 3D topological profiles of the irradiated FLG
and MLG, respectively. Interestingly, both samples
(FLG & MLG) showed a slight reduction in the surface
topography for the Sa and Sq values. The reductions
were less than 3 nm, suggesting that the graphene
samples possessed excellent stability against the
high-energy electron beam irradiation, with an almost
constant surface roughness and platelet grain size.
Despite the dislocation of carbon atoms in sp?
and sp?® bonds and the introduction of the surface and
edge defects to the graphene structure, the surface
topography of the graphene nanoplatelets remained,

as shown clearly in Figure 7(b) and 7(d). The defects
on the surface of FLG created by the high-energy
electron beam were mainly vacancies and interstitials.
The variation in the surface roughness on the FLG was
most likely attributed to the surface and edge defects
involving the low threshold displacement energy from
the electron beams. The findings obtained herein are
in line with the previous work showing that high-
energy electron beams induced more surface defects
on monolayer-graphene than those with a few-layers
of graphene (Mathew et al. 2011). The more negligible
effect created by the electron beam irradiation on
the MLG sample was possibly due to its multi-layer
structure and stability against the electron beam
irradiation.
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TABLE 3. Chemical composition of as-prepared and irradiated FLG and MLG samples analysed from XPS spectra

Chemical composition (%)

Sample
Cc=C
(284.3 GV) C-C=C C-OH C-0-C
(286.6 eV) (285.4¢V) (286.6 V)
as-prepared 76.17 13.85 6.58 3.40
FLG
irradiated 67.63 10.47 3.86 18.04
as-prepared 68.17 10.13 13.76 7.94
MLG
irradiated 65.40 9.34 15.29 9.97
CONCLUSIONS REFERENCES

The structure, chemical composition, and surface
morphology of the FLG and MLG nanoplatelets films
irradiated with high-energy electron beam were
demonstrated herein. The results demonstrated that
the 1.2 GeV high-energy electron beam irradiation
with a dosage of 1.2 x 10° e/cm? greatly increased the
surface and edge defects on the FLG. These defects were
mainly attributed to the carbon atom displacements and
oxidation due to the electron beams and graphene’s
surface interaction. The electron-induced doping was
shown by the blue-shifted in the G- and 2D bands, of
which, it was much more significant in the MLG. The
findings of the study provided a preliminary insight
into how the high-energy electron beam affects the 2D
layered graphene.
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