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Abstract: Modification of epitaxial graphene on silicon carbide (EG/SiC) was explored by ion
implantation using 10 keV nitrogen ions. Fragments of monolayer graphene along with nanostructures
were observed following nitrogen ion implantation. At the initial fluence, sp3 defects appeared in EG;
higher fluences resulted in vacancy defects as well as in an increased defect density. The increased
fluence created a decrease in the intensity of the prominent peak of SiC as well as of the overall
relative Raman intensity. The X-ray photoelectron spectroscopy (XPS) showed a reduction of the
peak intensity of graphitic carbon and silicon carbide as a result of ion implantation. The dopant
concentration and level of defects could be controlled both in EG and SiC by the fluence. This provided
an opportunity to explore EG/SiC as a platform using ion implantation to control defects, and to be
applied for fabricating sensitive sensors and nanoelectronics devices with high performance.
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1. Introduction

Graphene is well known as a two-dimensional material with several remarkable properties like
high electrical conductivity, high flexibility, low electric noise and high mechanical strength [1]. The lack
of bandgap limits its application potential. Graphene based digital devices cannot be “switched-off”
due to a constant flow of electrons. Switching is a necessity in electronic devices such as switches
and transistors. Efforts are made to control the bandgap in growth and post processing, but it is a
big challenge.

Modification of surfaces functionalizes graphene and has demonstrated a band gap [2], which
makes possible its usage in digital electronics, nanoelectronics, spintronics, magnetronics and much
more. The structural changes also alter its optical, electrical, mechanical and magnetic properties,
thus offers its applicability for biosensors, gas sensors, optoelectronic devices, solar cells, detectors,
batteries, pressure sensors, etc. The structure of graphene has been altered using various methods
such as chemical doping, covalent functionalization and electron/ion beam irradiation [3–5].

The ion beam technology is a high precision and high reproducibility process. Structural
modifications introduced using ion irradiation are much more effective due to the reason that there is
an efficient transfer of energy from energetic incident ions to the atoms of graphene. Impurity doping
can be done by ion irradiation (both by insertion of atoms from primary ion beam or via backscattered
atoms from the substrate) and various atoms, molecules or ions can be explored. This range of options
is not offered by any other technology. Both dopant and defects introduction in the material at the
same time up to a desired depth can be also tailored.
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The low energy ion implantation has been shown to modify the different types of graphene,
such as produced by mechanical exfoliation, chemical vapor deposition (CVD) and sublimation epitaxy
(epitaxial graphene) process. Experimental and theoretical studies showed an array of nanodots and
nanowires on graphene on SiO2 using 30 keV Ga ion irradiation [6]. The structural modification in
mechanically exfoliated multilayer graphene on SiO2 substrate caused an increase in defects with
the increase in dwell time of ion irradiation, along with an increase in the compressive strain using
focused ion beam (FIB) with Ga ions [7]. It was also shown that multilayered graphene is p-type
doped due to defects thereby resulting in increasing the work function [7]. Modified single layer
CVD graphene showed metal–insulator transition at larger doses of Ga ion irradiation using FIB [8].
There was a change of work function of graphene with an increase in defect density with increasing Ga
irradiation dose [8]. Argon ion irradiation in the energy range of 0–200 eV with time of 0–10 s was
applied on few layers of graphene. The study optimized beam energy and irradiation time to remove
surface contaminants and to flatten the surface damage [9]. Nanopores were formed (size of two
nanometers) following the treatment of exfoliated graphene on SiO2 with hydrogen plasma etching [10].
Single layers of graphene nanopatterning were obtained by using helium ions and nanostructures
and nanoribbons appeared at a dose of 2.0 × 1016 ions/cm2 [11]. Nanopores were also obtained in
exfoliated graphene using 35 keV Ga ion irradiation [12].

Different types of ions create different levels of defects. Xu et al. used B, N and F ion irradiation
on CVD grown monolayer graphene at 35 eV and 20 eV energy between 1 × 1014 ions/cm2 to
6 × 1015 ions/cm2 fluence [13]. Willke and co-workers observed that 25 eV N ion implantation at
5 × 1014 ions/cm2 fluence resulted in doping of epitaxial graphene (EG) with N concentration of around
1% [14]. Ion implantation on EG with 25 eV B and N ions showed an increase in resistance and a
change in magnetoresistance from positive to negative [15]. Defect differences appeared at 200 keV N
and Ar ion irradiation of epitaxial graphene, along with a decrease in corrugation [16]. Previously we
showed that ion beam implantation (30 keV) and ion beam irradiation (100 MeV) using silver ions acts
as a tool to increase sensing capacity of EG on SiC [17,18].

Earlier studies explored defect generation in graphene and SiC independently [19–22]. Only some
studies are about defect generation in both graphene and SiC. The substrate plays a crucial role in defect
generation in EG on SiC, which shows the importance to study defect generation in both EG and SiC as
defect generation in both graphene and SiC enhances their applicability in various interdisciplinary
areas [6]. This study presents the effects of ion implantation using N ions on structural properties of
EG and SiC. The EG/SiC was irradiated with 10 keV N+ ions at 1 × 1012 ions/cm2 to 1 × 1014 ions/cm2

fluences. This range of energy of incident ions create defects both in graphene and SiC while other
energy ranges (eV and MeV) influence either graphene or the SiC substrate. Further, doping of graphene
with N is advantageous as it results in n-type doping of graphene due to the reason that C and N
have comparable atomic radii and chemical bond lengths, which causes substitution of C atom by N
atom [23]. Theory revealed that different N dopant configurations result in affecting the local density
of states and local charge distribution, and thus changes of the electronic and sensing properties of
graphene [24]. The N doping is a way to have n-type graphene material, and is an excellent platform
for Li batteries, fuel cells, supercapacitors. This plays a critical role for developing graphene-based
nanoelectronics and optronics. Although chemical methods also produce n-type graphene, but they have
many disadvantages comparatively to ion implantation like lack of precise control on the concentration
of the dopant, contamination and inferred secondary impurities and site selectivity. The ion implantation
has revolutionized the semiconductor technology to have a significant economic and societal impact.
Integration of ion implantation with EG/SiC will be a further and major step-up into technological
progress. Ion implantation of graphene with trivalent and pentavalent impurities presents huge prospect
for industrial scale, non-chemistry reliant functionalization and processing of 2D materials.

2. Materials and Methods

Substrates of 4H–SiC (0001) was used for the growth of EG. The graphene was grown inside
an inductively heated furnace by thermal decomposition of SiC substate at 2000 ◦C having an argon
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pressure at 1 atm [25]. Nitrogen ion (N+) implantation was carried out at Inter University Accelerator
Center (IUAC), New Delhi, India employing 30 kV tabletop accelerator. N+ ions with 10 keV energy
were used for ion implantation at varying fluences between 1 × 1012 ions/cm2 to 1 × 1014 ions/cm2.
Stopping and range of ions in matter (SRIM) software was exploited for calculating various parameters
like projected range of ions and different types of energy losses [26].

The atomic force microscopy (AFM) by Veeco instruments with 3100 dimensions was done in the
tapping mode on both as grown and ion-implanted samples. Raman-AFM WITEC model alpha 300
instrument with excitation laser of 532 nm was used for measuring Raman spectra. An axis Ultra DLD
instrument having monochromatic Al (Kα) radiation (hv = 1486.6 eV) was used for doing the XPS
measurements. The base pressure in analysis chamber was <1.5 × 10−7 Pa when the XPS spectra were
recorded. The C 1s, Si 2p and O 1s core level spectra obtained from XPS further were deconvoluted
using Casa XPS software package [27].

3. Results

3.1. AFM

The pristine and nitrogen ion-implanted EG at 1 × 1014 ions/cm2 fluence is shown in Figure 1a,b
which are Atomic Force Microscopy (AFM) phase images obtained at scan areas of 10 µm × 10 µm.
The pristine graphene is dominantly covered with monolayer graphene (ML) and bilayer (BL) graphene
(darker areas) as depicted in Figure 1a. The thickness of graphene was obtained using optical reflectance
mapping. Figure 1b shows changes in the surface morphology following ion implantation which
resulted in fragmentation of the ML graphene shown by white arrows. Figure 1c is the phase image
and Fig 1d is height image of the sample implanted at the highest fluence (1 × 1014 ions/cm2) showing
presence of dot like structures (shown with black arrows) referred as “nanostructures”. Their diameters
are estimated from software Nanoscope III (V5.3) (Digital Instruments/Vecco Metrology group,
Plainview, NY, USA) to be between 40–70 nm and the heights of around 0.8–1.2 nm.

Figure 1. Atomic force microscopy (AFM) phase images of (a) pristine and (b) N+ ion-implanted
epitaxial graphene (EG) on SiC at 1 × 1014 ions/cm2 fluence over a scan area of 10 µm × 10 µm with
white arrows showing fragmentation of Monolayer (ML) graphene; (c) phase and (d) height image
of N+ ion-implanted EG on SiC at 1 × 1014 ions/cm2 fluence over scan area 2 µm × 2 µm with black
arrows showing presence of nanostructures.
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At the elastic impact of the energetic ions on the atoms of the material, i.e., in case of nuclear
energy loss, the atoms of the material are dislocated from their initial sites in the lattice when the
transmitted energy is higher than the displacement threshold energy. The minimum energy required
for displacing a single C atom in graphene is 22.2 eV [28]. The minimum lattice displacement energy for
the C atom is 20 eV and the Si atom is 35 eV in SiC [29]. In this case, the energy of the incident energetic
ions (nitrogen ions) is much more than the energy required for displacing C atoms in graphene and Si
and C atoms in the SiC lattice. This resulted in creation of C and Si Frenkel defects. Further, if the
surface binding energy required by the atom to bind to the solid surface is lower than the incident
energy of the ions, then the atom can be sputtered. In SiC, the surface binding energy was reported to
be 7.4 eV for C and 4.7 eV for Si [30].

As the transferred energy is greater than the surface binding energy and the displacement
threshold energy of Si and C atoms, it likely results in both displacement and sputtering of target
atoms. We estimated the electronic energy loss (Se) and the nuclear energy loss (Sn) by the SRIM
software for N+ ion implantation in EG on SiC, and the results are tabulated in Table 1. It was found
that in N+ ion implantation, Sn dominates as compared to Se.

Table 1. Electronic and nuclear energy loss, longitudinal straggling and lateral straggling calculated
from stopping and range of ions in matter (SRIM) simulations.

Ion Type
Ion

Energy
(keV)

Electronic
Energy

Loss (Se)
(eV/nm)

Nuclear
Energy

Loss (Sn)
(eV/nm)

Projected
Range
(nm)

Longitudinal
Straggling

(nm)

Lateral
Straggling

(nm)
Sn/Se

N+ 10 0.1013 0.3104 10.4 3.0 1.9 3

The projected range for N+ ion implantation is 10.4 nm along with a longitudinal straggling of
3 nm. This shows that most of the damages are generated due to the ion implantation are settled not
in the graphene layer, but into the SiC substrate. In this work, defects in graphene are recognized as
direct and indirect defects. Direct defects are referred to as defects that arise by the direct impact of the
incident ions with C atoms of graphene. Indirect defects are the defects that are created by the impact
of the substrate atoms on the C atom of graphene. During the process of collision of incident ions with
the substrate atoms, the substrate atoms are sputtered. The sputtered substrate atoms further undergo
collision with the C atom of graphene and remove the C atom from the graphene lattice. This process
of defect generation in graphene is referred to as indirect defects [6]. It was reported previously that
sputtered C atoms undergo agglomeration into small clusters due to their high structural fluidity
during the process of ion irradiation [31,32]. Direct and indirect defects cause agglomeration of
sputtered atoms which presumably resulted in the formation of nanostructures that are observed in
this study on ion-implanted EG/SiC in Figure 1c,d. The Monte Carlo simulation of defect generation
upon 0.1 to 1000 keV energy range in ML graphene supported by SiO2 substrate showed that C Frenkel
pairs are primary defect than Si Frenkel pairs [6]. Defect generation in 0.25–50 keV ion-implanted SiC
using molecular dynamics simulation reported that most defects are carbon vacancies and carbon
interstitials with small fraction of antisite defects (atoms of different type exchanged position) [29].
It was proposed that the substrate plays a major role in enhancing the sputtering yield [6] when
C sputtering yield was presented to be higher in graphene supported by SiO2 substrate than in
suspended graphene. Sputtering following ion implantation breaks graphitic carbon bonds and causes
graphene fragmentation as observed in Figure 1b. AFM results showed that ion implantation provides
a single step process for nano-pattering of EG/SiC in controlled manner which can be further used for
developing optoelectronic, electronic and magnetronic devices of high performance.
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3.2. Raman Spectroscopy

Raman spectroscopy provides structural fingerprints of the molecules in a material and is a
nondestructive method. Figure 2 presents spectra obtained from Raman spectroscopy of pristine and
10 keV N+ ion-implanted EG at varying fluences. The Raman spectra of graphene are characterized by
the G peak located around ~1580 cm−1 and a 2D peak present at 2730 cm−1 wavenumbers. The G peak
is the only first order peak and is a result of bond stretching both by aromatic ring atoms and chain
atoms [33]. The 2D peak indicates defect free graphene and is related to a two phonons process. D
peak which occurs at ~1350 cm−1 wavenumber is related to defects in graphene and is not observed
for pristine graphene [34]. Additionally, the presence of D+D′ at 2950 cm−1 and D′ at 1620 cm−1,
also demonstrate defects in EG [35].

Figure 2. Raman spectra of pristine and N+ ion-implanted EG on SiC obtained at different fluences.

Figure 2 shows the absence of the D peak in pristine graphene, thus showing as grown graphene
is of high quality. Figure 2 shows the presence of the D peak in all ion-implanted samples. The D′ peak
is clearly visible up to 5 × 1013 ions/cm2 fluence, however, at the highest fluence (1 × 1014 ions/cm2)
the D′ peak is not visible as it merged with the G peak. The D+D′ peak appeared in all ion-implanted
samples, reflecting a significant amount of defects [35]. The intensity ratio of D peak and G peak is
represented as I(D)/I(G) and the intensity ratio of 2D peak and G peak is represented as I(2D)/I(G).
They were calculated using Figure 2 for all ion-implanted samples. Defects are generated following
ion implantation which resulted in the decrease in I(2D)/I(G) and an increase I(D)/I(G) which was
also evident from a previous study [36]. Figure 2 also shows the fluence dependent rise in the
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intensity of D peak and fall in the intensity of the 2D peak. This signifying increase in defects with the
increase in fluence. This is similar to a previous study following ion implantation on graphene sheets.
The graphene sheets were prepared by the direct liquid exfoliation of graphite layers which then were
deposited on a Si–substrate [37]. There is an increment in the full width half maxima (FWHM) of the
2D peak with increasing fluence.

In graphene, the sp3 defects dominate when I(2D)/I(G) > 1 and I(D)/I(G) < 1, while domination
by vacancy defects is observed when I(2D)/I(G) < 1 and I(D)/I(G) > 1 [38]. Another study reported
domination of sp3 defects when I(D)/I(D′) is in the range of 7 to 13, and domination of vacancy defects
when I(D)/I(D′) is in the range of 3.5 to 7 [35]. The authors referred to sp3 defects as “hopping defects”.
These defects distort the bonds between the carbon atoms, retaining the general sp2 configuration,
while vacancy defects arise due to missing of atoms from its lattice site. At a fluence of 1 × 1012 ions/cm2,
sp3 defects dominate as I(2D)/I(G) > 1, I(D)/I(G) < 1 and I(D)/I(D′) is higher than 7 and at a fluence
5 × 1012 ions/cm2 and higher, vacancy defects dominate as I(2D)/I(G) < 1 and I(D)/I(G) > 1, and I(D)/I(D′)
is in the range of 3.5 to 7.

Cancado et al., based on the intensity ratio between D peak and G peak, classified graphene defect
generation into two stages, stage I and stage II. In Stage I, there is a rise in the I(D)/I(G) ratio, but in
stage II there is a fall in the I(D)/I(G) ratio. The stage II is also marked by a broadening of FWHM of D
and 2D peaks [36]. The two stages are discussed in detail by Kaushik et al. for ion implantation using
Ag− ion in epitaxial graphene [17]. Figure 2 shows an increase of the FWHM of the 2D peak in N+

ion-implanted EG at varying fluences. At fluence of 1 × 1014 ions/cm2, there is a significant broadening
of FWHM of D and 2D peaks. This marks a clear indication of the onset of stage II [36]. Luchesse et al.
simulated phenomenological model and gave the relation between I(D)/I(G) and the average distance
between defects represented as LD as shown below [39].

I(D)

I(G)
= CA

(
r2

A − r2
S

)(
r2

A − 2r2
S

) [e−πr2
S/L2

D − e−π(r
2
A−r2

S)/L2
D

]
(1)

where rA = 3.1 nm and rS = 1 nm are the radii of the activated area and the structurally disordered area.
Details of activated and disordered area are mentioned further by Kaushik et al. [17]. The constant
CA = 4.2 which depends on the laser excitation energy (in this work it is 2.33 eV) and the maximum
possible value of I(D)/I(G). The I(D)/I(G) were estimated from the results obtained by Raman
spectroscopy (Figure 2) and LD was calculated in graphene using the above equation. The Equation (2)
below shows the relation between LD and defect density represented as nD.

nD = 1014/ π LD
2 (2)

The nD was estimated using Equation (2). Table 2 tabulates the values of I(D)/I(G), LD and nD at
different fluences in the ion-implanted samples of EG/SiC.

Table 2. Intensity ratios of D and G peaks (I(D)/I(G)), mean distance between defects in graphene (LD)
and defect density (nD) in N+ ion-implanted EG/SiC.

Samples
N+ Ion Implantation (10 keV)

I(D)/I(G) LD (nm) nD × 1010 (cm−2)

Pristine 0.27 22.47 6.31
Fluence

1 × 1012 ions/cm2 0.85 10.85 27.05
5 × 1012 ions/cm2 1.25 8.68 42.26
1 × 1013 ions/cm2 2.10 5.96 89.65
5 × 1013 ions/cm2 3.00 3.05 342
1 × 1014 ions/cm2 2.70 2.85 393
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Table 2 shows the rise in the defect density with the increase of fluence. Figure 2 shows that the
2D peak is positioned at ~2730 cm−1 in the pristine sample. Besides reduction in the 2D peak intensity
with the increasing fluence, we also observed a red shift of the 2D peak (Figure 2) in the ion-implanted
samples. The 2D peak is fitted with a Lorentzian curve and we observed that the 2D peak centered at
2730 cm−1 in the pristine sample shifted to 2680 cm−1 in the highest implanted fluence. This red shift of
the 2D peak is because of relaxation of compressive strain following ion implantation as pristine EG is
initially under compressive strain. Earlier studies showed that following electron beam implantation a
red shift in the 2D peak is due to tensile strain or due to relaxation of compressive strain [40].

The structural modifications in the 4H–SiC substrate was explored using Raman spectroscopy.
Defects in graphene appear due to a combination of direct collision of the incident ions with graphene
atoms and due to the impact of indirect collision of the substrate atoms [6]. Thus, it is essential to
investigate defects generated in SiC as well. Two prominent peaks in SiC Raman spectra are FTO
(2/4) at 776 cm−1 and LO at 965 cm−1 [41]. Figure 3a shows the presence of these prominent SiC peaks
in the Raman spectra. Figure 3a indicates a decrement in the intensity of FTO (2/4) and LO with the
rise in fluence, which is similar to that reported earlier in ion irradiated SiC [42]. C sub lattices has
displacement energy of 20 eV and Si has of 35 eV in the SiC lattice. Since the transmitted energy in
this study is higher than the threshold energy required for C and Si atom, the displacement of Si and
C atoms from its lattice site occurs and which causes breaking of the SiC bonds. This results in a
reduction of the intensity of the FTO (2/4) peak along with the LO peak, which can be observed in
Figure 3. At the highest fluence (1 × 1014 ions/cm2), a shift and narrowing of the FTO (2/4) peak along
with the LO peak is observed (Figure 3a). This is in agreement with a previous study, which reported
that this could be due to the fact that point defects trap the free carriers. The LO phonon loses the
plasmonic coupling as a result of defects causing a shift in the LO peak [43]. Figure 3b illustrates newly
formed Raman bands in the range around ~500–550 cm−1 at the highest fluence. This is due to the
formation of Si–Si bonds in the samples implanted at a fluence 1 × 1014 ions/cm2 [44]. In addition
to that there also occur less intense bands in the region of 650–800 cm−1 in the Raman spectra of the
sample with the highest fluence. This could be due to the formation of a new vibrational modes of Si–C
following the ion implantation. Sorieul and co-workers reported that defects generated in SiC by ion
irradiation result in breakdown of Raman selection rules, which leads to generation of Si–Si and C–C
and new Si–C vibrational modes [44]. Further, Figure 3b shows a bump in the region 815–950 cm−1

which is due to the superposition of three transverse optical phonons which are 2TO (X), 2TO (W) and
2TO (L) of silicon [45].

The relative Raman intensity which is denoted as RRI is the ratio between the average intensity
of the first order Raman modes in the ion-implanted sample and that of the pristine sample [46].
Figure 4a shows a decrease in RRI from its maximum value of 1 in the non-implanted sample to the
value of 0.30 in the sample implanted at fluence of 1 × 1014 ions/cm2. Increased amount of defects with
increasing fluence is the reason behind the reduction in the value of RRI, which is in agreement with a
previous study [46]. The total disorder, which quantifies the damage of the crystallinity of materials
is defined as 1-Anorm. The Anorm is the ratio between the total area under the principal first order
Raman band in the implanted material and the area under the principal first order Raman band of the
crystalline material [47]. The ranges used for estimating the area under principal first order bands
(FTO (2/4) and LO) are ~760 cm−1–800 cm−1 and 955 cm−1–990 cm−1. Following ion implantation
total area under principal first order bands of implanted sample reduces which results in rise in total
disorder in implanted samples. The rise in the value of the total disorder with increasing the fluence
signifies the decreased crystallinity of the material with increasing fluence [47]. Figure 4b shows the
change in the total disorder at varying fluences following the ion implantation, with increment in the
value of the total disorder to 0.73 in the highest fluence implanted sample (1 × 1014 ions/cm2). Raman
results suggest that one can introduce different levels of defects into both EG and SiC by just tuning
the fluence which forms a platform for developing high performance supercapacitors, sensors, etc.
as defects in controlled manner enhance storage capacity and sensing capacity of EG/SiC.
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Figure 3. (a) Raman spectra showing changes in the prominent SiC peaks at varying fluences in N+

ion-implanted samples; (b) Raman spectra of the sample implanted at fluence 1 × 1014 ions/cm2.

Figure 4. Variation in (a) relative Raman intensity, (b) total disorder following 10 keV N+

ion implantation.

3.3. XPS

Figure 5a shows the C 1s spectra of as grown EG/SiC and implanted EG/SiC at 1 × 1012, 1 × 1013

and 1 × 1014 ions/cm2 fluences obtained from XPS at takeoff angle of 90◦. The C 1s spectra of EG/SiC
are characterized by a graphitic carbon (C=C) peak around 284.8 eV and a silicon carbide (Si–C) peak
around ~283.8 eV. Additionally, due to the graphitization process, a minor contribution around 289.0 eV
is due to the formation of O-C=O bonds [48] in the pristine sample. Following N+ ion implantation,
C 1s spectra show a reduction of the intensity of both graphitic carbon (C=C) and silicon carbide peak
(Si–C) than the pristine sample. This is indicative of irradiation-induced damages scaling with an
increasing fluence, as revealed by the fact that the overall C 1s and Si 2p spectra intensity decreases
when going from 1 × 1012 to 1 × 1014 ions/cm2.
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Figure 5. (a) C 1s; (b) Si 2p; (c) O 1s and (d) N 1s spectra obtained from XPS of pristine and N+

ion-implanted EG on SiC samples.

There was a broadening of the C1s spectra in the region between 284.5 eV to 287.5 eV in all
ion-implanted samples, Figure 5a It may have been due to the presence of the C=N bond at 285.7 eV
following the nitrogen ion implantation in graphene [49]. Figure 5d shows the corresponding N 1s
spectra which reveal two components at 397.9 eV and 400.3 eV, that can be assigned to pyridinic
and quaternary type N-functionalities, respectively [49,50]. The overall N 1s intensity increased with
increasing ion fluence which was indicative of an effective N implantation.

Figure 5b shows Si 2p spectra with the SiC peak at ~101.6 eV in as grown EG/SiC sample in
agreement with earlier study [51]. The Si 2p spectra of N+ ion-implanted samples reveal a decreased
intensity of the SiC peak with increasing fluence, in agreement with Raman results (Figure 3). In addition,
Si 2p spectra shift towards a lower binding energy approaching BE values which is characteristic of
pure Si. [52]. These changes can be interpreted as resulting from breakdown of the Si–C bonds and an
increased generation of homonuclear bonds of the sp3 C–C and Si–Si type (Figure 5b).

Figure 5c presents the O 1s spectra which clearly depict a fluence dependent rise in the O
1s peak intensity. There appears two peaks at ~532.1 and 533.2 eV in the O 1s spectra obtained
after deconvolution of the O 1s spectra (data not shown) in the as grown EG/SiC sample, peaks are
attributed to C=O and C–OH peak, respectively [53]. The high binding energy component increases
by the ion implantation which is indicative of C–OH formation. The XPS showed that dopant
concentration can be precisely controlled by controlling the fluence which provides a simple method
for developing nitrogenated graphene at varying concentrations and enhances the applicability of
EG/SiC in nanoelectronics.

4. Conclusions

There was a structural modification of monolayer/bilayer graphene and the SiC substrate using 10
keV N ion implantation. This works shows that at this energy both dopant and defects can be introduced
simultaneously in graphene and SiC, while other studies have investigated defect generation in either
graphene or SiC. The AFM investigation show a fragmentation of the single and bilayer graphene
accompanied by a formation of nanostructures. The ion implantation caused breaking of graphitic
carbon bonds which results in the fragmentation of monolayer and bilayer graphene at many places.
There was an agglomeration of sputtered carbon atoms into small clusters due to their high structural
fluidity which results in formation of nanostructures. The corresponding Raman spectra showed an
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increase in the D peak intensity up to the fluence of 5 × 1013 ions/cm2 and a decrease in the D peak
intensity at 1 × 1014 ions/cm2 fluence. Stage I type of defects dominated up to 5 × 1013 ions/cm2 fluence
while stage-II defects were present at the highest fluence. There were sp3 defects at 1 × 1012 ions/cm2

fluence and vacancy defects at the higher fluences, as well as an increase in defect density with increase
in the fluence. With increasing fluence there was a fall in intensity of the prominent peaks of SiC
along with an increase in the value of the total disorder and a decrease in the value of the relative
Raman intensity. This was interpreted as the SiC interface with graphene is affected by the N ion
bombardment and should be considered when there is device processing. The XPS reveals C=N
formation and a fluence dependent decrease in the SiC peak intensity from the Si 2p XPS spectra.
A rise in O1s spectra with increase in fluence was observed due to an increase of C=O and C-O-H bond
intensity with increasing fluence. Altogether, this work illustrates the possibility that nitrogen doping
and different levels of defects may be introduced in both graphene and SiC by N ion implantation
on EG/SiC, which implies process control as well as consideration of careful selection of the process
conditions for modifying graphene and SiC or both.
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