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Abstract: Chemical vapor deposition (CVD) is an attractive technique which allows graphene with
simultaneous heteroatom doping to be synthesized. In most cases, graphene is grown on a catalyst,
followed by the subsequent transfer process. The latter is responsible for the degradation of the carrier
mobility and conductivity of graphene due to the presence of the absorbants and transfer-related
defects. Here, we report the catalyst-less and transfer-less synthesis of graphene with simultaneous
nitrogen doping in a single step at a reduced temperature (700 °C) via the use of direct microwave
plasma-enhanced CVD. By varying nitrogen flow rate, we explored the resultant structural and
chemical properties of nitrogen-doped graphene. Atomic force microscopy revealed a more distorted
growth process of graphene structure with the introduction of nitrogen gas—the root mean square
roughness increased from 0.49 £ 0.2 nm to 2.32 £ 0.2 nm. Raman spectroscopy indicated that nitrogen-
doped, multilayer graphene structures were produced using this method. X-ray photoelectron
spectroscopy showed the incorporation of pure pyridinic N dopants into the graphene structure with
a nitrogen concentration up to 2.08 at.%.

Keywords: microwave; plasma-enhanced; CVD; nitrogen-doped; graphene; catalyst-less;

transfer-less; synthesis

1. Introduction

Graphene belongs to a class of two-dimensional (2D) materials, which are widely
known for their unique structures and outstanding physical, chemical, and mechanical
properties [1-7]. It was demonstrated in many studies and reviews that the properties
of 2D materials can be drastically altered, enhanced, or tuned via molecular and atomic
doping [8-11]. For instance, the carrier concentration and type of carrier can be easily
changed through the substitution of dopant atoms on the sulfur site in titanium trisulfide
without having any impact on the band extrema [12]. After doping carbon nanotubes with
N or B atoms, they become n-type or p-type atoms, respectively [13]. Doped graphene
offers unique properties such as ferromagnetism [14], superconductivity [15], etc. Specifi-
cally, graphene heteroatom doping methods can be categorized [16] into post-treatment
approaches, e.g., wet chemical methods [17], thermal annealing, arc-discharge [18], plasma
treatment [19], hydrothermal treatment [20], and gamma irradiation [21], and in situ ap-
proaches, e.g., chemical vapor deposition (CVD) [22], bottom-up synthesis [23], and ball
milling [24]. Methods which fall into the latter category are more favorable, as graphene
synthesis can be achieved with simultaneous heteroatom doping [16]. Depending on the
choice of heteroatoms for doping, e.g., B [25], N [26], P [27], S [28], F [29], C1 [30], Br [31],
1[32], etc., new or improved properties of graphene materials may arise and could be useful
for a number of applications, including supercapacitors [33], fuel cells [34], lithium ion
batteries [35], solar cells [36], and sensors [37].
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The CVD technique can be considered as the most effective approach used for graphene
doping that does not affect its crystalline nature [38]. Generally, graphene is grown via CVD
on a catalyst substrate, e.g., Ni or Cu [39,40], and afterwards, a complicated transfer process
is required for the wet chemical removal of the metallic catalyst and the transfer of the
graphene onto the required surface based on its intended functionality and application [41].
Importantly, the transfer process is known to be responsible for the generation of defects
and the degradation of the carrier mobility and conductivity of graphene, since chemical
alterations (i.e., during the wet chemical removal of catalyst) and mechanical damage
(i.e., during the transfer process) are almost unavoidable during this process [42]. Addi-
tionally, the graphene transfer process is known to introduce unwanted metallic impurities
which alter the electrochemical properties of graphene [43]. The demand for monocrys-
talline Si(1 0 0) continues to rise, as it is a major substrate used in semiconductor device
fabrication and optoelectronics. The catalyst-less and transfer-less synthesis of graphene
on monocrystalline Si(1 0 0) is meaningful in this context.

Herein, we focused our efforts on demonstrating that the catalyst-less and transfer-less
synthesis of graphene can be achieved with simultaneous nitrogen doping in a single step
via the use of a direct microwave plasma-enhanced CVD. Importantly, nitrogen-doped
graphene synthesis was achieved at a considerably low temperature of 700 °C. By varying
nitrogen flow rate, we explored the resultant structural and chemical properties of nitrogen-
doped graphene through atomic force microscopy (AFM), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS).

2. Materials and Methods
2.1. Microwave Plasma-Enhanced CVD of Nitrogen-Doped Graphene

The direct transfer-less synthesis of nitrogen-doped graphene was performed by
employing the microwave plasma-enhanced CVD system Cyrannus (Innovative Plasma
Systems (Iplas) GmbH, Troisdorf, Germany). Monocrystalline Si(1 0 0) (UniversityWafer
Inc., South Boston, MA, USA) was used as a substrate. Plasma cleaning (power 1.7 kW,
operating pressure 22 mbar, temperature 700 °C, hydrogen flow rate 200 sccm, and process
duration 10 min) of the substrate was performed until the heater reached the target temper-
ature. A methane, hydrogen, and nitrogen gas mixture was used for the direct synthesis of
nitrogen-doped graphene. Afterwards, methane and nitrogen gas were introduced into
the chamber. The growth process was performed in a single step. A steel enclosure on
the substrate was used for the elimination of the unwanted direct plasma effects. The
technological parameters of the plasma (i.e., power 0.7 kW, operating pressure 20 mbar,
temperature 700 °C, and process duration 60 min) and the flow rate of hydrogen (75 sccm)
and methane (35 sccm) gases were kept constant, while the flow rate of nitrogen gas was
varied in the range of 0-110 sccm. Samples were denoted depending on the flow rate of
nitrogen used in the process: NO (N3, 0 sccm), N35 (N3, 35 sccm), N75 (N3, 75 sccm), or
N110 (N, 110 sccm).

2.2. Characterization

A NanoWizardlIll atomic force microscope (JPK Instruments, Bruker Nano GmbH,
Berlin, Germany) was used to conduct experiments at room temperature, with data
analyzed using a SurfaceXplorer and JPKSPM Data Processing software (Version spm-
4.3.13, JPK Instruments, Bruker Nano GmbH). An ACTA probe (Applied NanoStructures,
Inc., Mountain View, CA, USA, specification: cantilever shape—pyramidal; radius of
curvature < 10.0 nm and cone angle—20°; calibrated spring constant—54.2 N/m; reflex
side coating—Al with thickness of 50 nm + 5 nm) was used to acquire AFM topographical
images in contact mode.

Raman spectroscopy was performed using an inVia Raman spectrometer (Renishaw,
Wotton-under-Edge, UK) equipped with a semiconductor green laser (wavelength of
532 nm), 2400 lines/mm grating, confocal microscope (50 x objective), and CCD camera.
The 5% laser output power was used for spectra recording (10 x 10 s accumulation time)
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in order to avoid sample damage. Band deconvolution into separate components was
performed with OriginPro 8.0 software (OriginLab, Northampton, MA, USA).

Chemical state changes were investigated by employing a Thermo Scientific ESCALAB
250Xi spectrometer with monochromatized Al Ko radiation (hv = 1486.6 eV): X-ray spot
of 0.9 mm in diameter; base pressure better than 3 x 107 Torr; 40 eV pass energy in
transmission mode; energy scale calibration according to Au 4f;,,, Ag 3ds5,, and Cu
2p3/2. The peak fitting procedure was performed using the original ESCALAB 250Xi
Avantage software.

3. Results and Discussion

The AFM analysis of pristine graphene (Figure 1a) was conducted over a 1.1 x 1.1 um?
area for quantitative morphological evaluation. The pristine graphene surface had a
random distribution of surface features (mean height, Zmean of 0.76 £ 0.2 nm) with varying
angle orientation to each other, without a preferred direction. The root mean square
roughness (Rq) was determined to be 0.16 + 0.2 nm. The skewness (R¢y) was determined
tobe 0.19 + 0.2, indicating that the surface peaks dominate over the valleys. The pristine
graphene surface exhibited a leptokurtoic distribution of surface features with a kurtosis
(Ryuw) value of 3.32 £+ 0.2.

1.1 um x 1.1 ym x 1.3 nm (b) 1.1 ym x 1.1 pym x 3.5 nm

Y, um

X, um
1.1 um % 1.1 um x 13.9 nm

|
[ ]

Figure 1. AFM surface topography of pristine graphene (a), N35 (b), N75 (c), and N110 (d).
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Some significant changes in surface topography (Figure 1b—d) as well as morphology
(Table 1) can be observed for nitrogen-doped graphene: with the increase in nitrogen flow
rate, the grain-like surface feature size increases in dimensions, with deeper valleys formed
in between the boundaries (Figure S1). In general, the height of the surface structures and
the roughness increase with the nitrogen flow rate. This change can be explained by the
collision between nitrogen and carbon atoms as well as inner atom substitutional placement
in the sp? hybridized lattice that results in the formation of various nitrogen-induced defect
complexes [44], which evidently leads to a more distorted growth process of the graphene
structure. Furthermore, graphene synthesis is performed in hydrogen plasma, which is
also known to be responsible for defect formation [45,46]. Figure S2 shows the AFM step
profiles for the corresponding samples. The thickness of the synthesized graphene films
was found to be in the range of 9-13 &+ 1 nm with no clear dependence on the nitrogen gas
flow rate.

Table 1. Surface morphological parameters.

Morphological Parameter

Sample No.
Zmean, nNM Rq, nm Rk Ry
NO 0.76 £0.2 0.16 £ 0.2 0.19 £ 0.2 332+£02
N35 1.65+0.2 049 £ 0.2 0.35+0.2 3.09£0.2
N75 3.124+0.2 1.33£0.2 093 £ 0.2 412 4+0.2
N110 7.30 £ 0.2 232+02 0.18 £0.2 3.14+£02

Figure 2 shows Raman spectra of pristine graphene grown directly on monocrystalline
Si(1 0 0) substrate, as well as nitrogen-doped graphene samples. Raman spectra are
presented in two actual wavenumber ranges of 1100-1800 cm~! and 2450-3150 cm ™!,
respectively. Four deconvoluted bands were determined using Gaussian components
consisting of D and G bands at 1347 cm ™! and 1599 cm ™! and 2D and G + D bands at
2687 cm~! and 2937 cm™! for pristine graphene. The high Ip/Ig ratio of 1.26 indicates
highly defective graphene. The low I,p/Ig (0.15) and the broad 2D band in the Raman
spectrum indicates the multilayer structure of graphene. The nitrogen doping of graphene
is confirmed by the increased Ip /I ratio of samples N35 and N75 (Figure 2b,c), as well as
the blue shift of the G band position at 1596 and 1595 cm ™! for N75 and N110 (Figure 2c,d),
respectively. Additionally, a red shift of the 2D position is observed for N110. Previously,
Raman studies of nitrogen-doped graphene were conducted in depth to explain the red
and blue shift behavior of 2D and G peak positions, corresponding to n-type doping and
compressive/tensile strain in graphene [38,44,47]. S. Zheng et al. investigated the metal-
catalyst-free growth of graphene on insulating substrates via ammonia-assisted microwave
plasma-enhanced CVD [48]. They also observed the blue shift of the G peak position for
nitrogen-doped graphene samples.

XPS was employed for the investigation of chemical state changes in the graphene
structure resulting from the nitrogen doping. Figure S3 shows high-resolution XPS spectra
in C 1s region for pristine graphene, N35 and N110, respectively. The deconvolution of
spectra for these samples showed similar results: the strongest component at 284.2 eV, a
less intense component at 284.8 eV, and a low-intensity component at 285.7 eV. A highly
asymmetric component at 284.2 eV was assigned to C-C (sp?) bonds [22,49]. The sec-
ond component at 284.6 eV was assigned to C-C (sp®) bonds [22,50]. The low-intensity
component at 285.7 eV was assigned to C—O-C bonds [51,52]. It was found that the
sp?/sp® ratio decreased with nitrogen gas flow rate (Figure S3). Figure 3a does not indicate
nitrogen-related peaks in the high-resolution N 1s spectrum, confirming the pristine nature
of graphene. Figure 3b,c show the high-resolution XPS N 1s spectra with deconvoluted
components of N35 and N110. The deconvoluted components in the high-resolution XPS
N 1s spectra were attributed to pyridinic N (398.9 eV and 398.6 V) [53,54], sp?> C-N bonds
(398.0 eV and 397.8 eV) [55,56], and N-Si bonds (397.2 eV and 397.0 eV) [57,58]. The latter
comes from the contribution of the substrate as nitrogen-doped graphene was grown di-
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rectly on monocrystalline Si(1 0 0). It is also important to note that the sp?> C-N bonding
configuration is similar to pyridine. On the basis of these results, it was determined that
the direct microwave plasma-enhanced CVD process produced graphene doped with pure
pyridinic N. It was previously reported that the pyridinic N dopant efficiently changes
the structure of the graphene valence band, including increasing the density of 7t states
near the Fermi level, as well as reducing work function [59]. Lower work function can
dramatically enhance the emitting current in graphene-based electronic devices [60]. It was
also demonstrated in [61] that pyridinic nitrogen configuration in graphene contributed
to the high catalytic performance. D. Wei et al. investigated the low-temperature critical
growth of nitrogen-doped graphene on dielectrics via plasma-enhanced CVD [62]. They
also found that nitrogen atoms in graphene are mainly bonded in the pyridinic N form
(i.e., a nitrogen atom with two carbon atom neighbors assembling a hexagonal ring). The
results of the atomic concentration calculation (Table 2) showed an increase in nitrogen
from 1.04 at.% to 2.08 at.% for N35 and N110, respectively, indicating an increased level
of pyridinic N doping with an increase in nitrogen gas flow rate. A very similar nitrogen
concentration (i.e., 2.0 at.%) was reported for nitrogen-doped graphene synthesized using
the N,:CHy ratio of 2:1 via the direct microwave plasma-enhanced CVD process [44]. A ni-
trogen concentration of 2.0 at.% was also reported for nitrogen-doped graphene synthesized
using a camphor:melamine ratio of 1:3 via the atmospheric pressure CVD process [38].
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Figure 2. Raman spectra of pristine graphene (a), N35 (b), N75 (c), and N110 (d) recorded at 532 nm
excitation wavelength and presented in two actual wavenumber ranges.
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Figure 3. Deconvoluted high-resolution XPS spectra in N 1s region of pristine graphene (a), N35 (b),
and N110 (c).

Table 2. Atomic concentration calculation results.

Atomic Concentration (%)

Peak

NO N35 N100
O1ls 18.48 21.25 21.63
N 1s 0 1.04 2.08
Cls 47.69 36.37 36.29
Si2p 33.83 41.35 40

4. Conclusions

We demonstrated the catalyst-less and transfer-less synthesis of nitrogen-doped
graphene in a single step at a reduced temperature of 700 °C by using direct microwave
plasma-enhanced CVD. The nitrogen flow rate was varied to explore the structural and
chemical peculiarities of nitrogen-doped graphene. AFM analysis showed that the height
of the graphene surface structures and the roughness increase with the nitrogen flow rate
due to nitrogen-induced defect complexes, which evidently lead to a more distorted growth
process of the planar graphene. These structural changes were also quantified via Raman
spectroscopy. Furthermore, it was determined that nitrogen-doped multilayer graphene
structures were produced using this method. XPS analysis showed that pure pyridinic
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N was incorporated into the graphene structure during the simultaneous doping process.
The level of pyridinic N doping increased with the nitrogen gas flow rate. Nitrogen-doped
graphene could have potential applications in optoelectronics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ coatings12050572/s1. Figure S1: Characteristic height profiles for the corresponding lines
drawn in AFM images of pristine graphene (a), N35 (b), N75 (c), and N110 (d), Figure S2: Characteris-
tic step profiles for the corresponding lines drawn in AFM images of pristine graphene (a), N35 (b),
N75 (c), and N110 (d), Figure S3: Deconvoluted high-resolution XPS spectra in C 1s region of NO,
N35, and N110.
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