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Abstract: In this research, the graphene was grown directly on the Si(100) surface at 600 °C tempera-
ture using an anode layer ion source. The sacrificial catalytic cobalt interlayer assisted hydrocarbon
ion beam synthesis was applied. Overall, two synthesis process modifications with a single-step
graphene growth at elevated temperature and two-step synthesis, including graphite-like carbon
growth on a catalytic Co film and subsequent annealing at elevated temperature, were applied. The
growth of the graphene was confirmed by Raman scattering spectroscopy and X-ray photoelectron
spectroscopy. The atomic force microscopy and scanning electron microscopy were used to study
samples’ surface morphology. The temperature, hydrocarbon ion beam energy, and catalytic Co film
thickness effects on the structure and thickness of the graphene were investigated. The graphene
growth on Si(100) by two-step synthesis was beneficial due to the continuous and homogeneous
graphene film formation. The observed results were explained by peculiarities of the thermally, ion
beam, and catalytic metal activated hydrocarbon species dissociation. The changes of the cobalt grain
size, Co film roughness, and dewetting were taken into account.

Keywords: graphene; direct synthesis on Si(100); cobalt activated growth; ion beam deposition;
anode layer ion source; Raman spectra; XPS; AFM; SEM

1. Introduction

Graphene has received significant interest due to the exciting combination of its prop-
erties and numerous applications [1,2]. The most often used graphene synthesis method is
chemical vapor deposition on copper [3], nickel [4], or cobalt foils [5]. Afterward, fabricated
graphene flakes are transferred to the final dielectric or semiconductor substrate necessary
for an electronic device or sensor applications. That is a complex and lengthy process lead-
ing to graphene contamination and deformation [6]. Therefore, direct synthesis of graphene
on targeted substrates is beneficial. Notably, it can be done by combining catalytic copper,
nickel, or cobalt films deposited on the dielectric or semiconductor surfaces with physical
vapor deposited amorphous carbon films and subsequent high-temperature annealing.
In such a way, graphene can be grown directly on the targeted non-catalytic substrate.
Overall, two groups of physical vapor deposition (PVD) techniques can be used for such a
purpose. In the first case, the catalytic metal film such as Ni, Co, or Cu is combined with
hydrogen-free amorphous carbon film deposited by electron beam evaporation, magnetron
sputtering, or pulsed laser deposition [7-15]. In this case, amorphous carbon deposition
at a temperature elevated up to 400 °C is beneficial for better controlling the graphene
layers number than room temperature deposited carbon films. However, subsequent higher
temperature annealing is necessary, too. In the second case, 20-80 keV energy carbon ion
implantation of the Ni coated substrate is performed, followed by 500-1000 °C temperature
annealing [8,15,16]. Carbon ion penetration depth is big enough in such a case, and carbon
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ions can be implanted to both the metal interlayer and substrate surface [17]. Alternatively,
a sacrificial catalytic metal interlayer can be used for direct graphene synthesis on an
insulator on semiconductor substrates by chemical vapor deposition (CVD) or plasma-
enhanced chemical vapor deposition (PECVD) [18]. In all cases, the main graphene growth
mechanisms are carbon dissolution in catalytic metal with following precipitation [8] and
catalytic metal-induced carbon crystallization with layer exchange [11,19-22]. It was shown
that the last mechanism prevails [11,20-22]. The graphene can be grown at the catalytic
metal/substrate interface, on top of the catalytic film, or simultaneously on both surfaces
mentioned above [7-17].

In the present study, graphene was directly synthesized on the semiconductor sub-
strate applying a different flexible method, allowing graphene synthesis conditions similar
to the annealing of the amorphous carbon/catalytic metal bilayer and the PECVD with
a sacrificial catalytic interlayer. That is low energy (300-800 eV) hydrocarbon ion beam
irradiation of the Si(100) wafer coated by 12-50 nm thickness cobalt film, using an anode
layer ion source suitable for high area deposition [23]. Ion sources of this type are already
used for large-area web and glass treatment [23]. The carbon ion implantation depth, in
this case, is no more than several nm even at elevated implantation temperatures [24].
This is similar to the graphene synthesis by annealing the PVD deposited carbon and
metal bilayers. However, the presence of hydrogen may be beneficial for graphene growth
due to the significant role of hydrogen in graphene synthesis by CVD and PECVD. In
total, two types of thermal processing were applied for graphene synthesis. The first one
was a single-step process comprising hydrocarbon ion beam irradiation at 500-800 °C
temperature. This approach is similar to the direct graphene synthesis by PECVD using
a sacrificial catalytic metal interlayer. The second one was a two-step process, including
hydrocarbon ion beam irradiation at 400 °C temperature and subsequent additional an-
nealing at 500-800 °C temperature. Thus, hydrogenated carbon film was deposited on
the Co interlayer and, afterward, annealing induced graphene synthesis followed. The
process is similar to the direct graphene synthesis by annealing the catalytic metal and top
amorphous carbon bilayer.

The graphene was grown on Si(100) using both processes: a single-step synthesis,
and a two-step synthesis. The influence of main technological conditions essential for
graphene synthesis by catalytically assisted direct synthesis was investigated. The effects of
the temperature, Co interlayer thickness, and hydrocarbon ion beam energy were studied
to control the graphene structure. The process was optimized for the graphene layer
number, defects density, crystallite size, absence of the non-planar graphene features, and
amorphous carbon phase. The graphene synthesis conditions beneficial for forming the
continuous and homogeneous graphene film were found.

2. Materials and Methods

Direct synthesis of graphene was performed on n-type silicon substrates with the
orientation of <100>. The samples size was 1.5 cm x 1.5 cm.

The diagrams of one-step synthesis and two-step synthesis are shown in Figures 1 and 2,
respectively. The substrates were coated with a cobalt layer of 10-55 nm thickness by
magnetron sputtering. An anode layer ion gun was used as a hydrocarbon ion beam
source. More information on anode layer ion sources can be found in [23,25]. Graphene
was obtained in single-step and two-step synthesis. The processes of these two synthesis
methods followed similar principles: a 10-55 nm thick Co film was deposited by magnetron
sputtering on 5i(100). After the Co film growth, hydrocarbon ion beam irradiation followed.
The base pressure in the ion-beam deposition unit chamber was 2 x 10~% Pa. The work
pressure during hydrocarbon ion beam irradiation was 2 x 1072 Pa. The ion energy
was varied in the 300-800 eV range, and the process temperature was 400-800 °C. In the
single-step synthesis process, the sample temperature during the hydrocarbon ion beam
irradiation was set at 600-800 °C (Figure 1). No additional annealing was performed. In
the two-step synthesis (Figure 2), the Co film was irradiated at 400 °C temperature by a
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Graphene on Si(100)
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hydrocarbon ion beam to grow a graphite-like carbon film. Afterward, the samples were
annealed at 500~700 °C in a vacuum. The pressure during annealing was 2 x 10~# Pa. The
main samples synthesis conditions are summarized in Table 1.

Single-step synthesis

Irradiation by hydrocarbon ion
beam /carbon (graphene) film
Co film growth
deposition (600-800°C)

Si(100) 7 ~N)

Carbon top layer etching by
Ha plasma

Si(100) -~

Co film etching by HNO3

Si(100) Si(100)

Graphene on Si(100)

Figure 1. The diagram of a direct cobalt-assisted single-step ion beam synthesis.

Two-step synthesis

Co film Irradiation by hydrocarbon ion beam Vacuum annealing
deposition /carbon (graphene) film growth (500-700°C)

Si(100) /,// Si(100) //” Si(100)

\7
Carbon top layer etching by
H. plasma
Co film etching by HNO3 Si(100) 7

Si(100) Si(100) T

Figure 2. The diagram of a direct cobalt-assisted two-step ion beam synthesis.

Since the goal was to obtain directly synthesized graphene on Si(100), we removed the
catalytic layer of cobalt with graphene on top of it. For this reason, a few more steps after
synthesis were performed. Firstly, the sample was treated by hydrogen plasma chemical
etching (Plasma-Therm INC PK-2430PD, (Plasma deposition)) to remove the carbon phase
on the top of the catalytic cobalt layer. Plasma etching time was 8 min, plasma power
density was 1 W/cm?, and process pressure was 40 Pa. Following this, chemical etching by
nitric acid (HNO3) and distilled water solution for 5 min was performed to remove cobalt
(we were unable to remove the cobalt layer using HCl). The samples were then washed
with distilled water and dried under compressed nitrogen gas.
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Table 1. Varied parameters of direct single and two-step graphene synthesis in the present study.

Temperature during the Ion Annealing .
Sample No. Co, nm Beam Irradiation, °C Temperature, °C Ion Beam Energy, eV t, min

1 25 700 - 800 15
2 25 800 - 800 15
3 25 600 - 800 15
4 25 700 - 500 15
5 25 700 - 300 15
8 10 600 - 800 15
9 55 600 - 800 15
10 40 600 - 800 15
11 25 400 700 800 15
12 10 400 700 800 15
13 40 400 700 800 15
14 30 400 700 800 15
15 40 400 600 800 15
16 40 400 500 800 15
17 40 400 - 800 15
18 40 400 550 800 15

In order to explore the forming process of a graphene film on a Si(100) substrate
by Co-assisted direct synthesis, fabricated samples were analyzed by Raman scattering
spectroscopy. A Raman spectrometer in Via (Renishaw, Wotton-under-Edge, UK) with
the excitation wavelength of 532 nm, laser beam power of 1.5 mW, and integration time
of 10 s was used. The I,p/Ig ratio was estimated to identify the number of graphene
layers in all samples using a methodology developed by Hwang et al. [26]. One can
find the calculated graphene layer number in Table S2. Ip /I and Ip /Iy ratios, as in the
work of A. Eckmann et al. [27], were used to detect defects and evaluate their type. The G
peak’s full-width half maximum (FWHM) values were compared. The peak fitting was
performed by using XPS peak 4.1 software. For the peaks D (~1350 cm '), G (~1580 cm ™),
D (~1620 cm™!), and 2D (~2690 cm™!), the Lorentzian function was used. The mixed
Lorentzian-Gaussian function was used to fit other peaks, such as D + D” (~2500 cm™1)
and D + D’ (~2900 cm~!). The spectra were measured at the several different places of the
each sample to evaluate dispersion of the results. The average value of the each parameter
was calculated and used in the subsequent study. The dispersion of the results in most
samples was low. Particularly, the standard deviation of the Ip/Ig ratios within the sample
was in 0.4 = 3.6% range, and the I,p/Ig ratio dispersion, in most cases, was below 3% (see
Table S1 for more information).

Optical microscopy images of the samples were produced with Optika Italy m-600
microscope after the ion-beam synthesis, hydrogen plasma etching, and chemical etching.

For further surface analysis, the investigation using atomic force microscopy (AFM),
scanning electron microscope (SEM) Helios Nanolab 650 (FEI, Eindhoven, Nederlands),
and X-ray photoelectron spectroscope (XPS) Kratos Analytical XSAMB800 (Kratos Analytical,
Manchester, UK) was performed.

AFM experiments were carried out at room temperature using a NanoWizardIIl
atomic force microscope (JPK Instruments, Bruker Nano GmbH, Berlin, Germany), while
the data was analyzed using a JPKSPM Data Processing software (Version spm-4.3.13,
JPK Instruments, Bruker Nano GmbH). The AFM images were collected using an ACTA
(Applied NanoStructures, Inc., Mountain View, CA, USA) probe (silicon cantilever shape—
pyramidal, a radius of curvature (ROC) < 10.0 nm and cone angle —20°; reflex side coating—
Al with a thickness of 50 + 5 nm, force constant ~40 N m~!, resonance frequency in the
range of 300 kHz). Height, amplitude, and phase diagrams were recorded along with steps
with scan sizes of 2 um and scan speeds of 1 Hz. Height, amplitude, and phase diagrams
were recorded with steps with scan sizes of 2 pm and scan speeds of 1 Hz. The integral
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gain was set at two, while proportional gain was set at five. Pixels for samples and lines
were (516 x 516) operating in tapping mode.

Selected samples’ surface chemical composition and bonding were analyzed with the
X-ray photoelectron spectroscopy (XPS) method. The KRATOS ANALYTICAL XSAMS800
spectrometer was used with a non-monochromatized Al Ka radiation (hv = 1486.6 eV)
was used. The base pressure in the analytical chamber was lower than 2 x 1077 Pa. The
system’s energy scale was calibrated according to the Au 4f;,, and Cu 2p3,, Ag 3d5,, peaks
positions. The C 1s, O 1s, and Si 2p spectra were acquired at the 20 eV pass energy (0.1 eV
energy step), and the analyzer was in the fixed analyzer transmission (FAT) mode. After
Shirley’s background subtraction, relative atomic concentrations were calculated using
original KRATOS software from element peak area and sensitivity factors of the element.

3. Results
3.1. Single Step Synthesis
3.1.1. Temperature

The process temperature was the first studied technological parameter of graphene
single-step direct-ion beam synthesis. Raman scattering spectra were measured before and
after the Co catalytic later etching. The synthesis temperature was altered from 600 °C to
800 °C. In the measured Raman spectra of the samples, shown in Figure 3a,b, G and 2D peaks
typical for multilayer graphene can be seen at ~1600 cm ! and ~2700 cm~! [3,6,28]. Defects
related D (~1350 cm™1), D’ (~1620 cm™!), D + D” (~2500 cm™!) and D + D’ (~2900 cm 1)
peaks were found [28].

Firstly, higher deposition temperatures caused higher intensities of Si substrate-related
band (~520 cm™!), Figure 3a. It might be explained by the cobalt film dewetting pro-
cess [29]—the appearance of the holes in the cobalt interlayer and subsequent clustering
with increasing process temperature (see, e.g., [30]). In [31], annealing at lower temperature
caused open voids formation in Co film, and higher temperature annealing resulted in
Co films breakup to the islands. Further results analysis in Figure 3b showed that after
the subsequent etching of the samples by hydrogen plasma and HNOj acid, intensities
of Si peak (~520 cm~!) had increased significantly and additional substrate related bands
at ~300 cm~!, ~680 cm~!, and ~960 cm~! were able to be distinguished. It seems that in
the graphene grown on the cobalt interlayer, a relatively large amount of the amorphous
phase was presented: D and G peaks were partially overlapped (Figure 3a). It was reported
in [28] that it could be explained by the amorphous carbon phase-related peak between the
G and D peaks. In the Raman spectra of the graphene on Si(100), D and G peaks were much
more clearly separated (Figure 3b). Thus, it can be supposed that, in this case, amount of
the amorphous carbon phase was negligible.

Raman results were further analyzed by fitting data and observing the intensities
of G, D, and 2D bands. Accordingly, the I,p/Ig and Ip/Ig intensity ratios are shown in
Figure 3¢c,d. The I,p /I ratios are below ~0.6 (multilayer graphene) (see Table S2). The only
exception is graphene on Si(100), synthesized at the temperature of 700 °C. In that case,
Lp/Ig ratio reaches ~0.8 (value of the mixture of single-layer and bilayer graphene) [26]. It
should be mentioned that the I;p /I ratio of the graphene fabricated using annealing at
600-1000 °C of a-C and Ni bilayer did not depend on annealing temperature [10]. Ip/Ig
ratios show that the lowest defects density can be found in the samples synthesized at
700 °C temperature. The Ip/Ig intensity ratios of the Raman spectra slightly increased
after the Co interlayer etching. Thus, the defects density in the graphene synthesized on
the Si(100) was higher than in the graphene grown on Co. Boundary defects prevailed in
almost all samples, according to Eckmann et al. [27], while for sample synthesized at 800 °C
temperature, the presence of the on-site defects and boundary defects can be supposed.
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Figure 3. The synthesis temperature effects on the structure of graphene, grown by direct cobalt-
assisted single step ion beam synthesis: the Raman spectra after synthesis (a) and after removing
the sacrificial cobalt interlayer (b); Raman spectra parameters analyzed: I,p/Ig (c); Ip/Ig (d); Ip /I
(e); FWHM(G) (f). The Co layer was 25 nm thick, ion beam energy—800 eV, ion beam treatment
time—15 min.

Next, the G band full-width half maximums (FWHM(G)) were evaluated (Figure 3f,g).
G peaks slightly narrowed after the etching of the cobalt. Thus, it can be supposed that
the crystallites of the graphene on Si(100) were slightly larger. The lowest FWHM(G) was
found for the sample synthesized at 700 °C temperature.

One can explain the observed results by temperature effects on catalytic cobalt in-
terlayer leading to the different graphene growth conditions. Co film grain size increase
with substrate temperature [32-35]. Co film can become both smoother [35] and rougher
with increased annealing temperature [34]. The increased roughness for graphene synthe-
sized on Ni by metal-induced crystallization resulted in increased graphene layers number
and defects density [36]. The increased Co grain size reduces graphene nucleus number
and thickness as carbon diffusion mainly occurs via the catalytic metal grains, and fewer
carbon atoms can reach the Si surface [22]. It seems to be the main factor leading to the
significant reduction of the graphene layers number and increased graphene crystallites
size due to the rise of the process temperature from 600 to 700 °C. Another mechanism
to be considered is the increase of the carbon atoms desorption rate with the synthesis
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process temperature [37]. As mentioned above, increased intensity of the substrate-related
Si peak with process temperature in Raman spectra of the graphene grown on Co film
indicates enlargement of the area of substrate surface uncoated by Co. At the same time,
graphite-like carbon film can grow instead of the graphene on the Co interlayer through-
holes. It explains the significantly reduced Iop/Ig ratio and partial overlap of the D and G
peaks in Raman spectra of the graphene synthesized on Si(100) at 800 °C. It seems that for
samples synthesized at temperatures of 600 and 700 °C, Co interlayer-related additional
dissociation of the CHy fragments results in a reduced number of the hydrogen-related
on-site defects (Figure 3a,b,e).While synthesis temperature increase up to 800 °C results in
intensified dewetting of the Co interlayer and part of the CHy fragments reach the silicon
surface via through-holes, and a number of the on-site defects in carbonaceous film on the
silicon remains higher (Figure 3a,b,e).

Regarding differences in the defects density in the graphene synthesized on the Si(100)
and the Co, it can be mentioned that various authors reported contradictory results. In
some studies, graphene was synthesized only on the catalytic metal [38], while in other
research, the graphene was synthesized only on the substrate [10]. In [18] for graphene
catalytically-assisted growth by PECVD, graphene synthesized on Ni contained much
more defects than graphene synthesized on quartz. It was explained by plasma irradiation
damage [18]. However, the opposite tendency was found despite the irradiation by much
higher energy ions in our case. In [38], using the a-C/Co/SiO; multilayer, graphene was
synthesized only on the Co surface, while using the Co/C/SiO, structure, graphene was
grown on both silicon and cobalt. The graphene was synthesized on SiO; at 600 °C and
the nickel at 1000 °C, annealing the a-C/Ni bilayer deposited on the SiO, substrate [10].
In this case, graphene grown on SiO; contained fewer defects than graphene grown on
Ni. Our results can be explained by considering the carbon and cobalt interaction. The
graphene is grown on the Si(100) surface due to the carbon diffusion through the grain
boundaries [22]. However, the carbon atoms dissolution in the cobalt surface layer and
subsequent precipitation on the Co surface can occur due to combined activation of the
carbon diffusion to the metal surface layer by ion beam and temperature effects, similarly
to the graphene CVD synthesis on the catalytic cobalt film [39]. At the same time, defects
density in graphene CVD-grown on the catalytic Co film [39] is much lower than defects
density in graphene directly synthesized on the semiconductor or dielectric substrates by
metal-induced crystallization (see, e.g., [10,18,38]).

Optical microscopy photos show the surface of the sample, synthesized at 800 °C,
before and after the etchings (Figure Sla,b). As we can see, the surface after the etchings
has fewer dark structures, meaning that we removed most of the Co layer. However, the
etched sample’s surface was inhomogeneous. Other authors reported similar results for
graphene directly synthesized by catalytic metal-assisted synthesis [9-11,19,40].

3.1.2. Ion Beam Energy

Another analyzed parameter of direct synthesis was ion beam energy. The methane
molecules’ dissociation degree increases with ion beam energy [41,42]. It should be men-
tioned that Ni catalytic interlayer-assisted CVD growth of the graphene on the dielectric
substrate is possible only at 950-1000 °C temperature. While using PECVD, one can de-
crease synthesis temperature down to 475 °C. Furthermore, in the case of the Ni-assisted
PECVD synthesis, plasma power must be optimized. Too low power results in the insuffi-
cient activation energy of carbon atoms for transporting through the Ni layer, and too high
plasma power would result in the formation of Ni-C alloy.

Graphene was synthesized using 800 eV, 500 eV (1 kV), and 300 eV (0.6 kV) ion beam
energy. We set a synthesis temperature at 700 °C due to the growth of the lowest layer
number and defect graphene containing the largest crystallites (see Figure 3).

The analysis showed that in all cases, typical bands of Raman spectra were formed
(Figure 4a,b). The Si substrate-related peaks at ~960 cm ! and ~520 cm ™! were detected
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for all graphene on Co samples. The intensities of these peaks were highest for a sample
synthesized using 500 eV energy.
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Figure 4. The hydrocarbon ion-beam energy effects on the structure of graphene: the Raman spectra
after synthesis (a) and after removing the sacrificial cobalt interlayer (b); Raman spectra parameters
analyzed: I,p/Ig (c); Ip/Ig (d); Ip/Ip (e); FWHM(G) (f). The Co layer was 25 nm thick, synthesis
temperature—700 °C, ion beam treatment time—15 min.

One can see that in the graphene synthesized on Si(100) using 300 and 500 eV hydrocar-
bon ion amorphous carbon phase presented: D and G peaks partially overlap (Figure 4b),
showing the existence of the amorphous carbon phase-related peak amidst them [28]. It
seems that in this case, carbon crystallization was incomplete. Such a problem can occur
even for graphene synthesized by CVD on catalytic foil [43]. The catalytic activity of Cu
resulting in the decomposition of methane and the graphitization process would be limited
upon the increase of graphene coverage [43]. CH,s decomposition process would become
incomplete. A lowly dehydrogenated carbon species such as CH3 would be produced
instead of highly dehydrogenated CH, active species [44], leading to the formation of
amorphous carbon on the graphene sheet [43]. Thus, our results can be explained similarly.
It seems that Co catalytic interlayer alone cannot ensure the necessary level of the methane
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molecules dissociation. Therefore, amorphous carbon grows along with graphene when
lowering hydrocarbon ion beam energy reduces ion-induced dissociation.

The lowest I,p /I ratios were observed for graphene synthesized using 500 eV energy
ion beam, while the highest ratio was found when 800 eV energy ion beam was applied
(Figure 4c). It means that more graphene layers were formed at lower ion beam energies
(Table S2). The graphene layer number decreased from ~five layers in graphene synthesized
on S5i(100) using 500 eV ion beam to one to two layers for graphene grown using 800 eV
energy ion beam (Table S2). In all cases, the Ip/Ig ratios (Figure 4d) did not show a
significant difference for graphene synthesized on Si(100), while for graphene grown on
the cobalt, the highest defects density was found in the sample synthesized using a 500-eV
energy hydrocarbon ion beam. It is noteworthy that in the case of the Ni catalytic interlayer
activated PECVD graphene synthesis on dielectric substrate, too high or too low plasma
power resulted in decreased I,p /I ratio and increased Ip /I ratio [18].

Ip /Iy ratio values were between 2-2.5 in the samples synthesized with 300 and 500 eV
ion beam energy before and after the etchings. 800 eV energy caused a slightly larger ratio
value, which, after the etchings, was under ~4. Thus, in all studied samples, boundary
defects dominated. Some vacancy-type defects also were found for graphene synthesized
using an 800-eV hydrocarbon ion beam, while in samples synthesized using a lower energy
ion beam, on-site defects existed along with boundary defects. Vacancy-type defects may
be created due to the higher energy ion bombardment [27]. In contrast, on-site defects are
usually associated with hydrogen atoms adsorbed on the graphene sheets [45]. In our case,
it appears to be related to less intensive dissociation of the methane and the presence of the
lowly dehydrogenated CHy species.

The FWHM(G) of the graphene on Co slightly increased with increasing ion energy
(Figure 4f). The FWHM(G) of the graphene on Si(100) decreased with increased ion beam
energy. For comparison: at 300 eV G FWHM was ~35.41 cm™!, at 500 eV ~32.89 cm~!, and
at 800 eV ~26.59 cm~!. It means that the size of crystallites was smaller when lower ion
beam energies were used for synthesis. It can be explained by decreased in-plane graphene
growth rate due to the less intensive dissociation of the CH, molecules [46].

Thus, the optimal ion beam energy for synthesizing the graphene on Si(100) in terms
of the lowest graphene layer number, largest crystallite size, and smallest defects density is
800 eV.

3.1.3. Thickness of Cobalt Layer

The cobalt layer thickness during the direct ion-beam synthesis was varied between
10-55 nm (Figure 5). The synthesis temperature and ion beam energy were selected
according to the results revealed in the previous chapters.

As the thickness of the Co layer increased, the intensities of the Si (~520 cm~!) peaks
in the Raman spectra of the graphene on cobaltmples decreased (Figure 5a). For graphene
synthesized on the Co layer of 55 nm thickness, no Si-related peak at ~520 cm~! was
apparent. Thus, the silicon was still fully coated due to the greater Co thickness, and the Co
layer had no cavities. This is in accordance with [30], where higher annealing temperatures
were necessary for the appearance of the holes and subsequent clusterization of the thicker
films. As in the previous results, after the cobalt etching processes, the intensities of Si have
significantly increased.

From the I,p/Ig ratios below in Figure 5c¢, it can be concluded that the thinnest
graphene was grown using a 25 nm thickness Co interlayer (see Table S2). The too thin or
thick interlayer increases graphene layers number (Table S2). It can be seen in Figure 5d that
the concentration of defects in the synthesized graphene increase for the sample synthesized
on a 10 nm thickness cobalt interlayer. On-site defects were found along with boundary
defects in all cases for graphene on Co, while in the graphene on Si(100), boundary defects
prevailed for all samples. The FWHM(G) was lower for graphene synthesized on Si(100)
using 40-55 nm thickness Co interlayer in comparison with the case of the 10 and 25 nm
thickness interlayers (Figure 5f). Thus, a thicker Co interlayer was beneficial for the growth
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of the larger graphene crystallites on a silicon substrate. It should be mentioned that the
dependence of the graphene resistivity on Ni interlayer thickness was reported in [38]: too
high or too low interlayer thickness resulted in increased graphene resistance. Similarly,
the structure of the graphene grown on SiO; at 950 °C by Ni catalytic film assisted CVD,
the graphene quality deteriorated as the catalytic layer was too thin, and no graphene was
found on the substrate surface after Ni etching when the too thick layer was used [47].
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Figure 5. The Co sacrificial layer thickness effects on the structure of graphene grown by a single-
step synthesis: the Raman spectra after the synthesis (a) and after removing the sacrificial cobalt
interlayer (b); Raman spectra parameters analyzed: I,p/I¢ (¢); In/Ig (d); In/Ip (e); FWHM(G) (f).
The synthesis temperature was 700 °C, ion beam energy—S800 eV, ion beam treatment time—15 min.

Roughness and grain size increase with Co film [48]. For metal-induced crystalliza-
tion of the silicon, the smaller metal grains result in a faster layer exchange process [49].
Thus, graphene layer number can decrease with Co film thickness. At the same time,
for graphene synthesized on Ni by metal-induced crystallization, increased roughness
increased graphene layers number and defects density [36]. Thus, increased Co film thick-
ness can also increase graphene layers’ number and defects density. Therefore, increased
Co interlayer thickness can at the same time suppress and promote the growth of the
additional graphene layers on the Si(100) substrate. The carbon diffusion mainly occurs
via the catalytic metal grains [22]. Thus, graphene crystallite size can increase with the
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Co interlayer thickness, as observed in Figure 5f. In such a way, the observed results can
be explained by competition between the effects of the increased grain size and increased
Co surface roughness. The cobalt interlayer induced additional dissociation of the CHy
fragments, resulting in prevailing the boundary defects in graphene synthesized on silicon
(Figure 5e), while in the graphene grown on the Co, the presence of the on-site defects
besides the dominating boundary defects can be supposed.

In optical microscopy photos, see Figure S2a—d, similar results were seen before and
after the etchings of the Co layer of 40 and 55 nm thickness. After the etching, dark and
bright areas can be seen. It can be supposed that, graphene is only partially covering the
silicon substrate surface after the etching.

3.2. Two-Step Synthesis
3.2.1. Thickness of Co Layer

It was found in Section 3.1 that the Co interlayer became discontinuous after the
hydrocarbon ion beam irradiation at elevated temperatures: in Raman spectra of the most
samples, Si-related peak can be seen at ~500 cm~!. The Si-related peak was not observed
only for samples synthesized using thicker, 40 and 55 nm thickness, Co interlayer. However,
the graphene grown on silicon seems to be discontinuous in those cases.

Therefore, we modified the synthesis process by reducing the temperature during a
hydrocarbon ion beam irradiation and added a post-deposition vacuum annealing step.
Several factors were taken into account choosing the temperature during a hydrocarbon ion
beam irradiation. In the case of the graphene synthesis by annealing the amorphous carbon
and catalytic metal bilayer, a higher carbon film deposition temperature is beneficial due to
the graphitization of the layer [21]. The carbon dissolution in catalytic metal film should be
limited to ensure graphene layers number control [50]. The catalytic metal dewetting [22]
should be avoided. The influence of Co layer thickness on the structure of graphene was
analyzed during direct two-step synthesis. In this case, a lower, 400 °C growth temperature
was used, and the samples were annealed at 700 °C. The thicknesses of the cobalt layers
were 10 nm, 25 nm, 30 nm, and 40 nm.

We can see that in a two-step synthesis, the intensities of the D bands in Raman spectra
of the graphene grown on Co are significantly lower than in the case of the single-step
synthesized graphene (Figure 6a). It is also observed here that on the Co surface, using the
thickest Co layer — 40 nm, the Si peak (~520 cm~1) is not visible at this spectra. Si-related
peak intensity was much reduced for samples grown using thinner Co layers than in the
single-step synthesis case.

As it can be seen from the I,p /I ratios, in two-step synthesis, see Figure 6¢, in all cases,
fewer graphene layers formed on the surface of cobalt and higher number at the interface
between Co and Si. The lowest number of graphene layers was found for graphene grown
on 5i(100) surface using 25 nm thickness Co interlayer. The bilayer graphene was grown
(Table S2). One can see that etching significantly increases the concentration of the defects
Figure 6d. The I /I ratio for graphene synthesized on Si(100) decreased with increased Co
film thickness. Again, on-site defects were found along with boundary defects in graphene
on Co. While in the graphene on Si(100), boundary defects prevailed (Figure 6e).

The FWHM(G) values (Figure 6f) were slightly higher for graphene synthesized on
Si(100) surface in comparison with graphene on Co. The graphene crystallite size slightly
increased with Co interlayer thickness.

Similar to the single-step graphene synthesis case, observed results can be explained
by competition between the effects of the increased grain size [22] and increased Co surface
roughness [36]. The possible additional dissociation of the C-H bonds by Co interlayer
results in prevailing the boundary defects alone in graphene synthesized on silicon, as is
seen in Figure 6e.
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Figure 6. The Co sacrificial layer thickness effects on the structure of graphene grown by a two-
step synthesis: the Raman spectra after the synthesis (a) and after removing the sacrificial cobalt
interlayer (b); Raman spectra parameters analyzed: I,p/I¢ (¢); In/Ig (d); In/Ip (e); FWHM(G) (f).
The synthesis time was 15 min., ion beam treatment temperature—400 °C, annealing temperature—
700 °C, ion beam energy—-800 eV.

Optical microscopy photos of Figure S3a,c,e,g show the samples synthesized on Co
layer measuring 10, 25, 30, and 40 nm in thickness, and Figure S3b,d,f,h after the etchings,
accordingly. The sample’s surface appeared to be homogeneous when a 25 nm thickness Co
interlayer was used for synthesis. However, samples grown using 30—40 nm Co interlayer
remain inhomogeneous after the etching surface.

3.2.2. Temperature of Annealing

Another analyzed parameter of the Co layer activated direct synthesis was annealing
temperature. In this case, the carbon layer growth temperature was 400 °C, ion beam
energy was ~800 eV, growth time was 15 min, and Co layer thickness was 40 nm. The
annealing temperature was varied from 500 to 700 °C.
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The required temperature of annealing for the formation of graphene on both Co and
5i(100) was reached at 600 °C, while at <550 °C temperature, amorphous graphite-like
carbon was formed on cobalt, and no carbonaceous layer was found on silicon (Figure 7a,b).
Amorphous graphite-like carbon was recognized by the half-merged D and G peaks and
the absence of the 2D peak [51-53]. Similar results were reported for experiments of the
graphene synthesis on SiO, by annealing a-C and Ni bilayer at 575 °C temperature [54].
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Figure 7. The annealing temperature effects on the structure of graphene grown by a two-step synthe-
sis: the Raman spectra after the synthesis (a) and after removing the sacrificial cobalt interlayer (b);
Raman spectra parameters analyzed: I,p /I (¢); In/Ig (d); In/Ip (e); FWHM(G) (f).

Ip/Ig ratios range from 0.65 to 0.73, corresponding to multilayer graphene (~0.8)
(Figure 7c). Thinner graphene is grown on cobalt than on silicon. The layer number
of the graphene synthesized on Si(100) increases with synthesis temperature from one
to two layers to the ~three layers (see Figure 7c and Table S2). The Ip/Ig ratios of the
samples grown on Co were below 0.3, indicating a relatively low concentration of defects
(Figure 7d). Ip/Ig ratios significantly increased for the graphene synthesized on Si(100),
indicating a strongly increased defect density. The Ip /I ratio analysis showed that the
dominating defect type for all studied graphene samples were boundary defects. The
sample, synthesized at 400 °C on Co, had the largest Ip /I ratio, indicating the presence
of the vacancy and sp>-type defects. Lastly, the annealing temperature did not significantly
impact the FWHM(G) (see Figure 7f). The crystallite size slightly increased with annealing
temperature for graphene on Co and slightly decreased for graphene on Si(100) (Figure 7f).
Optical microscopy photos in Figure S4a—h show the surface of the samples, annealed at
500 °C, 550 °C, 600 °C, and 700 °C before and after the etchings. As we can see, on the
surface of the sample annealed at 500 °C Figure S4a,b, no features could be seen before
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and after the Co etching. For samples annealed at 550 °C temperature (Figure S4c,d), some
inhomogeneous parts of the Co layer are left after the etching processes. The sample’s
surface annealed at 600 °C temperature was even, indicating the presence of the contin-
uous graphene on both Co and Si(100) (Figure S4e,f). At the same time, the increase of
the annealing temperature resulted in the appearance of some features on the sample
surface (Figure S4g,h).

The temperature influence on Co interlayer structure resulting in different graphene
growth conditions can explain observed results. No Si-related peak at ~520 cm ™! can be
found in the Raman scattering spectra of the films grown on cobalt (Figure 8a). Thus, no
through-holes were formed in the Co interlayer due to the annealing. Co film can become
rougher due to the increased annealing temperature [34], promoting the growth of the
thicker graphene on Si(100) at higher annealing temperatures. No FWHM(G) dependence
on annealing temperature indicates that nucleation conditions remain the same.
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Figure 8. The comparison of the structure of graphene grown by a single step and a two-step synthe-
sis: the Raman spectra after the synthesis (a,c) and after removing the sacrificial cobalt interlayer (b,d);
Raman spectra parameters analyzed: Irp/Ig (e); Ip/Ig (f); Ip/Ip (g); FWHM(G) (h); optical mi-
croscopy photos of the sample annealed at 500 °C temperature before (g) and after the etching (h).
Co layer thickness was 25 nm, ion beam energy—-800 eV, ion-beam treatment time—15 min.

3.3. Single-Step versus Two-Step Graphene Synthesis

Overall, two graphene ion-beam synthesis methods were compared. Raman spectra
and their parameters were analyzed for graphene synthesized at 600 °C and 700 °C, and
samples synthesized at 400 °C and annealed at 600 °C or 700 °C (see Figure 8). The
formation of the through-holes in a Co interlayer was found for samples fabricated using
single-step synthesis (Figure 8a,c), while two-step synthesis results in suppression of that
process: Si-related peak is absent in Raman scattering spectra of the samples, or its intensity
is very low (Figure 8a,c). Besides, in Raman spectra of the graphene single-step synthesized
on Co, D and G peaks are partially overlapped (Figure 8a,c). According to [28], it indicates
the presence of the amorphous carbon phase.
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From the I,p /I ratio Figure 8e, we can see that during a single-step synthesis, more
graphene layers were formed on the Co surface than on the silicon—the I,p/Ig ratio
increased in both cases, and at 700 °C, it reached ~1.2, while for two-step synthesis, an
opposite dependency is found—more layers were formed at a Co-5i interface (Figure 8e).

Compared to the single-step synthesis case, a two-step synthesis method results in a
much-reduced Ip /I ratio in Raman spectra of the graphene synthesized on Co (Figure 8f).
Thus, much fewer defects were formed in graphene grown using two-step synthesis. The
Ip /1 ratio of the Raman spectra of graphene synthesized on silicon was higher than in
the case of the graphene on Co for the sample grown by two-step synthesis and sample
grown by single-step synthesis at 700 °C temperature. In contrast, an opposite tendency
was found for graphene grown by single-step synthesis at 600 °C. Comparing the Raman
spectra of the graphene synthesized at a cobalt/silicon interface, it can be seen that the
defect density is the same for samples grown at 600 °C. The rise of the growth temperature
to the 700 °C results in an increased defect density. The defects density increase is more
significant for a sample formed by a two-step synthesis than single-step grown graphene
(Figure 8f). The defects’ nature was mainly similar for single-step and two-step synthesized
graphene (see Figure 8g). In all cases, the FWHM(G) was higher for graphene synthesized
on Co, except the sample grown by two-step synthesis at 700 °C (Figure 8h). The use of
two-step synthesis resulted in increased crystallites of the graphene grown on Co compared
to a single-step case. At the same time, for graphene synthesized on 5i(100), the single-step
process was beneficial for the growth of the larger graphene crystallites.

Thus, single-step synthesis promotes the growth of thinner graphene on the silicon
surface. As mentioned previously, single-step synthesis is similar to the graphene direct
growth using PECVD and sacrificial Ni film. The I,p/Ig ratio and Ip/Ig ratio of the
graphene synthesized on quartz using PECVD and sacrificial Ni interlayer was 1.3 and 0.05,
respectively [18], while graphene grown on the Ni had more layers and much more defects.

The two-step synthesis is more beneficial for thinner graphene, consisting of the
larger crystallites, containing fewer defects and no amorphous carbon phase growth on Co.
However, the defect density in graphene synthesized at the Co/Si(100) interface at 600 °C
by a single-step and two-step methods is nearly the same. Growth temperature increases
up to 700 °C results in different behavior—the defect density is lower in the sample
synthesized on the silicon using single-step synthesis. The advantage of the graphene
growth on Si(100) by two-step synthesis is the formation of the continuous and, in some
cases, homogeneous layer, differently from the case of the single-step grown graphene (see
the optical photos in Figures 3h,i 5h-k, 6h-o and 7h-o). It should be mentioned that for
a-C/Co/SiO; system, annealing resulted in no graphene growth on silicon dioxide [38]
The graphene was found only on cobalt film. However, in [10], a-C/Ni/SiO, structure
annealing resulted in graphene formation on SiO; at 600 °C, and graphene growth on the
nickel only at 1000 °C. Thus, it seems possible to further optimize the two-step graphene
synthesis method for graphene growth on the silicon.

One can explain the observed results considering the peculiarities of the technological
processes and related physical mechanisms. In single-step synthesis, dissociated hydro-
carbon and carbon species can participate in cobalt-induced crystallization immediately.
Thus, adsorbed hydrocarbon and carbon species are diffused to the catalytic Co film. How-
ever, cobalt grain size increase [32-35], and cobalt dewetting [30,31] can occur during the
graphene synthesis due to the elevated temperature.

In two-step synthesis, deposited graphite-like film as a whole is crystallized by a
cobalt catalytic interlayer. The carbon atoms from the graphite-like film are diffused to
the catalytic interlayer, which has no holes due to decreased deposition temperature of
the carbon film. At the same time, part of the carbon can be desorbed from the sample
surface [55].

Thus, it can be supposed that during the single-step synthesis, the cobalt grain size in
the catalytic interlayer increase due to the elevated temperature during the hydrocarbon
ion beam bombardment. It leads to reduced graphene nucleus number and thickness [22].
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As a result, fewer graphene layers of the increased crystallite size were grown on Si(100) by
the single-step synthesis compared to two-step growth.

In the case of the graphene synthesized on SiO, by annealing of the amorphous
carbon and catalytic metal (Co or Ni) bilayer, the I;p/Ig ratio in all cases was lower
than in the case of the graphene synthesized on quartz using PECVD and sacrificial Ni
catalytic interlayer (see [7,9-11,18,36], respectively). At the same time, the defects density in
graphene synthesized by bilayer annealing in almost all cases was higher ([7,9-11,18,36]).

3.4. AFM and SEM Results

An optical microscopy study revealed different features and inhomogeneities at the
samples surfaces. Therefore, surface morphologies of the selected samples synthesized
using one-step and two-step processes were more thoroughly studied through atomic force
microscopy and scanning electron microscopy. The graphene formed on the Co film and
graphene synthesized on the 5i(100) substrate were investigated to check the formation of
the planar graphene, the possible presence of the non-planar graphene features or other
micro/nanostructures, evaluate overall continuity of the synthesized samples, using much
higher resolution microscopy techniques.

For the graphene layer synthesized in a single-step process (sample 1), the cobalt
interlayer etching decreases RMS by 2.4 times, and a significant height difference between
the formed derivatives was found. Detached graphene sheets of 350-600 nm width are
observed by AFM and SEM (Figure 9). We can assume from the phase imaging that there
are two maxima in the phase histogram. The flat surface area seen in the SEM image is
planar graphene (Figures 5 and 9). It should be mentioned that the graphene detachment
during the chemical etching of the sacrificial catalytic film was already reported in [56]. In
a high-magnification SEM image, one can see the planar graphene at the bottom, some
graphene flakes of the 20-40 nm size, and larger rolled graphene flakes (Figure 510).
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Figure 9. Microscopic analysis of the surface of the graphene layer grown in a single-step process
(measured after etching of the Co film): (a) SEM image, (b) AFM phase imaging, (c) AFM 2D image
and profilogram, (d) AFM phase imaging histogram. The thickness of the Co layer was 25 nm,
synthesis temperature 700 °C, ion beam energy 800 eV, ion beam treatment time—15 min.

For the graphene layer grown on Co in a two-step process, graphene sheets of pre-
dominant 17.1 nm height are observed on the surface (Figure S6). The sample’s RMS
increases ~five times due to the HNOj etching, the histogram expands, and there is a
height dispersion. In the microscopic images (Figures 10, S6 and S11), detached and curled
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graphene sheets and the planar graphene are observed. Thus, similar to the single-step
synthesis case, wet chemical etching of the cobalt results in partial detachment of some
graphene flakes and their subsequent curling in some cases.
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Figure 10. SEM (a) and AFM (b) images and profilograms (c,d) of the graphene synthesized using
a two-step process, measured after the etching of the cobalt film. The thickness of the Co layer
was 25 nm, ion beam treatment temperature—400 °C, annealing temperature—700 °C, ion beam
energy—3800 eV, ion beam treatment time—15 min.

Depending on the thickness of the Co layer, additional graphene sheets of dominant
heights are formed for the graphene layer grown in the two-step process after the cobalt
wet chemical etching by HNOj (Figure 11). A total of eight dominant heights were found
in the heights histogram of the graphene synthesized on Si(100) using a 10 nm thick Co
layer. When the Co interlayer thickness was 25 nm, four dominant heights were found, and
for 40 nm thick catalytic interlayer case, six dominant heights were identified. The phase
diagrams (Figures S6-S8) also show an inhomogeneous surface. Overall, four phases were
found on the sample surface after the etching of cobalt film when the Co layer thickness
was 10 nm. For graphene grown using thicker catalytic interlayers, two different phases
were found after the Co etching by HNO3;. SEM images confirm the results of the AFM
analysis: for graphene synthesized using the lowest Co layer thickness, several types of
derivatives are observed. A number of the non-planar graphene-related higher surface
features appear to decrease with increased sacrificial Co film thickness. One can see that
tendency in SEM images and taking into account narrowing of the height distribution
histogram for graphene synthesized on silicon (Figure 11).

In summary, we can state that the surface roughness and the number of dominant
heights (graphene sheets of different heights) depend on the thickness of the Co layer.

The morphology of the graphene surface depends on the annealing temperature
(Figures 11, S8 and S9). Higher annealing temperature (700 °C vs. 600 °C) results in a
2.2 times increase of the RMS of graphene grown on silicon (Figures 11 and S8). In the
phase images, for grown by annealing at 600 °C, a single-phase histogram is observed, after
HNOj3 exposure, while at 700 °C—two phases (Figures S8 and S9). The heights distribution
histogram broadens with annealing temperature, indicating an increased number of the
non-planar graphene inclusions.
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Figure 11. The dependence of the graphene surface morphology on sacrificial Co layer thickness and
annealing temperature. The surface morphology was measured before and after the removal of the
sacrificial catalytic interlayer. The two-step growth process was used. The annealing temperature
was 700 °C, ion beam energy—800 eV, hydrocarbon ion beam treatment time—15 min.

Therefore, one can suppose the influence of the thermal stress and their release on the
formation of the detached and curled graphene flakes.

It should be mentioned that other authors reported similar results for graphene directly
grown by catalyst-assisted synthesis. The inhomogeneous surface was observed by SEM
similarly to Figures 9 and 11 [9,10,19,54]. In [9,56], for some graphene samples, smooth
surface areas with darker gray islands were seen by SEM similarly to the graphene on
Si(100) areas free of the detached graphene seen in Figure 11. AFM images of the graphene
synthesized using catalyst-assisted direct synthesis in [40] revealed a granular structure
similar to our study results (Figures 9 and 10).

3.5. XPS Analysis

To better understand the surface composition of the samples and reveal the bonding
nature of the synthesized graphene, high-resolution spectra of oxygen, carbon, and silicon
were acquired for surface composition analysis and possible chemical bonds detection. The
sample synthesized by two-step synthesis (Co film thickness 30 nm, annealing temperature
700 °C, ion beam energy 800 eV) was selected for study by XPS.

Atomic concentration calculation results of the surface of the samples are presented in
Table 2. The appearance of the significant amount of silicon most likely is due to the silicon
substrate (silicon wafer was covered with thin natural oxide).

Table 2. Results of atomic concentration calculations.

Peak Atomic Concentration (%)
O1ls 36.71
Cls 42.77
Si2p 20.52

Deconvoluted carbon XPS spectra show a highly asymmetrical, high-intensity peak at
284 eV and a low-intensity symmetrical peak at 285.4 eV (Figure 12a). The first peak coin-
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Intensity, cps

cides with known peak shape and position of carbon (sp?) bonds in graphene
(284 eV, 284.5 eV) [57,58] and in amorphous carbon (284.77 eV and 284.53 eV) [59,60]. The
second peak could be attributed to carbon (sp®) bonds as reported in the literature [58-60]
(285.4 eV, 285.25 eV, and 285.1 eV). It implies a high amount of graphitic carbon bonds
on the sample’s surface, indicating the formation of graphene on the silicon surface [57].
Moreover, the position of the peak at 285.4 eV partly overlaps with the position of the C-O-C
bond (286 eV) [61], and O 1s spectra confirm the presence of C-O-C bonds (Figure 12b).
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Figure 12. The deconvoluted high-resolution XPS spectra of the sample for carbon (a), oxygen (b),
silicon (c). Circles—acquired spectra, thin black line—an envelope of fitted spectra, color thick

lines—fitted peaks.

Deconvoluted high-resolution XPS oxygen Ols spectra are presented in Figure 12b. In
this picture, fitted peaks and corresponding chemical bonds are indicated. The Ols peak
consists of three fitting components at 531.3 eV, 533 eV, and 534 eV positions on the binding
energy scale. These fitting components represent C=0O bonds, a mixture of C-O-C and SiO,
bonds, and hydrogen-oxygen bonds, respectively. Positions of these peaks are in good
agreement with binding energy values (531, 532.8, and 534 eV, respectively) reported in the
literature [58,62,63] for the abovementioned bonds.

The presence of SiO; bonds is confirmed by silicon Si 2p spectra analysis. Deconvolu-
tion of high-resolution silicon Si 2p spectra showed two peaks assigned to Si-Si and SiO,
bonds, and positions of these peaks (99.4 and 103.63 eV, respectively) correspond to binding
energy values reported in the literature (99.4 and 103.6 eV, respectively) [63].

4. Conclusions

In the present study, graphene was synthesized on both Co and Si(100) using cobalt
sacrificial catalytic film activated hydrocarbon ion beam synthesis at 600 °C. The single-
step synthesis promoted the growth of thinner graphene with fewer defects on the silicon
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surface. The two-step synthesis was more beneficial for graphene synthesis on cobalt: the
thinner graphene, consisting of the larger crystallites and containing significantly lesser
defects, was grown. On-site defects were found along with boundary defects for most
graphene samples synthesized on Co, while in the graphene grown on Si(100), in most
cases, boundary defects prevailed. The process temperature, ion beam energy, and cobalt
catalytic interlayer thickness affected the graphene structure.

Cobalt film dewetting was found to have occurred during graphene single-step syn-
thesis. It resulted in growth on the cobalt of the graphene with inclusions of the amorphous
carbon; and the discontinuous non-homogeneous graphene films on the silicon. The dewet-
ting process was activated with increased synthesis temperature, hydrocarbon ion beam
energy decreased to 500 eV, and decreased catalytic Co film thickness. In contrast, two-step
graphene synthesis resulted in suppression of this process.

The observed results were explained by peculiarities of the thermally, ion source
plasma, and catalytic metal activated hydrocarbon species dissociation. The changes of the
Co grain size, cobalt film roughness, and dewetting were taken into account.

The detached and curled graphene sheets along with planar graphene were observed
at the samples synthesized on silicon. The density of the non-planar graphene features was
lower for two-step grown graphene. It decreased with the Co interlayer thickness increase
and annealing temperature decrease. The thermal stress and their release effects on the
formation of the detached and curled graphene flakes were considered.

Thus, despite the better control of the graphene layers number and increased crystallite
size of the graphene grown on silicon by single-step synthesis, the two-step synthesis of the
graphene on 5i(100) is beneficial due to the growth of the continuous graphene film with a
reduced number of the non-planar graphene features with no inclusions of the amorphous
carbon phase. From this point of view, the optimal graphene annealing temperature and
the optimal Co interlayer thickness were 600 °C and 25 nm, respectively.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/pr10020272 /s1, Figure S1: Optical microscopy photos, comparing a sample surface, synthesized
at 800 °C, after synthesis (a), and after the cobalt interlayer removal (b), the scale bar represents
50 um; Figure S2: Optical microscopy photos of the samples synthesized using 40 nm thickness Co
layer before (a) and after the etching (b); optical microscopy photos of the samples synthesized using
55 nm thickness Co layer before (c) and after the etching (d), the scale bar represents 50 um; Figure S3:
Optical microscopy photos of the sample synthesized using Co = 10 nm (a), Co = 10 nm—after the
etchings (b), synthesized with Co = 25 nm (c), Co = 25 nm—after the etchings (d), Co = 30 nm (e),
Co = 30 nm, after the etchings (f), Co = 40 (g), Co = 40, after the etchings (h), the scale bar represents
50 um; Figure S4: Optical microscopy photos of the sample annealed at 500 °C temperature before
(a) and after the etching (b); optical microscopy photos of the sample annealed at 550 °C temperature
before (c) and after the etching (d); optical microscopy photos of the sample annealed at 600 °C
temperature before (e) and after the etching (f); optical microscopy photos of the sample annealed
at 700 °C temperature before (g) and after the etching (h), the scale bar represents 50 um; Figure S5:
Microscopic analysis of the surface of the graphene layer grown in a single-step process, thickness of
Co 25 nm, carbon layer growth temperature 700 °C, Energy 800 eV, time 15 min: AFM 2 D images
and histograms (measured befor etching by H, plasma and HNOj3) topography (a), phase (b) and
(measured after etching by H, plasma and HNOj3) topography (c), phase (d); Figure S6: Microscopic
analysis of the surface of the graphene layer grown in a two-step process, thickness of Co 25 nm,
carbon layer growth temperature 400 °C, Annealing temperature 700 °C, Energy 800 eV, time 15 min:
AFM 2 D images and histograms (measured befor etching by H, plasma and HNO3) topography (a),
phase (b) and (measured after etching by H, plasma and HNO3) topography (c), phase (d); Figure S7:
Microscopic analysis of the surface of the graphene layer grown in a two-step process, thickness of
Co 10 nm, carbon layer growth temperature 400 °C, Annealing temperature 700 °C, Energy 800 eV,
time 15 min: AFM 2 D images and histograms (measured befor etching by H, plasma and HNOj3)
topography (a), phase (b) and (measured after etching by H, plasma and HNO3) topography (c),
phase (d); Figure S8: Microscopic analysis of the surface of the graphene layer grown in a two-step
process, thickness of Co 40 nm, carbon layer growth temperature 400 °C, Annealing temperature
700 °C, Energy 800 eV, time 15 min: AFM 2 D images and histograms (measured befor etching by H,
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plasma and HNO3) topography (a), phase (b) and (measured after etching by H, plasma and HNOj3)
topography (c), phase (d); Figure S9: Microscopic analysis of the surface of the graphene layer grown
in a two-step process, thickness of Co 25 nm, carbon layer growth temperature 400 °C, Annealing
temperature 600 °C, Energy 800 eV, time 15 min: AFM 2 D images and histograms (measured befor
etching by H; plasma and HNO3) topography (a), phase (b) and (measured after etching by H,
plasma and HNO3) topography (c), phase (d); Figure S10: SEM image of the surface of the graphene
layer grown in a single-step process, thickness of Co 25 nm, carbon layer growth temperature 700 °C,
ion beam energy 800 eV, time 15 min; Figure S11: High-magnification SEM image of the graphene
synthesized using a two-step process, measured after the etching of the cobalt film. The thickness of
the Co layer was 25 nm, ion beam treatment temperature—400 °C, annealing temperature 700 °C,
ion beam energy—800 eV, ion beam treatment time—15 min; Table S1: Raman scattering spectra
parameters (Ip/Ig and Irp /Ig) and their dispersion within the each sample (A(Ip/Ig) and A(I,p /1g));
Table S2: Graphene layer number evaluation using the I,p /I ratio (the estimation was done for
graphene synthesized on Si(100).
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