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Single-step metal-catalyzed synthesis of hybrid planar graphene–orbicular 
graphitic carbon structures using an amorphous carbon thin film as 
a precursor 
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A B S T R A C T   

Graphene is one of the strongest and most electrically and thermally conductive materials in nature; therefore, 
incorporating even traces of graphene into other materials can significantly enhance their mechanical, electrical, 
and thermal properties. Such graphene-based materials can be used in many applications, including flexible 
displays, batteries, supercapacitors, solar panels, and mobile devices. However, developing graphene-based 2D 
materials is challenging. In this study, a facile single-step synthesis method for fabricating thin layers of 
amorphous carbon (a-C) containing planar graphene (PG) and orbicular graphitic carbon (OGC) nanostructures 
was developed by thermal annealing in inert atmosphere using an sp3-rich a-C thin film as a precursor. By 
annealing thin-film stacks of Si/NiFe/a-C, a thin layer with a hybrid a-C-PG-OGC structure was produced with 
OGC nanostructures forming on top of PG nanostructures and pyramidal NiSix nanocrystals extending into the Si 
substrate due to the diffusion of nickel during elevated-temperature annealing. Raman spectroscopy and cross- 
sectional transmission electron microscopy confirmed the transformation from amorphous to graphitic struc
ture in the a-C film during thermal annealing. The obtained results demonstrate that the development of this 2D 
material with a hybrid a-C-PG-OGC microstructure is due to a metal-catalyzed PG nucleation mechanism and a 
mismatch-induced OGC growth mechanism. The present method for synthesizing graphene-containing thin-film 
structures paves the way toward the fabrication of complex micro-assemblies where high strength and good 
thermoelectric properties are of paramount importance.   

1. Introduction 

Carbon forms allotropes characterized by different shapes and bonds 
associated with various hybridizations. Among different carbon 
allotropes, graphene and amorphous carbon (a-C) synthesized by 
physical vapor deposition (PVD) exhibit unique optical, thermal, 
electrical, and mechanical properties. Graphene consists of carbon 
atoms arranged in a hexagonal lattice, can exist as a monolayer or few 
layers of graphite, and exhibits extraordinary physical properties, 
including high conductivity, transparency, and fracture strength. 
Because of its unmatchable properties, graphene has been used in 
numerous emerging technologies, such as electronics, photonics, 
sensors, and membrane structures [1]. The a-C lacks long-range order, 
comprises multiple types of bonding configurations, i.e., tetrahedral 
(sp3), trigonal (sp2), and linear (sp), and its physical characteristics are 

principally controlled by both the dominant hybridization state and the 
existence of disorders, specifically the sp2/sp3 fraction and topological 
and/or structural disorders [2,3]. The combination of excellent 
tribomechanical properties and good thermal stability of a-C makes it an 
ideal material for applications requiring durable overcoats that can 
protect precious substrates from damage, mechanical wear, and 
corrosion, or solid lubricant layers for reducing friction traction [4–7]. 

Despite significant advances in a-C film deposition techniques, most 
of which utilize graphite as a precursor, the synthesis of graphene is 
characterized by completely dissimilar precursors (i.e., solid carbon like 
graphite, or carbon-containing gases like methane and acetylene) and 
different mechanisms. Numerous methods of graphene growth have 
been developed, including mechanical exfoliation and cleavage [8], 
anodic bonding [9], chemical exfoliation [10,11], chemical vapor 
deposition (CVD) [12], thermal decomposition of SiC [13], precipitation 
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from single-crystal transition metals [14], and other less common 
methods [15]. Among various methods used to synthesize graphene, the 
transformation of non-graphitic to graphitic carbon structures has 
attracted significant attention because of its simplicity, low cost, and 
high efficiency [16–20]. In this transformation, metastable structures 
(e.g., a-C films and diamond nanoparticles) act as crystallization nuclei 
to instigate the growth of a graphitic structure under conditions of direct 
thermal annealing. However, the graphitization yield of this method is 
low and the extremely high annealing temperature (~3300 ◦C) and high 
pressure make it a high energy consuming process [21]. 

To overcome the limitations of direct thermal annealing, transition 
metals and alloys have been used as catalysts to enhance the growth and 
improve the crystallinity of graphitic structures, enabling the trans
formation from non-graphitic to graphitic carbon at a temperature as 
low as 600 ◦C [22]. This transformation process can be explained by the 
precipitation theory [23], according to which, carbon atoms diffuse into 
a metal layer heated at an elevated temperature and during cooling, as 
the solid solubility decreases, they precipitate out in the form of 
graphitic carbon [24,25]. However, the applicability of the precipitation 
theory to graphitic carbon transformation has been debated in recent 
years, especially after the discovery that graphitic carbon can nucleate 
under constant or even rising temperature conditions, which dismisses 
the nucleation of graphitic carbon according to the core process of the 
precipitation theory, i.e., cooling-induced supersaturation [26,27]. 
Indeed, the nucleation and growth of graphitic carbon is a surface- 
catalyzed process for gaseous carbon sources, such as those usually 
used in CVD, or a bulk diffusion process for solid carbon sources, both of 
which do not depend on cooling [27,28]. The current perception is that 
the formation of graphitic carbon in the presence of transition metals is a 
consequence of metal-catalyzed crystallization. The nucleation and 
growth of graphene in the presence of a catalytically active transition 
metal has been studied by in-situ transmission electron microscopy 
(TEM) [27]. Although the nucleation and growth of graphene have been 
attributed to metal catalyzation, non-equilibrium precipitation of excess 
carbon also occurs during cooling, resulting in inhomogeneous graphene 
growth [28]. This suggests that the synthesis of graphitic carbon using 
transition metals may be a two-step process involving metal-catalyzed 
crystallization followed by precipitation-induced growth. 

Graphitic carbon may comprise not only planar graphene but also 
molecules demonstrating different morphologies. For instance, carbon 
nanoribbons [29], nanotubes and fullerene [30], and 3D graphitic car
bon architectures [31–34] can be synthesized by manipulating basic 
forms of carbon and/or controlling the growth conditions. A facile, one- 
step process of metal-catalyzed synthesis of a hybrid microstructure 
consisting of orbicular graphitic carbon (OGC) grown on top of planar 
graphene (PG) was developed in this study. This microstructure was 
produced by thermal annealing, using a PVD-deposited a-C film as the 
carbon source and a film of a transition metal as the catalyst. The 
morphology of the grown graphitic carbon was characterized by scan
ning electron microscopy (SEM), high-resolution TEM, scanning TEM 
(STEM), and electron energy loss spectroscopy (EELS), whereas the 
graphitic carbon structure was examined by Raman spectroscopy and X- 
ray photoelectron spectroscopy (XPS). A plausible mechanism of gra
phene growth is proposed in the context of the obtained experimental 
results and observations. 

2. Experimental methods 

2.1. Specimen fabrication 

Films of NiFe alloy with a thickness of ~20 nm were synthesized on 
Si(100) substrates in a radio-frequency (RF) sputter deposition 

apparatus (Perkin-Elmer, Randex 2400) using a hot-pressed, sintered Ni- 
rich (>90 wt% Ni) NiFe target with a diameter of 20 cm. The deposition 
conditions were 250 W RF forward power, 0.4 Pa working pressure, 30 
sccm Ar flow rate, and 0.4 min deposition time. Subsequently, 17-nm- 
thick a-C films were deposited onto the NiFe-coated Si samples in a 
custom-made filtered cathodic vacuum arc (FCVA) system using a high 
purity (99.99 wt%) graphite target with a diameter of 35 mm under 
working conditions of ~1.3 × 10–4 Pa base pressure, ~1.5 × 1019 ions/ 
m2⋅s, and –80 V substrate bias voltage. These FCVA deposition condi
tions have been found to yield a uniform a-C film covering the entire 
NiFe surface [35]. Finally, the Si/NiFe/a-C stacks were placed in a rapid 
thermal annealer (AccuThermo AW610 RTP) and heated at 650 ◦C for 
2.5 min in Ar atmosphere. 

2.2. Microanalysis 

Raman spectroscopy was performed with a 532-nm-wavelength laser 
to investigate a-C transformation to graphitic carbon. High- 
magnification SEM images obtained with an FEI Quanta 3D FEG mi
croscope were used to identify changes in the surface morphology due to 
graphene formation and metal segregation during thermal annealing. 
XPS analysis was performed with a PHI 5400 XPS spectrometer using 
monochromatic Al Kα radiation. TEM and EELS studies with cross- 
sectional stack samples were carried out with an FEI Tecnai F20 mi
croscope operated at 200 kV equipped with an aberration-corrected 
condenser and a Gatan imaging filter. Both the untreated and 
annealed cross-sectional stacks were coated with a Cr capping layer by 
ion-beam deposition and were then glued face-to-face using epoxy bond. 
The cross-sectional TEM samples were prepared by a wedge polishing 
method detailed elsewhere [36]. For the analysis of the Raman, XPS, and 
EELS spectra, multiple measurements were obtained from three 
different locations of each sample to ensure the repeatability of the 
results. 

3. Results and discussion 

Fig. 1(a) shows Raman spectra of a-C films obtained before and after 
thermal annealing that confirm the formation of graphitic carbon. The 
Raman spectrum of the as-grown a-C film exhibits a broad peak in the 
range of 1100–1800 cm− 1, which is indicative of the formation of a-C. 
The spectrum was fitted with two Gaussian distributions assigned to D 
and G peaks centered at 1409 and 1579 cm− 1, respectively [Fig. 1(b), 
top spectrum]. The relatively low intensity of the D peak indicates the 
presence of few disordered sp2 clusters in the as-grown film, which is a 
characteristic feature of sp3-rich a-C films [3,37]. A comparison of the 
Raman spectrum of the as-grown a-C film with those of a-C films 
deposited under similar conditions using the same FCVA system [38] 
confirmed that the as-grown a-C film was rich in sp3 hybridized carbon, 
in agreement with sp3 estimates derived from EELS measurements [35]. 
The sharp apex of the G peak may be attributed to isolated sp2-bonded 
defects in the extended sp3 matrix [39]. The Raman spectrum of the 
same a-C film obtained after thermal annealing [Fig. 1(a)] comprises 
four distinct peaks that were fitted with Lorentzian distributions. These 
peaks are referred to as the D (1362 cm− 1), G (1589 cm− 1), 2D (2696 
cm− 1), and D + D′ (~2950 cm− 1) peaks [Fig. 1(b), bottom spectrum]. 
The G and 2D peaks are characteristic of graphene. Because Raman 
spectroscopy is sensitive to sp2 hybridization, the higher intensity and 
upward shift of the G peak in the Raman spectrum of the thermally 
annealed a-C film imply a carbon structure with increased sp2 

hybridization. This is evidence for the transformation from sp3-rich a-C 
to graphitic carbon. The D peak is usually attributed to broken crystal 
symmetry and illuminates the existence of defects or grain boundaries in 
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the graphitic crystalline regions. The 2D peak is the second-order 
overtone of the D peak, may exist even in the absence of defects, and 
is considered to be a fingerprint of a graphitic structure. The D + D′ peak 
is a combination of two vibrational modes of different momentum and 
its presence is also associated with defects in the graphitic structure 
[40]. 

The TEM images shown in Fig. 1(c) and (d) reveal that thermal 
annealing led to the formation of a hybrid film microstructure consisting 
of planar graphene (PG), orbicular graphitic carbon (OGC), and residual 
a-C. In particular, Fig. 1(c) shows that PG comprised ~18 graphitic 
planes with a lamellar spacing of 0.368 nm, which matches that of a 
layered graphene structure, and residual a-C underneath it. The in-plane 
size of PG was found to be several hundred nanometers [Fig. 2(a)]. 
Figs. 1(c) and 2(a) show that some of the amorphous carbon did not 
transform to graphitic carbon, implying partial a-C to graphene trans
formation. The TEM image shown in Fig. 1(d) reveals the formation of 
OGC over the PG, remote from the Si substrate. The inset of Fig. 1(d) 
shows that the lamellar spacing of the OGC is 0.370 nm. More evidence 
of PG growth on top of residual a-C and the formation of OGC above the 
PG is provided in the TEM images shown Fig. 2(b). 

Fig. 3 shows the deconvolution of the XPS C1s core-level spectrum of 
thermally annealed a-C film that comprises a carbon peak centered at 
~284.4 eV with four Gaussian distributions, namely sp2 C (graphitic 
carbon) at 284.4 eV, sp3 C (diamondlike carbon) at 285.6 eV, C–O at 
286.6 eV, and O–C=O at 288.5 eV. The profoundly higher intensity of 
the sp2 peak indicates that thermal annealing led to the formation of a 
graphitic microstructure with an estimated sp2 content (obtained as the 
sp2/(sp2 + sp3) area fraction) equal to ~87.6%. The small sp3 peak is 
attributed to diamondlike carbon embedded in residual a-C and the 
existence of sp3 type defects in the graphitic carbon [41,42]. The minor 
C–O and O–C=O peaks indicate partial oxidation, which is attributed to 
the sample exposure to the atmosphere during handling and transferring 
from the thermal annealer to the XPS. Therefore, the XPS analysis yields 
further confirmation about the graphitization of the as-grown sp3-rich a- 
C film during thermal annealing. 

The surface morphology of the sample provides additional insight 
into graphitization and the role of the NiFe catalyst during thermal 
annealing. The smooth surface shown in Fig. 4(a) indicates a uniform 
coverage of the NiFe underlayer by the deposited a-C film. However, 
after thermal annealing the surface morphology exhibited roughening 

Fig. 1. (a) Raman spectra of an a-C film obtained before and after thermal annealing at 650 ◦C in Ar atmosphere. (b) The D (~1350 cm− 1) and G (~1580 cm− 1) 
peaks in the spectrum of the a-C film obtained before annealing were fitted with Gaussian distributions, whereas the D (~1350 cm− 1), G (~1580 cm− 1), 2D (~2680 
cm− 1), and D + D′ (~2950 cm− 1) peaks in the spectrum of the a-C film obtained after annealing were fitted with Lorentzian distributions. (c) & (d) Cross-sectional 
TEM images of thermally annealed Si/NiFe/a-C/Cr sample stacks revealing the formation of planar graphene (PG) and orbicular graphitic carbon (OGC) nano
structures. The magnified boxed insets show the measured spacing of the graphitic layers in the PG and OGC nanostructures. The white arrow in the TEM images 
points to the direction of the Si susbtrate. The scale bars are equal to 5 nm. 
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and dark islands surrounded by large bright areas [Fig. 4(b)]. These 
changes in the surface morphology are attributed to NiFe agglomeration 
and Ostwald ripening, while the effect of the a-C film on metal 
agglomeration is believed to be secondary [27,43]. Fig. 4(c) shows high- 
magnification SEM images of the boxed area shown in Fig. 4(b), 
revealing a worm-like morphology for the bright area (A) and a textured 
morphology for the dark area (B) possessing tiny dark spots. From the 
carbon and metal characteristics observed under high-resolution SEM, it 
may be inferred that the dark and bright spots in area B are regions 
containing only carbon and metal agglomerates covered by carbon, 
respectively. The cross-sectional TEM images of the Si/NiFe/a-C/Cr 

sample stacks obtained after thermal annealing [Fig. 4(d)–(f)] provide 
evidence for the aforementioned structure changes responsible for the 
morphology characteristics seen in Fig. 4(b) and (c). Specifically, three 
cross-sectional structures characterize the annealed sample, i.e., pure 
carbon [Fig. 4(d)], carbon-covered NiFe [Fig. 4(e)], and pure NiFe 
agglomerate [Fig. 4(i)]. 

Raman spectroscopy produced additional evidence of a-C 
transformation to graphitic carbon, while cross-sectional TEM images 
yielded direct proof for the formation of PG and OGC in the thermally 
annealed a-C film. Insight into the role of the NiFe underlayer during the 
thermal annealing process is critical to understanding this 
transformation process. The cross-sectional TEM images obtained after 
thermal annealing [Figs. 1(c), 1(d), 2(a), and 4(d)] show the a-C film in 
direct contact with the Si substrate. Such crystallization of an 
amorphous structure may be explained by the metal-induced layer 
exchange (MILE) theory. According to this theory, an amorphous film 
may exchange positions with a metal catalyst residing either on top or 
under the film, inducing amorphous-to-crystalline transformation in the 
film structure [44,45]. However, such layer exchange was not observed 
in the present study because no NiFe was found on top of the residual a-C 
or the graphene structures. Graphene growth parallel to the a-C/Ni 
interface has been attributed to an atomic level coherent match between 
metal and graphitic carbon [46]. However, the formation of PG in the 
a-C film remotely from the original a-C/NiFe interface [Figs. 4(d) and 
2(a)] does not support the foregoing assertion. The rapid transformation 
process observed in the present study (e.g., ~18 layers of graphene 
formed within only 0.5 min of thermal annealing) does not support the 
relatively slow transformation in the MILE process due to the low carbon 
solubility in transition metals, where the formation of a similar number 
of graphene layers is typically encountered after thermal annealing for 
10–60 min at a higher temperature [44,46]. 

Fig. 5 shows cross-sectional TEM images and elemental maps of 
annealed Si/NiFe/a-C/Cr sample stacks elucidating the role of the NiFe 

Fig. 3. Deconvolution of the XPS C1s spectrum of an a-C film that was ther
mally annealed at 650 ◦C in Ar atmosphere with four fitted Gaussian distri
butions assigned to sp2 C, sp3 C, C–O, and O–C=O. 

Fig. 2. (a) Cross-sectional TEM image of a thermally annealed Si/NiFe/a-C/Cr sample stack revealing the formation of orbicular graphitic carbon (OGC) on top of 
planar graphene (PG) in the bulk of the a-C film capped by irregular shape graphitic carbon (GC) and (b) high-magnification TEM images showing OGC formation on 
top of PG in the bulk of the a-C film. 
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Fig. 5. Cross-sectional TEM images and elemental maps of Si/NiFe/a-C/Cr sample stacks obtained after thermal annealing at 650 ◦C for 2.5 min in Ar atmosphere 
revealing (a) NiFe agglomeration at the surface of the Si substrate and (b) graphene formation on top of a NiFe agglomerate and at the surface of the a-C film. (c) 
High-magnification TEM images of two regions marked as R1 and R2 in (b) illustrating the formation of graphene on top of a NiFe agglomerate (R1 region) and at the 
surface of the a-C film (R2 region). (d)–(f) Formation of OGC from defects or a grain boundary (GB) of PG nanostructures. The two yellow arrows in (f) point toward 
the GB of the PG1 and PG2 nanostructures. All scale bars in (d)–(f) are equal to 5 nm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 4. SEM images of the surface morphology of an a-C film obtained (a) before thermal annealing (the small particles are contaminats from sample handling) and 
(b) after thermal annealing at 650 ◦C for 2.5 min in Ar atmosphere. (c) High-magnification images of two distinctly different regions A and B of the boxed region 
shown in (b). (d)–(f) Cross-sectional TEM images of Si/NiFe/a-C/Cr sample stacks obtained after thermal annealing at 650 ◦C for 2.5 min in Ar atmosphere showing 
(d) PG and OGC formation at the surface of the a-C film and (e) at the top of a NiFe agglomerate, and (f) a NiFe agglomerate in contact with the Si substrate produced 
from metal segregation. 
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underlayer and the formation of PG and OGC in the a-C film. Thermal 
annealing disrupted the continuity of the FeNi underlayer, resulting in 
the formation of metal agglomerates much thicker than its thickness 
[Fig. 5(a)]. Elemental maps indicated that segregation produced Ni-rich 
agglomerates encased by an Fe-rich surface layer [insets of Fig. 5(a)]. 
The retraction of the NiFe underlayer explains the direct contact of the 
residual a-C film with the Si substrate [Figs. 4(d) and 2(a)]. An inspec
tion of the boundary between a metal agglomerate and residual a-C 
[Fig. 5(b)] suggests that the NiFe underlayer played a dual role, revealed 
by the formation of Ni-rich agglomerates on top of the Si substrate and 
the growth of crystalline metal silicide into the Si substrate (the black 
pyramidal structures shown in Fig. 4(b)). Elemental mapping showed 
that the metal agglomerates consisted of Ni and Fe and that the metal 
silicide was NiSix. Further evidence of the growth of pyramidal NiSix 
nanostructures into the surface of the Si substrate was obtained from 
STEM/EELS analysis [Fig. 6]. The formation of NiSix at the Ni/Si 
interface as a result of thermal annealing is consistent with previous 
findings [47]. The TEM analysis of this study also revealed the prefer
ential growth of NiSix at the NiFe/Si interface. High-resolution TEM of 
the bright region R1 confirmed the conformal formation of PG on top of 
the NiFe agglomerate [Fig. 1(c)], validating the nucleation of PG at the 
NiFe/a-C boundary. The foregoing was followed by graphene growth 
from the nucleation site parallel to the a-C film surface, resulting in PG 
formation in region R2 [Fig. 5(b) and (c)] similar to graphene growth on 
top of the residual a-C. The TEM analysis also showed that the formation 
of OGC was due to a mismatch-induced growth mechanism. Indeed, 
graphitic layers were observed to grow away from the PG surface at 
defect locations or grain boundaries, forming closely packed rolled 
graphene layers [Fig. 5(d)–(f)], which is the energetically favorable 
configuration [48]. The high intensity of the D and D + D′ peaks in the 
Raman spectrum of the annealed sample [Fig. 1(b)] prove the presence 
of defects and grain boundaries in the grown graphene that acted as 
mismatch sites of OGC nucleation. In addition to the mismatch-induced 
growth mechanism of OGC, metal contamination of the PG structure and 
metal particles at the PG surface produced by NiFe segregation may also 
contribute to the formation of OGC. The presence of Fe particles at the 
PG surface was confirmed by elemental mapping [e.g., region R1 in 
Fig. 5(b) and (c)]. Detecting the effects of the carbon solubilities in Ni 
and Fe and the uncontrollable metal segregation on the orientation of 
graphene is challenging and requires further investigation. 

In the light of the obtained results, the growth mechanisms of PG and 
OGC in thermally annealed a-C films can be schematically illustrated as 
shown in Fig. 7. Segregation of the NiFe underlayer during thermal 
annealing led to the formation of NiFe agglomerates, resulting in direct 
contact of the residual a-C with the Si substrate. Subsequent nucleation 
of PG on top of the NiFe agglomerates and OGC from defect sites and 
grain boundaries in the PG produced a hybrid PG-OGC microstructure, 
which can be potentially used to fabricate novel 3D micro-assemblies by 
stacking and folding. In addition, the incorporation of NiSix in graphene 
makes the resulting structure compatible with electronic nanodevices, 
hence showing a potential of the NiSix/graphene hybrid microstructure 
for widespread applications [49]. 

Fig. 6. (a) Cross-sectional STEM image of a Si/NiFe/a-C/Cr sample stack thermally annealed at 650 ◦C in Ar atmosphere (the dashed line indicates the scan path) and 
(b) EELS intensity of Ni and Fe along the scan path. The high Ni intensity and the negligible Fe intensity suggest that the composition of the pyramidal nanostructure 
grown into the Si substrate is nickel silicide (NiSix). 

Fig. 7. Schematic illustration of the mechanisms controlling the growth of 
planar graphene (PG) and orbicular graphitic carbon (OGC) by thermal 
annealing at 650 ◦C in Ar atmosphere: (a) NiFe agglomeration, PG nucleation 
on NiFe agglomerates, PG growth on top of NiFe agglomerates and a-C film, and 
OGC growth from mismatch-induced growth sites, i.e., defects and grain 
boundaries (GB), in the PG, yielding a hybrid PG-OGC microstructure and (b) 
mismatch-induced OGC growth from a PG defect or the GB of two PG 
nanostructures. 
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4. Conclusions 

A one-step process for synthesizing hybrid PG and OGC nano
structures using NiFe-catalyzed transformation of a-C thin films was 
developed in this study. Raman and XPS results confirmed the trans
formation of a-C to graphene during thermal annealing. Cross-sectional 
TEM and elemental mapping revealed the formation of NiFe agglom
erates at the surface of the Si substrate as a result of metal migration and 
Ostwald ripening. The produced graphitic carbon was found to comprise 
PG and OGC on top of the PG. SEM and cross-sectional TEM showed that 
the formation of PG can be attributed to graphene nucleation from NiFe 
agglomerates and graphene growth along the surface of the a-C film. The 
segregation of NiFe resulted in the uncontrollable growth of OGC that 
nucleated at mismatch-induced growth sites in the PG nanostructure. 
Elemental mapping and STEM/EELS analysis revealed the growth of 
pyramidal NiSix nanostructures into the surface of the Si substrate. The 
synthesized hybrid PG-OGC microstructure with pyramidal NiSix 
nanocrystals extending into the Si substrate presents an interesting 
prospect for nanoelectronic applications. 
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