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Abstract We report on the development of a new tech-
nique for the growth of graphene and graphite nanocrystals
from a metal-carbon melt. The process involves dissolving
carbon inside molten nickel or copper at a specified tem-
perature and then allowing the dissolved carbon to nucleate
and grow on top of the melt at a lower temperature. The
morphology of graphite forming inside nickel is shown to
depend on the melt composition and cooling rate. The
results indicate that the graphene layers contain a wrinkled
structure due to thermal expansion coefficient mismatch
between the grown layers and substrate. The graphene
layers, however, preserve their continuity over these
wrinkles. Although the formation of wrinkles was found
not to depend on the type of metal substrate, the substrate
had strong effect on the quality of grown layers. The films
on copper contained quite a few defects including cracks
and entrapped vacancies, whereas the films grown on
nickel were pristine and defects free.

Introduction

The most prevalent form of carbon is graphite which
consists of two dimensional sheets of sp® bonded atoms in a
honeycomb lattice, graphene, which are held together by
weak Van der Waals forces. Graphite possesses high
degree of anisotropic properties owing to this different
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in-plane and out-of-plane bonding characteristic. Due to
weak forces in between, the graphite layers can be
detached to form thin films. These sheets have the potential
to be utilized as high temperature gaskets, electrodes in
recharged batteries, adsorption substrates, and reinforce-
ment phase in composite materials. It has been further
established that single layer graphene (SLG) possess a
large number of unique properties including the quantum
Hall effect at room temperature [1], ambipolar field effect
[2], high optical transparency [3], extremely high electron
mobility [4], and capability for detection of single mole-
cule via adsorption[5].

The abovementioned properties have stimulated active
research of possible graphene device applications. From
the practical point of view, some of the most interesting
graphene properties are very high room temperature carrier
mobility up to 27,000 cm? V' 57! [2], and high thermal
conductivity around 5000 W mK ™' at room temperature
for large suspended graphene flakes [6]. The enhanced
current and heat conduction properties are expected to be
beneficial for electronic, interconnect and thermal man-
agement applications. It has also been demonstrated that
graphene devices can operate at very low-levels of the
electronic flicker noise, which is important for applications
in sensors and communications [7].

Graphite nano films have been produced via chemical or
mechanical methods. Chemical techniques are generally
based on the intercalation of graphite [8]. In this method,
an intercalation compound, such as KCg which is synthe-
sized by adding an alkali metal to high-purity graphite, is
reacted with an aqueous solvent. Dissolution of potassium
ions among graphite layers, and hydrogen gas evolution
combined with ultrasonication lead to graphite exfoliation.
The mechanical methods used for separation and isolation
of graphite layers generally involve milling which employs
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repeated plastic deformation for detachment of graphene
layers [9]. In 1999, Atomic Force Microscope was used to
pattern small graphite pillars into highly oriented pyrolytic
graphite (HOPG) by plasma etching [10]. This technique
was later modified by transferring the pillars to a tipless
cantilever which stamped down slabs of graphite films on a
Si0O, substrate producing 10 nm (~ 30 layers) thin crystals
[11]. In 2001, single nano-sized graphene sheets were
prepared by electrophoretic deposition and heat-treatment
of diamond nano-particles on HOPG substrate at 1600 °C
[12]. At the time, the two dimensional crystal of SLG was
thought to be thermodynamically unstable at finite tem-
peratures. It was assumed that any atomic monolayer
would have to roll or fold in order to achieve its lowest
potential energy. Later by means of electron microscopy,
small ripples within graphene layers were noticed. It is
speculated that these imperfections on the surface of
graphene are preventing it from rolling into nanotubes or
other carbonic structures [13]. Eventually, isolation of SLG
was accomplished by mechanical exfoliation utilizing a
cellophane tape [2]. In this technique, the layers of graphite
were repeatedly cleaved using a tape. Other techniques to
synthesize SLG have also been utilized including epitaxial
growth [14], Chemical Vapor Deposition (CVD) [15],
chemically derived graphene from graphite oxide [16], and
high pressure-high temperature (HPHT) growth [17].

The mechanical exfoliation, while suitable for labora-
tory research, is unlikely to become practical for com-
mercial applications. The graphene growth by CVD is
promising but still has a number of problems related to
control of the thickness and quality. The abovementioned
techniques also have other drawbacks resulting from large
equipment cost and long processing times [18]. More
recently growth of SLG from a metal-carbon melt was
introduced by authors [19]. The technique is based on
dissolution of carbon atoms in a molten metal, followed by
the melt cooling to allow growth of dissolved atoms on top
of the melt as graphene layers. In this article, the recent
results on the morphology of graphite grown within and on
the surface of the melt are presented.

Experimental procedures

The melt growth technique basically rely on dissolving
carbon atoms inside a molten metal at a certain tempera-
ture, and then allowing the dissolved carbon to grow as
graphite films on top of the melt at lower temperatures. In
this process, as described previously [19], nickel and
copper were melted in contact with a carbon source at a
given temperature to saturate with carbon at a concentra-
tion that was determined from the binary phase diagram of
metal-carbon. Upon cooling, as the solubility of carbon in
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the molten metal decreased, the excess carbon formed on
top of the melt as well as other sites within the melt. The
floating graphite layer could be either skimmed or allowed
to freeze on the metal. The Cu-C system was selected
because of the limited solubility of carbon in molten copper
and no carbide formation has also been reported for this
binary. The Ni—C system, on the other hand, consists of a
simple eutectic reaction at 1356.5 °C with limited terminal
solubility of carbon in nickel. The samples were prepared
by arc melting process, melting in resistance furnace,
induction melting, and electromagnetic levitation (EML).
The first two techniques have been reported previously
[19]. For the induction melting, the apparatus consisted of a
wound copper coil coupled to a 20 KW powered 8 MHz
high frequency generators. A glass tube was inserted inside
the coil through which a stream of purified Ar/He was
passed. Specific amounts of metal and graphite were mel-
ted inside a boron nitride crucible and kept for 30 min for
complete alloying. The samples were then cooled down by
shutting off the power. In order to investigate the effect of
cooling rate on growth morphology of graphite in Ni—-C
system, an EML apparatus was also utilized. For this
process, the arc melted specimens, weighing approximately
1.5 g, were placed in the levitation melting apparatus
similar to the one previously described [20]. The samples
were levitation melted and superheated to 1750 °C for
about 15 min, then cooled either by Ar/He gas mixture or
by quenching in a coolant media placed beneath the levi-
tation coil.

The surfaces or cross sections of the as-solidified sam-
ples were then investigated with optical microscope,
scanning electron microscope (SEM), and Raman Spec-
troscopy. Additional investigations were done by dissolv-
ing the metal substrate away and transferring the graphite
films to a silicon wafer by the method previously reported
[21]. To achieve this, a layer of poly methyl methacrylate
(PMMA) was spin coated on the substrate (1800 rpm for
30 s). Afterward, the metal substrate was etched away by a
nitric acid solution (1:2) allowing the PMMA/carbonic
layer to float on top of the solution. After placing the layer
on a glass substrate, it was washed with isopropanol and
water. The PMMA/graphite layer was subsequently trans-
ferred to a Si/SiO, wafer, and the film was annealed at
60 °C for 1 h to adhere firmly to the target substrate. The
PMMA was then dissolved gradually with acetone. Finally,
the wafer with the carbonic layers was washed with iso-
propanol and dried with nitrogen gas.

Raman spectroscopy was carried out using a Horiba
Jobin—Yvon micro-Raman spectrometer. All spectra were
excited with visible (632.8 nm) laser light (power 3.6 mW)
and collected in the backscattering configuration. The
spectra were recorded with a 1800 lines/mm grating.
A 100x objective was used to focus the excitation laser light
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on different spots of the samples. As described elsewhere
[22, 23], the most prominent features in the Raman spectra
of graphitic materials are the G band (~ 1582 ¢cm ™ "), D band
(~1350 cm™"), D’ band (~ 1620 cm™"), and the 2D band
(~2700 cm™"). The G band is prominent for sp> carbon
networks. In contrast, sp3 (diamond) and sp carbon (linear
carbon chains) show characteristic features at 1333 cm ™"
and in the range 1850-2100 cm ™', respectively. The D and
D’ bands were used to investigate the formation of defects.
These defect induced Raman features are not observed in
highly crystalline graphite. The 2D (or G’) band corre-
sponds to the overtone of the D band observed in all
kinds of graphitic materials and exhibit a strong Raman
band which appears in the range 2500-2800 cm™' [22].
The evolution of the 2D band Raman signatures with the
addition of each extra layer of graphene was used to
accurately count the number of layers. In addition, an
estimate on the number of layers was obtained from
analysis of Ig/Ip ratio [22, 24].

Results and discussion

The growth mechanisms of graphite inside molten metals
have been extensively investigated [25-27]. Most of these
investigations have focused on the Fe—C system (cast iron)
due to diversity of graphite morphologies and their pro-
nounced influence on the properties of industrially impor-
tant alloys. Several graphite morphologies reported for
Fe—C include flakes, spheroids, compacted and star-like
graphite [28]. Figure 1 shows different graphite morphol-
ogies in Ni—C system solidified at various cooling rates and
compositions. The microstructure of a hypo eutectic com-
position (Ni + 1.35 wt%C) which was induction melted
and cooled in Ar atmosphere at a rate of 22 °C s~ ' is
shown in Fig. la. The microstructure consists of nickel
dendrites (bright phase) with a fully divorced eutectic
(darker phase) in the boundaries. The divorced eutectic is
the characteristic of hypoeutectic alloys with relatively low
solute composition [29]. Figure 1b shows the microstruc-
ture close to the surface of a hyper eutectic alloy
(Ni 4 3.05 wt% C) which was electromagnetically levi-
tated and cooled with He gas with cooling rate of
34 °C s~'. The microstructure consists of primary Kish
flakes and fine coupled eutectic of nickel and graphite. The
primary flakes are approximately 200 pm long and 10 um
thick. The Kish graphite flakes are different from the
eutectic flakes in their coarse forms and smooth surfaces.
The denuded nickel envelopes (nickel-rich regions) cov-
ered the Kish graphite as a bright phase. The nickel
envelopes could be either formed during solidification
around the primary graphite or after solidification by dif-
fusion of carbon atoms in the solid [30]. Figure 1c shows a

Fig. 1 Effect of cooling rate and composition on the microstructure
of Ni—C alloys. a Hypo eutectic alloy (Ni 4+ 1.35 wt%C) induction
melted and cooled in Ar atmosphere (cooling rate 22 °C/s). b Hyper
eutectic alloy (Ni 4 3.05 wt% C), electromagnetically levitated and
cooled with He gas (cooling rate 34 °C/s). ¢ Hyper eutectic alloy
(Ni + 3.05 wt% C), electromagnetically levitated and quenched in oil

hyper eutectic alloy (Ni + 3.05 wt%C) quenched in oil.
No couple growth could be observed and the microstruc-
ture solely consisted of spherical graphite. It has already
been reported that with increasing cooling rate a transition
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from lamellar to spheroids will occur [31]. However, the
exact mechanisms of nucleation and growth are not fully
understood.

In contrast with nickel system, no graphite formation
within copper was observed since the solubility of carbon
in molten copper is very limited. The graphite formation
for copper was mostly limited to the free surfaces or metal-
crucible boundaries.

While numerous studies have been carried out on the
growth of graphite flakes inside the molten metal, yet less
attention has been given on growth of graphite films on
the molten metal. Direct visual observation of graphite
growth on top of the melt was utilized by means of a
portable microscope. Figure 2 shows video frames of a
hypereutectic Ni-C melt which is cooled from uniform
liquid to liquid + graphite region in phase diagram and
once more heated up. Frames 1-4 demonstrate the cool-
ing while the frames 5-6 show the heating process.

The frames show two distinct regions of different
brightness, with the brighter area showing graphite layer.
The graphite is completely dissolved in higher tempera-
ture (frame 1). Nevertheless, there are observations that
propose the phase in frame 1 is not purely bare metal and
it is possible that thin graphitic shell is present over the
entire surface [32]. As the melt is cooled down to lower
temperature (liquid + graphite region) the excess amount
of carbon grows as graphite patches on the surface (frame
2-3). With continuous cooling, those patches grow until
they cover the entire surface (frame 4). This process is
reversible as upon heating, the graphitic layer will dis-
solve back into the melt (frame 5-6). Figure 3 shows a
graphite film which has been skimmed from the surface of
molten nickel by means of a boron nitride substrate during
the growing stage (frame 3 in Fig. 2). The boundaries
show polygonal shape which is the characteristic of
faceted growth of graphite.

Fig. 2 Video frames of graphite growth on top of the melt: Frames 1-4 demonstrate the melt cooling and subsequent growth of graphite films,
frames 5-6 show the melt heating and succeeding graphite dissolution (the brighter phase is graphite)
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polygonal shape of
graphite boundaries

\

Fig. 3 Skimmed graphite film from the surface of molten nickel
during early growth (Frame 3 in Fig. 2)

Figure 4a shows the graphite layer which has been
formed on top of nickel upon complete solidification of the
Ni + 2.35 wt%C melt. The film has a specific morphology
of smooth surface areas separated from each other by out-
of-plane faceted wrinkles. The structure at the joint
between the wrinkles is more complicated, but the faceted
structure is still evident. Figure 4b shows typical Raman
Spectra of graphite in smooth areas and wrinkles. The two
spectra, which have been shifted slightly for the ease of
visualization, are basically identical. The spectra show an
intense G band as well as an asymmetric 2D band. No D
(~1350 cm™") and D’ (~1620 cm™ ") bands could be
noticed in either spectrum. As discussed earlier, D and D’
bands are indicative of defects. Similar Raman Spectros-
copy was carried out in different spots of the graphite and
the results were identical. The Raman features shown in
Fig. 4b were found to be similar to those of bulk crystalline
graphite reported in literature [22]. By comparing the
smooth areas and wrinkles Raman features, it is evident
that the structure of wrinkles is identical to flat areas. In
fact, the wrinkles are part of the graphite film and hold the
same crystal structure of flat areas.

The wrinkled feature of the graphite layers is believed to
be due to the accommodation of the thermal expansion
coefficient difference between the metal substrate and the
graphite layer [33]. Different thermal expansion coefficient
of nickel and graphite will give rise to a larger lateral
contraction of metal substrate than that of graphite film. As
a result, a compressive biaxial stress will develop on the
graphite layer which consequently leads to the formation of
triangular folds in the film, schematically shown in Fig. 5.
It is apparent that as the graphite films deform, they shift
upward and they lose their week out-of-plane bonds in
some areas and detached from each other. An example is

(a)

(b) T G T T T ]
4000 B
>
=
g 3000 + 2D -
Q
=
=
2000 - -
\Wrinkle
1000 - : . . ' ‘
1000 1500 2000 2500 3000

Raman Shift (cm™)

Fig. 4 a SEM Photo (Secondary Electron image) of thick graphite
layer formed on top of nickel and b Raman spectra of smooth areas
and wrinkles

shown in Fig. 6 as a wrinkle was cross sectioned using
Focused Ion Beam. The hollow spaces which have been
shown schematically in Fig. 5 can be observed clearly in
the cross section of Fig. 6.

During the cooling, each individual wrinkles in the
graphite layer contributes to the strain accommodation. The
difference in thermal strain of graphite layer and nickel is
Ae = AT (ani — otgr), Where an; and o, are the bulk and
in-plane thermal expansion coefficients of nickel and graphite
and can be found as functions of temperature in literature
[34-36]. For calculating the thermal strain, the mean values of
thermal expansion coefficients were selected for nickel and
graphite which are 18.04 x 107® and 0.5 x 107K,
respectively. The total strain needed to be accommodated is
then Ae = (Teutectic — Tambient) (i — 0%gr) = 0.023. Based on
the examining of different wrinkles on the surface, the lateral
size and roof angle can be considered approximately
L=10pum and ¢ = 120° respectively. Based on the
wrinkles geometry, the amount of layered material shifted
from adjacent regions toward the wrinkle approxi-
mately corresponds to AL = 2(L/2cos30) — L = 1.55 um.
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Graphite
Layers

Metal
Substrate

(b) Graphite Wrinkles

Hollow
Spaces

Fig. 5 Schematic of wrinkle formation on graphite layers due to
thermal expansion coefficient mismatch

Fig. 6 Cross section of a wrinkle by Focused Ion Beam cutting

To completely accommodate a 2.3% strain, an array of
wrinkles should be formed with spacing of r= AL/
A¢ = 67 um. This value is as the same order of magnitude
(50 pm) which is observed in Fig. 4.

Figure 7 shows the SEM photo of electron-transparent
graphitic layers on metallic substrate, indicating that the
layers are thin enough to serve as window for 5 and 10 keV
electrons to pass along. Additional details of one of the
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Fig. 7 SEM Photo (Secondary Electron image) of electronically
transparent thin graphite films on a copper and b nickel

grown islands, which were transferred to silicon wafer, are
shown in Fig. 8a. Different color contrasts in this film
indicate areas which are rather thick, but connected by
thinner regions, similar to that shown schematically in
Fig. 8b. As a graphitic layer nucleates on the melt, it
expands laterally and normally by 2D nucleation and fac-
eted growth, in a manner similar to that observed for 2D
nucleation and growth of faceted materials [37]. The
Raman spectrum shown in Fig. 8c represents the region
which labeled as “few layer graphene” on the film. The I5/
Ip ratio is the evidence that the existing flake has few
graphene layers. The spectrum features a symmetric 2D
band and intense D and D’ bands. The symmetric 2D band
denotes the existence of turbostratic graphite (without
ABAB stacking). The intense D and D’ peaks show layers
with high amount of defects. FLG were also observed at the
edges of graphite films [19].

It is conceivable that defect formation in the formed
layers on copper is due to high cooling rate of copper. The
high thermal diffusivity of copper (nearly five times of
nickel) will lead to high cooling rate and consequently
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Fig. 8 a Optical Microcopy of a graphite film formed on copper and
then transferred to Si/SiO2, b schematic of 2D growth of graphite,
¢ Raman spectrum of the spot labeled as few layer graphene in (a)

more defect formation including cracks and entrapped
vacancies [38]. For comparison, Raman spectrum of FLG
on nickel is being shown in Fig. 9a. The absence of D and
D’ bands represents defect free FLG on nickel. The lower
thermal diffusivity of nickel will result in lower cooling
rate and subsequent pristine graphene films formation. The
deconvoluted 2D band of spectrum, shown in Fig. 9b,
reveals two Lorentzian peaks (Aw = 28 cm™"), indicating
four-layer graphene.

Interestingly, nickel substrate was found to have inac-
tive Raman spectrograph, lending itself as an appropriate
substrate for direct characterization of graphene layers
without the need for transferring the layers to silicon wafer.
Pristine SLG layers were observed in various locations on
nickel substrate. The Raman spectrum of one such layer is
shown in Fig. 10. The spectrum shows G band at
1582 cm™' and a 2D band at 2660 cm™'. The Ig/I>p ratio
is 3.7 and 2D band is symmetrical, which is similar to
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et :
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Raman Shift (cm™)

1500
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g
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3000

1500

2600 2700 2800
Raman Shift (cm™)

Fig. 9 a Raman spectrum of FLG formed on nickel and b deconvo-
lution of 2D band

reported features for SLG. The absence of the D and D’
peaks is indicative that the formed SLG is defect free.

The amount of graphite forming on the melt and its
characteristic will strongly depend on the amount of carbon
dissolved in the melt and the solubility limit of carbon in
the liquid as well as cooling conditions employed. For this
investigation, the two alloy systems of Cu-C and Ni-C
show extensive differences in solubility limit. It appears
that the Ni—C system is more conducive to the formation of
large and defect free layers.

Conclusion
In this research, a new technique for growing graphite nano
crystals was utilized. The technique involved dissolving

carbon in a molten metal at a specified temperature and
then allowing the dissolved carbon to nucleate and grow on
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Fig. 10 a Optical Microcopy of SLG formed on nickel, b its Raman
Spectrum

top of the melt at a lower temperature. Detailed optical
microscopy, Raman spectroscopy, and scanning electron
microscopy were utilized to characterize the consequential
grown layers. It was found that the different morphologies
including thick graphite, FLG, and SLG could form with
the technique. The grown films consisted of faceted wrin-
kles which the layers conserved their continuity over them.
The formation of these wrinkles is believed to be due to
thermal expansion coefficient mismatch between metal
substrate and graphite. Although the wrinkles were not
dependent on the type of metal substrate, the substrate had
strong effect on the quality of grown layers. The layers
formed on copper showed extensive defects while the ones
on nickel were highly ordered crystal structure free of
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defects. Pristine FLG and SLG were successfully grown on
nickel substrate.
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