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Multilayer graphene (MLG) growth on arbitrary substrates is desired for incorporating carbon

wiring and heat spreaders into electronic devices. We investigated the metal-induced layer

exchange growth of a sputtered amorphous C layer using Ni as a catalyst. A MLG layer uniformly

formed on a SiO2 substrate at 600 �C by layer exchange between the C and Ni layers. Raman spec-

troscopy and electron microscopy showed that the resulting MLG layer was highly oriented and

contained relatively few defects. The present investigation will pave the way for advanced elec-

tronic devices integrated with carbon materials. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4974318]

Multilayer graphene (MLG) has been actively investi-

gated because of its high electrical/thermal conductivities

and current-carrying capacity exceeding that of Cu.1–3 MLG

on arbitrary substrates opens the possibility of advanced

electronic devices with low-resistance wiring and heat

spreaders. Because graphene has a unique two-dimensional

structure, its characteristics are anisotropic, and they deterio-

rate with the formation of grain boundaries.4,5 Therefore,

large-grained highly oriented MLG on insulators is highly

desirable.

Mechanical transfer can be performed for graphene on

arbitrary substrates.6 Because the transfer possibly damages

graphene, a transfer-free process is essential for practical

device applications. Low-temperature synthesis of graphene

on insulators has been achieved using chemical-vapor depo-

sition7–11 and plasma-assisted vapor deposition12,13 with

metal catalysts (e.g., Cu, Ni, Fe, and Co). These techniques

are useful for directly forming a few-layer graphene on insu-

lators, but they are not suitable for forming thick MLG,

which is necessary for carrying a large amount of current or

heat. In recent years, metal-induced solid-phase crystalliza-

tion of amorphous carbon (a-C) or polymers has attracted

increasing attention for the direct synthesis of MLG on insu-

lators at relatively low temperatures (<900 �C).14–25 Some

of these techniques allow thick (>5 nm) MLG to be formed

by controlling the initial film thickness.19–26 However, fur-

ther investigation is required to achieve a uniform high-

quality MLG on insulators.

In the field of group-IV semiconductors including Si,27–31

Ge,32–35 and SiGe,36,37 metal-induced layer exchange (MILE)

allows large-grained (>30 lm) highly oriented thin films to

be formed on insulators. In MILE, an amorphous semiconduc-

tor layer crystallizes by “layer exchange” between the amor-

phous layer and a catalyst metal layer.31 Because the

thickness of the crystallized layer is determined by that of the

metal layer, it can be controlled by the deposition rate and

time of the metal layer. From the binary phase diagrams, we

determined that Ni would work as a catalyst for layer

exchange crystallization of a-C. In this study, we applied

MILE to a-C to fabricate a high-quality MLG on an insulator

at low temperatures.

The concept of this study is shown in Fig. 1. We aimed

to perform a layer exchange between a-C and Ni layers. Ni

and a-C thin films (each 50 nm thick) were sequentially pre-

pared on quartz glass (SiO2) using radio-frequency (RF)

magnetron sputtering (base pressure: 3.0� 10�4 Pa) with Ar

plasma. The substrate temperature was 200 �C for Ni and

room temperature for a-C. The RF power was set to 50 W for

Ni and 100 W for a-C. Samples were annealed at 600, 800,

and 1000 �C for 10 min in an Ar ambient to form MLG on

the substrate by layer exchange. The Ni layers were then

etched away by FeCl3 solution. For comparison, we also pre-

pared an a-C layer directly on a SiO2 substrate without a Ni

layer.

The quality of the C layers was evaluated by Raman

spectroscopy (Nanophoton RAMANplus, spot diameter 5 lm

and wavelength 532 nm). Because the substrate is transpar-

ent, a layer in contact with the substrate can be evaluated

from the back side of the sample. Figure 2(a) shows that the

sample before annealing has a large broad peak at around

1500 cm�1, corresponding to a-C,20 only on the front side.

These results confirm that an a-C layer is stacked on a Ni

layer without mixing before annealing. Because the small

peaks at around 1100 cm�1 originate from the SiO2 substrate,

these peaks appear in all of the Raman spectra obtained from

the back side of the samples.

FIG. 1. Schematic diagram of the sample preparation procedure.
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The Raman spectrum of the front side of the sample

annealed at 1000 �C (Fig. 2(b)) has peaks at around 1350,

1580, and 2700 cm�1, corresponding to the D (disordered

mode), G (graphitic mode), and 2D (D mode overtone) peaks

in the graphitic structure, respectively.19,20,24 In contrast, the

Raman spectra of the front side of the samples annealed at

600 and 800 �C have no peaks corresponding to C. It is worth

noting that the a-C peaks present before annealing, as shown

in Fig. 2(a), have disappeared for all of the samples. The

Raman spectra of the back side of the samples (Fig. 2(c))

have sharp D, G, and 2D peaks corresponding to MLG. The

Raman results suggest that the growth morphologies of the

samples are as follows. When the growth temperature is low

(�800 �C), a MLG layer forms on the back side and a Ni layer

forms on the front side. This means that a layer exchange

between the C and Ni layers occurred. When the growth tem-

perature is high (>800 �C), MLG forms on both the front and

back sides. This is probably because the Ni layer deformed

during annealing and resulted in a non-uniform layer

exchange. The intensity ratio of the G to D peaks, correspond-

ing to the crystal quality of MLG,10,14 is approximately 2.3 in

the whole range of growth temperature (Fig. 2(c)). This value

is smaller than that of some MLG synthesized at high

temperature (>800 �C);19,24 however, much larger than that

of MLG synthesized by metal-induced crystallization at low

temperature (<700 �C).20,24,26 These results indicate that the

resulting MLG layers contain relatively few defects compared

with those obtained by conventional methods for low-

temperature synthesis.

Figure 2(d) shows that the annealing without Ni divides

an a-C peak into broad G and D peaks because it shortens

the average C-C distance and leads to clustering of sp2 car-

bon in aromatic rings.10,23 The G and D peaks are quite

broad, indicating that the C layer is almost amorphous even

after 1000 �C annealing. This means that the Ni catalyst has

lowered the crystallization temperature of a-C by more than

400 �C. The difference of the crystallization temperatures of

a-C between with and without Ni is large compared with the

case of the MILE for Si and Ge.31,32 Considering the mecha-

nism of MILE, the upper thickness limit of the MLG is deter-

mined by the relationship between the diffusion rate of C

atoms into Ni and spontaneous nucleation rate in a-C.

Because 0.5-lm-thick Si layers form in the Si-Al system,26

the C-Ni system will enable the synthesis of MLG layers

much thicker than 1 lm. The synthesis temperature for layer

exchange is determined by the solubility limit of amorphous

materials in metals.32,33 The phase diagram of the C-Ni sys-

tem suggests that the lower limitation of the synthesis tem-

perature is approximately 500 �C, which will be achieved by

increasing the annealing time. For further lowering of the

synthesis temperature, changing the kind of the catalytic

metal or preparing a proper interlayer between C and Ni is

effective.33,34

To ensure a layer exchange, the cross-sectional composi-

tion was measured using an analytical transmission electron

microscope (TEM), FEI Tecnai Osiris operated at 200 kV,

equipped with an energy dispersive X-ray spectrometer

(EDX) and a high-angle annular dark-field scanning transmis-

sion electron microscopy (HAADF-STEM) system with a

probe diameter of �1 nm. The cross-sectional TEM samples

were prepared by the conventional focused ion beam method.

Figures 2(e) and 2(f) indicate that a Ni layer is clearly stacked

on a C layer on the SiO2 substrate. Thus, we directly formed

MLG on the substrate by layer exchange between a-C and Ni

layers at a temperature as low as 600 �C.

The detailed cross-sectional structure of the sample

grown at 600 �C was investigated using the TEM. Figure 3(a)

shows that the MLG layer ripples between the Ni layer and

the substrate. As shown in Fig. 3(b), the dark-field TEM

image using the C{002} plane reflection showed a bright con-

trast of the MLG layer in the entire region (6 lm width) proc-

essed for the TEM observation. This result indicates that the

MLG layer is highly {002} oriented. In MILE, energetically

stable planes appear to minimize the free energy of the sys-

tems.28,32 The {002} oriented growth of the MLG is likely

because the {002} plane has the lowest surface energy in

graphite.38 This behavior is consistent with the other studies

on the metal-induced synthesis of graphene: {002} oriented

graphene precipitate from metals.7–13 The selected-area elec-

tron diffraction (SAED) pattern in Fig. 3(c) shows slightly

arced spots besides the spots corresponding to Ni. The lattice

spacing calculated from the arced spots of 0.343 nm is in close

agreement with C{002} in graphite. Although it was difficult

FIG. 2. Characterization of the samples. (a) Raman spectra obtained from

the front and back sides of the sample before annealing. Raman spectra

obtained from the (b) front and (c) back sides of the samples annealed at

600, 800, and 1000 �C for 10 min. (d) Raman spectra obtained from the front

side of the samples without Ni annealed at 800, 900, and 1000 �C for

10 min. Cross-sectional (e) HAADF-STEM image and (f) EDX elemental

map of the sample annealed at 600 �C for 10 min.
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to directly observe grain boundaries in the MLG layer in both

plane and cross-sectional TEM images, the SAED analyses

indicated that the grain size was approximately several hun-

dred nm.

Figure 3(d) shows that the MLG layer in contact with

the Ni layer is completely {002} oriented. Meanwhile, Fig.

3(e) shows that the {002} planes are in line with the rippling

MLG layer. This accounts for columnar contrasts in the

dark-field TEM image in Fig. 3(b) and slightly arced spots in

the SAED pattern in Fig. 3(c). Figure 3(e) indicates that there

is “something” but not a void in the spaces between the rip-

pling MLG and the Ni layer or substrate. The EDX measure-

ment showed carbon signals from the something; however,

the signals are weaker than those from the {002} oriented

MLG layer. This behavior is likely attributed to the differ-

ence of the density of C atoms in the current direction of

observation. The dark field TEM image in Fig. 3(b) indicates

that the something is not {002} oriented. The something is

therefore considered to be randomly oriented grains of

MLG. The origin of the rippling is not completely under-

stood, but it possibly relates to the formation of randomly

oriented grains that may interfere with the straight lateral

growth of the MLG layer.

After removing the Ni layers, we found that the MLG

layers remained on the substrates for all of the samples by

the naked eye, as representatively shown in the insertion in

Fig. 4(c). We evaluated the surface structure of the samples

using scanning electron microscopy (SEM, JEOL JSM-

7001F) operated at 25 kV, equipped with EDX. Figures

4(a)–4(c) show that the lower annealing temperature (600 �C)

gives a more uniform MLG layer. Figure 4(a) shows a non-

uniform contrast originating from the uneven MLG layer.

Because the configuration of the semiconductor layer grown

by MILE reflects that of the metal layer,27,32 the morphology

of the MLG layer grown at 1000 �C likely arises from defor-

mation of the Ni layer during annealing. As shown in Figs.

4(b) and 4(c), the MLG layers formed at 600 and 800 �C con-

tain holes and hills. These morphologies are almost the same

as those of the semiconductor layers grown by MILE.27,32

Nevertheless, the MLG obtained at 600 �C shows the highest

level of uniformity among MLG directly formed on insulators

using metal-induced solid-phase crystallization at low temper-

ature (<800 �C).20,24 Figure 4(d) shows the peaks correspond-

ing to C, Si, and O. These elements originate from the MLG

layer and the SiO2 substrate because the detection depth is

FIG. 3. Characterization of the cross section of the sample annealed at

600 �C for 10 min. (a) Bright-field TEM image. (b) Dark-field TEM image

using the C{002} plane reflection. (c) SAED pattern taken from the region

including the Ni and MLG layers with a selected area of 200 nm diameter.

High-resolution lattice images of the MLG layer showing (d) a Ni-contacted

region and (e) a rippling region.

FIG. 4. Characterization of the annealed samples after removing Ni. SEM

images of the samples annealed at (a) 1000, (b) 800, and (c) 600 �C for

10 min. The insertion in (c) shows the optical micrograph of the 600 �C
annealed sample (size: �5� 5 mm2). (d) EDX spectrum of sample annealed

at 600 �C. (e) Electrical conductivities of the MLG layers as a function of

growth temperature. For comparison, the data from HOPG along in-plane

and out-of-plane directions are shown by dotted lines.
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more than 1 lm in the EDX measurement. We note that the

Ni concentration in the MLG layer is below the detection limit

of EDX (�1%). Such low metal contamination in the result-

ing layer is a typical feature of MILE, which is limited by the

solubility.32,33

The electrical conductivities of the MLG layers were

measured by the van der Pauw method. Figure 4(e) shows

that the electrical conductivities are approximately 400 S

cm�1 in the whole range of growth temperature. This value

is higher than the electrical conductivity of highly oriented

pyrolytic graphite (HOPG, grain size: �5 lm) along the out-

of-plane direction,23 reflecting the high orientation of the

MLG. The electrical conductivity of the MLG is, however,

lower than that of the HOPG along the in-plane direction,

mainly because the grain size of the MLG is one order of

magnitude smaller than that of the HOPG. Because MILE

has many growth parameters to enlarge the grain size of the

resulting layer, there is a great potential for the low-

temperature synthesis of MLG with high electrical and ther-

mal conductivities on insulators.

In conclusion, we directly synthesized MLG on an insu-

lating substrate using MILE growth of a-C with a Ni catalyst.

Raman measurements indicate that the MLG formed at

600 �C has a higher crystal quality than MLG formed by con-

ventional techniques. The MLG layer ripples between the Ni

layer and the substrate but contains no obvious defects.

Thus, we have demonstrated that the MILE technique, which

was developed for semiconductors on insulators, is also use-

ful for carbon materials on insulators. Further investigation

will enhance the quality of MLG and open the possibility for

its incorporation into advanced electronic devices.
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