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We fabricated graphene/Ni patterns directly on sapphire substrates through a self-forming process

utilizing the pattern-controlled catalyst metal agglomeration technique, which was accomplished

via a thermal annealing process of rectangular Ni patterns preformed on thin amorphous carbon

films on sapphire. It was confirmed that graphene films were synthesized along with the preformed

Ni patterns as a result of the progress of Ni agglomeration. Notably, a few-layer graphene film was

observed in specific areas along the periphery of the preformed Ni patterns. The self-forming

graphene/Ni patterns showed ohmic conductivity with a contact resistance ranging from 4� 104 to

7� 104 X lm. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973523]

Graphene is highly promising as a material for future

high-frequency electronic and/or large-scale integrated

circuit devices owing to its ballistic carrier transport prop-

erties.1–4 Although there is a wide variety of graphene

synthesis processes,5–17 the development of substrate

transfer-free processes is still very important for the practi-

cal use and mass production of graphene devices; therefore,

some useful ideas for transfer-free techniques have been

suggested.18–29 Recently, we reported another transfer-free

graphene synthesis process utilizing a catalyst metal

agglomeration phenomenon.26–28 According to our results,

multilayer graphene films can be formed directly on insu-

lating substrates simply by employing a thin metal film as

an underlying catalyst film.26–28 Most recently, we have

reported that sapphire is an appropriate substrate for our

transfer-free graphene synthesis technique28 and that drain

currents in transfer-free graphene transistors fabricated on

sapphire were properly modulated with applied gate vol-

tages.28 Subsequently, we conceived the idea of applying

our transfer-free technique to self-forming graphene devi-

ces. That is, if the metal agglomeration and transfer-free

graphene synthesis progress at the same time by utilizing

preformed catalyst metal patterns, self-forming graphene

devices can be realized. In this letter, we report our first

attempt on fabricating self-forming graphene devices by

utilizing the pattern-controlled catalyst metal agglomera-

tion technique.

Figure 1 shows schematics of the proposed self-forming

graphene synthesis process. First, an amorphous carbon (a-

C) film was deposited on a single-crystal c-face sapphire

substrate by using the pulse arc plasma deposition (PAPD)

technique,17,26–28 in which the number of discharge pulses

was maintained at 50. Then, the a-C film excluding the

device areas was removed by dry etching using O2 plasma in

an ashing reactor. The etching conditions were as follows:

the O2 flow rate was 5 sccm, the reactor pressure was 35 Pa,

and the input power was 30 W. Subsequently, a thin Ni film

with a thickness of 20 nm was deposited on the a-C film by

using the electron-beam (EB) evaporation technique, follow-

ing which Ni patterns with a thickness of 300 nm were

formed on the thin Ni film through the combination of photo-

lithographic lift-off technique and EB evaporation. Finally,

samples were annealed at 1000 �C for 5 min under nitrogen

gas flow. During the thermal annealing, carbon atoms dis-

solve in the Ni films and then precipitate as graphene films

almost simultaneously with the progress of the agglomera-

tion of the thin Ni film. Basically, the metal agglomeration

originates from the surface migration of metals, which

occurs to decrease the surface energy. Therefore, the thick

rectangular Ni patterns were placed to make the thin Ni films

migrate toward the thick Ni patterns. Here, if the thick Ni

patterns are usable as ohmic electrodes, the realization of

self-forming graphene devices is expected. Square patterns

of side 80 lm with 5-lm spacing were applied for the forma-

tion and evaluation of graphene/Ni patterns. Scanning elec-

tron microscopy (SEM) and high resolution transmittance

FIG. 1. Schematic illustrations of self-forming graphene/Ni patterns. (a)

Amorphous carbon (a-C) film is deposited on sapphire using PAPD tech-

nique. (b) Thin Ni films (20 nm) are deposited on the a-C/sapphire. (c) Thick

Ni (300 nm) patterns are formed on the thin Ni films. (d) After annealing,

graphene films are directly formed in the area where the thin Ni films had

existed.
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electron microscopy (HR-TEM) were used for the micro-

structure analyses of the fabricated graphene/Ni patterns. To

evaluate the crystal quality of graphene films, Raman scatter-

ing measurements were carried out, in which a 532-nm-

wavelength solid-state laser with an output power of 10 mW

was used as an excitation light source. Finally, the current–

voltage (I–V) characteristics were measured using a semi-

conductor parameter analyzer.

Figures 2(a) and 2(b) show bird’s-eye-view SEM images

for a sample before and after the thermal annealing, respec-

tively. After the thermal annealing, as can be seen in Fig.

2(b), many metallic particles were generated on the area

where the thin Ni films had existed. This seemed to be con-

sistent with our previous reports.26–28 In addition, the obser-

vation results revealed another fact that the particles did not

exist in specific areas along the periphery of the thick Ni pat-

terns. This is probably because the thin Ni films adjacent to

the thick Ni patterns migrated toward the thick Ni patterns

without forming the metallic particles. This implies the pos-

sibility that the generation of the metallic particles may be

suppressed by applying narrow distance Ni patterns. This

concept will be one of our future plans. Fig. 3(a) shows a

Raman map of integrated 2D band (2700 cm�1) intensities

taken for an annealed sample. Here, the increase in the inten-

sities corresponds to the change in color from dark blue

to red, and the 2D band in the Raman map indicates the

existence of graphene.29 From Fig. 3(a), it is obvious that

graphene films were synthesized in the area where the thin

Ni films had existed. It should be noted that the 2D band

intensity detected in the area along the periphery of the thick

Ni patterns was somewhat weaker than that around the mid-

dle area between the thick Ni patterns. Figs. 3(b) and 3(c)

show typical Raman spectra for those two areas, in which

the representative Raman parameters, integrated Raman

intensity ratios of the D band to the G band (ID/IG ratio) and

the full widths at half maximum of the 2D band peaks

(2D-FWHMs), are also shown. These two parameters are

considered useful indexes for evaluating structural disorders

of graphene films.29 The measured results indicate that the

quality of graphene is not so different between the two above-

mentioned areas. In addition, it was also confirmed that the

measured Raman spectra and the derived parameters were

almost consistent with the results obtained in our previous

reports.28 From these results, the difference of the 2D band

intensity observed in the Raman map was speculated to be

dependent mainly on the graphene thicknesses, rather than on

the crystal quality. Fig. 4 shows typical cross-sectional HR-

TEM images for the annealed sample. Here, the images seen

in Figs. 4(a) and 4(b) were focused on an area around an

agglomerated Ni particle, and the images seen in Figs. 4(c)

and 4(d) were focused on an area around an edge of the thick

Ni pattern. From these images, it was found that a few-layer

graphene film was synthesized around the edge of the Ni pat-

tern while multilayer graphene films were generated around

the Ni particle in the same manner as in our previous

reports.26–28 Thus far, we have not determined the reason

why the few-layer graphene was generated along the periph-

ery of the thick Ni patterns. However, the self-forming gra-

phene film generated around the patterned Ni might be prone

to become a few-layer graphene film. Thus, we can expect

that few-layer graphene films can be realized over the whole

FIG. 2. Bird-view SEM images for samples (a) before and (b) after the ther-

mal annealing.

FIG. 3. (a) Raman map of integrated 2D band (2700 cm�1) intensities for an

annealed sample, in which the increase in the intensities corresponds to the

change in color from dark blue to red. Typical Raman spectra for (b) an area

around the middle area between the thick Ni patterns and (c) an area along

the periphery of the thick Ni patterns.
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area between the thick Ni patterns without the generation of

the metallic particles by applying narrow distance Ni

patterns.

Finally, we measured the electrical characteristics of the

self-forming graphene film at room temperature. Fig. 5

shows the typical two-terminal I –V characteristic of the self-

forming graphene/Ni patterns measured using the thick Ni

patterns as electrodes. The result clearly indicates that ohmic

conductivity was achieved for the self-forming graphene/Ni

patterns. The two-probe contact resistance of the self-

forming graphene/Ni patterns was measured to range from

4� 104 to 7� 104 X lm, which is almost consistent with Ti/

Al ohmic contacts fabricated in our previous study.28

In summary, self-forming graphene/Ni patterns were

fabricated directly on sapphire substrates by applying the

pattern-controlled metal agglomeration technique. In addi-

tion to multilayer graphene films, which were observed in

most areas with agglomerated Ni particles, we have con-

firmed that a few-layer graphene film was formed without

the generation of Ni particles around specific areas along the

periphery of the thick Ni patterns. The self-forming gra-

phene/Ni patterns exhibited ohmic conductivity with contact

resistance ranging from 4� 104 to 7� 104 X lm. In the

future, we will conduct further research in order to realize

transfer-free self-forming graphene devices using the

pattern-controlled metal agglomeration technique.
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