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The authors present a viable process to grow the high quality graphene films with control over

number of layers by the filtered cathodic vacuum arc (FCVA) technique. In the FCVA process, the

different carbon concentrations can be controlled by precisely tuning the arc time (1–4 s). The arc

generated carbon was deposited on the nickel catalyst at 800 �C, annealed for 10 min, and cooled

down to room temperature in the presence of hydrogen gas, resulting in the graphene films with

control over number of layers. Prior to arcing, hydrogen etching of nickel was carried out to clean

the surface of the substrate. A growth model to prepare the high quality graphene has also been

proposed. The as-grown graphene films were transferred to different substrates and are characterized

by Raman spectroscopy, optical microscopy, high resolution transmission electron microscopy, and

atomic force microscopy to determine the number of layers present in these films. Raman spectra of

the prepared graphene films exhibit change in the G peak position from 1582.4 to 1578.1 cm�1,

two-dimensional (2D) peak shifts from 2688.5 to 2703.8 cm�1, the value of I2D/IG increased from

0.38 to 3.82, and the full width at half maxima of 2D peak changed from 41 to 70 cm�1, for different

layers of graphene films. The high resolution transmission electron microscopy image revealed that

the graphene films prepared for 1 and 2 s arc times have single and bi- or trilayered structures,

respectively. VC 2015 American Vacuum Society. [http://dx.doi.org/10.1116/1.4936258]

I. INTRODUCTION

Graphene has generated extensive enthusiasm in the

research community since it was first isolated in 2004 by

Novoselov et al.1 from graphite. Due to its intriguing proper-

ties such as high carrier mobility, chemical stability, excellent

mechanical strength, and high optical transparency,2–4 it has

been assured as a promising material for optical, electronic,

and flexible devices.5–7 Initially, micromechanical exfoliation

of highly oriented pyrolytic graphite was used to produce

single layer graphene. But, the method is uncontrollable and

as well as unsuitable for the large scale up production. Later

on, chemical vapor deposition (CVD) and reduction in gra-

phene oxide were established as methods to synthesize gra-

phene on a large scale.8,9 In addition, both the CVD and solid

carbon sources can be used to synthesize graphene films with

controlled thickness with the help of transition metal catalyst

such as Pt, Ru, Cu, and Ni.10–12 Furthermore, the substantial

variation in the graphene properties has been observed due to

the thickness fluctuations even for the single layer graphene.

Therefore, control over the growth of graphene on the transi-

tion metal substrates is a crucial issue, and it necessitates a

fundamental understanding of the growth mechanism at the
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atomic level.13 In the CVD process, an optimized mixture of

hydrocarbon and hydrogen gas is used to produce good qual-

ity graphene.14 Specifically, Cu and Ni are used frequently to

grow graphene films. But, the growth kinetics and mechanism

of growth on these metals are dissimilar due to the difference

in the solubility of carbon (<0.001 at. % in Cu and >0.1at. %

in Ni).15 Moreover, the growth of graphene on Ni catalyst has

been found to be a two-step process, which involves the disso-

lution of carbon atoms into the Ni substrate at higher tempera-

tures, followed by the diffusion and precipitation onto the Ni

surface to form the graphene layers during cooling of the sub-

strate. In contrast to above, in the case of Cu catalyst, surface

diffusion of carbon atoms is understood to be more feasible

growth process to obtain monolayer graphene on Cu substrate.

Furthermore, it has been observed that the hydrogen plays an

important role in the formation of graphene on catalytic sub-

strates16 by controlling the surface reaction. It is also utilized

for surface cleaning and crystallization of the catalytic sub-

strates prior to the graphene growth. Thus, in order to under-

stand the dependence of graphene synthesis under various

growth conditions and to achieve better control over the gra-

phene film thickness, a primary insight into the growth mech-

anisms is imperative. Recently, our group has reported the

synthesis of few layered graphene by the filtered cathodic vac-

uum arc (FCVA) technique.17,18

The FCVA technique is a plasma based technique, which

has been recognized and developed as a worthy and versatile

technique for the fabrication of metal thin films. Additionally,

the potential application of the FCVA in the industry is seen as

a potential method for fabricating high quality hard and deco-

rative coatings of metal oxides, ceramics, diamond like carbon,

tetrahedral amorphous carbon, TiN, etc.19–22 It is a low volt-

age, high current plasma discharge that takes place between

the two conducting electrodes. The process is carried out either

in vacuum or in low pressure gas environment (O2 or N2) in

the reactive mode. Accordingly, the respective properties of

thin films deposited by the FCVA technique can be controlled

and modulated by applying various process parameters (gas

pressure, substrate temperature, and substrate bias).23,24 Fujita

et al.25 have utilized the pulse arc plasma deposition technique

to grow graphene layers by controlling the deposition rate

(0.1 nm/s). Multiple pulses were initiated with a pulse rate of

1 pulse/s, which led to the deposition of the film at required

thickness. Therefore, the comprehension, controllability, reli-

ability, and reproducibility of the FCVA technique to synthe-

size various thin films has inspired us to utilize this technique

for the growth of high quality single and multilayer graphene.

In this paper, the FCVA technique has been used to syn-

thesize single and multilayer graphene by solid carbon

source. The growth mechanism of graphene has been dis-

cussed, and a model is proposed. The structural and optical

properties of graphene were characterized, and the results

are discussed in detail.

II. EXPERIMENT

For the growth of few layer graphene, nickel thin films

(300 nm) deposited at SiO2 (400 nm)/Si (100) wafers were

used as the catalyst. Ni (nickel) thin films were deposited by

DC magnetron sputtering. A high vacuum of �10�8 mbars

was obtained before sputtering Ni from 99.99% pure nickel

target. For providing carbon source, high purity graphite as

cathode was utilized in the FCVA system. Figure 1 represents

the schematic diagram of the FCVA system. Prior to the

growth of graphene, the deposition chamber of the FCVA sys-

tem was evacuated to obtain a base pressure of �10�6 mbars,

and the arcing parameters were kept as 30 V voltage and 56 A

arc current. In the previous work,17 the deposition rate of this

process has been observed as �1 nm/s at 56 A arc current.

The FCVA system used by us has the advantage of pulsating

nature and arcing time can be controlled even for 1 s. The var-

ious steps to synthesize high quality graphene films having

different thicknesses in the pre- and postannealing conditions

in the hydrogen gas atmosphere of �10�3 mbars has been

shown in Fig. 2. The as-grown graphene films on Ni catalyst

was spin coated with polymethyl methacrylate (PMMA) layer

and treated with a 1 M FeCl3 acid solution to etch the nickel

film. After the etching of nickel film, the PMMA/graphene

film was treated with deionized water several times and then

transferred to the required substrate (quartz or SiO2/Si). To

remove the PMMA layer, the sample was treated in a hot ace-

tone bath at 50 �C for 1 h and was baked at 200 �C on a hot

plate to enhance the adhesion of the substrates and also to

eliminate the polymer residues. In order to determine the

number of layers in graphene films, Raman spectroscopy and

high resolution transmission electron microscopy (HRTEM)

were carried out. Raman spectra were measured at �5 mW

incident power by a Reninshaw spectrophotometer (micro-

Raman model inVia Reflex) with 514 nm laser excitation and

notch filter cutting at �50 cm�1 at room temperature.

HRTEM experiment was carried out by employing a HRTEM

(model Tecnai G2F30 STWIN operating at an electron accel-

erating voltage of �300 kV using the field emission electron).

The graphene films were lifted on a 200-mesh copper grid of

3.05 mm diameter. The graphene microstructure was observed

by the optical microscope (Zeiss model Axiolab A) having fa-

cility for polarized light. The atomic force microscope (AFM)

(Nanoscope Veeco-V) was used for the evaluation of height

of the sample.

III. RESULTS AND DISCUSSION

A. Filtered cathodic vacuum arc

FCVA is a deposition technique which has distinct proper-

ties, such as high ion energy, high ionization rate, and multi-

ple ion charge states. Cathodic arc was initiated by making

intimate contact between the high quality graphite cathode

and graphite rod as an anode, as shown in Fig. 1. At the arcing

point above the surface of the cathode, the arc current is con-

centrated at a few discrete sites called the cathode spots hav-

ing a size in the range of 1–10 lm with current density of the

order 106–108 A cm�2.26 The cathode spots move rapidly

across the surface of the cathode, and the plasma is generated

by the arc at these spots due to high pressure. The plasma is

composed of a large concentration of carbon ions, and the ion

current is a constant fraction of arc current, Iion¼ eIarc, where
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e is in the range of 0.06–0.12. It has been reported that the ion

energy of the carbon ion was found to be �25 eV.27

Moreover, the ion surface interaction theory indicates that the

high ion energy on the order of 25–100 eV is required to grow

a high quality crystalline film. Furthermore, the plasma flux

generated at the cathode spots also contains few microdroplets

of the cathode material called macroparticles (typically in the

range of 0.1–10 lm in diameter), which can be filtered by

passing plasma flux through the magnetic solenoid. In this

work, a linear magnetic filter having a magnetic field of

�0.035 T (350 G) has been utilized for filtering the graphite

macroparticles.

B. Growth model

Fundamentally, the growth of graphene on nickel occurs

due to the temperature dependent solubility of carbon. It has

experimentally been shown by various researcheres28 that at

temperatures below �500 �C, an atomic layer of nickel car-

bide forms upon the nickel surface, but as when the tempera-

ture is increased, the bond between the nickel and carbon

breaks, and the nucleation of graphene begins. Specifically,

the controlled growth of graphene by the FCVA technique

on the nickel substrate is dependent on the limited carbon

concentration generated between the two graphite electrodes

by the precise arcing time (1–4 s). By the classical molecular

dynamics, Wang et al.29 have shown the possibility of for-

mation of graphene at different carbon concentrations and

temperatures on nickel. They observed that the high carbon

concentration may induce the graphene island formation and

the island can grow larger by forming more hexagons on the

edge with further addition of carbon atoms dynamically. The

dissolution of carbon atoms in the nickel at high temperature

and diffusing out to the surface during cooling have been

proposed for the growth of graphene on nickel. As shown in

Fig. 2, prior to the arcing at 800 �C, hydrogen gas was

employed to remove the surface oxide/contaminants (for

cleaning the nickel surface) and to increase the grain size of

nickel. In the FCVA process, it is assumed that the arc trig-

gered for the least time (1 s) produces very limited amount

of carbon atoms and ions. Thermodynamically, these carbon

atoms and ions (at 800 �C) dissolve into the nickel and get

precipitated at the surface during cooling. Precipitated car-

bon atoms diffuse at the surface and form dimmers and

trimers and nucleation begins as shown in Fig. 3, and subse-

quently, the carbon island (Cn)s grows. Based on the growth

kinetics, Wu et al.30 have shown that the carbon dimmers

and trimers have higher probability to associate, energeti-

cally, with the hexagonal ring

H2 ! 2Ha; (1)

ðCnÞs þ Ha ! grapheneþ Ha; (2)

FIG. 1. (Color online) Schematic diagram of the FCVA system.

FIG. 2. Plot of different growth processes of graphene films prepared at

800 �C.

021504-3 Kesarwani et al.: Growth of single and bilayer graphene 021504-3

JVST A - Vacuum, Surfaces, and Films

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. IP:  103.27.8.45 On: Thu, 20 Oct 2016 10:49:48



grapheneþ ðCnÞs þ Ha ! grapheneþ Ha: (3)

Furthermore, carbon atoms in the island might be differently

bonded (sp3, sp2). During the graphene growth, although

hydrogen assumed as an inactive specie, it takes part in

many important surface reactions: (1) dissociative chemi-

sorption from the nickel surface, as shown in Eq. (1), (2)

atomic hydrogen (Ha) can be active in competition of (Cn)s

deposition/C etching as shown in Eq. (2), and (3) C sp3 to

sp2 transition. Eventually, all these processes led to the

growth of a good quality single layer graphene on the nickel

surface, as corroborated by the Raman spectra, shown in Fig.

4. Similarly, graphene with controlled number of layers has

been grown by the FCVA process for specific arcing time of

2–4 s, and the results are shown in the HRTEM image of

Fig. 5. Moreover, the nickel grain boundary acts as the spe-

cific centers for the defect generation in the form of five

member rings (MR), seven MR, and sp3 bonded carbon

atom. The presence of hydrogen gas at high temperature

(800 �C) subdues the defected (5 MR, 7 MR) bond by gener-

ating monoatomic hydrogen, which reacts with other

strained bond.

C. Raman spectroscopy

Raman spectroscopy, technologically, is a nondestructive

tool for the structural characterization of materials. It has

been extensively used to investigate the properties of carbon

based systems (carbon nanotube, nanographite, graphene,

etc.).31 In the Raman spectra of graphene, the most promi-

nent features are the G band appearing at �1582 cm–1 and

the 2D band at �2700 cm�1. In the case of disordered gra-

phene, disorder induced D band at �1350 cm�1 may also

appear. Additionally, the G band generating from the first

order Raman scattering process is associated with the doubly

degenerate (iTO and LO) phonon mode (E2g symmetry) at

the BZ center. On the other hand, the D and the 2D bands

originate from a second order process involving one iTO

phonon and one defect for the D band and two iTO phonons

near the K point for the 2D band, respectively. The 2D band

actually appears due to the intervalley double resonance pro-

cess near the K point. Furthermore, the position and relative

FIG. 3. (Color online) Growth model of the graphene film on the nickel

substrate.

FIG. 4. (Color online) (a) Raman spectra of graphene film prepared at 800 �C for different arc times, (b) deconvolution of bilayer graphene, (c) value of I2D/IG

of graphene films, and (d) FWHM2D of graphene films.
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intensity of different bands provide important insights of the

as-grown graphene. Figure 4(a) shows the Raman spectra of

graphene films grown by depositing the carbon films by arc-

ing for different times (1–4 s) at 800 �C and annealing in the

hydrogen gas at same temperature (as shown in Fig. 2). A

significant change was found in the shape and intensity of

the different bands (D, G, and 2D bands) when the arc time

was increased from 1 to 4 s. Figure 4(a) represents a very

small D band in the graphene film grown for the arc time of

1 s whose intensity slightly increased with increasing the arc

time. Similarly, the intensity of G band increased and 2D

band decreased, respectively, with the increase in the arc

time from 1 to 4 s. It is of great significance to emphasize

that the intensity of D band is very small in the deposited

graphene films. Fundamentally, the defect in the graphene

film is generated at the grain boundary of the substrate.

During the growth of graphene films at high temperature

(800 �C) on Ni/SiO2/Si, carbon atoms get dissolved within

the nickel film and precipitate out on the surface of nickel as

the film is cooled. The carbon atoms precipitate on the nickel

grain boundary that does not form the symmetrical hexago-

nal bond in the graphene film and acts as disorder in the

films. In the present work, the substrate Ni/SiO2/Si was

annealed at 800 �C before arcing (depositing carbon) in the

presence of hydrogen, which substantially eliminated the

surface oxygen, resulting in the increased grain size and

decreased number of grain boundary in the film. Moreover,

the increase in the D band intensity in the film deposited

for larger arc time might be due to the defect related interac-

tion between the layers in graphene. It was found that the

position of D band shifts from the 1349.3 to 1352.4 cm�1.

Additionally, the position of G band shifts from 1582.4 to

1578.1 cm�1 upon increasing the arc time. Similarly, it was

observed that the 2D band right shifted from 2688.5 to

2703.8 cm�1 with the change in the arc time. The 2D band of

Raman spectra of graphene prepared for 2 s arc time is

shown in Fig. 4(b) and was fitted with the four Lorentzian

peaks. In the literature, it has been explained that four com-

ponent peaks’ fit is possible only in the bilayer graphene,

because the interaction of planes causes the p and p* bands

to divide in four, with a different splitting for electron and

hole. Figures 4(c) and 4(d) show the value of I2D/IG and

FWHM2D versus arc time. The value of I2D/IG decreases

from 3.82 to 0.38, and the value of FWHM2D increases from

41 to 70 cm�1 as the arc time increases from 1 to 4 s. All the

Raman results are summarized in Table I. It has been

reported by other groups32,33 that the value of I2D/IG of >2.5

corresponds to single layer graphene and bi- or trilayer and a

few layer graphene has the value of I2D/IG as �1 and 0.5,

respectively. Similarly, it was reported that single, bi- or tri-

and a few layer graphene have the value of FWHM2D as

�30–40, 42–50, and 55–60 cm�1, respectively. Eventually,

FIG. 5. HRTEM images of graphene films prepared at 800 �C for different arc times of (a) 1 s, (b) and (c) 2 s, and (d) 3 s.

TABLE I. Values of various peak positions of the Raman spectra of prepared graphene films at 800 �C for different arc times.

S. no. Time of arcing (s) D peak position (cm�1) G peak position (cm�1) 2D peak position (cm�1) ID/IG I2D/IG FWHM2D (cm�1)

1 1 1349.3 1582.4 2688.5 0.16 3.82 41

2 2 1352.5 1583.4 2698.8 0.16 1.17 49

3 3 1351.4 1579.3 2700.5 0.15 0.55 61

4 4 1352.4 1578.1 2703.8 0.16 0.38 70
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it might be comprehended that the graphene films prepared

for 1 s arc time has a single layer. Similarly, the graphene

films prepared for 2, 3, and 4 s arc time has bi- or trilayer,

four or five layers, and multilayer growth. The results of dif-

ferent layer graphene growth elucidated from the Raman

spectra have been correlated with the HRTEM results, which

exhibit the growth of single, bi- or tri-, and multilayer gra-

phene with the increase in arc time for 1–4 s.

D. High resolution transmission electron microscopy

The thickness control and uniformity of the prepared gra-

phene films were investigated by the HRTEM. Figure 5 shows

the HRTEM micrographs of graphene films prepared for dif-

ferent arc times (1, 2, and 3 s) at 800 �C substrate temperature.

In-depth microstructural investigations on graphene films elu-

cidated interesting features at nanoscale. It was found that the

suspended graphene films on the TEM grid are continuous

over a large area. Figure 5(a) represents the micrograph of

graphene film prepared for 1 s arc time. Arbitrarily selected

graphene edge shows only one carbon layer, which affirms

the single layer characteristic of the prepared graphene film.

In the inset of Fig. 5(a), the selected area electron diffraction

pattern of graphene film prepared for 1 s arc time clearly

shows the typical hexagonal crystalline structure (sixfold

symmetric pattern) of graphene as described in the growth

model (Fig. 3). Moreover, Figs. 5(b) and 5(c) show the gra-

phene films prepared at 2 s arc time. These low magnification

micrographs precisely reveal the bi- or trilayer nature of the

films, which are easily distinguishable. Similarly, Fig. 5(d)

shows the HRTEM micrograph of four or five layered gra-

phene film prepared for 3 s arc time. Furthermore, the separa-

tion between the graphene layers was determined as 0.34 nm.

Thus, it may be comprehended that the HRTEM exhibits a

very clear separation in the different layers of graphene films

prepared at different arc times. The number of layers esti-

mated from the HRTEM study in the graphene films are found

to be well correlated with the number of layers as observed in

the Raman study.

E. Optical microscopy

It has been described that the graphene films of different

layers can be visualized on top of the silicon wafer with a cer-

tain thickness of SiO2 using optical microscopy and these

strongly depend on the thickness of SiO2 and illuminated light

wavelength. The visualization is fundamentally based on the

optical contrast, which appears due to not only by an

increased optical path but also by the increased significant

percentage of opacity in the graphene. The optical contrast C

(Ref. 34) is defined as the relative intensity of reflected light

in the presence (n1 6¼ 1) and absence (n1¼ n0¼ 1) of gra-

phene, C¼ I(n1¼ 1)� I(n1)/I(n1¼ 1), where n0 and n1 is the

refractive index of air and graphene, respectively.35 Figure 6

shows the optical micrographs of graphene films prepared for

arc time of (a) 1 s, (b) 2 s, and (c) 3 s at 800 �C. The graphene

films were transferred on a Si wafer with a 400 nm thick SiO2

layer. It was assumed that the light is incident normally onto

the trilayer structure consisting of graphene, SiO2, and Si.

Qualitatively, it might be observed from Fig. 6 that the value

of contrast increases as the number of layers in graphene

increases from the single layer to multilayers. In Fig. 6, some

black spot is also observed due to the presence of PMMA res-

idue. Ni et al.36 has also determined the thickness of graphene

films by the reflection and contrast spectroscopy.

F. Atomic force microscope

Figure 7 shows the AFM image of graphene film pre-

pared for 1 s arc time at 800 �C substrate temperature. It

indicates that the sample consists of only a single layer gra-

phene. Some residues of nanometer dimension of PMMA on

the surface of the graphene sheet visible in the image cre-

ated the roughness in the graphene. Sometimes the patches

of PMMA remain even after thorough rinsing in the acetone

and subsequently in the distilled water, which may give rise

to the thickness variation in the film. The corresponding

cross section profile of graphene is also shown in the same

figure. The wrinkling is a major problem in graphene, which

is generated possibly due to the polymer used for the trans-

fer of graphene film or if the polymer is not completely

removed during transfer. It is also stuck and thin film gets

wrinkled. The height profile of the single layer graphene

may be corroborated with the Raman spectra of the single

layer graphene, as shown in Fig. 4(a).

IV. SUMMARY

In summary, graphene films have been deposited by the

FCVA technique and its number of layers was determined.

FIG. 6. (Color online) Optical image of graphene films prepared at 800 �C for different arc times of (a) 1 s, (b) 2 s, and (c) 3 s.
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The graphene films were grown by depositing carbon at dif-

ferent arc times (1�4 s), and subsequently, the C/Ni/SiO2/Si

substrates were annealed at 800 �C and finally cooled to room

temperature naturally in the presence of hydrogen gas. The as

prepared graphene films were characterized by various techni-

ques. Raman spectra of the prepared graphene films has

exhibited that G peak changes from 1582.4 to 1578.1 cm�1,

2D peak shifts from 2688.5 to 2703.8 cm�1, the value of I2D/

IG increased from 0.38 to 3.82, and full width at half maxima

of 2D peak changes from 41 to 70 cm�1, for different layers

of graphene films. It was observed by the HRTEM image that

the graphene films prepared by 1 and 2 s arc time has single

and bi- or trilayered structures. Conclusively, it was demon-

strated that the FCVA technique has a great potential to grow

high quality and layer controlled graphene films on large

areas.
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