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Multilayer graphene synthesized using magnetron sputtering
for planar supercapacitor application
Mihnea Ioan Ionescu, Xueliang Sun, and Ben Luan

Abstract: This study reports the direct preparation of graphene-based films using magnetron sputtering of graphite target. The
nanomaterial was deposited at a low temperature of 620 °C on silicon wafers and on metallic foils including aluminum. The films
were used in fabrication of supercapacitors with a planar geometry. Electrochemical characterizations demonstrated that the
films produced showed nearly ideal electrical capacitive behavior. The maximum capacitance obtained from cyclic voltammetry
analysis was 325 F/g for a scan rate of 1 mV/s. The device is capable of delivering an energy density of 13.9 Wh/kg at a very high
power density of 50 000 W/kg for ultrafast scan rate of 1000 mV/s. The graphene nanomaterial electrode retains the electro-
chemical stability over a large number of charge-discharge cycles.
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Résumé : La présente étude décrit la fabrication directe de films à base de graphène à l'aide de la pulvérisation magnétron d'une
cible en graphite. Le nanomatériau a été déposé à basse température, soit 620 °C, sur des plaquettes de silicium et sur des feuilles
métalliques contenant de l'aluminium. Les films ont été utilisés dans la fabrication de supercondensateurs de forme géométrique
plane. Les caractérisations électrochimiques ont montré que les films produits présentaient un comportement électrique
capacitif presque parfait. La capacitance maximale obtenue par analyse voltammétrique cyclique était de 325 F/g pour
une vitesse de balayage de 1 mV/s. Le dispositif est capable de délivrer une densité d'énergie de 13,9 Wh/kg à une puissance
massique très élevée de 50 000 W/kg et pour une très grande vitesse de balayage de 1000 mV/s. L'électrode en nanomatériau de
graphène reste électrochimiquement stable pendant un nombre important de cycles charge-décharge. [Traduit par la Rédaction]

Mots-clés : nanomatériaux, graphènes, pulvérisation magnétron, supercondensateur.

Introduction
Nanostructured carbon materials, including nanotubes and

graphene sheets, have attracted tremendous interest over the past
few years because of their outstanding electrical and mechanical
properties.1–4 Graphene and few layer graphene sheets are atom-
thick layers of sp2 bonded carbon atoms that present large in-
plane conductivity, are lightweight, and have an enormous surface
area.5 Graphene-based films are expected to play an important
role in the development of portable electronics, power tools, hy-
brid electric vehicles, and grid support applications.6

A key factor for the industrial production of graphene is to
find cost-effective technologies that permit large area synthesis of
graphene at low temperatures. A low-temperature process is es-
sential for the silicon-based electronic industry, while direct syn-
thesis of graphenes on different substrate types and on materials
with a low melting point such as aluminum, glass, and plastics is
highly desirable.7

Up to now, two methods have been used to synthesize large area
graphene-based films: the oxidation and chemical reduction of
graphite8,9 and the thermal chemical vapor deposition (CVD) on
metal surfaces.10–12 The first method requires complicated liquid
waste treatments and time-consuming procedures, while the lat-
ter method is restricted to a high deposition temperature of
around 1000 °C. Plasma CVD is a versatile technique that offers
high reaction rates, short deposition times, and lower growth

temperatures compared with conventional thermal methods.
However, the previous studies have reported high temperatures
and high plasma discharge powers for graphene synthesis.13–15

Magnetron sputtering is a physical vapor deposition method
that relies on the bombardment by energetic ions of a target made
of the material to be deposited. The ions are primarily generated
by the ionization of a working gas under an applied voltage. Dur-
ing bombardment, the atoms of the target material are ejected
and then float and condense on a substrate that is placed on the
line of sight of the target.16 Unlike other methods, sputtering does
not involve chemical interaction among the species resulting
from the deposition process. The energy of the ejected atoms can
compensate traditional energy sources, such as heating, that are
required to promote the film growth and to improve its charac-
teristics. Sputtering can be used to deposit quality films at mod-
erate temperatures and even at room temperature. These factors
enable compatibility of the deposition method with a wide variety
of substrates and make sputtering a technology of choice for
various thin film applications. Nevertheless, few studies on nano-
structured carbon materials obtained using magnetron sputtering17–19

and even fewer for graphene synthesis20 have been reported so
far. To the best of our knowledge, studies of graphenes synthe-
sized using magnetron sputtering on silicon and metallic foils
have not been reported.

Herein, we report an efficient, rapid, low-cost, and scalable ap-
proach for the synthesis of multilayer graphene sheets by using
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magnetron sputtering of graphite target. The deposition was per-
formed at a temperature of 620 °C on different substrates includ-
ing aluminum foil.

The graphene-based films were used as electrodes in the fabri-
cation of supercapacitors with a planar geometry. The device ar-
chitecture offers an enhanced interaction of the electrolyte with
carbon layers, leading to a good utilization of the high specific
surface area offered by graphene films.21 These are reflected in an
excellent capacitive performance and stability over a large
number of charge–discharge cycles. The design has the potential
of full integration into the manufacturing process of printable
electronics and energy storage devices.

Experimental details

Synthesis of graphene
Graphene layers were synthesized by RF magnetron sputtering

(13.56 MHz) in a vacuum deposition system (model FLR-900H, Plas-
mionique Inc., Canada), using a pure carbon target (Kurt J. Lesker,
USA) with a diameter of 5.08 cm. Different substrates such as
silicon wafers (University Wafer, USA) and Cu, Ni, Al metallic foils
(Sigma-Aldrich, USA) were placed on a substrate holder heated
from below by an electronically controlled resistive heating ele-
ment. The temperature was measured and controlled using ther-
mocouples. The first thermocouple was placed in contact with the
substrate. The second thermocouple was placed under the sub-
strate holder and calibrated to indicate the temperature of the
substrate. This arrangement minimizes errors in temperature
reading when plasma is ignited. In a typical experiment, the sub-
strate was heated to 620 °C in argon atmosphere, after allowing
10 min for temperature equilibration. The argon gas was intro-
duced in the deposition chamber with a flow rate of 14 sccm
(standard cubic centimeters per minute) maintaining a pressure
of 2 Pa. The sputtering process was performed for 10 min, using an
RF plasma power of 100 W and a target to substrate distance of
150 mm. After deposition, the reactor was allowed to cool down
under vacuum before exposure to air.

Supercapacitor fabrication
Graphene films were transferred to polyethylene naphthalate

PEN substrates (Delta Scientific, Canada) after etching away the
copper foil in an aqueous solution of FeCl3 (1 mol/L) and washing
with deionized water (Fig. 1a). Capacitors were fabricated by
scratching the graphene layer with a blade to form two graphene
electrodes separated by a 0.7 mm gap, and painting the polymer
electrolyte over the graphene electrodes. The total area of gra-
phene exposed to electrolyte was 1.1 cm × 0.13 cm = 0.14 cm2. The
polymer electrolyte was prepared by adding poly(vinyl alcohol)
(PVA) and phosphoric acid (1.6 g) in deionized water (2 g PVA in

20 mL H2O) and stirring the mixture at 80 °C until a transparent
gel was obtained. The current collectors were finalized by paint-
ing electrical contacts over the graphene electrodes using a con-
ducting silver paste (Leitsilber 200 Silver Paint, Ted Pella Inc.,
USA). A prototype supercapacitor in a planar geometry based on
graphene current collectors and its schematic diagram are pre-
sented in Figs. 1b and 1c.

Characterization methods
The samples were characterized by Raman spectroscopy (Horiba

Scientific, LabRAM HR 800, with an incident laser beam of 532.4 nm)
without removing or etching the substrate. Field emission scan-
ning electron microscopy (FE-SEM, Hitachi S-4800, operating at an
accelerating voltage of 5 kV) was performed after the as grown
film was transferred to Si substrate. Cyclic voltammetry (CV) and
galvanostatic charge–discharge measurements were performed
using the electrochemical interface Solartron SI-1287. The specific
capacitance and cyclic stability of devices were evaluated in a
two-electrode configuration.

Results and discussion
The Raman spectra of carbon nanomaterial synthesised on

Si wafer and on metallic foils present four major peaks, repre-
senting D, G, 2D, and D+G bands (Fig. 2a). The peak, found at
�1587 cm−1 and referred to as the G band, corresponds to the
optical phonon modes of E2g symmetry in graphite and indicates
the existence of well graphitized graphene-based films.22,23 The
D band, positioned at 1343 cm−1 and the shoulder D=, found at
1610 cm−1 in the G band profile, are associated with the disordered
state of the sp2 hybridized material that could result from defects,
substitutional atoms, stress induced by the cooling process, finite
size, or orientation of graphene domains.24,25 While the D= band
cannot be observed in significantly disordered carbons such as
carbon black, it appears in the graphite-like carbon materials with
relatively low disorder, such as microcrystalline graphite and
glassy carbon.26 At higher wavenumbers, the spectra of all sam-
ples reveal the second order of Raman bands associated with
2D band around 2684 cm−1, and that of the D + G band at 2936 cm−1.
The presence of the D= band and of 2D and D+G combinational
Raman modes prove that the deposited film is formed by well-
oriented few-layer graphene domains.27

The general aspect of the Raman spectra of graphene films
grown on Si wafers and on metallic foils presents the same char-
acteristics regardless of substrate used for nanomaterial synthesis.
The spectra present no major shifts of the main peaks or dramatic
differences in the intensity ratio ID/IG of the D and G bands, which
estimate the concentration of defects in graphene.

Fig. 1. (a) Photograph of graphene-based film floating on deionised water after etching away the substrate. (b) Prototype of the planar
supercapacitor and (c) the schematic diagram of the device.
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These observations suggest that the process of graphene forma-
tion differs from the growth mechanism of graphene on metal
substrates, especially for nickel and copper substrates. For these
materials the mechanism is based on graphene segregation on the
metallic surface realized at high temperatures and is determined
by the carbon solubility in the metal substrates.28

Although our study does not focus on the growth mechanism of
graphene synthesized by magnetron sputtering, the process could
be related to the growth mechanism proposed by Hiramatsu
et al.29 Their study suggested that carbon species condense to
form nano-islands that develop into nano-flakes with disordered
orientation and eventually grow into a continuous wall-like struc-
ture. A similar growth mechanism could be attributed to this
study, since no metal catalyst has been used. For magnetron sput-
tering of carbon on heated substrates, carbon clusters are formed
during the transport of sputtered atoms from the target zone to
the substrate. When in contact with the heated substrate, the
carbon clusters rearrange and form the graphene domains on
the substrate surface with less influence from the substrate type.
The size and the number of such clusters could be strongly depen-
dent on the collision frequency and transport time. These factors
are influenced by different growth parameters, such as deposition
pressure, plasma power, flow rate of the carrier gas, and distance
of substrate from target. In addition, the quality of graphene
could be improved by increasing the substrate temperature. How-
ever, even at low temperatures, graphene can be obtained on
different types of materials and on substrates with low melting
points, such as aluminum. Further elaboration to find details in
the mechanism of graphene formation using magnetron sputter-

ing of carbon on heated substrates is under investigation by our
group. More experiments are also required to find the optimum
atmosphere for growing high-quality graphene films. Although
graphene can be grown using argon gas alone, the addition of
hydrogen during the synthesis process is expected to improve the
quality of the films, because hydrogen is known to selectively etch
amorphous carbon defects.30,31

Raman spectra and SEM imaging have revealed almost identical
characteristics for all samples regardless of material substrate.
Due to these strong similarities, the following characterizations
were conducted only for samples obtained on copper foil. The
material obtained after etching away the foil has been transferred
to Si wafers for observations. The film is uniformly deposited over
large scale-lengths and can be scratched out of the substrate with-
out destroying the film (Fig. 2b). The material exhibits crumpled
and folded features typical to two-dimensional carbon nano-
sheets. At high magnification it is observed that the film is with-
out visible defects or voids and is approximately 3 nm in thickness
(Fig. 2c).

The graphene-based films obtained from etching away the Cu
foil were transferred to flexible PEN substrates and used in the
fabrication of supercapacitors with a planar geometry. Using a
polymer gel electrolyte over the graphene electrodes facilitates
the electrolyte to interact with graphene layers and to take advan-
tage of their high surface area. The final devices based on planar
architecture are robust, lightweight, thin, transparent, flexible,
and can be realized using only printing techniques.

The electrodes of graphene have a total exposure area of 1.1 cm ×
0.13 cm = 0.14 cm2 and a measured mass of 0.107 �g determined
by finding the mass (40.5 �g) of a graphene film with an area of
54 cm2. The specific geometrical area of graphene electrodes of
133 m2/g was evaluated from the mass and the geometrical area
of electrodes. The number of layers in the graphene-based film used
as electrode can be calculated knowing that the geometrical area
of one graphene layer is 1310 m2/g.32 Therefore, the graphene
based electrode has N = 1310 m2/g/133 m2/g = 9.8�10 layers.

The electrochemical performances of the graphene-based de-
vices were studied using cyclic voltammetry and galvanostatic
charge–discharge. The CV scans were conducted in the range of
0–1 V at various scan rates from 1 to 1000 mV/s (Fig. 3a). The
profiles of the CV curves are close to rectangular shape even at the
ultrafast scan rate of 1000 mV/s, indicating the formation of an
efficient capacitor with good electrical conductivity and fast elec-
trolyte transfer to electrode. This behavior indicates good perfor-
mances for fast charge–discharge applications.33 The capacitance
of the film was calculated from the CV curves according to the
equation Cs = (�i·dV)/m·�V·S, where Cs is the specific capacitance,
�i·dV is the integral area of the CV curve, m is the mass of active
material, �V is the potential range, and S is the scan rate. Figure 3b
shows the variation of the specific capacitance as a function of
scan rates.

Graphene-based films retain 70% of their capacitance when the
scan rate was increased from 1 to 100 mV/s and more than 50% for
ultrafast scan rate of 500 mV/s. This suggests a good contact be-
tween the electrolyte and the active material and a good utiliza-
tion of the high surface area offered by the graphene layers.21

The energy density E = Cs·(�V)2/2 and power density P = E/t, were
calculated at each scan rate, knowing that Cs is the specific capac-
itance, �V is the potential range, and t is the time to charge or
discharge. For a low scan rate S = 1 mV/s, the energy density is
44.4 Wh/kg at a power density of 160 W/kg. For fast scan rate S =
1000 mV/s, the capacitor presents very good performances, being
capable of delivering an energy density of 13.9 Wh/kg at a very
high power density of 50 000 W/kg.

Galvanostatic charge–discharge curves were obtained at con-
stant current densities of 1, 2.5, 5, and 10 A/g (Fig. 3c). The charge–
discharge curves are close to a triangular shape with the discharge
curves nearly symmetric with their corresponding charge coun-

Fig. 2. (a) Raman spectra of carbon nanomaterial synthesised
on different substrate types. Representative SEM images of carbon
nanomaterial at (b) low magnification and (c) high magnification.

162 Can. J. Chem. Vol. 93, 2015

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
7/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



terparts, confirming good charge propagation across the gra-
phene film electrodes and good electrochemical reversibility.34

The planar supercapacitor shows essentially negligible capaci-
tance degradation after 5000 cycles (less than 5%), confirming that
graphene nanomaterial retains good stability over a large number
of charge–discharge cycles.

Conclusion
In conclusion, we present a simple method for fabricating

graphene-based films at low temperatures on different substrates.
The films were used in the fabrication of supercapacitors with a
planar geometry, which efficiently facilitates the access of electro-
lyte ions in the active graphene material. Cyclic voltammetry
analysis indicates a maximum capacitance of 325 F/g for 1 mV/s
scan rate. At a very high power density of 50 000 W/kg and fast
scan rate of 1000 mV/s, the device delivered an energy density
of 13.9 Wh/kg. The graphene-based electrodes have an excellent
electrochemical stability over a number of 5000 charge–discharge
cycles.

The simple graphene-based capacitor architecture combined
with the economical magnetron sputtering deposition method
has the potential to lead to development of a new class of print-
able, flexible, and lightweight charge storage devices.
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