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Graphene is typically grown using thermal chemical vapor deposition (CVD) on metallic substrates
such as copper and nickel at elevated temperatures above 1000 °C. The synthesis of large-area
graphene at low temperature is highly desirable for large volume industrial production. In this
paper, the authors report a remote plasma-assisted CVD graphene synthesis at a reduced temperature of 600 °C in a relatively shorter duration of 15 min. Scanning electron microscopy reveals
the formation of large graphene crystal with an approximate size of 100 × 100 μm2 over the entire
2 × 10 cm2 surface of copper foil substrates. Raman spectra recorded for graphene grown at 600 °C
show the presence of a graphene characteristic “2D” peak, attesting to the formation of graphene.
The results show that it is possible to grow horizontal graphene at low temperatures and transfer it
to ﬂexible polyethylene terephthalate substrates. The utility of the synthesized graphene is ascertained through the successful fabrication of a ﬂexible graphene-based electrochemical sensor for the
detection of glucose concentration. The present research will have a direct impact on ﬂexible wearable biosensors. Published by the AVS. https://doi.org/10.1116/1.5093241

I. INTRODUCTION
One of the most signiﬁcant discoveries of the 21st
century is the successful isolation of one-atomic layer thick
2D carbon (graphene) from graphite.1 Due to its unique 2D
structure, graphene demonstrates high charge carrier mobility
at room temperature that exceeds 2.0 × 105 cm2 V−1 s−1 (more
than 100 times that of silicon)2 with high thermal conductivity
of about 5000 W/mK. Besides that, graphene is also about
98% optically transparent in the visible wavelength band,3
which makes it ideal for optical devices. In addition, graphene
acts as an excellent substrate for the immobilization of biomolecules which could improve the long-term stability of biosensors.4 Therefore, coupled with its wonderlike properties,
graphene is a highly attractive material for the development of
biosensors with enhanced sensitivity and selectivity.
The method for growing graphene has improved signiﬁcantly over the years.5 The very ﬁrst sample of graphene
was isolated from graphite using a mechanical exfoliation
method which used a scotch tape to repeatedly stick and pull
apart the graphite layers.6 This method is novel but slow and
could only yield small ﬂakes of graphene of random layers
which may have either very limited or no practical uses.
Nonetheless, it demonstrated the possibility of creating 2D
graphene and allowed researchers to report on its excellent
electrical properties. Since then, many modern methods such
as mechanical cleaving, chemical exfoliation, chemical
synthesis, and thermal chemical vapor deposition (CVD)
have been widely reported for the synthesis of graphene.7,8

Among these, CVD is the conventional method for largescale synthesis of high-quality graphene.9
The major challenge of using a pure CVD process for graphene synthesis is that it requires very high temperature
(>1000 °C) to catalyze the reaction and a signiﬁcantly long
synthesis duration.10,11 Alternatively, by utilizing plasma
enhanced CVD (PECVD), the growth of the graphene has
been realized at a lower processing temperature of around
700 °C with a relatively reduced growth duration.12–14 The
use of nonthermal plasma (with electron temperature much
higher than ion/gas temperature) facilitates the efﬁcient production of carbon radicals through the electron impact dissociation of carbon precursor feed resulting in graphene
synthesis at a lower temperature.15 The conventional PECVD
method involves the placement of substrates within the
plasma volume which mostly results in the growth of vertical
graphene16 on the substrates due to a high electric ﬁeld
caused by plasma sheath formation.
In this paper, we report the use of a remote-plasma CVD as
a method for large-area horizontal graphene synthesis, wherein
the heated reaction chamber is separated and placed downstream from the plasma generation region. We demonstrate the
remote plasma-based synthesis of large-area graphene at a
reduced temperature as low as 600 °C and successful use of
this graphene for electrochemical glucose sensor.

II. EXPERIMENTAL SETUP AND METHODOLOGY
A. Graphene synthesis at low temperature
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The schematic diagram of the integrated remote-plasma
CVD setup is shown in Fig. 1. It may be noted that the
feed gas ﬁrst passes through the capacitively coupled radio
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measurements are noninvasive and can provide an estimation
of the plasma temperature by examining the wavelengths of
photons emitted by atoms or molecules during their transition from an excited state to a lower energy state.18 The OES
was done using a spectrometer (Ocean Optics, USB 4000
vis-NIR), and the spectrum of a CH4/H2 plasma at an RF
power of 100 W is shown in Fig. 2. The plasma temperature
is then calculated from the spectra using the line ratio
method, assuming that the plasma is in local thermal equilibrium and that the spectra are optically thin.19 The intensity of
the spectral line is given by20
Iij ¼
FIG. 1. Schematic diagram of the remote plasma-assisted CVD setup.

frequency (RF) plasma region before proceeding into the
well-separated heated CVD reaction chamber placed downstream. Prior to growth, copper (Cu) foil (MTI Corporation),
with a thickness of approximately 25 μm, is trimmed to
10 × 2 cm2 large pieces to be used as the growth substrate.
The Cu substrates are then cleaned with acetone (in sonication bath) and washed with de-ionized (DI) water, followed
by a second cleaning with isopropyl alcohol (in sonication
bath) and DI water wash to thoroughly remove any native
oxide or surface containments. The cleaned substrate is then
placed within a 40 mm diameter horizontal quartz tube
which serves as the CVD reaction chamber and a 30 cm long
ceramic heater is positioned with the copper substrate at its
center to ensure uniform heating across the substrate. Next,
the quartz tube is sealed and evacuated to the base pressure
of below 10−2 mbar, after which hydrogen (H2) gas is introduced at a ﬂow rate of 2 standard cubic centimeters per
minute (sccm). In order to improve the quality of the deposited material, the surface of the Cu foil is etched17 by raising
to a reactor chamber temperature to about 1040 °C for 15 min.
Thereafter, the temperature of the reaction chamber is reduced
to and controlled at 1000, 800, 600, and 400 °C, respectively,
to investigate the lowest deposition temperature. Once the
desired reactor chamber temperature is achieved, methane
(CH4) gas is introduced at 10 sccm ﬂow rate into the reaction chamber and at the same time, the capacitively coupled
remote plasma is switched on using a 13.56 MHz RF power
supply at 100 W. After 15 min, the methane supply and the
RF power supply are turned off and the reaction chamber
is rapidly cooled down to room temperature under the ﬂow
of H2.

hcAij gj n (Ej =kT)
e
,
λij U(T)

(1)

where Iij and λij are the intensity and wavelength corresponding to transition from i to j, respectively, h is
Planck’s constant, c is the speed of light, n is the number
density of emitting species, U(T) is the partition function,
Aij is the transition probability between level i and j, k is
Boltzmann’s constant, T is the excitation temperature, gj is
the statistical weight of upper energy level, and Ej is the
upper energy level in eV unit.
Taking the intensity ratio of two spectral lines of the
same species and ionization stage, the line ratio can be
expressed as
I1
g1 A1 λ2 [(E1 E2 =kT)]
¼
e
,
I2
g2 A1 λ1

(2)

where I is the intensity, g is the statistical weight, A is the
transition probability, λ is the wavelength, E is the energy of
excited state in eV, and k is Boltzmann constant.
The electron temperature of the hydrogen plasma can then
be estimated from the corresponding Hα and Hβ spectral
lines as shown in Fig. 2. The plasma temperature at 100 W
RF power was found to be 1.38 eV, and distinct lines were
found in the 386–390 and 430–435 nm range corresponding
to the CH species found in the plasma which was not present
when the spectrum was captured in 100% H2 environment.

B. Optical emission spectroscopy

The plasma parameters such as the electron temperature
have a signiﬁcant inﬂuence on the quality of the graphene
synthesized using PECVD. Since the plasma parameters are
governed by the physical parameters, it is necessary to quantify these parameters (for example, the dimensions of the
quartz tube, electrode space, gas used, RF power, etc.) to
ensure the repeatability of the experiment. Optical emission
spectroscopy (OES) is preferred in this study since the
J. Vac. Sci. Technol. B, Vol. 37, No. 4, Jul/Aug 2019

FIG. 2. Captured optical emission spectrum of the plasma formed in a
mixture of H2 with CH4 environment.
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FIG. 3. Graphene transfer process steps using the wet chemical etching
method.

C. Graphene transfer process

The deposited graphene is then transferred from the Cu
foil substrate onto a silicon (Si) substrate for characterization
studies using the wet chemical etching method schematically
presented in Fig. 3. A 1.4 μm thick layer of polymethyl
methacrylate (MicroChem, 950 PMMA A7) is ﬁrst spincoated on top of graphene/copper at 1000 rpm for 45 s and
baked at 160 °C for 4 min to fully cure. The PMMA layer
protects the graphene layer from breaking apart during the
later etching steps.21,22 The Cu layer, which is approximately
25 μm thick, is then etched from the underside by ﬂoating
the PMMA/graphene/copper stack on an FeCl3 solution.
After 15–30 min, Cu is completed etched, leaving behind the
PMMA/graphene stack. The PMMA/graphene stack is then
carefully transferred to a DI water bath to rinse off any residual FeCl3 solution. This is repeated multiple times and an Si
substrate is used to pick up the PMMA/graphene stack. The
obtained PMMA/graphene/Si stack is then kept in an oven at
50 °C for about 8 h to remove any moisture caught between
the graphene and Si interface and to improve the adhesion of
graphene on Si. Lastly, an acetone bath is used to remove the
PMMA layer leaving behind only the graphene layer on the
surface of the Si substrate.
III. RESULTS AND DISCUSSION
A. Raman spectroscopy

After transferring the graphene onto the Si substrate,
Raman spectroscopy is used to investigate the quality of the
graphene and the respective Raman spectra of the graphene
deposited at different temperatures are shown in Fig. 4(a).
The presence of the “2D” peak (2500–2800 cm−1 band)23
conﬁrms the ability of remote-plasma CVD method to synthesize graphene at temperatures as low as 600 °C. However,
the “2D” peak is not observed for the 400 °C sample. The
presence of “D” peak (∼1350 cm−1 band)24 in the graphene
grown using remote plasma-assisted CVD also indicates the
presence of disordered carbon in graphene.
Figure 4(b) shows magniﬁed Raman spectra in the range
of 1500–1700 cm−1 with the splitting of “G” peak into “G”

FIG. 4. (a) Raman spectra of the deposited material at various temperatures,
(b) magniﬁed view of the “G” and “D” band, and (c) plot of the relative
intensity of the “G” band with respect to the “D” and “2D” band.

(∼1580 cm−1) and “D0 ” (at a higher wavenumber of about
1620 cm−1) Raman peaks. The presence of “D0 ” peak is
attributed to (i) strained graphene25 and (ii) disordered graphene due to the presence of defects and edges.26 The intensity of “D0 ” peak is highest in the sample synthesized at
1000 °C and lowest in the sample synthesized at 600 °C indicating the least defects in 600 °C sample. A shift in the “G”
peak position to higher wavenumber value with increasing
growth temperature is also indicative of the greater number
of graphene layers. The higher temperature, coupled with
plasma, causes accelerated reaction rates and excess amounts
of activated carbon and these two factors resulted in the formation of multilayer graphene with more defects and disorder.
The ID/IG and I2D/IG ratios for the remote-plasma CVD
grown graphene at different temperatures are shown in
Fig. 4(c) and can be used to assess the level of disorder in
graphene and the number of layers. A smaller ID/IG ratio
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indicates a lower level of disorder, which suggests that the
800 °C sample has the least disorder. The number of graphene layers can be estimated from I2D/IG where a value
greater than two corresponds to high-quality monolayer graphene while a value lower than two would indicate multilayer graphene formation. Since the I2D/IG ratio for all the
samples is less than two, we can conﬁrm that the graphene
deposited using the remote plasma-assisted method is indeed
multilayered.
Raman mapping of an area of approximately 35 × 25 μm2
is performed on the 1000 °C graphene sample to conﬁrm
that the graphene has been successfully transferred onto the
surface of the Si substrate without any visible discontinuities
or cracks. Figure 5(a) shows the Raman map of the center
region of the Si substrate after the graphene transfer process
where the ratio of the characteristic graphene “2D” peak to
its baseline value is represented by the scale bar on the left.
The signal can be clearly observed throughout the entire
region which suggests that most of the graphene has been successfully transferred to the substrate. To further certify the
assertion made, Raman mapping was repeated near the graphene edge, refer to Fig. 5(b), where the lower region is the
graphene layer while the upper region is uncovered Si. The
region without any graphene does not have the characteristic
“2D” peak, hence, it is dark in color. This suggests that
Raman mapping is a sensitive and useful method to quickly
conﬁrm the successful transfer of graphene on a large area.
Using the similar wet chemical etching method as
described in Fig. 3, graphene was also successfully transferred to another substrate, polyethylene terephthalate (PET)
(Autotex, MacDermid Ltd.). Figure 6 shows the respective
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FIG. 6. Raman spectra of the surface of the PET substrate before and after the
graphene transfer. The characteristic graphene “2D” peak is indicated by the
boxed region.

Raman spectra of the PET surface, before and after the graphene transfer process. This demonstrates the successful
transferring of graphene on ﬂexible substrates for the future
development of graphene-based ﬂexible wearable devices.
Additionally, the good biocompatibility of these materials
also makes them suitable for biomedical applications such as
biosensors27 or lab-on-a-chip devices.28
To validate the effect of plasma on the graphene growth,
conventional thermal CVD without plasma was also used to
synthesize graphene. Figure 7 shows the Raman spectrum of
the deposited material using thermal CVD without any plasma.
At 1000 °C, graphene was grown and transferred successfully
on silicon substrates; however, at 800 °C, there is no detectable graphene synthesis for conventional thermal CVD.
Therefore, this proves that the successful low-temperature
graphene synthesis is indeed due to the effect of the plasma.
B. Scanning electron microscopy

FIG. 5. (a) Raman spectroscopy color mapping of the (a) middle portion of
the substrate surface and (b) edge of graphene after the transfer process
(color scale corresponds to the ratio of the intensity of the “2D” peak to its
baseline value).
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The morphology and size of graphene crystals of the
deposited graphene on copper foil observed using scanning
electron microscopy (SEM) are shown in Fig. 8. For the
1000 °C sample, there is overcrowding of particles on top of
the graphene ﬂakes which could be attributed to the oversourcing of the carbon radical due to both plasma dissociation
and large CVD reaction chamber temperature. The 800 °C
sample shows uniformly distributed large graphene crystallite
ﬂakes (∼100 × 100 μm2), with no overcrowding. At 600 °C,
the results are similar to the 800 °C sample. However, for the
400 °C sample, the deposited carbon seems to be very different with the observation of particles and netlike features on
the substrate; the large-sized graphene ﬂakes/sheets are not
observed to form at this temperature.
In order to investigate the spatial uniformity of the graphene ﬂakes/sheets along the direction of the gas ﬂow, the
SEM measurement is repeated at different regions of the Cu
foil (see supplementary material30 for the SEM images at different locations). The results showed that the size of the graphene ﬂakes/sheets is consistent for all the sample regions,
which suggest that the graphene ﬂakes/sheets are uniform
throughout the entire Cu foil. Therefore, there is potential to
scale up this method for large area deposition of graphene.
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FIG. 7. Raman spectra of the deposited material from thermal CVD at 1000
and 800 °C.

C. Glucose biosensing

A graphene-based electrochemical biosensor was fabricated to demonstrate the potential of using the remote
plasma-assisted synthesized graphene for glucose sensing.
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First, the graphene was synthesized at 600 °C using the
remote-plasma CVD method and transferred onto a PET
substrate. Next, two metal contact pads, at a distance of
5 mm apart, were fabricated over the graphene surface.
The graphene surface was then cleaned thoroughly by
soaking the substrate in a DI water bath for about 8 h. Next,
the substrate is placed in a solution containing a concentration
of 1 mg/dl of glucose oxidase (GOx, Sigma-Aldrich) for
10 min to allow the immobilization of GOx on the graphene
surface. This would be used as a biorecognition molecule for
the label-free detection of glucose in a sample ﬂuid. After
the graphene surface is functionalized with GOx, a direct
current source is applied across the graphene via the metal
pads, while the corresponding voltage is measured. The measurement is repeated by adding two different concentrations
of β-D-glucose (Cayman Chemical), and the resulting I–V
curves are shown in Fig. 9(a).
From the I–V curve, the resistance of the graphene can be
obtained by linear curve ﬁtting and the resulting relationship
between the glucose concentration and resistance is shown in

FIG. 8. SEM images of the surface of the copper substrate at (a) 1000 °C, (b) 800 °C, (c) 600 °C, and (d) 400 °C deposition temperatures.
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the carbon precursor feedstock to lower the temperature
further for graphene synthesis through remote plasma-assisted
technique. Potentially, graphene can be directly deposited on a
ﬂexible and stretchable substrate which is useful for the development of wearable electronics of the future.
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FIG. 9. (a) I–V characteristic curves of the graphene with varying glucose
concentration and (b) the change in measured resistance across the graphene.

Fig. 9(b). The resistance when only GOx is present with no
glucose is estimated to be 7.66 kΩ. The resistance decreased
to 6.31 kΩ in the presence of 100 mg/dl of glucose and
further decreased to 4.92 kΩ when the glucose concentration
is increased to 200 mg/dl. The reduction of the resistance can
be attributed to the improvement to the electron-transfer rate
across the surface of the graphene. This is because the GOx
would hydrolyze the glucose contained in the sample ﬂuid
which produces H+ ions.29 The free electrons generated from
this process are then transported to the contact pads which is
detected as a change in the measured resistance across the
biosensor. This allows us to establish the relation between
the concentration of the glucose solution and the measured
resistance across the graphene which suggests that the developed graphene-based electrochemical biosensor can be
useful for label-free glucose sensing.
IV. SUMMARY AND CONCLUSIONS
Low-temperature remote plasma-assisted CVD method has
been demonstrated for the growth of large-area horizontal graphene in a short duration of 15 min. SEM and Raman result
successfully demonstrate the large area graphene growth with
an average crystal size of approximately 100 × 100 μm2 even
at 600 °C. A graphene-based biosensor has also been fabricated and demonstrated experimentally. It is envisioned that
this method could prove to be promising for the direct synthesis of graphene on other substrates with a low melting point.
However, further work is necessary to optimize the plasma
parameters such as the pressure, power, and concentration of
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