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ABSTRACT: Gold is normally considered inert to chemical
reaction. Nevertheless, as a common electrode material, it would
suﬀer from corrosion when exposed to certain solutions such as
sweat and body ﬂuids. Here, we report low-temperature plasmaenhanced chemical vapor deposition (PECVD) of graphene on
gold and demonstrate its feasibility for anticorrosion application.
The eﬀects of hydrogen-to-methane ratio and the underlying gold
substrate on the graphene growth are investigated, and the growth
mechanism of PECVD graphene on gold is proposed. When
immersed in an oxygenated saline solution, the PECVD-grown
graphene-covered gold surface is found to remain intact after an
acceleration soaking test at 90 °C for 24 h, which is in contrast to the degradation of bare gold surface subject to the same test. Our
ﬁndings suggest that consumer/medical wearables and implantable devices with exposed gold can beneﬁt from the protection of a
direct, low-temperature PECVD-grown graphene layer for anticorrosion, thereby prolonging the eﬃcacy and reliability of gold
electrode-based biosensors.
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1. INTRODUCTION
Since the ﬁrst successful isolation of monolayer graphene, its
unique electronic, optical, and mechanical properties have
stimulated a wide range of research activities and applications.
Early works of graphene production rely on mechanical
exfoliation,1 which is not scalable for real-world applications.
To date, chemical vapor deposition (CVD) is one of the
common approaches for large-scale graphene synthesis.
Typically, it involves both metallic substrates, such as Ni2
and Cu,3 and high growth temperatures to facilitate the
dissociation of hydrocarbon precursors for graphene formation.4 Besides Ni and Cu, other transition metal substrates
such as Co,5 Pt,6 Au,7,8 and Ru9 have been demonstrated for
CVD graphene growth.
Gold has been widely adopted in biosensors for its
biocompatibility and in ﬂexible electronics for its ductility.10−12
Despite the common perception that gold is chemically inert
for use as electrochemical electrodes, it is still prone to surface
oxidation or corrosion.13,14 Graphene-coated metals have been
shown to exhibit enhanced resistance to oxidation,15 while
graphene on gold has been demonstrated to stabilize the Au
electrodes for electrochemical application.16 In addition,
graphene coverage on gold could enhance the detection
sensitivity of DNA molecules compared to bare gold
electrodes.17 Therefore, graphene could enable versatile
applications of gold.
© XXXX The Authors. Published by
American Chemical Society

In terms of the growth temperature, CVD graphene growth
commonly operates at a temperature near the melting points of
the metal foils, which is prone to induce contamination due to
evaporated metal and aged quartz furnace.18 In addition, hightemperature processes would damage substrates that involve
polymeric or temperature-sensitive materials, thus limiting
their suitability to applications requiring ﬂexible materials.19
Several approaches have been proposed to lower the graphene
growth temperature for thermal CVD. For instance, Jang et
al.20 reported the use of a benzene precursor to reduce the
graphene growth temperature to 100 °C, while Fujita et al.21
demonstrated a near-room temperature graphene growth
through liquid metal nucleation. However, these approaches
generally involve complicated preprocessing steps that are not
compatible with industrial processes for large-area scalable
production.20−22
On the other hand, plasma-enhanced CVD (PECVD) is a
scalable process that could enable low-temperature graphene
growth. PECVD relies on plasma to create reactive species to
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Figure 1. Schematic of the substrate structure along with the subsequent PECVD graphene growth.

Figure 2. (a) Graphene (lighter blue) transferred onto a SiO2/Si substrate (darker blue) after its growth on Au/Ti/SiO2/Si. The scale bar is 1 cm.
(b) Raman spectra of PECVD-grown graphene on Au/Ti/SiO2/Si under diﬀerent H2/CH4 growth conditions. (c) Intensity ratios I(D)/I(G) and
I(D)/I(D′) extracted from (b). (d) Calculated strain of graphene on Au from eq 2.
above a Ti layer of 10 nm thickness, both deposited on a SiO2/Si
substrate with a SiO2 thickness of 285 nm via an electron-beam (ebeam) evaporator. Prior to metal deposition, the SiO2/Si wafer was
cleaned with the piranha solution, which was a mixture of
H2SO4:H2O2 with a 3:1 volume ratio.
2.2. PECVD Graphene Growth. Prior to the PECVD graphene
growth, the quartz tube and sample holders were cleaned with O2
plasma and H2 plasma. The plasma system consisted of a microwave
generator ﬁxed at 2.45 GHz and an Evenson cavity. Before plasma
ignition by a high-frequency coil, CH4 and H2 gas were introduced
into the quartz tube by mass ﬂow controllers, and the total pressure
was set at 750 mTorr, which was controlled by a throttle valve. Here,
we deﬁne H2/CH4 as the ratio of the H2 gas ﬂow to the CH4 gas ﬂow.
The plasma power was set at 10 W for 5 min and the samples were
left to cool down with the gas ﬂow continued after the plasma was
turned oﬀ. Through plasma heating, the temperature during graphene
growth was about 120 °C. To transfer the graphene grown on Au/Ti/
SiO2/Si to a SiO2/Si substrate, polymethyl methacrylate (PMMA)
was spin-coated on the graphene-covered Au/Ti/SiO2/Si substrates
followed by gold etching via a gold etchant (TFA, Transene).
Subsequently, the transferred graphene on SiO2/Si was soaked in
acetone for PMMA removal.
2.3. Characterization. After growth, Raman spectroscopy was
conducted to conﬁrm the graphene growth and graphene quality. The
spectra were collected with a Raman spectrometer (InVia, Renishaw)
with 514 nm laser. Surface morphology was characterized by atomic
force microscopy (AFM, Bruker Dimension Icon) under the
PeakForce tapping mode and scanning electron microscopy (SEM).
XPS (Surface Science Instruments MProbe ESCA) with an Al Kα Xray source and a hemispherical energy analyzer using a pass energy of

lower the required growth temperature. Growth temperature
ranging from 160 to 700 °C has been reported for PECVD
graphene synthesis on various substrates.19,23−25 Considering
the aforementioned advantages of Au and graphene, as well as
the increasing interest in ﬂexible or smart wearable electronics
with gold electrodes,26−29 it is highly desirable to ﬁnd a
method for graphene growth on gold under low temperature.
In this work, we demonstrate the feasibility of direct growth
of graphene on gold thin ﬁlms by PECVD at low temperature.
Raman spectroscopy and direct transfer of graphene onto SiO2
conﬁrm the successful growth of graphene. X-ray diﬀraction
(XRD) studies further reveal that the crystallinity of gold thin
ﬁlms improves after the PECVD graphene growth process. A
growth mechanism of PECVD graphene on Au is proposed
based on studies of X-ray photoelectron spectroscopy (XPS)
and cross-sectional annular dark-ﬁeld scanning transmission
electron microscopy (ADF-STEM) of the PECVD-grown
samples. Finally, with accelerated soak testing (AST), we
demonstrate excellent anticorrosion performance of graphene
on Au. Therefore, our work demonstrates the feasibility of lowtemperature direct growth of graphene on gold by PECVD for
anticorrosion, paving ways to scalable smart medical
applications based on PECVD-grown graphene on gold.

2. EXPERIMENTAL SECTION
2.1. Substrate Preparation. As shown in Figure 1, the Au
substrate in this work consists of a Au thin ﬁlm of 30 nm thickness
B
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Figure 3. AFM height images and PeakForce error images of the sample surface (a,d) before PECVD, (b,e) after PECVD graphene growth at H2/
CH4 = 0.2, and (c,f) after PECVD graphene growth at H2/CH4 = 2. Here, the scale bar represents 200 nm.
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25 eV was used to characterize the chemical change after PECVD.
The instrument work function was calibrated with respect to Au 4f7/2.
ADF-STEM images were acquired by aberration-corrected JEOL
ARM-200F under 200 kV accelerating voltage. XRD was performed
with PANalytical X’Pert PRO with Cu Kα radiation. AST was
conducted by immersing the samples of graphene grown on Au/Ti/
SiO2/Si and controlled samples of Au/Ti/SiO2/Si without graphene
into a saline solution (with 0.9% NaCl) for 24 h at 90 °C. The sample
edges were sealed with epoxy to prevent from potential reaction of the
saline solution with the underlying Ti layer from the edges.

L (nm) =

(1)

where L represents the interdefect distance or the graphene
grain size and Elaser = 2.41 eV. Using this formula, the graphene
grain size was estimated to be ∼6 nm. Although the grain size
was not ideal, we found that bilayer graphene with a full
coverage over the underlying gold surface could still provide
excellent passivation for gold to be elaborated later in this
section. This ﬁnding may be attributed to the small interlayer
spacing of bilayer graphene (<0.35 nm), which eﬀectively
prevented most ions from diﬀusing through the graphene
layers to reach the gold surface.
In contrast, the I(D)/I(D′) ratio was consistently between 6
and 7 for all H2/CH4 values investigated, which implied
primarily vacancy defects in the PECVD-grown graphene on
Au.31
Quantitatively, the amount of biaxial strain of graphene
grown on Au could be derived through the use of the following
formula34

3. RESULTS AND DISCUSSION
Figure 2a shows the optical micrograph image of a graphene
sample transferred onto a SiO2/Si substrate, indicating that
graphene had fully covered the Au/Ti/SiO2/Si substrate of 1 ×
0.5 cm2 despite a short growth time. The Raman spectra of
PECVD-grown graphene on Au under diﬀerent H2/CH4 ratios
in Figure 2b further conﬁrm the ﬁnding of successful graphene
growth: The existence of the characteristic Raman modes of
graphene (i.e., the D, G, D′, and 2D peaks) clearly indicated
successful low-temperature growth of graphene on Au.
Speciﬁcally, the distinct 2D peak suggested that our PECVD
growth process provided signiﬁcantly better graphene crystallinity than the thermal CVD method, and the latter led to a
barely visible 2D peak for a growth temperature of 850 °C.7
Ani et al.30 pointed out that the carbon solubility in metal is
related to the catalytic activity for hydrocarbon dissociation.
The carbon solubility of Au is 0.01%, which is signiﬁcantly
smaller than that of Cu (0.04%) so that CVD growth of
graphene on Au is expected to be more diﬃcult than on Cu,
consistent with experimental observation.
To further characterize the PECVD-grown graphene on Au,
we note that the quality of graphene and its defect types can be
inferred from Raman spectroscopic studies through analyzing
the intensity ratio of D to G peaks (I(D)/I(G)) and that of D
to D′ peaks (I(D)/I(D′)), respectively.31,32 As shown in
Figure 2c, the I(D)/I(G) ratio decreased with increasing H2/
CH4, which could be attributed to increasing hydrogen radicals
that facilitated eﬃcient etching of defective graphene.33 The
quality of the synthesized graphene can be estimated by the D/
G ratio through the relation32

ε=

Δω
2ω0γ2D

(2)

where Δω denotes the diﬀerence between the Raman shift of
the 2D band measured directly on the Au/Ti/SiO2/Si growth
substrate and that measured on the same sample after
transferred to a SiO2/Si substrate, ω0 is the unstrained (i.e.,
after transferred to a SiO2/Si substrate) Raman shift of the 2D
band, and γ2D = 3.15 is the Grüneisen parameter of the 2D
band.34 The strain values thus derived from using eq 2 for
diﬀerent H2/CH4 ratios are summarized in Figure 2d, which
reveal that graphene was compressively strained after direct
growth on Au and that the compressive strain became relieved
after being transferred to a SiO2/Si substrate. This ﬁnding is in
agreement with the previous observation reported by Oznuluer
et al.7
The decreasing magnitude of compressive strain with
increasing H2/CH4 as shown in Figure 2d may be attributed
to the morphology change illustrated in Figure 3 for images
taken using an atomic force microscope. Here, both the height
images (Figure 3a−c) and the PeakForce error images (Figure
C
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Figure 4. XPS C 1s spectra of the graphene samples after the PECVD process under the growth condition with (a) H2/CH4 = 0.2, (b) H2/CH4 =
1, (c) H2/CH4 = 1.5, and (d) H2/CH4 = 2.

Figure 5. ADF-STEM images at a lower magniﬁcation (top row) and higher magniﬁcation (bottom row) of (a,f) reference sample without the
PECVD process and samples after the PECVD process with the growth condition of (b,g) H2/CH4 = 0.2, (c,h) H2/CH4 = 1, (d,i) H2/CH4 = 1.5,
and (e,j) H2/CH4 = 2. Here, “PL”, “Gr”, and “a-C” represent protection layer, graphene, and amorphous carbon, respectively.

samples after PECVD growth, which further conﬁrmed the
formation of graphene on Au from the dominant sp2 carbon
contribution. In addition, the absence of any discernible peak
around the binding energy of 283 eV implied that there was no
metal carbide formation.37 The presence of graphene layers
under diﬀerent PECVD growth conditions was further veriﬁed
by the ADF-STEM images in Figure 5. For H2/CH4 = 0.2, we
observed mainly monolayer graphene, while for H2/CH4 ≥ 1,
we found primarily bilayer graphene. Interestingly, for H2/CH4
= 0.2, a clear amorphous carbon layer was also observed while
little amorphous carbon was found for H2/CH4 ≥ 1. Based on
these experimental ﬁndings, we conjecture the PECVD growth
mechanism of graphene on Au as schematically illustrated in
Figure 6 and further described below.
First, microwave excitation creates a plasma environment
with energetic radicals and reacting species that are

3d−f) were included because the PeakForce error images
could provide more detailed surface morphology than the
height channel.35
Before PECVD, the Au surface revealed apparent granular
structures (Figure 3a,d), whereas after PECVD graphene
growth, the morphology became dependent on the H2/CH4
ratio. Comparing the surface morphology for graphene grown
under the growth conditions of H2/CH4 = 0.2 and H2/CH4 =
2, the Au surface under a higher H2/CH4 ratio showed
smoother surface structures, leading to reduced compressive
strain on graphene. The observation of the smoother surface
morphology under a higher H2/CH4 ratio may be associated
with better etching of Au by H2 plasma.36
To elucidate the growth mechanism of graphene on gold by
PECVD, measurements of XPS and ADF-STEM were
performed. Figure 4 shows the XPS C 1s spectra of the
D
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lower catalytic activity of Au than that of Cu so that a higher
substrate temperature or plasma power is required for
graphene formation. On the other hand, we note that a high
plasma power does not necessarily guarantee successful
graphene growth because energetic ion bombardment
dominates under a high plasma power, which could lead to
signiﬁcant sample surface damages and removal of adsorbed
hydrocarbon species, thus preventing graphene formation.
XRD was conducted to characterize the changes in Au
crystallography after the PECVD process, as shown in Figure
7a. The Au(111) intensity counts increased with the H2/CH4
ratio and were all much larger than that those without the
PECVD process. The extracted Au(111) peak intensity versus
H2/CH4 ratio is plotted in Figure 7b. Given that our PECVD
process was conducted without any active heating source, the
increased crystallinity compared to the reference sample could
be attributed to plasma activation that provided suﬃcient
thermal energy and that the increased crystallinity with the H2/
CH4 ratio could be due to the increasing electron temperature
of the plasma.19
To evaluate if the directly grown graphene on gold could
passivate the gold surface, we performed AST by soaking both
a bare Au/Ti/SiO2/Si substrate and a sample of PECVDgrown graphene on Au/Ti/SiO2/Si into oxygenated saline
solution of 0.9% NaCl for 24 h at 90 °C. It is known that body
ﬂuids, which may be approximated by the oxygenated saline
solution, are highly corrosive to metals.14,39
Figure 8 shows the SEM images of the indicated samples
after AST and the insets show the optical images before and
after AST. Clearly, the sample without graphene coverage
exhibited a damaged surface, while the surface for the
graphene-covered sample remained intact. In addition, the
AST (under 90 °C for 24 h) adapted in our work was
equivalent to the condition of approximately 1 month under
normal human body temperature.14,40 Therefore, our demonstration of graphene-provided protection of gold ﬁlms in an
oxygenated saline solution at 90 °C for 24 h is suﬃcient for
such medical applications as disposable wearable sensors. On
the other hand, although samples synthesized with a ratio of
H2/CH4 = 0.2 were monolayer graphene, the amorphous
carbon above the graphene layer contributed to enhancing the
eﬃciency of these samples for passivation. On the other hand,
for samples synthesized with higher H2/CH4 ratios, the
resulting bilayer graphene structure made it diﬃcult for ions
to diﬀuse through the layers of a very small interlayer spacing
to reach the gold surface. Therefore, excellent passivation
could be achieved for samples synthesized with a range of
diﬀerent H2/CH4 ratios, as exempliﬁed in Figure 8b for a

Figure 6. Schematic of the growth mechanism of graphene on gold by
PECVD.

dissociated/excited from methane and hydrogen. Plasma also
contributes to the heating of the substrates, and the degree of
heating depends on the plasma power. Some of the radicals
and the hydrocarbon species become adsorbed onto the Au
surface, and the dehydrogenation process of the adsorbed
hydrocarbon species takes place before carbon radicals migrate
and nucleate into graphene. The low carbon solubility in Au
limits the number of graphene layers that can be nucleated on
the Au surface, and the dehydrogenation and migration
processes for graphene formation are dependent on the
temperature and the catalytic activity of the substrate. For
small H2/CH4 ratios (e.g., H2/CH4 = 0.2), monolayer
graphene formed through the adsorption of carbon species
mentioned above. However, further adsorption of carbon
species after the nucleation of monolayer graphene led to the
formation of an amorphous carbon layer rather than a second
layer of graphene. This ﬁnding associated with low H2/CH4
ratios may be attributed to insuﬃcient hydrogen radicals for
etching amorphous carbon33 and the lower electron temperature of the plasma19,23 that led to reduced reactivity from the
substrate. On the other hand, bilayer graphene without an
amorphous carbon layer formed on the Au surface with higher
H2/CH4 ratios (e.g., H2/CH4 ≥ 1), which may be attributed to
the higher substrate reactivity from a higher electron
temperature in the plasma19,23 and suﬃcient hydrogen radicals
for etching amorphous carbon. However, layers beyond bilayer
graphene could not be developed due to limited carbon
solubility in Au and the hindrance of carbon species to
penetrate graphene layers to form the third layer or more.38
Although plasma signiﬁcantly reduced the required growth
temperature compared to thermal CVD, we note that no
graphene growth on Au could take place when the plasma
power was lowered from 10 to 8 W, while graphene could still
grow on Cu at 8 W.35 This ﬁnding may be attributed to the

Figure 7. (a) XRD of Au(111) region and (b) extracted Au(111) peak intensity plotted versus H2/CH4 ratio. Note that the dashed line is for
guidance only.
E
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Figure 8. (a) Reference sample without graphene coverage. The red arrow indicates the damaged surface with bubbles. (b) Sample with PECVD
graphene coverage grown under the condition H2/CH4 = 0.2. (c) Sample with PECVD graphene coverage grown under the condition H2/CH4 = 2.
The top row shows the optical images before and after AST. The bottom row shows the SEM images taken after AST. The scale bar is 100 μm.

https://pubs.acs.org/10.1021/acsanm.2c00401

sample synthesized under the condition of H2/CH4 = 0.2 and
in Figure 8c for a sample synthesized under the condition of
H2/CH4 = 2.

Author Contributions

The project was conceived jointly by C.-H.L. and N.-C.Y. C.H.L. performed the graphene growth, Raman spectroscopic
studies, and XPS and AFM measurements. K.-M. S. prepared
the gold substrates and performed SEM imaging and AST test.
S.-R. L. performed the ADF-STEM studies. N.-C. Y. and Y.-C.
T. coordinated the research activities at Caltech. The
manuscript was written with contributions from all authors.
All authors have approved the ﬁnal version of the manuscript.

4. CONCLUSIONS
In conclusion, we reported low-temperature graphene growth
directly on gold by PECVD. Raman spectroscopic studies
showed that PECVD-grown graphene underwent a compressive strain on Au and that the defects in the graphene were
mainly vacancies. The surface morphology and crystallinity of
Au was investigated using AFM and XRD, respectively, and
was found to be dependent on the H2/CH4 ratio used during
the PECVD process. ADF-STEM images also veriﬁed that the
number of graphene layers grown on Au was related to the
growth condition of the H2/CH4 ratio. A growth mechanism of
graphene on Au is proposed based on XPS and ADF-STEM
studies of the PECVD-grown samples. Finally, excellent
anticorrosion performance of graphene on Au was demonstrated by AST in oxygenated saline solution. Therefore, our
work of low-temperature direct growth of graphene on gold by
PECVD appears promising for anticorrosion in smart wearable,
implantable, and ﬂexible hybrid electronics.
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