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Abstract: We report on strong plasmonic coupling from silver
nanoparticles covered by hydrogen-terminated chemically vapor deposited
single-layer graphene, and its effects on the detection and identification of
adenine molecules through surface-enhanced Raman spectroscopy (SERS).
The high resistivity of the graphene after subjecting to remote plasma
hydrogenation allows plasmonic coupling induced strong local
electromagnetic fields among the silver nanoparticles to penetrate the
graphene, and thus enhances the SERS efficiency of adenine molecules
adsorbed on the film. The graphene layer protects the nanoparticles from
reactive and harsh environments and provides a chemically inert and
biocompatible carbon surface for SERS applications.
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1. Introduction
Surface-enhanced Raman spectroscopy (SERS) is a promising photonic technology for rapid
detection and identification of biomedical molecules such as DNA [1,2]. When closely spaced
noble metal nanoparticles are illuminated by light of a proper wavelength, surface plasmon
resonance and plasmonic coupling among nanoparticles are induced [3–5]. The collective
oscillation of surface plasmons results in significantly increased absorption/scattering crosssection of nanoparticles and an enhanced local electromagnetic field [6,7]. When molecules
are present in the strong field, their Raman signals are greatly enhanced. Each kind of
molecules has its unique SERS, which can be applied to detect and identify them. Although
SERS is a powerful technique, reactions of metal nanoparticles with the target molecules and
the environments often severely degrade its performance. Therefore, for applications where
environmental compatibility, data repeatability, and measurement specificity are important,
encapsulation of metal nanoparticles by a chemically inert thin film, through which,
plasmonic coupling can penetrate easily, is desirable.
In a previous work [8], we have demonstrated the use of thin residual alumina barrier layer
for encapsulating silver nanoparticles for SERS applications. It showed that the thinner the
alumina barrier layer is, the better the SERS enhancement is. Strong local electromagnetic
fields induced by plamonic coupling on silver nanoparticles decay in intensity rapidly with an
increasing distance from the nanoparticles. Therefore, when a protective dielectric film is
coated on the nanoparticles, the thinner the film is, the better the strong electromagnetic fields
can be applied to the molecules adsorbed on the surface of the dielectric film. Although
alumina has been found to be an excellent protective dielectric, precise control of pin-hole
free alumina thickness down to as thin as a single-layer graphene of one atom thick is not
practical. It is, therefore, worthy the demonstration of the feasibility of applying the thinnest
possible stable film of one atom thick, e.g., single-layer graphene as a protective film for
silver nanoparticles based plasmonic devices. The optimization for the overall performance of
graphene protected SERS devices is beyond the scope of this paper and is being undertaken to
be reported in a separated paper.
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It has been reported that graphene was used as a SERS substrate to help quench
fluorescence and chemically enhance SERS scattering by charge transfer [9] from molecules
to the graphene substrate [10,11]. The chemical SERS enhancing factor is many orders of
magnitude lower than optimized SERS enhanced by plasmonic coupling induced
electromagnetic field [11]. When a conductive thin film is applied to cover metal
nanoparticles, the conductive thin film distorts the field distribution and suppresses the
electromagnetic field lines near and parallel to the surface of the thin film where molecules to
be detected are attached. A dielectric or high resistivity thin film is desirable. However,
single-layer graphene is conductive. Fully hydrogenated single-layer graphene is known to
become electrically insulating graphane [12]. In this work, silver nanoparticles are covered by
hydrogen-terminated (H-terminated) single-layer graphene as SERS substrates for detecting
adenine.
2. Experimental
A silver thin film with thickness of ~8 nm was deposited on a surface oxidized silicon wafer
by thermal evaporation in high vacuum. Thermal annealing caused the silver film to form
silver nanoparticles on the oxide surface. Single-layer graphene was synthesized on a copper
foil by means of low-pressure thermal chemical vapor deposition (CVD) in a gas mixture of
methane and hydrogen and then transferred to cover the Ag/silicon-dioxide/silicon substrate
after the copper foil was removed by wet chemical etching. Raman spectroscopy reveals wellknown D-peak, G-peak, and 2D-peak, with the intensity of the 2D-peak higher than that of the
G-peak, characteristic of single-layer graphene [13]. Gold contact electrodes were deposited
on two ends of the graphene sheets for resistance measurements. The underlying silver
nanoparticles are of about 100 nm in size and inter-particle distance. Electrical resistance was
measured between these two gold electrodes before and after hydrogenation.
Hydrogen termination of the graphene/Ag/silicon-dioxide/silicon substrate was carried out
in a microwave plasma reactor where a plasma ball was generated by 200 W microwave of
2.45 GHz at 1 Torr hydrogen gas pressure. The graphene surface was at a distance of about 10
cm from the plasma ball with a metal screen in between. After each plasma treatment,
electrical resistance was measured. The resistance as a function of the exposure time of the
graphene to the remote hydrogen plasma is, thus, measured.
Adenine solutions of 10−4 to 10−7 M are used for SERS measurements. The solution was
prepared by dissolving adenine powder in deionized water. Pristine and H-terminated
substrates were dipped in the solution for 1 hour. Raman spectra were measured from the wet
samples in air by a backward micro-Raman spectroscopy with an excitation light of 532 nm.
Wet samples were chosen for measurements in preparation for future applications of SERS to
biomedical sensing. All the Raman spectra were measured under the same conditions, such as
laser power and detection time, for effective comparisons.
3. Results and discussion
Figure 1(a) shows an optical micrograph near the boundary between the pristine and Hterminated areas in a hydrogen plasma-treated graphene film (single atomic layer) on Ag
nanoparticles. Half of the graphene was covered by a mask in order to hydrogenate only the
other half of the graphene. The color difference between the two areas as shown in the optical
micrograph allows selected areas for SERS measurements as a comparison. The boundary is
shown by the SEM micrographs of Figs. 1(b) and 1(c). Higher electrical resistance of
hydrogen-terminated single-layer graphene is shown to be brighter than the pristine one in
SEM micrographs. Electron beam can easily penetrate through the atomically thin graphene
layer to display underlying silver nanoparticles of about 100 nm in size, as shown in Fig. 1(c).
Figure 2(a) shows the electrical resistance of a graphene/Ag/silicon-dioxide/silicon
substrate as a function of remote hydrogen plasma exposure time. In this work, electrical
conduction between silver nanoparticles on silicon dioxide is negligible considering the large
separation between silver nanoparticles of about 100 nm. Graphene is grown on copper foil,
which is much more conductive than graphene. The resistance of the graphene before transfer
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is not measured. The resistance of transferred graphene on silicon dioxide does not vary much
whether there are underlying silver nanoparticles of the size and interspacing used in this
work. Gold contact pads are deposited through a shadow mask on two sides of a rectangular
graphene sheet transferred onto silver nanoparticles coated silicon dioxide surface. This leaves
an exposed square graphene sheet of 1 cm on each side. The gold contact pads help protect the
underlying graphene sheet from being hydrogenated and retain the contact resistance. The
exact contact resistance is not measured; but, it is known to be lower than the measured much
lower total resistance for the graphene before hydrogenation and two contact pads than the
resistance of hydrogenated graphene. This allows the high resistance of the exposed and
hydrogenated graphene to be measured. Since the exposed graphene sheet is of a square shape
with each side being about 1 cm, the measured resistance of the graphene, after taking the
contact resistance into account, is also an indication of the sheet resistance of the graphene.
Therefore, the measured total resistance is appropriate to exhibit the effects of hydrogenation
on the sheet resistance of the graphene, especially for hydrogenated graphene, to which the
contribution by low contact resistance to the measured very high total resistance is small.

Fig. 1. (a) Optical, (b) large-scale and (c) small-scale SEM micrographs showing the
boundaries between pristine and H-terminated graphenes covering silver nanoparticles. The
shown H-terminated area has been subjected to the remote hydrogen plasma treatment for 65
minutes.

The measured resistance is dominated by the graphene film since Ag nanoparticles are
well separated and the silicon dioxide is an insulator. It clearly shows that the resistance
initially increases gradually with the exposure time and then the increase speeds up. For short
exposure time, hydrogen is scarcely distributed on the graphene surface. Many conductive
paths without hydrogen termination are still present. As a result, the increasing rate of
resistance is low. As the exposure time increases further, a higher fraction of the graphene
surface is terminated by hydrogen and the conductive path becomes scarce leading to rapid
increase in electrical resistance. When the entire surfaces are terminated by hydrogen, the
graphene is expected to become insulating and known as graphane. For the following work,
single-layer graphene after exposure to remote hydrogen plasma for 65 minutes is used for
SERS measurements. As shown in Fig. 2(a), the treatment leads to a resistance of 200 kΩ,
which is about 100 times larger than that of the graphene sheet before hydrogenation.
Figure 2(b) displays Raman spectra excited by 532-nm light for pristine graphene and Hterminated graphene with a spectrum for silicon-dioxide/silicon as a reference. Characteristic
graphene peaks such as the D-peak (1328 cm−1) and G-peak (1577 cm−1) are shown in the
spectra for pristine graphene and H-terminated graphene, but not in that for the silicondioxide/silicon substrate. The G-peak corresponds to optical E2g phonons at the Brillouin
zone center. The D-peak is caused by breathing-like modes corresponding to transverse
optical phonons near the K point and requires a defect for its activation via an intervalley
double-resonance Raman process. It is a measure of the amount of disorder including those of
the domain boundaries in the graphene sheet. The 2D-peak, an overtone of the D-peak, is the
sum of two phonons with opposite momentum and, therefore, exhibits a high intensity even
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without defects. It reflects the electronic structure of the graphene with an increasing number
of layers in the form of changes in the shape, width, and position of the peak via a double
resonant Raman process. The 2D-peak is symmetric with the peak height being greater than
that of the G-peak and the ratio of the integrated area under it to that for the G-peak being
greater than 2, indicating that it is a single-layer graphene.

Fig. 2. (a) Electrical resistance of a graphene/Ag/silicon-dioxide/silicon substrate after
exposure to remote plasma in hydrogen for up to 65 minutes. Resistance is measured between
two gold contacts on two sides of a rectangular graphene sheet with a 1cm x 1cm exposed
graphene. (b) Typical Raman spectra of a substrate before (middle red) and after (top blue)
plasma treatment. The black curve (bottom) shows the Raman spectrum from a silicon
dioxide/Si substrate. The star marks indicate the peaks from silicon-dioxide/silicon substrate.
(c) SERS spectra of adenine molecules displaying the ring-breathing mode of adenine on Hterminated (top blue) and pristine (bottom red) substrates. (d) SERS spectra of adenine
molecules measured in five different areas on a H-terminated substrate. The plasma treatment
time period is 65 minutes for (b), (c), and (d). The inset in (c) schematically depicts molecular
structure of adenine. The spectra are shifted vertically by different degrees for clearance.

Hydrogenated graphene exhibits slightly broadened 2D-peak and G-peak, both with
decreased intensities relative to the D-peak. The intensity of the D-peak increases significantly
after hydrogenation and is attributed to the breaking of the translational symmetry of sp2 C-C
bonds by atomic hydrogen. This also causes the G-peak intensity to decrease. The modified
electronic structure of graphene by atomic hydrogen leads to the decrease in the 2D-peak as
well. Hydrogenation of graphene also results in the appearance of the D’-peak on the shoulder
of the G-peak. It occurs via an intravalley double-resonance process in the presence of
defects. A combination mode, called D + D’-peak, of low intensity also appears on the high
wavenumber side of the 2D-peak due to the combination of two phonons with different
momentum and requires a defect for its activation [14].
Hydrogen-terminated graphene and pristine graphene on Ag/silicon-dioxide/silicon
architectures were used as SERS substrates to examine adenine molecules, as shown in Fig.
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2(c). A prominent peak of 732 cm−1, originating from ring-breathing mode of adenine [15–
17], is displayed in both spectra. Other less intensive peaks of adenine are hardly detected.
This is attributed to the geometry of adsorption by adenine molecules on the SERS substrate.
It has been reported that according to calculation, when an adenine molecule is adsorbed on
graphene or graphite, the adenine atomic ring tends to adhere to the substrate surface to form a
small angle with respect to the surface. The adenine atomic ring is, therefore, nearly parallel
to the substrate surface and is the major excitation mode by the strong local electromagnetic
fields induced on the SERS substrate by laser excitation of underlying silver nanoparticles
[18,19]. As a result, the ring-breathing mode Raman signal of adenine is clearly displayed in
Fig. 2(c).
Although both spectra in Fig. 2(c) show the signals of the ring-breathing mode, the peak
intensity for H-terminated graphene is much higher than that for the pristine graphene. This is
believed to originate from the difference in electrical conductivity of these two kinds of
graphene layers which cover silver nanoparticles. For the pristine-graphene covered SERS
substrate, local electric fields on and parallel to the graphene surface are to some extent shortcircuited by the conductive graphene surface. Therefore, adenine atomic rings attached to the
SERS substrate at a small angle is not subjected to the excitation by strong plasmonic coupled
local electromagnetic fields. For the H-terminated SERS substrate, the high resistance
hydrogenated graphene behaves more like the alumina dielectric layer covering silver
nanoparticles in reference [8] Local strong electric fields in directions parallel to and on the
graphane surface are allowed. Surface adsorbed adenine rings are preferentially excited by the
strong plasmonic coupled local fields on the surface of the SERS substrate to produce a strong
Raman signal.
Besides the effects of electromagnetic enhancement and suppression of surface fields by
conductive graphene, the extent of the effects of adenine adsorption density on pristine
graphene as compared to that on hydrogenated graphene are not clear. There are no reports on
the adsorption power of adenine molecule on H-terminated graphene. However, it has been
reported that adenine molecules could effectively adsorb on graphene [19]. Therefore, we
believe that the electromagnetic enhancement is predominantly responsible for the high SERS
signal intensity for adenine adsorbed on hydrogenated graphene with underlying silver
nanoparticles. In brief, the measured spectra shown in Fig. 2(c) have clearly demonstrated that
H-terminated single-layer graphene is a better film for covering silver nanoparticles as a
SERS substrate than pristine single-layer graphene for the detection of adenine.
Figure 2(d) shows SERS spectra measured in five arbitrarily selected areas on an Hterminated graphene covered SERS substrate with adsorbed adenine molecules. All spectra
display clear ring-breathing-peak of adenine along with the G-peak and D-peak of Hterminated graphene. Some detailed discrepancies are observed between spectra due to the
non-uniform distributions of adenine, Ag dispersion, hydrogen termination, or graphene
defects. Nevertheless, clear adenine peak of 732 cm−1 implies that the entire SERS substrate
can be used for SERS detection of adenine.
To examine if the SERS substrate made of H-terminated graphene covered silver
nanoparticles is reusable for SERS measurements, a SERS substrate is soaked in 10−4 M
adenine solution, then cleaned by 10% alcohol, and finally re-soaked in the same solution
again. After each of the three steps, Raman spectrum, as shown in Fig. 3(a), was measured.
The ring-breathing peak of adenine appears after step 1 and step 3. No signal was detected
after step 2 which cleaned the surface of the SERS substrate and removed the previously
adsorbed adenine. It indicates that adsorbed adenine molecules are effectively removed by the
cleaning process and the SERS substrate is reusable.
The sensitivity of H-terminated SERS substrates was studied by soaking them in adenine
solutions of different concentrations and then measuring the corresponding Raman spectra, as
shown in Fig. 3(b). With increased adenine concentration, the adenine signal of ring-breathing
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Fig. 3. (a) SERS spectra from an H-terminated substrate that was soaked in 10−4 M adenine
(blue), then cleaned by 10% alcohol (black) and finally re-soaked in the solution (red). (b)
SERS spectra corresponding to H-terminated substrates soaked in solutions with different
adenine concentrations. The spectra are shifted vertically with different degrees for clearance.

mode became stronger. The figure indicates that the SERS substrate can be employed to
detect adenine of concentration from 5 × 10−4 to 5 × 10−7 M. This work was aimed at studying
the effectiveness of high-resistance hydrogen-terminated single-layer graphene to serve as an
ultra-thin protective film for covering silver nanoparticles as SERS substrates. Further work is
being undertaken to optimize the graphene synthesis, the hydrogenation process, and the
underlying silver nanoparticles for high performance SERS applications [20–24].
4. Conclusions
Single-layer graphene terminated by hydrogen exhibits higher electrical resistivity and
demonstrates superior SERS effects originating from underlying silver nanoparticles than
pristine single-layer graphene. H-terminated graphene can be applied effectively as an
atomically thin encapsulation layer for isolating molecules to be examined by SERS from the
silver nanoparticles. With the silver nanoparticles being isolated from the molecules and
environments of examination, the H-termination based SERS substrate is expected to enable
many highly demanding applications such as biocompatible health care and medical research.
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