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Graphene as an Electron Shuttle for Silver Deoxidation:
Removing a Key Barrier to Plasmonics and Metamaterials

for SERS in the Visible

Maria Losurdo,* Iris Bergmair, Babak Dastmalchi, Tong-Ho Kim,
Maria M. Giangregroio, Wenyuan Jiao, Giuseppe V. Bianco, April S. Brown,

Kurt Hingerl, and Giovanni Bruno

The role of graphene in enabling deoxidation of silver nanostructures, thereby
contributing to enhance plasmonic properties and to improve the temporal
stability of graphene/silver hybrids for both general plasmonic and meta-
materials applications, as well as for surface enhanced Raman scattering
(SERS) substrates, is demonstrated. The chemical mechanism occurring at
the graphene-silver oxide interface is based on the reduction of silver oxide
triggered by graphene that acts as a shuttle of electrons and as a kind of cata-
lyst in the deoxidation. A mechanism is formulated, combining elements of
electron transfer, role of defects in graphene, and electrochemical potentials
of graphene, silver, and oxygen. Therefore, the formulated model represents
a step forward from the simple view of graphene as barrier to oxygen diffu-
sion proposed so far in literature. Single layer graphene grown by chemical
vapor deposition is transferred onto silver thin films, a periodic silver fishnet
structure fabricated by nanoimprint lithography, and onto silver nanoparticle
ensembles supporting a localized surface plasmon resonance in the visible
range. Through the study of these nanostructured graphene/Ag hybrids, the
effectiveness of graphene in preventing and reducing oxidation of silver plas-
monic structures, keeping silver in a metallic state over months at air expo-
sure, is demonstrated. The enhanced and stable plasmonic properties of the
silver-fishnet/graphene hybrids are evaluated through their SERS response
for detecting benzyl mercaptane.

electrons that becomes resonant when
noble metal nanostructures are irradi-
ated by appropriate light of the right
frequency.”! New materials and new pro-
cesses applied to conventional materials
can provide new functionalities and poten-
tial to plasmonics. From this perspective,
we address the following question: what
is the potential of combining the attractive
materials characteristics of graphene and
silver nanostructures for plasmonic- and
meta-materials?

Graphene with its superior mechanical,
thermal, chemical and electrical proper-
tiesl’l is emerging as a versatile material
with applications in electronics,* sensing,
catalysis,P!  batteries,’®  photovoltaicl”]
industries, and more recently in plas-
monics.®] The use of nanoscale obijects
limits the length scale for all noble-metal
plasmonic devices to the nanometre scale,
whereas it has been recently reported!”!
that the surface plasmon resonance in
graphene can be locally enhanced at the
sub-nanometer scale by the presence of
single point defects, representing a length
scale smaller than A/200. This suggests
that doped monolayer graphene could be
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1. Introduction

One of the most fascinating current research fields is aimed
at controlling and manipulating light at the nanoscale—a key
objective of the emerging discipline of plasmonics!'l—through
the exploitation and tailoring of the localized surface plasmon
resonance (LSPR), a collective oscillation of conduction

used in the development of atomic-scale nanoplasmonics and
quantum plasmonic devices.'”! Very recent work has proposed
that plasmon polaritons—coupled excitations of photons and
charge carriers—in graphene are a promising way to achieve
the electronic control of light®l The tuning of the plasmon
spectrum is possible through electrical or chemical modifica-
tions of the charge carrier density.!!]

Dr. M. Losurdo, Dr. M. M. Giangregorio,

Dr. G. V. Bianco, Prof. G. Bruno

Institute of Inorganic Methodologies and of Plasmas-CNR

Via Orabona, 4, 70126, Bari, Italy

E-mail: maria.losurdo@cnr.it

Dr. I. Bergmair

Functional Surfaces and Nanostructures

PROFACTOR GmbH, Im Stadtgut A2, 4407, Steyr-Gleink, Austria

DOI: 10.1002/adfm.201303135

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Dr. B. Dastmalchi, Prof. K. Hingerl

Center for Surface- and Nanoanalytics

Johannes Kepler University Linz

Altenbergerstr. 69, 4040, Linz, Austria

Dr. T. H. Kim, Dr. W. Jiao, Prof. A. S. Brown
Electrical and Computer Engineering Department
Duke University

Durham, 27709, NC, USA

Adv. Funct. Mater. 2014, 24, 1864-1878


http://doi.wiley.com/10.1002/adfm.201303135

el
Mot oS
www.MaterialsViews.com

On the other hand, silver (Ag) is an excellent plasmonic
material for the visible range.'?! Silver nanoparticles (Ag NPs)
and nanostructures with tunable LSPR from the visible to the
NIR have been found to be useful in various applications, espe-
cially for surface enhanced Raman scattering (SERS).[3 This is
because Ag NPs have an optical efficiency, defined by the ratio
of the scattering cross section to the extinction cross-section,
larger than the gold nanoparticles of the same diameter in a
broad spectral range (e.g., 400~1400 nm).[1“]

Silver is also considered an important material for metama-
terials for achieving negative refractive index in the visible due
to its significantly lower losses as compared to gold at visible
frequencies.’ Although Ag is classified as a noble plasmonic
metal, its primary drawback is its chemical instability leading
to silver oxidation that red-shifts and dampens optical reso-
nances.'® Therefore, in order to exploit Ag nanostructures in
plasmonic structures, as well as for achieving stable Ag-based
metamaterials in the visible, there is still a crucial need to
develop new protection layers for Ag nanostructures, which are
ultrathin, gas-impermeable, conductive, and enable long-term
stability without the loss of optical properties required for prac-
tical photonic and plasmonic devices.

In this context, the chemistry of the oxygen-silver interac-
tion is still of considerable fundamental and technological rel-
evance. At 300 K and atmospheric pressure, O, dissociatively
chemisorbs (O,q5) on silver surfaces, where it reacts to form
silver oxides according to the reactions (thermal energies are of
the order of 25 k] mol, so both processes can occur at RT):['7]

Ag 4 Oys — AgO

1
—24.3kJmol™; AG® = —27.6 k) mol ) @

(AH =

2 Ag + O, — Ag,0
(AH® = —31.1kJmol ; AG® = —11.2 kJ mol ') @
The formation of Ag oxides can be seen in changes of the
optical properties of Ag, which are fundamentally described by
its complex dielectric function € = & + ig, that represents the
internal response of a material to the electric field of incident
light. The transition from metallic Ag to an oxide reduces the
free electron density and, hence, decreases the imaginary part
of the pseudodielectric function, <g,>, and increases the real
part of the pseudodielectric function, <g&;>, causing a red-shift
and a damping of plasmonic bands (see also an example in the
discussion below).l'¥! This also has detrimental consequences
on the functional properties of plasmonic Ag nanostructures,
such as a decrease of the enhancement factor in SERS.]
Despite the fact that graphene is prone to oxidation, due to
its local curvature (e.g., ripples),?”) the pioneering work of Ruoff
and co-workers!?!l showed that CVD graphene grown on copper
and nickel effectively suppresses metal oxidation by posing a
high energy barrier to diffusion of oxygen. In this previous
work, graphene was CVD grown on the same metal (copper),
and although CVD graphene is polycrystalline and character-
ized by grain boundaries,?? over short times scales the bonding
at the interface as well as electrostatic interactions between the
as-grown graphene and the Ni and Cu are expected to passivate
the defects, i.e., grain boundaries and dangling bonds at the
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metal interface, and to prevent metal oxidation. On the other
hand, when graphene is transferred to another metal or it is
sandwiched between two different metals, graphene may break
and so there could parts of the sample which are not covered
by graphene, decreasing the effectiveness of graphene as “bar-
rier” to oxygen. Therefore, considering the challenging of pre-
serving the integrity of graphene during the transfer process
to another structured substrate, it is interesting to explore how
the electronic properties of the graphene/metal hybrid change
and contribute to oxidation/reduction reactions of either gra-
phene or silver. The interaction between Ag and graphene and
the resulting changes in the graphene electronic structure were
theoretically investigated by Giovannetti et al.l’’l Experimen-
tally, graphene oxide/silver composites have been primarily
synthesized so far by depositing Ag NPs on graphene-oxide or
by their simultaneous reduction in solutions of Ag salts.[2*2¢]
Visible-light-triggered plasmonic photocatalysts based on silver-
graphene oxide composites is expected to display excellent
plasmonic photocatalytic performance useful for the degrada-
tion of pollutants under visible- light irradiation. Recently, Ag
NPs were evaporated on exfoliated graphene by Lee at al.l?’]
inducing n-type doping in the graphene through electron
transfer driven by the work function difference.?®! A thin layer
of Ag was deposited on chemical vapor deposited (CVD) gra-
phene with the aim of controlling the transport properties of
graphene by metal deposition,?’! since metals like Ag and Cu
shift the Fermi level of the graphene from the Dirac point into
the conduction band. Very recently, graphene has been pro-
posed as an effective solution to the problem of silver sulfida-
tion, by transferring CVD graphene on silver nanoantennas.
The same group also demonstrates an increased sensitivity of
Ag-graphene nanoantennas as sensors with a much higher res-
olution. Therefore, the combination of these two materials, gra-
phene and silver, may lead to integration of their properties in
new hybrid materials that appear promising for enhancing the
performance of numerous applications including plasmonics,
catalysis and sensing.

In this work, we study graphene-silver (and/or silver oxide)
electron transfer in order to reveal fundamental aspects of the
reduction chemistry of silver oxides with the ultimate goal of
inhibiting Ag oxidation and enhancing graphene-silver based
plasmonics. We have transferred CVD graphene onto an
ultrathin silver film, nanoparticles ensemble and to a periodic
silver fishnet metamaterial fabricated by nanoimprint lithog-
raphy.3] We address two important issues: the influence of
graphene and its chemical transformations on the chemical
and optical properties of plasmonic silver nanoarrays and,
inversely, the influence of plasmonic near-fields generated by
the Ag LSPR on the optical properties of graphene. We pro-
vide evidence that due to its redox properties, graphene can
transfer electrons, and we can take advantage of this electron
transfer process to reduce silver oxidation and provide more
stable plasmonic- and meta-materials. The effectiveness of
the approach and the stability of the graphene/Ag plasmonic
platform are proven using surface enhanced Raman scat-
tering (SERS) demonstration for detection of benzyl mercap-
tane (BZM). A comparison of the SERS spectra of BZM on
graphene/Ag NPs and on a graphene/Ag fishnet is also
carried out to better understand how to realize an optimal
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graphene-Ag-based SPR substrate achieving and maintaining
high SERS sensitivity.

2. Results and Discussion

2.1. Evidences for Silver Deoxidation and Electron Transfer
from Graphene

Figure 1 shows scanning (SEM) electron micrographs without
and with CVD graphene transferred on top of a periodic Ag
fishnet, an ultrathin (20 nm) Ag film and on Ag self-assem-
bled nanoparticles (NPs). Graphene transferred on the Ag film
shows a well ordered strip pattern, as recently reported by Tian
et al.B?2l AFM enables characterization of the roughness of the
prepared samples; specifically, the polycrystalline Ag film evap-
orated onto a SiO,/Si wafer has a surface roughness (root mean
square roughness, rms, measured on a 5 Um x 5 um area) of
rms = 2.6 nm, while the graphene transferred to the same SiO,/
Si substrate has a typical rms =1 nm over a 5 um x 5 um area
that includes wrinkles and very flat graphene rms = 0.37 nm
(onalum x 1 um scan not including wrinkles), consistently
with previous AFM reports of transferred CVD graphene.’]
When graphene is transferred to an Ag film, the roughness
decreases to rms = 2.0 nm indicating a slight smoothing of the
Ag film by the graphene. When graphene is transferred to the
Ag fishnet, it covers the holes in the structure; furthermore, tilt
SEM images (Figures 1c,f) show the effect of pillars in the Ag
fishnet and of the Ag nanoparticles topography on the graphene

s
Mt oS
www.MaterialsViews.com

adhesion to those nanostructures, indicating that the graphene
may be strained (as discussed in more detail below); the gra-
phene conforms to the top surface of nanoparticles but droops
down between the nanoparticles, adhering to the SiO, surface.

Figure 2 shows typical Raman spectra acquired at various
points across the sample (the example in the figure is for
the fishnet but applies similarly to Ag film and to the NPs
ensemble). The Raman spectra of graphene on the fishnet and
on the continuous Ag film exhibit the characteristic defect-
related D feature (1351 cm™), the G-band corresponding to the
vibration of sp2 bonded carbon atoms, and the 2D band (second
order of the D band).}%3* The 2D/G ratio (although it is also
affected by doping) indicates that there are regions of monolayer
graphene (I,p/I¢ = 2, supported also by the fit of both the G and
2D bands by a single Gaussian peak) and bilayer (I,p/Ig = 1)
graphene resulting from ripples formed during the transfer
process and from the morphology of the fishnet and NPs. For
our CVD graphene, grains have been identified using the same
approach reported elsewhere, > and from the image reported in
Figure 2a, a grain size distribution in the 40-100 um? range is
observed. A line Raman scan along the grains indicated that no
D peak is observed in the center of graphene grains, indicating
the absence of a significant number of structural defects, while
a D peak is observed at graphene grain boundaries. Therefore,
the D peak observed in Figure 2 could be ascribed mainly to
grain boundaries, although an additional contribution coming
from the transfer process cannot be ruled out.

It is well-known that the positions of the G and 2D bands are
dependent on doping®*! as well as on strain/stressi**! in the

Graphene ML

200nm

Graphene BL

Figure 1. SEM images of: a) a periodic Ag fishnet as fabricated by nanoimprint lithography, b) with graphene transferred on it, and c) a tilted image of
an enlarged region to show adhesion of graphene altered by pillars and holes present in the Ag fishnet; d) an ultrathin (20 nm) Ag film with graphene
transferred on top; d) self-assembled evaporated Ag NPs with graphene transferred ontop (in the case of Ag NPs/graphene, we intentionally show
a region where graphene is not continuous to make clearly visible the Ag NPs underneath); f) a tilted image for the nanoparticles showing the non-
conformal adhesion of graphene on them.
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Figure 2. a) Typical Raman spectra acquired (laser 532 nm) in two rep-
resentative points of the Ag fishnet, indicating regions of graphene mon-
olayer and bilayer as also seen in the images of Figure 1. b) Position
of the Raman G- and 2D-bands for the various graphene samples. An
optical microscope image of the graphene grains for the as-grown gra-
phene (before transferring to Ag structures) is also shown as top-inset.

structures. Figure 2b provides details on the shift of the Raman
G- and 2D-bands from which electronic interactions between the
graphene and silver can be inferred. Specifically, for the case of
graphene on the silver film and fishnet, it can be observed that
the G band shifted approximately ~4 cm™! from 1585 cm™ (pris-
tine graphene on glass) to 1589 cm™ (Ag doped graphene) and
the 2D band shifted approximately =20 cm™ from 2675 cm™!
(pristine graphene) to 2695 cm™ (Ag —doped graphene).
These shifts may be related to both p-type doping of graphene
resulting from the transfer of electrons from graphene to silver/
silver oxides and to strain as discussed below. Commonly it is
observed*¥ that the position of the 2D peak changes slowly at
low doping level, while the G peak is more sensitive, whereas
in this study the 2D band exhibits larger shift in comparison to
the G band, especially for the Ag fishnet, indicating that a con-
tribution to the shift from the strain of the graphene resulting
from the adhesion to this complex topography is also possible,
as shown Dy the tilt SEM images in Figure 1c,f. Specifically, the

Adv. Funct. Mater. 2014, 24, 1864-1878

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

2D peak is blue-shifted by 20 cm™!, while the G peak is blue-
shifted only by 4 cm™ and remains a single peak without any
splitting. Our observations are very similar to those reported
by Wang et al.*% for graphene transferred to gold and silver.
While the G-band shift of approximately 4 cm™ is similar to
that observed by other authors resulting from charge transfer
from graphene to silver NPs,*!! the blue-shift of the 2D peak is
relatively larger than the G peak and indicates that mechanical
strain induced by the non conformal covering of graphene to
the structured Ag is present.3¢3839 Thus, it can be seen that,
in the case of graphene on structured Ag, the Raman spec-
trum does not uniquely relate to charge transfer since it also
includes a strain component. Therefore, corroborating informa-
tion about the charge transfer and chemical state of graphene
and Ag has been obtained by x-ray photoelectron spectroscopy
(XPS). Survey XPS spectra have been acquired to ascertain
the presence of the various elements present on the samples.
Only carbon, oxygen, and silver have been detected ruling out
any contamination from sulfur or chlorine commonly associ-
ated with the corrosion of silver.*”! The Ag 3d peaks obtained
from the as-prepared Ag samples and for Ag/graphene samples
also as a function of oxidation by air exposure are presented in
Figure 3. Comparison of these peaks reveals some major dif-
ferences between samples. Specifically, the Ag/SiO,/Si sample
shows fit-components due to Ag, Ag,0 and AgO,**l indicating
a fast surface oxidation soon after deposition; after both a week
and a month of air exposure, the only component detected is
AgO, indicating the complete oxidation of the Ag silver layer.
Interestingly, a different evolution with time of the Ag peak is
observed between the samples. Specifically, for the Ag/SiO,
sample, after a week of air exposure all of the Ag is oxidized to
AgO as stated above. Noteworthy, when silver is covered by a
graphene monolayer, a significant part of silver remains metallic
even after one month of air exposure. A fraction of silver oxide
and unpassivated silver is still present when a monolayer of gra-
phene is transferred due to features such as holes, cracks and
micron-size defects present in the graphene monolayer; how-
ever, the deoxidation and oxidation resistance is almost total
when a bilayer graphene is used instead by inhibiting the per-
meation of oxygen through the defects holes present in the gra-
phene. There is clearly a compromise concerning the graphene
thickness that has to be applied considering the need to realize
full coverage (by increasing the number of graphene layers) and
the increase in the SERS sensitivity to be achieved as discussed
below. The sensitivity is generally decreased with the increase in
the number of graphene layers due to the decay of the electro-
magnetic field through the absorptive graphene thickness with
a nonzero imaginary part of the dielectric function,** and due
to the fact that each graphene layer introduces additional loss
resulting from the interband optical absorption of graphene.*!

A core level shift of +0.6 eV can be observed with respect to
the 3d levels of Ag bulk crystals. Positive core level shifts have
been observed for metal nanoparticles on substrates, and have
been often interpreted in terms of final state effects. For clus-
ters on less conductive substrates (the Ag nanoparticles are on
sapphire and the Ag fishnet as Ag intercalated by SiO, layers),
the positive hole, which is the final state of the photoemission
process, can be less efficiently screened, causing a positive core
level shift. Electronic structures of very thin metal films are
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Graphene/Ag/%iOz
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Figure 3. XPS spectra of the Ag3d photoelectron core level for 20 nm Ag
deposited on SiO,/Si and for the graphene/Ag/SiO, hybrid acquired soon
after sample preparation and after 1-week and 1-month of air exposure;
the XPS spectrum for a sample with transferred bilayer graphene and
exposed to air for two months is also shown; the Ag-fit components are
also indicated.

often modified by substrates, showing core level shifts com-
pared to the respective bulk materials.*?l Another interesting
observation is that the metallic Ag® component in the Ag 3d5/2
peaks shift to lower binding energies when it is in contact with
graphene, from 369.8 eV for Ag deposited on SiO, to 369.1 eV,
that is, a 0.7 eV shift to lower binding energy results from elec-
tron transfer from graphene to Ag. Our results, showing the
electron transfer from graphene to Ag, indicate that the doping
and charge transfer effect in the graphene/Ag platform can
vary (n-type doping of exfoliated graphene on Ag is reported
in literature)?*?’! depending on various factors. Naively it is
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expected that the type and amount of doping depend mainly on
the difference between the work functions of free-standing gra-
phene and of the clean metal surface. To explain the observed
differences among authors, different values of the Ag work
function have been used in computational models describing
charge transfer. In addition, while exfoliated graphene is
intrinsically undoped, CVD graphene is unintentionally p-type
doped shifting the Fermi level down and increasing the work
function, which can drive n-type doping by Ag. This is a sim-
plified analysis and first-principles density-functional theory
calculations by Khomyakov et al.*’] show that the Fermi level
shift in graphene physisorbed on metals like Ag also depends
on the graphene-metal surface separation, that is, a separation
higher than the equilibrium separation of 3.3 A, can invert the
graphene doping by Ag from n-type to p-type. Small deviations
in the graphene-Ag surface distance can occur in real systems
due to defects and metal surface topography as can be clearly
seen in the tilt SEM images in Figure 1.

Figure 4 displays the Cls and Ols spectra of silver with
and without graphene. Before graphene transferring, the Cls
spectrum can be fit by a component at 285.0 = 0.1 eV, due to
C-sp3 from adventitious carbon contamination, and a tail
peak at 288.3 + 0.2 eV due to C-O adsorbed on silver from air.
When graphene is in contact with silver, new Cls components
at 284.3 £ 0.1 eV, due to C-sp2 of graphene, at 286.2 eV due
to C-O (epoxy and alkoxy), and at 288.4 eV due to carbonyl

C1s O1s
Csp3r Ag/SiO,
f

G/Ag/SiO,
After 1 month

536 534 532 528
Binding Energy (eV)

200 288 286 284
Binding Energy (eV)

Figure 4. XPS spectra of the C1s and O1s photoelectron core levels for
20 nm Ag deposited on SiO,/Si without and with graphene ontop (G/Ag/
Si0,), the latter also after one month of air exposure.
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C=0, appear.*¥l Correspondingly, the O1s photoelectron level
of silver without graphene exhibits a dominant component at
531.9 £ 0.1 eV, assigned to metallic oxides, for example, AgO
and Ag,0, and a tail component at 533.1 + 0.1 eV due to car-
boxyl groups consistent with the Cls and Ag3d photoelectron
core levels. Noteworthy, when silver is coupled to graphene, the
O1s component due to metallic silver oxides decreases, while
the high energy component at 533.6 eV due to C-O and C=0
bonds increases, and an additional component at lower binding
energies of 529.9 + 0.1 eV emerges. The new component in the
O1ls peak at 529.9 eV has been observed previously in recent
work by Vinogradov et al.* and by Granas et al.’% in iridium/
graphene intercalated oxygen. Therefore, it can be taken as rep-
resentative of a small amount of intercalated oxygen patches at
the silver-graphene interface or as the formation of an oxygen
adatom lattice gas under graphene flakes.l>%

2.2. Rational for the Charge Transfer and Chemical Model

The reduction of the silver oxides enabled by integration with
graphene can be understood by considering three factors, that
is, the defect sites for oxygen chemisorption, the difference in
work function between graphene and silver, and the electro-
chemical potential of graphene compared to silver. Specifically,
graphene defect sites, such as the grain boundaries present in
polycrystalline CVD graphene, create catalytic active centers
that enhance oxygen chemisorption, thus increasing the reac-
tivity of carbonaceous material in the process of silver deoxi-
dation. Strain enhanced defect reactivity at grain boundaries
in graphene is predicted from several simulations.’!*? Strain
at grain boundaries in CVD graphene results from the pres-
ence of pentagon, heptagon and octagon rings,”* which induce
inhomogeneous strain, for example, C-C bonds are com-
pressed at the pentagons and are stretched at the heptagons.
Additionally, due to van der Waals adhesion to Ag, graphene
deforms significantly resulting in local curvature and strain (as
shown in Figure 1). The curvature may lead to the rehybridiza-
tion of sp2 to sp3 bonds (contributing to the D-peak observed
in the Raman spectra of Figure 2) and to enhanced reactivity.
Computational results demonstrated that a single oxygen atom
is inclined to be chemisorbed on the bridge site of a defec-
tive graphene surface with exothermic reactions (e.g., binding
of oxygen to Stone-Walls defects releases energy of —276 kJ
mol™).54 In our case, the presence of defects is inferred from
the D-peak in the Raman spectra shown in Figure 2.
Additionally, one of the parameters determining the charge
transfer is the metal work function, which in the case of the Ag/
graphene heterojunction is critical. For Ag, values between 4.2 eV
and 4.74 eV have been reported depending on the crystalline
orientation but also on the chemical purity. As an example, the
work functions of single crystals, determined photoelectrically,
were found to be 4.14 £ 0.04 eV, 4.22 £ 0.04 eV and 4.46 £ 0.02 eV
for (110), (100), and (111) surfaces of Ag cleaned by Ar sput-
tering.>*% Indeed, contamination and polycrystallinity, rele-
vant to the present case, can increase the work function by sev-
eral tens of meV, to 4.52 eV, 4,65 eV, and 4.75 eV for the (100),
(110), and (111) faces.’®l These are compared with the work
function of W, = 4.55 + 0.05 eV of single layer graphene and

Adv. Funct. Mater. 2014, 24, 1864-1878

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

of 4.69 £ 0.05 eV of bilayer graphene,’’! although values as low
as 4.42 eV have also been reported.’® Therefore, considering
that evaporated silver thin films are not single crystals, we use
the latter set of Ag work function values. Then considering the
difference to graphene work function, and the chemical state
of silver, electron transfer from the graphene to Ag could occur
during the formation of the Ag/graphene composite resulting
in a downward shift in the Fermi level in graphene and p-type
doping, in agreement with our Raman and XPS observations.

Furthermore, to explain the observed Ag deoxidation, we con-
sider that the reduction potential of AgO (Ag** + e — Ag*E, =
1.98 V; Ag* + e = Ag E; = 0.799 V; Ag,0 + H,0 +2e — 2Ag +
2 OH- E, = 0.342 V) is higher than the reduction potential of
graphene (+0.22 V)P%%% and higher than the reduction poten-
tial of molecular oxygen to superoxide involving only a single
electron O, + e — O,7* (E; = -0.16 V)l versus SHE (standard
hydrogen electrode) as shown by the schematized scale on the
right side in Figure 5. This allows the injection of electrons
from graphene into Ag initiating the following reactions (where
graphene is indicated as Cee and acts as a sort of catalyst for the
electron exchange and silver deoxidation and Cee:O," indicates
the molecular O, anion chemisorbed on a graphene defect
site):

2 AgO + e+ Coo — 2 Ag + Co0,0; (3)

()
®)

The mechanism we describe is based on the concept that
graphene functions as an electron transfer catalyst: electron
transfer to silver occurs according to the work function dif-
ference; in turn, this electron transfer activates, according to
electrochemical potentials, the reduction of Ag yielding oxygen
chemisorbed at graphene defect sites and grain boundaries,
which is further released, as schematized in Figure 5. This pro-
posed mechanism represents a step forward from the simple
vision of graphene as solely a passive barrier to oxygen. The
model is consistent with the following XPS-based experimental
observations: the reduction of AgO and the increase of the
Ag metallic component, the presence of Ag,0 as an interme-
diate product, the decrease of the overall oxygen content, and
the additional oxygen component at 529.9 eV. The proposed
mechanism is based on the concurrence of all three graphene
factors, i.e., the defects acting as sites for chemisorption and
transfer of oxygen, the redox potential and the work function
of graphene. In light of several studies on GO/Ag and reduced
rGO/Ag hybrids (GO = graphene oxide; rGO = reduced gra-
phene oxide),%2l we point out that the same deoxidation of
silver oxide cannot apply to GO/Ag for two main reasons: i) the
reported work function of 4.9-5.0 eV for graphene oxide (GO)
and reduced GOI®>%! is higher than that of graphene and will
inhibit charge transfer from graphene to silver for Ag reduction;
ii) the presence in GO of hydroxyl and epoxy functional groups
on their basal planes in addition to carbonyl and carboxyl
groups located at the sheet edges!®® will inhibit the transfer and
chemisorption of oxygen at defect sites and, consequently, deac-
tivate the deoxidation of silver. Indeed, better chemical stabiliza-
tion of silver by CVD graphene has also been recently proposed

AgO + Ag — Ag,0

Co0,0; < Coo+0; +e

wileyonlinelibrary.com

1869

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

1870  wileyonlinelibrary.com

Ag [SiO, /Ag

Graphene

AgO+ Ag <>Ag,0 v

'a\
Mﬁ\‘{‘liﬁ"ﬁ

www.MaterialsViews.com

E/V vs NHE
_0.16 - Oz+ E":——"O'Z

+0.00 H#2H* + 2e"=H,
+0.22HC +e=C,

+0.79 HAg  +e=Ag

Figure 5. Scheme illustrating the different work function of graphene, W¢,, and polycrystalline silver (also partially oxidized), Wag, visualizing the elec-
tron transfer from graphene to silver, activating the deoxidation of silver using graphene as a catalyst to chemisorb and then remove oxygen. Oxide/
epoxyde, C-O bonds formation at graphene (as observed in Figure 4) is also associated with electron injection into silver and reduction of silver oxide;

the reduction electrochemical potentials, E, are also shown on the right.

by Lee et al.l’”] who also investigated the possible passivation of
Ag with rGO; they found that the main limitation of r-GO was
the insufficient electrical coupling between rGO and nano-size
Ag due to the poor conductivity or r-GO (also important for an
efficient charge transfer) and non-uniformity.[8!

Additionally, we compare our system with a recent coupling
Ag NPs to another metal such as Co, which has created Ag oxi-
dation resistance through a cathodic protection from galvanic
coupling to Co used as a sacrificial oxidizing element.l®”) While
Sachan et al.l®%) reported that Ag/Co bimetallic system confers
oxidation resistance to Ag for more than seven months, we
show below an improvement of Ag NPs plasmonic properties
for a period grater than one year of exposure to air.

2.3. Silver/Graphene Hybrids for Plasmonics and Metamaterials

Charge transfer can also be characterized by the variation of
the optical properties and the plasma frequency of silver, which
are put in evidence through an analysis of the Drude compo-
nent in the optical spectra.’% Simultaneously, analysis of the
optical spectra allows us to determine the effect of graphene on
the functional properties of the graphene/silver composites for
plasmonic applications. To this aim, we have recorded, in the
0.75-6.5 eV photon energy range, spectra of the complex pseu-
dodielectric function, <e> = <g;>+ i<&,>, of a thin Ag film,"!
of the Ag nanoparticles ensemble, and of the Ag fishnet struc-
ture with and without integrated graphene. Figure 6 shows
the spectra of the real, <¢;>, and imaginary, <g,>, parts of the
pseudodielectric function of a 50 nm evaporated film with and
without graphene, the latter also after air oxidation. The Ag
films exhibited dielectric functions with a larger negative real
component <g;>. Conversely, the lower <g,> indicates lower

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

energy loss, which is important to enhance the propagation
length of surface plasmons. The dielectric function of silver is
approximated by a Drude-Lorentz model”%)

2 2
(@) w
P n for

gw)=1-— . p
(@) W —iyw o —w*+ iTw

with

wp=9.17eV, y= 0.021eV, f =22, w =527eV, ' =1.14eV

where, @, and y (@, and I7) are the plasma frequency and
collision frequency in the Drude (Lorentz) term. The Lorentz
term accounts for the interband transitions of silver above 3.8
eV. Focusing on the Drude part, data in Figure 6 show that
the decrease of the plasma frequency and the increase of the
Drude damping factor, 7, can originate from the chemical inter-
face effect due to oxidation of silver.”® Conversely, the effect of
graphene on Ag should be to increase the plasma frequency
through electron transfer to Ag (consistent with XPS and
Raman data) and/or a decrease in the scattering and hence of
the damping factor due to inhibited oxidation.

Of most importance is the observation that graphene shifts
Ag towards a “perfect metal”, which is defined as having an
infinitesimally small damping (y— > 0). The vanishing absorp-
tion y— > 0 yields a §-function like &,(w), such that at low,
but nonzero frequencies the absorption is reduced. As can be
clearly seen in Figure 6, the pseudiodielectric function, <&> =
<€ >+ 1 <gy>, of silver covered by graphene has the smallest
<&>, and is thereby the least lossy material combination, which
shows up also in the fitting of Y for all three samples, specifi-
cally yag = 0.05, Yag0 = 0.20, and ¥, = 0.03. The same effect can
be observed in Figure 6 over the energy range of 3.4 to 4.2 eV:

Adv. Funct. Mater. 2014, 24, 1864-1878
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Figure 6. Spectra of the real, &, and imaginary, &, parts of the pseu-
dodielectric function of a 50 nm evaporated Ag film with and without
graphene, the latter also after air oxidation. The values of the plasma
frequency, @y, and collision frequency (damping factor) of the Drude term
are also shown for freshly evaporated silver, oxidized silver and silver with
graphene transferred ontop.

for the Ag intraband transition, graphene enhances the oscil-
lator strength, (grey line) by enhancing the f parameter from
2.2. to 2.6. and slightly reducing the I'; parameter from 1.14
to 0.86.

The optical analysis has been extended to graphene integrated
self assembled Ag nanoparticles (NPs) on Al,O;. Figure 7 shows
the extinction coefficient spectra of Ag NPs with and without
graphene. The optical spectra of the nanoparticle arrays were
measured over a period of one year of air exposure to study the
effectiveness of the graphene passivation. The extinction coef-
ficient, <k>, and refractive index, <n>, spectra of our transferred
CVD graphene are also shown. The graphene extinction coef-
ficient spectrum is characterized by the Van Hove peak®! at 4.8
eV, which is a combination of the collective oscillation of the
m-electron system due to the 7—n* transition of the aromatic
C—C bond along the M-direction of the Brillouin zone of gra-
phene and of the so-called m-plasmon. Figure 7 shows that the
as-deposited Ag NPs supported on an Al,O; substrate have a
localized plasmon resonance (LSPR) peak at approximately

Adv. Funct. Mater. 2014, 24, 1864-1878
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3 eV. Over a four-months period, the resonant peak damped dra-
matically for unpassivated Ag NPs. In contrast, the Ag NPs that
were covered by the graphene showed a much more intense
and robust preservation of the initial plasmonic properties.
The variation of the amplitude and red-shift in A,,,, of approx-
imately 0.15 eV was due to the higher refractive index of the
graphene layer,”? since integration with high index materials
increases the extinction cross-section. No significant damping
was observed after one year of air exposure for the graphene/
Ag NPs sample, indicating that graphene was effective in inhib-
iting Ag NPs oxidation and preserving stable plasmonic prop-
erties. Noteworthy, our shift and damping is negligible after
almost a year of air exposure, whereas in the literature,?% only a
month of air exposure was used to for testing the stability.

Graphene has also been transferred on an Ag fishnet struc-
ture fabricated to create main resonances and a metamaterial
in the visible.*! The optical properties have been measured by
transmission and ellipsometry before and after the graphene
passivation. Figure 8 shows the transmittance spectra of the Ag
fishnet as fabricated, with graphene and for the latter also after
one year of air exposure. The graphene results in a blue-shift of
the main resonance (this blue-shift has also been observed in
the ellipsometric spectra of the ellipsometric variables ¥ and
A and is therefore a characteristic of the hybrid Ag/graphene).
Figure 8b also compares transmission experimental and simu-
lated data, which have been obtained by using an exact Maxwell
solver (rigorous coupled wave analysis, RCWA).”3l The agree-
ment between the measured red curve and the simulated blue
curve (converged) is remarkable.

2.4. SERS Functionality

The stability of the plasmon resonance of the Ag NPs and
fishnet structure is relevant to the realization of more stable
and robust SERS sensors. Silver is often selected to fabricate
SERS substrates for the detection of biomolecules because of
its high SERS activity.'"¥ Commonly, the encapsulation of silver
in SiO, and polymer is used to improve the stability and bio-
compatibility of the SERS substrates, which however, reduces
the sensitivity. Recently self-assembled graphene oxide/Ag NPs
hybrids have been demonstrate as SERS substrates.”¥ There-
fore, we have tested the functional SERS activity of the CVD
graphene coupled to the Ag fishnet and to Ag NPs by meas-
uring SERS spectra using benzyl thiol, also known as benzyl
mercaptan (BZM), as the probe molecule, where the gra-
phene can adsorb the target molecules and Ag NPs and Ag
fishnet supply strong SERS activity. A comparison between the
fishnet and NPs is made also to understand the effects related
to an ordered periodic structure versus a random ensemble
of nanoparticles. Here, the choice of BZM is because it is a
simple molecule that can adsorbe on graphene either through
m—m* interaction of aromatic rings in a planar geometry or thiol
groups via unsaturated bonds at grain boundaries. We are also
investigating and detecting SERS effect of graphene/metal NPs
using other molecules without thiol group, such as hemin (a
porphyrin) and Crystal Violet (CV), extending the applicability
of graphene/metal NPs hybrids to other molecules, and will
report on these findings in another publication.
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Figure 7. Pseudoextinction coefficient, <k>, and pseudorefractive index, <n>, spectra of the CVD graphene (up panel) with the corresponding sketch
of the graphene band diagram, and extinction coefficient spectra of the Ag NPs (bottom panel) on Al203 substrate with and without graphene also as
a function of exposure to air over 1 year. The 2 um x 2 um AFM images of Ag NPs with and without graphene are also shown.

Figure 9 shows the SERS spectra of BZM adsorbed on gra-
phene on glass, on the graphene/Ag-NPs and on the graphene/
Ag-fishnet taken using a He/Ne laser at 632.8 nm as the excita-
tion source. It has to be mentioned that no BZM Raman peak
is observed when BZM is dropped onto graphene or the naked
Ag nanostructures without graphene, in the latter case presum-
ably because of the silver oxidation as discussed previously.
While full assignment of peaks can be found in ref. [75], Table 1
summarizes the main mode we observed for both BZM and
graphene. The peaks at 1601 and 1001 cm™ are due to the ring
CC stretching (v8a), and the ring CCC in-plane bending (v12)
modes of BZM, respectively.°!

For the SERS spectra on graphene/Ag hybrids, the absence
of the v(SH) stretching band at 2569 cm™! appeared in the ordi-
nary Raman (OR) spectrum indicates that BZM is chemisorbed
on the surfaces by rupture of the S-H bond. Simultaneously,
the C-S band at 678 cm™ may indicate that the BZM chem-
isorbes at point defects of graphene whose presence is inferred
by the D-band at 1312 cm™, and possibly the same C-O centers

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(epoxy of carbohydroxyl centers formed on graphene by the
silver deoxidation (see scheme in Figure 5). The position of
the v8a band of BZM on silver appeared at 1589 cm™!, while it
appeared at 1601 cm™ in the liquid state. The decrease in fre-
quency also of the ring breathing v12 mode from =~1001 cm™!
to 988 cm™!, as well as of the other BZM ring modes, when on
graphene/Ag hybrids implied a direct ring m orbital interaction
with graphene. These results suggest a flat orientation of the
phenyl ring in BZM on graphene induced by the electron inter-
action between graphene and the BZM n* antibonding orbitals
affecting the C-C stretching (n-stacking). Noteworthy, a differ-
ence in SERS spectra is seen for coupling to Ag fishnet and to
Ag NPs, that is, in the case of BZM/Graphene/Ag NPs all in-
plane modes of BZM are seen in the SERS spectrum, whereas
only the C-C v12 in-plane mode is seen for BZM/Graphene/
Ag fishnet.

Assuming graphene as an electron shuttle, the deposition of
graphene on partially oxidized Ag NPs as well as on Ag fishnet
structures has drastic effects. A strong field enhancement can

Adv. Funct. Mater. 2014, 24, 1864-1878
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Figure 8. a) Transmission spectra of the Ag fishnet without (red curve)
and with (blue curve) graphene and the latter after one year of air expo-
sure (black curve). b) Comparison between measured and RCWA cal-
culated transmission and refection curves for the as-deposited fishnet.

take place only on a metallic surface since all of the field lines
have to be perpendicular to the surface, and if the radius of
curvature (RoC) is small (for convex surfaces), the field will be
enhanced drastically and even diverge for r— > 0. On a die-
lectric sphere the field will increase, too, but just given by the
polarization of the dielectric sphere and will remain finite. We
checked this prediction using the probe molecule BZM. The
increase in intensity of the Raman signal for adsorbates on
particular surfaces is either assigned in the literature to electro-
magnetic (EM) field enhancements or chemical shifts, caused
by a partial charge transfer. For our structures we assume
that the major role is due to EM field enhancement. It is clear
that on the Ag fishnet localized surface plasmons are excited.
The rigorous coupled wave analysis (RCWA) yields enhance-
ment factor of up to 50 on the sharp convex (outer) edges of
the fishnet structure, in the inner metallic edges the field is
reduced,””! as shown in Figure 10. The field enhancement
depends quadratically on the inverse RoC of the fishnet struc-
ture, so at very sharp outer edges or tips, with a radius of curva-
ture of less than 1 nm it could even be 2-3 orders of magnitude
enhanced. Our fishnets are probably as not as sharp and we
estimated the RoC from SEM measurements to be =3-5 nm.

Adv. Funct. Mater. 2014, 24, 1864-1878
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Figure 9. Raman spectra obtained using 633 nm radiation as an excita-
tion soure: a) SERS spectrum of BZM on graphene/Ag fishnet; b) SERS
spectrum of BZM on graphene/Ag NPs; c) BZM on graphene on glass;
and d) ordinary spectrum of liquid BZM.
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Table 1. Vibrational assignment of BZM and graphene for data in Figure 9.

OR [em™] Ag SERS [em™] Assignment
In-plane BZM

1601 1589 8a(Ay)
1201 1191 13(Ay)
1029 1013 18a(A,)
1001 988 12(Ay)
795 777 1(A)
618 6b(By)
Side-chain BZM

2569 - V(SH)
1252 1222 Y(CH,) (wagging or twist)
678 652 v(CS)
Graphene

2632 2639 2D-band
1577 1581 G-band
1312 1318 D-band

The stimulated Raman signal (a third order nonlinear process),
however, is influenced by the field enhancement twice: first, the
field enhancement magnifies the field a factor of F, the inten-
sity a factor of F2. As it is a nonlinear process, the intensity acts
back on the excitation of the Raman modes of the molecule,
therefore the total SERS signal is also increased by a factor F?,
and the total enhancement is of order of F*. For a thorough the-
oretical description of SERS as a nonlinear optical process the
reader is referred to elsewhere.l”8l

The geometrical complicated structure of the fishnet not only
provides resonances (or in other words an increased photonic
density of states) for the incident laser field with frequency w;,
but also, due to its geometry, for w; = w, where w, stands for
the different vibrational bands of the BZM. Because the meas-
ured Raman shifts are of the order of 1000 cm™, and thereby
rather small (V12 w; £ w, = 0.12 eV) against the incident photon
energy, we can assume that in the fishnet structure the low
wavenumber Raman active modes are enhanced the same
factor. This is true for the C-S and mode, but the 1250 cm™!
mode is not enhanced the same amount, probably because
other resonance conditions apply. Finally we assume that the
Ag NPs display even more BZM modes as a result of the sta-
tistical distribution of the NP sizes. Different Ag NPs have
different RoCs, but of even greater importance is the effect of
the different sizes of NPs which are resonant with different
frequency shifts, thereby delivering a multitude on signals.
On a flat graphene layer, however, all these Stokes lines are
undetectable.

Finally, to determine the SERS enhancement, EF, we con-
sidered the v12 mode appearing in both the G/Ag NPs and G/
Ag fishnet and found EF values of 210 for the graphene/Ag
fishnet and of 290 for the graphene/Ag NPs. These EF values
are the average values reproducibly measured in various points
across the sample, and are not the highest values that can
be achieved at hot spots. Noteworthy, for comparison a CVD
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graphene transferred on a similar Au fishnet has demon-
strated an enhancement factor of =40 for the methylene
blue.”

Some considerations about the origin of this enhancement
could be inferred in light of previous works on graphene as
a platform for SERS. Dresselhaus’ group has demonstrated,
using various molecules on graphene Raman probed with var-
ious laser sources, that graphene Raman enhancement factors
in a range 2-17 can be obtained by the chemical mechanism
(CM) that is based on charge transfer.®% In our case, the reason
why we do not observe BZM Raman signals when adsorbed on
graphene (without Ag) could be because the CM is not active
since electrons are transferred to Ag underneath for the deoxi-
dation. Therefore, the observed SERS for the BZM/graphene/
Ag may be ascribed to the electromagnetic mechanism (EM).
However, the EF values are not as high as those typically
expected (>10% for the EM. This could be due to the reduction
of the electromagnetic field by the graphene thickness/absorp-
tion, to averaging observed across the surface, and also to the
imperfect graphene-veiling of Ag NPs and fishnet (as shown
in tilt SEM in Figure 1), the latter factor being important as
recently demonstrated by Xu et al.B!

3. Conclusion

In summary, we have demonstrated that coupling graphene
with partially oxidized silver is effective in silver deoxidation.
Graphene was grown by CVD and transferred onto silver nano-
particles and periodic fishnet nanostructures. Defects created
by the processing act as sites for the detachment of oxygen and
silver oxidation. According to XPS and Raman experimental
observations and in agreement with data of electrochemical
potentials for graphene, silver and oxygen and of their work
functions, we formulate a silver deoxidation mechanism based
on the electron transfer to silver catalyzed by graphene and on
the cathodic silver protection arising from galvanic coupling to
graphene. It has also been demonstrated that graphene is effec-
tive in improving the stability of the localized plasmon reso-
nance in the visible range of silver nanoparticles and fishnets
for longer than one year. Furthermore, considering that gra-
phene is known to be strongly sensitive to contamination, for
example, is p-doped by water vapor in the air, and that humidity
could produce changes of graphene that may affect the sta-
bility of silver, it is pointed out that data shown in Figures 7,8
have been measured after exposing the samples over time to
different humidity levels in different ambients associated with
the various laboratories of co-authors, achieving reproducible
measurements of the optical characteristics and only a 10%
change in the sheet resistance was measured on graphene after
humidity exposures.

Thus, graphene/silver hybrids based LSPR applications and
SERS sensors can be significantly more stable and useful, espe-
cially over a long time period, enabling the technological devel-
opment of stable plasmonic and metamaterials toward lower
wavelengths.

Finally, the SERS functionality as SERS sensors of graphene/
Ag-nanoparticles and graphene/Ag-fishnet has been evaluated
and compared using the BZM thiol as probing molecule, whose
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Figure 10. Electromagnetic field enhancement calculated along the three directions, Ex, Ey, and Ez, at various points indicated by the yellow shadowed
area for the Ag fishnet with period 200 nm. Layer stack is 30 nm Ag (h)/15 nm SiO, (s)/30 nm Ag. E is polarized in x direction. Fields are calculated
at the A =670 nm resonance dip.
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m-system can electronically interact with that of graphene. Because
of this interaction, only the in-plane mode of BZM is SERS active
for graphene/Ag-fishnet; conversely, more BZM Raman modes
are SERS active using graphene/Ag-nanoparticles hybrids. A
rational for the different SERS response of the two hybrid sys-
tems is also provided by electromagnetic field calculations by
RWCA. Interestingly, the same SERS spectra have been recorded
after 4 months of air exposure of the graphene/Ag-fishnet and
graphene/Ag-nanoparticles samples, indicating the stability of the
graphene hybrids in providing stable and reusable SERS sensors.

4. Experimental Section

Graphene Growth: Graphene was grown by chemical vapor
deposition (CVD) from mixtures of CH,:H, on copper”! and then
transferred onto silver films and fishnet structures using the thermal
tape method.?" Specifically, the thermal tape was bound to graphene,
and the copper was etched in a solution (0.1 M in distilled water) of
ammonium persulfate (APS); the graphene/tape carrier was rinsed in
isopropanol and dried first in N, atmosphere and subsequently kept
in ultra high vaccum pumping (UHV) to eliminate traces of humidity
and transferred on silver structures and films and the tape released by
heating to 90 °C in N, atmosphere. This temperature is low enough to
prevent any re-aggregation and change of morphology of the Ag NPs
as well as of the Ag fishnet.B" Finally, to remove any possible tape
residue/contamination the hybrid graphene/Ag samples were dipped
in an optimized mixture of solvents for 20 min and then dried again
by a UHV pumping with the sample at 90 °C to further remove any
solvent residual. XPS chemical analysis on a control graphene sample
demonstrated that this procedure does not give any residual copper and
tape or solvent contamination. The absence of contaminations was also
checked optically by spectroscopic ellipsometry, since recently we have
demonstrated[®? that this technique could reveal unexpected absorption
by contamination/impurities. Thus, an impurity/contamination-free
graphene/silver interface is formed.

Silver Nanostructures Fabrication: Ag ultrathin films and Ag
nanoparticles were evaporated on Si/SiO, wafer and on Al,O; substrates.

For fabrication of the Ag fishnet herein discussed, nanoimprint
lithography (NIL) masters were fabricated on a 4” silicon wafer by
e-beam lithography. A diluted Ormocere layer is spin coated on top of
a lift-off resist (LOR) and structured using NIL. The Ormocere contains
not only organic but also inorganic materials resulting in a much lower
etching rate than the used LOR layer underneath. Therefore, when using
this material combination recessed sidewalls are achieved in a simple
RIE etching step without the need of a wet chemical development step
of the LOR layer. The different layers of Ag (by evaporation) and of SiO,
(by sputtering) were deposited to fabricate the structure used here,
which consisted of a layer stack of 30 nm Ag / 15 nm SiO, / 30 nm with
an Ag lines period of 200 nm.

SERS Experiment: BZM was purchased from Sigma-Aldrich and was
used without further purification forming a solution in CH,Cl,. The
concentration of BZM in the colloidal solution was =5 x 107 m. The
solution was dropcasted on the Ag NPs and fishnet with and without
graphene; the samples after 6 h were rinsed in CH,Cl, and dried in N,.

Characterization. The effects of the topographical characteristics of
the silver nanostructures were investigated by field-emission scanning
electron microscope (FE-SEM). Morphology analysis was carried out
with an atomic force microscope (AutoProbe-CP ThermoMicroscope)
using a gold coated Si tip with a resonant frequency of 80 kHz.

Chemical analysis was carried out by X-ray photoelectron
spectroscopy (XPS). A high resolution X-ray photoelectron spectrometer
(Kratos) was used to investigate the chemical state, the silver-oxygen
chemical states and the effect of graphene on oxidation of silver in
time. All XPS measurements were made at room temperature using
crystal-monochromatised Al Ka radiation. Samples after preparation
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were transferred immediately to the XPS to minimize air exposure.
The analysis of the main photoelectron peaks of Ag3d, OTs, Cls in
addition to the valence band is used to track chemical and electronic
changes in silver and graphene layers. Specifically, the Ag3d and Ols
give information on the chemical states of Ag, Ag,O and AgO, while the
Cls photoelectron peak is used to analyze graphene modifications. The
valence band analysis was useful to investigate Fermi level shifts and,
hence, charge transfer between graphene and silver. The XPS system has
a video camera and grid system and a spot on the sample of 500 um x
600 um, which is of comparable size to the 700 um x 700 um sampling
are of Raman with a 10x objective which helped us in identifying region
of the samples without holes or cracks of the order of tens of micron or
higher; the same regions were then samples by XPS.

Microstructural analysis was performed by Raman spectroscopy.
Raman spectroscopy has shown to be a powerful tool to assess thickness
and quality of graphene layers.[®¥l Raman spectra were then collected
using a LabRAM HR Horiba-Jobin Yvon spectrometer equipped with the
632.8 nm, 532 and 473 nm excitation lasers. Graphene Raman and SERS
measurements were run under ambient conditions at low laser power
(0.5 mW for 632.8 nm and 0.2 mW for 532 nm) to avoid laser-induced
heating and damage. A 50x objective (numerical aperture (NA) = 0.75)
was used for all of the measurements. The Raman band of a silicon wafer
at 520 cm™' was used to calibrate the spectrometer, and the accuracy of
the spectral measurement was estimated to be better than 1 cm™'.

The SERS enhancement factor, EF, was calculated according to EF
= (Isgrs/Nsers)/ (Iraman/ Nraman), Which represents the ratio between the
SERS and Raman BZT signal intensities, Isers and Iraman, both normalized
for the number of probed molecules, Nsgrs and Ngaman. The number
of molecules, Nsgrs, probed in graphene/Ag samples was estimated
under the approximations that the graphene surface is fully covered by
a monolayer of BZM molecules lying flat on the surface by 7 stacking
and that the surface covered by a BZM molecules is a circular area with
diameter equal to the expected BZM length (0.55 nm).B4 Thus, Ngggs
was calculated by dividing the laser irradiated graphene area (7irj,,%,with
r laser = 0.614,5¢,/NA) by the area occupied by a single BZM molecules,
and Ngaman Was calculated by considering the irradiated BZM solution
volume (estimated as the product of laser spot area and the laser spot
depth of focus,~2A/NA?) and its concentration (4.0 m).

Optical analysis was carried out by reflection and transmission
measurements and also by spectroscopic ellipsometry.”"l Spectroscopic
ellipsometry recorded the corresponding plasmonic response of the
fishnet structures by directly recording the pseudodielectric function
<&> = <&> + i <&>, which is related to the extinction coefficient k and
refractive index n of structure by the following equation

1— 2

(&)= (&) + i(e) = sin26[1 + tanZGE1 2;2] = ((n+ ik)?)
where 0 is the angle of incidence fixed at 70° and p is the complex reflection
coefficient for the parallel, fon and perpendicular, r;, polarizations, defined as
p= D tanw s

rs
where tan¥ represents the change of amplitude of the reflected
polarized light beam with respect to the linearly polarized incident
beam, while the phase change between the two polarizations is related
to cos A. Ellipsometric spectra were acquired using a phase-modulated
spectroscopic ellipsometer (UVISEL, Horiba Jobin Yvon) in the
180-1700 nm spectral range with 1 nm resolution.
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