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We investigated the plasmonic response of a 2-dimensional ordered array of closely spaced (few-nm
apart) Au nanoparticles covered by a large-area single-layer graphene sheet. The array consisted of

coherently aligned nanoparticle chains, endowed with a characteristic uniaxial anisotropy. The joint

effect of such a morphology and of the very small particle size and spacing led to a corresponding
uniaxial wrinkling of graphene in the absence of detectable strain. The deposition of graphene redshifted
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the Au plasmon-resonance, strongly increased the optical absorption of the array and, most importantly,
induced a marked optical anisotropy in the plasmonic response, absent in the pristine nanoparticle array.
The experimental observations are accounted for by invoking a graphene-mediated resistive coupling

between the Au nanoparticles, where the optical anisotropy arises from the wrinkling-induced
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1 Introduction

Hybrid materials consisting of graphene” interacting with
plasmonic-metal nanostructures®* exhibit novel electronic and
photonic properties that often do not belong to any of the
isolated counterparts.”™” From the perspective of graphene,
the integration with plasmonic nanostructures promotes an
increase in light harvesting, useful for photoelectronic and
photovoltaic applications,”"'*'82% 3 tunable light-induced
charge doping,'® the amplification of the surface-enhanced
Raman spectroscopy (SERS) yield**?® and more. On the other
hand, plasmonic materials also benefit from the coupling with
graphene, allowing the electrostatic tuning of the plasmon
resonance,”” the environmental shielding of reactive plasmonic
structures,”® and the tunable spacing between plasmonic
resonators,>?*° to name a few.
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anisotropic electron mobility in graphene at optical frequencies.

The functionalities of hybrid graphene/plasmonic systems
critically depend on the degree of interaction between the two
materials.>"'* Within the framework of plasmonics, it is by
now clear that the mere treatment of graphene as a dielectric
environment for the metallic nanostructures cannot fully grasp
the rich physics of the hybrid systems,*' meaning that the
microscopic mechanism of interaction between graphene and
plasmonic materials must involve more complex phenomena.

Several interaction mechanisms have been proposed, like
electron transfer®'! or enhanced photoexcitation due to plasmonic
near-field electromagnetic (EM) hot spots.’> Hot-electron transfer
from plasmonic resonators into graphene is a relatively efficient
process due to the lack of a bandgap in graphene,”** yet its
efficiency might be actually hindered due to the lack of a barrier
for re-injection.'” It was then suggested that the dominant inter-
action mechanism relies on a complex interplay of enhanced
photoexcitation of electrons in graphene via plasmon-enhanced
EM fields and hot-carrier decay, with consequent electron-gas
heating in graphene,'? but this may require plasmonic structures
to yield strong EM near-fields within graphene.

In the literature, there is a tendency to ascribe the properties
of plasmonic/graphene hybrids to just one dominant interaction
mechanism, neglecting the possibility that multiple effects
might be simultaneously at play, a fact that leaves many open
questions in the interpretation of the optical and electronic
properties of these materials. An approach in which all mechanisms
at play are taken into account, accompanied by a system in
which some of them may be selectively deemed dominant or
not influential, would surely improve the understanding of these
hybrid materials.
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In this work we report the plasmonic response of a 2-dimensional
(2D) array of closely spaced Au nanoparticles (NPs) covered by
a large-area single-layer graphene (SLG) sheet. The 2D arrays
consist of coherently aligned, closely spaced chains of NPs
supported onto an insulating substrate. The systems are fabri-
cated by means of bottom-up methods, allowing us to achieve
few-nm inter-particle gaps all over extended samples and ensuring
high chemical purity. The systems exhibit a well-defined LSPR, the
frequency, intensity and bandwidth of which depend on the joint
effect of single-particle characteristics and interparticle near-field
EM coupling.®® In the case of bare (not covered) Au NP arrays, a
carefully tuned fabrication yielded a substantially isotropic
plasmonic response of the arrays. Upon deposition of a large
(~10 x 10 mm?) SLG sheet, the SLG exhibited a marked uniaxial
wrinkling onto the NP chains in compliance with the under-
lying morphology. The deposition of the SLG led to a very large
redshift of the LSPR and to the birth of a sizable optical
anisotropy in the hybrid Au/graphene system. In this respect, the
uniaxial wrinkling of graphene and the anisotropic morphology
of the plasmonic NP array allow us to discriminate between
dominant and uninfluential interaction mechanisms based on
their capability to account for the emerging optical anisotropy.
The variation of the plasmonic response was accordingly ascribed
to the graphene-mediated plasmon hybridization in the NP arrays,
while the anisotropy was ascribed to the influence of wrinkling on
graphene’s electron mobility at optical frequencies.

2 Results

2.1 Experimental

The NP arrays were fabricated by template-mediated deposition
of Au onto a nanopatterned CaF,(110) substrate. Optical-grade,
flat and transparent CaF,(110) substrates (10 x 10 x 1 mm?,
Crystec Gmbh) were subjected to the homoepitaxial deposition
of ~100 nm of CaF, in a high-vacuum (p ~ 10 ® mbar) at a
temperature of 500 °C. This procedure led to the formation of
coherently aligned, uniaxial nanostructures.**

The glancing-angle deposition of Au (equivalent thickness
tau = 3.3 nm) followed by a mild system annealing at 400 °C led
to the formation of densely packed arrays of Au NPs, consisting
of closely spaced NP chains, as previously observed on other
ionic crystals like LiF***° (see the scheme in Fig. 1, top). The
inter-chain pitch reflects the periodicity of the substrate
grooves, whereas the intra-chain NP periodicity and the NP
size are dictated by a combination of the metal thickness and
of the details of the dewetting process.>* A small part of the
substrate was intentionally left uncovered by Au, in order to
provide a reference for optical-transmittance measurements
and Au-free characterization of graphene.

Large-area polycrystalline graphene was synthesised via
chemical-vapour deposition (CVD). The graphene was grown
on copper (Cu) sheets (25 pm thick, Alfa-aesar, 99.8%) in a cold-
wall reactor (Aixtron BM Pro) using a process similar to that
described previously.*® The Cu substrate was gradually heated to
1060 °C and annealed for 10 minutes in a hydrogen atmosphere to
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Fig. 1 (a) Sketch of the nanopatterned CaF, substrate (top) and AFM image

of the substrate nanostructures (bottom). (b) Sketch of the Au-NP/CaF,
system (top) and AFM image of Au-NP/CaF, (bottom). All images are 1 pm?.

0nm

clean the substrate and increase the Cu grain size. The CVD
growth was performed at the same temperature by flowing
methane for 10 minutes. Finally, the sample was cooled down
to 120 °C prior to removing it from the CVD reactor in order to
avoid excess oxidation of copper.

Sheets of graphene (approximately 10 x 10 mm?) were
deposited onto Au/CaF, samples using the standard wet transfer
technique.’” Graphene/Cu was spin-coated with a thin layer of
PMMA (950 K, 2% in acetyl lactate) and was left to dry under
ambient conditions. The unwanted graphene from the back-side
of the copper sheet was removed using oxygen plasma and the
copper substrate was then etched in a 0.1 M solution of iron
chloride (Sigma-Aldrich), leaving the graphene/PMMA membrane
floating on top of the etchant solution. The membrane was
thoroughly rinsed in deionised water and transferred to the
Au/CaF, substrates. Finally, the PMMA support membrane was
removed with acetone and isopropanol and the sample was left
to dry under ambient conditions. A few micron-sized tears in the
SLG were typically found upon scanning the samples, however
they accounted for less than 1% of the total surface area.

Atomic force microscopy was performed using a Multimode/
Nanoscope IV system, Digital Instruments-Veeco, tapping mode.
Raman spectra were obtained using a Renishaw inVia microRaman
system, with laser excitation at 4 = 532 nm and 50x objective.
Scanning electron microscopy (SEM) images were acquired using a
Zeiss Merlin column equipped with a field-emission gun and an
in-lens detector. Despite the strongly insulating character of the
substrate, high-resolution SEM images could be acquired thanks to
the continuity of the SLG layer that effectively limited charging
effects. Transmission spectra were recorded using a J.A. Woollam
M2000-X spectrometer/ellipsometer, in the 245-1680 nm range.

2.2  Morphology

In Fig. 1a we report an AFM image of the CaF, substrate prior to
the deposition of Au. The uniaxial surface nanopatterning is
clearly observable. The nanostructures have a lateral periodicity
of 17 nm. In Fig. 1b we report an AFM image of the Au/CaF, system
following the deposition of Au and the dewetting. Small NPs are
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Fig. 2 (a) Sketch of the SLG/Au/CaF, system. (b) Raman spectra of SLG
deposited on bare CaF; (red line) and on Au/CaF, (markers). The SLG/CaF,
spectrum was multiplied by a factor 3.6. (c and d) SEM images of the SLG/
Au/CaF, system (1 um?). The image in (c) was recorded in correspondence
of a SLG-sheet edge. SLG is the darker part. The image in (d) was recorded
in correspondence of a fully covered area. The inset of image (d) is the
angle-dependent pair correlation function, obtained from a statistical
analysis of the image. Bright (dark) areas represent higher (lower) auto-
correlation values. Inset size: 100 x 100 nm?. (e and f) AFM images (1 um?)
of SLG/Au/CaF,. Image (e) was measured in correspondence of an edge of
the graphene sheet. The area enclosed by the dark-gray line is covered by
SLG, whereas in the remaining part, bare Au NPs are present. In the inset of
panel (f) the slope distribution calculated starting from the corresponding
image is reported. Inset range: —0.4 to 0.4.

clearly observable. This is the substrate onto which SLG deposition
is performed.

In Fig. 2 we report a comprehensive characterization of the
SLG/Au/CaF, system obtained following the fabrication steps
described above: Fig. 2a shows a schematic diagram of the
system. In Fig. 2b we show two representative Raman spectra
measured from the SLG laid onto the bare CaF, substrate, for
which we expect no significant substrate-SLG interaction (red
line) and onto the Au-covered sample area (markers), after
subtraction of a smooth background. The spectra refer to the
same SLG sheet. The graphene/CaF, spectrum in the figure was
multiplied by a factor 3.6 to compensate for the plasmonic
enhancement typical of Au NPs.>*?>® The spectra show the
well-known G and 2D peaks, at 1584 cm ™" and 2674 cm™ ',
respectively.*® No evidence for a D peak around 1350 cm ™" was
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found, indicative of defect-free SLG; the 2D/G intensity ratio
reads around 4-5. The full width at half-maximum of the peaks
is 20 em ! for G and 34 cm ™' for the 2D peak, respectively.
Intensity aside, the spectra measured on the bare substrate and
on the Au NPs almost exactly overlap each other. This finding
indicates that neither significant SLG strain®' nor charge doping
variation® was induced by the Au NPs. The strong similarity of
the spectra recorded with and without underlying Au can appear
puzzling at a first glance, especially considering the reported
behaviour in analogous systems.*’ In our case, the absence of
detectable strain is ascribed to the very close spacing of Au NPs
that prevents SLG from being freely suspended over large gaps,*® a
condition that easily induces strain.>* The SLG thus bends, rather
than straining, a condition that does not greatly affect the Raman
spectra.*’ Judging from the Raman peak positions, the strain, if
present, is below 0.1%."> Polarization-dependent Raman spectra
acquired with the exciting electric field aligned either along or
across the Au-NP chains yielded identical results, both in terms of
spectral intensity and of SLG peak characteristics (ESIT). This can
be interpreted based on the fact that SLG is actually laid on top
of the Au NPs, without penetrating the interparticle-gap region.
Thus, whereas a large anisotropy in EM-field enhancement
is indeed expected within the interparticle gaps for different
incident polarizations, this becomes very weak in correspondence
of the contact area of NPs and SLG.

In Fig. 2c and d we report representative SEM images
recorded in correspondence of an SLG edge and of a fully
SLG-covered region. SEM allows us to clearly discern the Au
NPs (bright spots in the image) in both the covered and
uncovered regions. The tendency of NPs to align along the
substrate nano-grooves is apparent. The black spots seen in
both pictures represent defects created in the CaF, substrate
during the nanopatterning. In Fig. 2¢, the SLG-covered area is
darker than the bare Au/CaF,, yet it clearly appears that the NP
arrangement is equivalent in the two areas. This implies that the
potentially disruptive procedures associated with the wet transfer
of SLG did not affect the array morphology, as no particle
clustering or deviation from their mean mutual arrangement is
observed.

Fig. 2d provides an overview of the SLG-covered system.
From images like Fig. 2d it is possible to perform a statistical
analysis of the array characteristics, exploiting suitable digital
NP-recognition algorithms (ESIT).* In the inset of Fig. 2d we report
an angle-dependent pair correlation function (100 x 100 nm?). The
Au NPs show a tendency to arrange in a close-packed fashion.
The inter-chain pitch is dictated by the substrate groove spacing
(~16-17 nm), and is very similar to the intra-chain NP pitch
(17 nm). The mean size of the NPs extracted from this analysis is
11 + 3 nm, and the NPs have, within excellent approximation,
a circular in-plane cross-section.

In Fig. 2e we report an AFM image of SLG/Au/CaF, measured
in correspondence of an edge of SLG. The SLG is visible in the
right-hand side of the image, while the uncovered area lies on the
left-hand side. On the uncovered side, the Au NPs are clearly
discernible, whereas the SLG-covered part resembles a smooth
convolution of the bare system. Thanks to these characteristics,
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it was possible to discriminate the graphene-covered (enclosed
by the black contour) and -uncovered areas in the image, and
perform independent statistical analysis on the two. The r.m.s.
surface roughness as viewed from the AFM decreased by 30%
moving between uncovered and covered areas, as qualitatively
expected, though tip-convolution effects might strongly under-
estimate the roughness in the bare-NP case. The average height
difference Ah between graphene-covered and -uncovered areas
reads Az = (0.6 + 0.2) nm. The discrepancy with respect to the
expected value for SLG of 0.335 nm** arises from the nanoscale
roughness of the underlying substrate. In particular, neither
SLG nor (to a different extent) the AFM tip penetrate the deep
interparticle gaps. The Az we measure is thus compatible with
the value expected for the deposition of SLG.

In Fig. 2f we report a representative AFM image on a fully
SLG-covered area of the sample. In the picture, the Au-NP chains
are oriented along the vertical direction. Aside from an intrinsic
roughness, SLG mimicks the uniaxial morphology of the under-
lying substrate, thus exhibiting a preferential wrinkling direction
in the vertical direction of the image. This preferential uniaxial
wrinkling is quantitatively confirmed observing the slope distri-
bution extracted from the image and reported in the inset
of Fig. 2f (inset range: —0.4 to 0.4. For small angles, the slope
tana =~ a, where o is the local angle of the surface with respect
to the normal). The slope distribution clearly shows an in-plane
anisotropy; in particular, larger surface slopes are observed
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along the in-plane direction transverse to the ripples, as expected
for SLG conforming to the Au-NP array grooves. Interestingly,
no evidence of uniaxial wrinkling is observed for SLG laid on
bare CaF,, likely pointing to the fact that at least a moderate
interaction with the underlying system is needed in order to bend
the SLG on the nanometric scale. It therefore seems that bare
CaF, alone is unable to provide such an interaction, and it is thus
energetically more favourable for SLG on CaF, to maintain its
‘“pristine” state.

2.3 Plasmonic response

The optical response of the SLG/Au/CaF, system is reported in
Fig. 3. The plasmonic response of the NP arrays was assessed
measuring the polarized-light transmittance at normal incidence,
with the light polarized either along the NP chains (longitudinal
geometry, L) or across the chains (transverse geometry, T).
A scheme of the optical geometry is shown on the right-hand side
of the figure. For performing the measurements, the intensity I of
the transmitted polarized radiation was measured when the
polarization axis was parallel or perpendicular to the NP chains,
and the ratio of I with respect to the unperturbed beam intensity I,
was calculated to yield transmission spectra. The transmission
spectra show a marked absorption peak, fingerprint of the LSPR of
the Au NPs. In the top graph of Fig. 3 the full markers show the
optical transmittance of the bare Au NP arrays in L (blue) and
T (red) configurations, respectively. The L- and T-LSPR occur
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Fig. 3 Top graph: Full markers: optical transmittance of the Au-NP arrays in longitudinal (blue) and transverse (red) configurations. Open markers:
optical transmittance of the SLG/Au-NP arrays in longitudinal (blue) and transverse (red) configurations. Bottom graph: Ratio R of the optical
transmittance of SLG/Au over the Au-only transmittance in longitudinal (blue) and transverse (red) configurations. The dashed black line represents
the expected free-standing SLG transmittance (97.7%). Right-hand side: optical geometry for the transmission measurements.
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at slightly different wavelengths (/, = (590 £ 5) nm, Ay =
(585 £ 5) nm). The plasmonic anisotropy A/;_r reads approxi-
mately 5 nm. Considering the substantially circular in-plane
aspect ratio of the NPs, such a slight anisotropy is mostly
ascribed to the NP arrangement in uniaxially symmetric arrays
and the consequent anisotropic near-field coupling strength.*?
The effect is however very weak in this case.

The open markers in the top graph of Fig. 3 represent
instead the transmission spectra obtained after the deposition
of SLG. Blue (red) open markers represent the L and T con-
figurations, respectively. The LSPR in the L and T configurations is
redshifted to wavelengths A;, = (655 + 10) nm and A = (630 % 10)
nm, respectively, increasing the anisotropy to 44;,t ~ 25 nm. The
LSPR peaks significantly broadened, as their FWHM passed from
95 to 155 nm for the L case and from 90 to 120 nm for the T
geometry, and the overall transmittance strongly decreased. In the
bottom graph of Fig. 3 we report the transmission ratio R defined
as the ratio between the transmittance of SLG/Au and the trans-
mittance of bare Au in the pertinent optical geometry. The ratio R
immediately allows us to selectively highlight the role of SLG in
modifying the optical response of systems. Close to the LSPR, the
transmission drops by 35-40%, yielding a ratio R as low as 60%,
whereas for wavelengths far from the LSPR (e.g. 4 = 1680 nm),
R recovers, closely approaching the expected ratio of 97.7% for the
addition of non-interacting graphene (R(1680 nm) ~ 95%),"
implying that the transmittance decrease is strongly correlated
with the LSPR excitation. Finally, smaller and sharper dips (corres-
ponding to increased absorption in SLG/Au) appear in R around
/=275 nm.

3 Discussion

In summary, comparing the transmission spectra before and
after the SLG deposition, some remarkable observations can be
made. First, the LSPR in both L and T configurations exhibits
a graphene induced redshift (55 nm on average) which is
remarkably large with respect to literature values."®* Secondly,
and most importantly, the graphene-induced LSPR variation is
strongly anisotropic between L and T configurations, both in
terms of LSPR wavelength (A/;, = 65 nm and Alr = 45 nm) and
peak width.

In chains or arrays of closely spaced plasmonic NPs, the
LSPR is a function of both the individual-particle characteris-
tics and the chain/array geometry that dictates the degree of
plasmon hybridization.>**® For given single-particle characteristics,
the LSPR may thus vary upon a change of the plasmon hybridization
mechanism or intensity. Experimentally, we have observed that the
NP morphology and the array geometry are unchanged following
the deposition of SLG. This implies that the large and anisotropic
LSPR redshift must be due to SLG-NP coupling effects. In this
respect, it has been suggested that several mechanisms are poten-
tially able to affect the LSPR of both isolated and near-field-coupled
plasmonic nanostructures. First is the polarizability variation of the
local NP environment that gives rise to image-dipole charges in
graphene with a consequent LSPR redshift.>***” Second, the effect
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of the plasmonically enhanced EM field leads to locally hot-electron
gas in graphene via enhanced photoexcitation: the hot-electron gas
locally modifies the NP environment thereby affecting the LSPR.*"*?
Last, the injection of plasmonic hot electrons in graphene effectively
opens a further non-radiative decay channel for plasmons.”” In the
current literature, a debate is still active about what is the actual
mechanism responsible for the plasmonic-graphene hybrid system.
For isolated (i.e. non EM-interacting) plasmonic systems with large
field-enhancement ratios, ref. 12 showed conclusive data about the
dominant role of the second mechanism, but the question is still
open as to whether this holds for all kinds of plasmonic structures.
In discussing our findings, we adopt an open approach assuming
that all three interaction mechanisms can potentially affect the
behaviour we observe, evaluating their compatibility with the
observations.

Starting with environment and image-dipole effects, an
inspection of the current literature reveals that this mechanism
alone is unable to account for the very large experimentally
observed LSPR as redshift values around 10-15 nm have been
reported.**

The efficiency of the second mechanism relies on the degree
of enhanced photogeneration in graphene due to the plasmonic
near fields. In this respect, the systems of ref. 12 exhibited indeed
an estimated plasmonic field-enhancement ratio of around 20,
which is by all means a considerable value. In our case, the
field-enhancement ratio of even higher magnitude is indeed
predicted deep inside the interparticle gaps,*’ but its value
strongly decreases in correspondence of the expected geo-
metrical contact point of NPs and SLG (the top of the nano-
particles), becoming weak and substantially independent of the
mutual orientation of incident-polarization and NP chains. Our
plasmonic SERS enhancement factor is indeed a mere factor 3.6
implying rather weak field-enhancement ratios within SLG.
Under these circumstances, the creation of a high electronic
temperature in SLG due to enhanced direct photoexcitation can
unlikely represent the dominant mechanism for the graphene/
plasmonic interaction and for the large LSPR redshift. Furthermore,
it would hardly account for the graphene-induced optical
anisotropy, since the plasmonic near-field enhancement within
SLG does not exhibit a dependence on the incident-light
polarization (ESIt) and very involved mechanisms would thus
be required to justify the different efficiencies of indirect
graphene heating simply based on its curvature.

In the third scheme, electron transfer between Au NPs and
graphene is held responsible for the large LSPR redshift.**°
The potentially low efficiency of this mechanism, due to the
lack of a barrier for re-injection,'” represents a drawback in the
case of isolated plasmonic nanostructures but not in our case,
since an equilibrium state where electron injection from the
NPs into SLG is compensated by an equivalent re-injection will
eventually be reached. For the Au NPs in the array, the resistive
electronic interaction via graphene®® represents therefore an
additional plasmon-hybridization mechanism superimposed to
the non-contact EM near-field coupling, that is active even in
the absence of SLG. The redshifted LSPR thus represents the
new collective resonance condition of the combined SLG/Au
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system. In the simple framework for which stronger plasmon
hybridization implies larger redshifts and a corresponding
peak broadening,**° the addition of SLG clearly represents a
reinforcing mechanism for interparticle interaction.

The resistive-coupling mechanism also lends itself to account
for the optical anisotropy in the hybrid system, simply invoking a
graphene-curvature dependence of the plasmon hybridization
efficiency. The physical grounds for this would be provided by
the curvature dependence of electron mobility in SLG,”" where
smaller mobilities (increased carrier scattering) are observed
transverse rather than parallel to SLG wrinkles.>>® We notice
that this mechanism does not in principle require SLG to be
strained in order to occur, and is thus inherently different with
respect to a uniaxial-strain modulation of the electrical/optical
response. Since the largest redshift is observed in L configuration,
corresponding to the electric field along the wrinkles, one can
conclude that weaker electron scattering yields stronger graphene-
mediated interparticle coupling and vice versa. In this respect, the
uniaxial wrinkling of graphene and the anisotropic morphology
of the plasmonic NP array allow us to discriminate between
dominant and uninfluential interaction mechanisms based on
their capability to account for the SLG-induced optical anisotropy.

Finally, we remark that the sharp dips at 4 ~ 275 nm nicely
fit with the expected position of the SLG exciton, seldom, if ever,
directly observed in simple optical transmission measurements>*>
and here possibly amplified by the interaction with the Au
nanostructures.

4 Conclusions

In summary, we have reported the variation of the plasmonic
response of an ordered array of closely spaced Au nanoparticles
upon deposition of a large sheet of single-layer graphene. The
2D arrays consisted of uniaxially aligned, closely spaced chains
of NPs supported on a nanogrooved CaF, crystal, and exhibited
a localized surface plasmon resonance at A ~ 590 nm, sub-
stantially isotropic as a function of the relative orientation of
Au-NP chains and incident light polarization. The arrays are
characterized by a very small NP size (11 nm diameter on
average) and array pitch (17 nm). Upon laying the SLG sheet
onto the Au-NP array, graphene assumed a characteristic uniaxial
wrinkling pattern, replicating the substrate uniaxial alignment of
Au NPs. The close proximity of the NPs allowed the sheet to be
laid on the array without detectable strain. The isotropic plasmonic
response of the graphene-free systems strongly redshifted and gave
way to a sizable anisotropy upon deposition of SLG. The plasmon
resonance for light polarization oriented across the Au-NP chains
and across the SLG wrinkles redshifted by 45 nm, whereas the
resonance for polarization oriented along the NP chains and the
SLG wrinkles redshifted by an amazing 65 nm. The optical
transmission of the system decreased by up to 40% in corre-
spondence of the plasmon resonance upon introducing SLG.
We ascribed the plasmon-resonance redshift, the optical aniso-
tropy and the strong decrease in transmittance to the strong
interaction between graphene and the plasmonic metal. We suggest
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that the dominant mechanism at play in our system is the coupling
of the Au NPs in the system via electron exchange through the SLG.
In this framework, a direct correlation exists between the uniaxial
wrinkling of graphene and the optical anisotropy, as the degree of
coupling between the plasmonic particles, responsible for the
resonance redshift, is a function of the SLG conductance, that is
in turn influenced by the uniaxial SLG wrinkles.

Based on our findings and on the existing scientific literature
on graphene-plasmonic interaction, we suggest that the various
different coupling mechanisms suggested so far may be simulta-
neously at play in hybrid systems, but have different weights in
determining the overall system response, depending on their
specific characteristics. Plasmonic structures where strong field
enhancements are promoted in the graphene layer may be
more subjected to direct-photoexcitation effects,' and closely
spaced plasmonic resonators may be more affected by resistive
coupling through graphene.*® Such a graphene-mediated
coupling can in turn be tuned by the graphene nanomorphology
that can be manipulated by the presence of suitable substrate
nanostructures.
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