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In this article, we use optical transmission spectroscopy to measure the changes in the resonance
features of a Au plasmonic nanoresonator array consisting of concentric ring/disc cavity elements, when
graphene is introduced as an encapsulating medium. We show that by using finite element modelling

to best reproduce our experimental results the dielectric response of the graphene film can be
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Introduction

The integration of graphene with plasmonic devices offers
opportunities for the development of planar optoelectronic
devices™” and highly integrated chemical sensors.’ The
potential for future applications lies in the highly desirable
electronic properties of graphene, such as high carrier mobi-
lity* and a tuneable Fermi energy level,” as well as the recent
demonstration of scalable large area synthesis and fabrication.®
Combining this with the ability to manipulate light at the
nanoscale, as well as the field enhancement possibilities
offered by plasmonics, provides a possible route to overcoming
the current problems in Si based integrated photonics such as
downscaling as well as making use of higher order non-linear
optical effects.””® Paramount to this effort is the need to better
explore the optical response of plasmonic nanoresonators
coupled to graphene at frequencies beyond the visible
spectrum.

Whilst graphene has been shown to exhibit a universal optical
conductivity in the visible regime,’ this is not the case in the mid-
IR where a clear frequency dependency arises.'®"" It is well known
that graphene’s conductivity can be defined by the Kubo
formula'” in the local random phase approximation (RPA).'*™*
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determined. We discuss the potential of such structures for chemical sensing applications.

An interesting property of graphene is that its dielectric con-
stant can be tuned by electrostatic gating as recently shown by
ref. 16. As such, the interaction between a graphene monolayer
and a plasmonic array in intimate contact is largely affected by
the Fermi energy of the sheet, as well as its defect density. In
this paper, we examine the effects of a graphene overlayer on
the localized surface plasmon resonance (LSPR) of a Au nano-
resonator array, consisting of concentric ring/disc cavity (CRDCs)
elements,"” chosen for their hybridized mode spectrum with
two distinct sub- and super-radiant dipolar modes. We demon-
strate that the shift in the LSPR can be used to determine the
dielectric properties of the graphene. Furthermore, we use
finite element method simulations to investigate sensitivity of
the LSPR modes to changes in the chemical potential of the
graphene overlayer.

Experimental
Sample fabrication

Au CRDCs of 60 nm thickness arranged on a square grid with a
periodicity of 3 um were fabricated on a quartz substrate by top
down approach using e-beam lithography (Elonix 100KV EBL
system) and a subtractive etch. First, a Ti(3 nm)/Au(60 nm)
thick film (Ti was used as an adhesion layer) was deposited
onto the substrate by e-beam evaporation (EB03 BOC Edwards).
Negative tone e-beam resist, Hydrogen Silses Quioxane (HSQ),
was spun onto the sample and patterned to define the etch
mask. Finally, an ion-milling process was established to create
well-defined Au nanostructures on the substrate. Fig. 1a
shows an SEM image of the CRDC array, the inset shows the
typical structure of one of the CRDC elements found within
the array.
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Fig. 1 (a) SEM image of the CRDC array. The inset shows a close up of an
individual ring-disc element (b) schematic of the simulated CRDC structure with
cross section shown. The ring has an outer diameter of 425 nm and an inner
diameter of 314 nm, the disk has a diameter of 288 nm, the gap between ring
and disk is 13 nm and both structures are 60 nm tall.

Graphene grown on Cu by chemical vapour deposition was
purchased from Graphene-Supermarket. A thin layer of PMMA
was spun on top of the graphene film. The Cu substrate was
removed using a FeCl; wet chemical etch and the graphene film
was transferred onto our CRDC array using HCl, H,O and
acetone. A more detailed description of the transfer process
can be found in ref. 18.

Spectroscopy

Transmittance (Tr) curves of both the bare and encapsulated
array were obtained at normal incidence with a Bruker Hyper-
ion 2000 Fourier transform infrared (FTIR) microscope with a
36x, NA = 0.5 microscope objective. Spectra were obtained in
the ranges 1.4-0.6 eV and 0.7-0.4 eV using a Peltier cooled
InGaAs detector and a liquid nitrogen cooled MCT detector
respectively. The illuminated sample area was approximately
50 x 50 um?, Transmittance curves were obtained after normal-
ization by a reference spectrum taken from an area next to the
array. Extinction spectra were defined as (1-Tr).

Raman characterisation of the graphene film was performed
with a Renishaw 2000 spectrometer with an attached Leica
DMLM confocal microscope and a 50x objective. All Raman
measurements were taken with 514 nm excitation scanning
from 1000-3000 cm™" with a 10 s integration time. Raman
mapping was performed over a 49 x 49 um” area across the
CRDC array with a 7 um resolution in both x and y directions.

FEM simulations

Simulations were performed using the finite element method
with the commercial package Comsol. The dielectric function
used for gold was obtained from a four Lorentzian expression."?
The simulated structure, shown in Fig. 1b, takes its dimensions
from the SEM image whilst the height was confirmed using
atomic force microscopy. The structure was modelled with an
infinitely thick glass substrate with Fresnel reflections at the
air/substrate interface accounted for. The graphene layer was
modelled as a boundary condition, defined by current density,
lying directly on top of our CRDC structure. The surface current
density was defined by the cross product of the complex
conductivity with the incident field such that j = Im(5) x

Eincident- The complex conductivity for graphene was obtained
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from the local RPA approximation of the Kubo formula which
leads to

0 = Ointra + Ointer (1)
2i*T u
Ointra = ———In |2 cosh(=— 2
T onpes(2)]
Al 1 fiw — 2u i (he» — 2p)°
inter — 77 |~ - t — | — =1
Timer = 4|2 T an( 2T > 2n n(hw—Zu)2+(2T)2
(3)

where o is the angular frequency of light, T the temperature
energy, I’ the scattering rate and p the chemical potential
(where u is equal to the Fermi energy Ef).>° The complex
conductivity is given by ¢ = ¢, + io,, where o, = Re(s) and
g, = Im(o) are the real and imaginary parts of the conductivity.
For all simulations the temperature was defined to be 300 K
while ¢ and I" were used as fitting parameters.

Results and discussion
Raman spectroscopy

The presence of single layer graphene on our sample was
confirmed using Raman spectroscopy as well as optical images
taken of graphene films, from the same Cu foil, transferred
onto Si0,(300 nm)/Si substrates. Fig. 2 shows the averaged
Raman spectrum taken from the graphene film where it lies
directly above the Au CRDC array (solid line) as well as on the
bare quartz substrate (dashed line). We anticipate the graphene
to be p-doped, particularly when directly above the Au CRDC
array.”"** The carrier density n(E;) can be estimated from the
ratio of the G to 2D peak intensity (I5,,p), using the relationship
shown in the inset to Fig. 2, following ref. 23. For the measured
Ignp = 0.49 £ 0.03 (on quartz) and 0.8 £ 0.2 (on Au CRDC array)
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Fig. 2 Averaged Raman spectrum taken of the graphene film on the quartz
substrate (dashed line) and directly above the Au CRDC array (solid line). The
inset, adapted from ref. 23, shows a schematic response of the /g,5p ratio to
changes in the carrier concentration, highlighting the /g,p ratio from our
graphene film when on the bare quartz (open circle) and directly above the Au
CRDC array (closed circle).
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we estimate a value of n(Ef) ~ 0.39(0.06) x 10" cm~
1.5(£0.9) x 10" ecm™? respectively.

The graphene film also shows a significant D peak, asso-
ciated with defects, as shown in Fig. 2. Defected graphene has
been reported to have a reduced Fermi velocity and we estimate
that v ~ 5 x 10° + 1 ms™ " for our sample based on the Ip;p
ratio.”*?> An estimation of the chemical potential u can then be

made using the Fermi energy equation,>®

n(Er) = %(h%) (4)

giving u ~ 120 £ 20 meV and 200 + 100 meV above the bare
quartz substrate and the Au CRDC array respectively.

Fourier transform infrared spectroscopy

FTIR spectroscopy was used to capture the extinction spectra of
the sample before and after depositing a graphene layer on top.
Fig. 3a shows the extinction spectrum of the bare CRDC array,
which exhibits two resonance features with peaks at 0.5 and
1.15 eV (solid line). This double resonance can be understood
by first considering both the simple ring and disc nano-
structure in complete separation from one another. Both
individual structures produce dipolar plasmon modes depen-
dent on their respective dimensions. When the disc is placed
inside the ring a hybridization of their modes results in either
parallel or anti-parallel coupling of their dipolar moments,
producing a super- and sub-radiant plasmon mode respectively.
The sub-radiant mode has a smaller net dipole moment, due to
the anti-parallel coupling, and thus exhibits less radiative
losses and, as such, has a higher Q factor compared to the
super-radiant mode. A more detailed account of the inter-
actions between the ring and disk parent modes has been
given previously.”

The addition of a graphene layer to the plasmonic structure
produces a redshift for both resonances (dashed line in Fig. 3a).
The redshift is observed to be significantly more pronounced
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Fig. 3 Extinction spectra of CRDC array before (solid line) and after depositing
graphene layer on top (dashed line) for both (a) experimental and (b) simulation
with g =260 meV and I' = 20 meV.
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for the sub-radiant mode in comparison to the super-radiant
mode, ~20 meV and ~70 meV respectively. Moreover, we
observe that the Q factor of the sub-radiant mode decreases
by ~17% with the introduction of the graphene layer, as the
FWHM changes from 67 meV to 83 meV with the addition of
graphene in a similar manner to results reported by ref. 16.

Finite element method simulations

Fig. 3b shows our simulated results for a graphene sheet using
the value u = 260 meV, which best reproduces the shifts in the
extinction spectra we observe experimentally. The u value is
consistent with the estimates made from the Raman data. We
have chosen I' = 20 meV based on the value reported by ref. 28
for CVD grown graphene.

Similar redshifts of plasmon resonances have been reported,
by other groups, with the introduction of graphene.***' This
behaviour can be understood by considering the complex
conductivity of graphene with real and imaginary parts, o,
and o, respectively. In the visible to mid-IR regime both
interband and intraband transitions contribute to the conduc-
tivity and are closely tied to the chemical potential and
temperature.”**? Fig. 4 shows how the energy dependency of
both ¢, and ¢, vary with different values of u as calculated from
eqn (1)-(3) with temperature fixed at 300 K. For lightly doped
graphene o, is negative over a larger energy range whilst g,
remains at its upper limit. The magnitude of o, is related to the
absorbance of graphene®® whilst the sign of ¢, is important as it
determines if the plasmon resonance is red or blue shifted with
respect to the bare nanoresonator. This is because o, is related
to the dielectric constant of graphene by ¢ = 1 + io/we,. There-
fore Im(c) < 0 corresponds to Re(¢) > 0 and vice versa, which
in turn determines the effective wavelength of the resonance
A = lo/Re(n), where /, is the free space wavelength. As such, the
graphene should cause both a redshift and damping of the
plasmon features. This agrees well with our experimental
observations in Fig. 3a.
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Fig. 4 Excitation energy dependency of both (a) real and (b) imaginary con-
ductivity of graphene for u = 0.2 eV (black), 0.4 eV (red), 0.6 eV (blue), 0.8 eV
(purple), 1 eV (green) with I' fixed at 20 meV.
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Chemical sensing potential

It has been shown that graphene has potential to be used for
detection of physisorption of chemicals down to concentrations
of 0.1 ppm using electrical methods.** The measured change in
resistivity at the 0.1 ppm level corresponds to changes in
chemical potential Apy ~ 0.07 meV. Although in order to
determine the sign of Au both longitudinal and transverse
resistivity must be measured by four probe methods in both
zero and finite applied magnetic fields. Clearly, optical detec-
tion offers some advantages in terms of simplicity and speed. In
Fig. 5 we show simulated results examining the sensitivity of
both super- and sub-radiant modes of our plasmon structure to
changes in the chemical potential of the overlaying graphene
film (as would be the case if u were being altered by external
gating®'*® or deliberate chemical doping®®). As shown in
Fig. 5a, for ¢ > 200 meV, both modes of our plasmon structure
become highly sensitive to Ay (the sub-radiant mode more so,
although this is more apparent when the shift in the resonance
features is shown in wavelength).

In Fig. 5b we show the peak shift, (the quantity that would be
measured explicitly) versus p. The shaded region represents the
range most useful for chemical sensing for the current plas-
monic structure. The sensor could be easily fabricated on a
SiO,/Si substrate thus allowing biasing via a back gate to tune u
to the optimal range. For the structure we have characterised
here we believe it would be possible to resolve peak shifts of the
order of ~4 meV (18 nm) which would be equivalent changes
in the chemical potential Ay in the ~25 meV range. We note
that whilst the sensitivity of our device will not meet the
requirement for single molecular detection,® improvements
in sensitivity could be made by altering the design of the array
and the choice of plasmonic metal so that parts per million
detection levels might be achieved. Moreover, as the sub-radiant
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Fig. 5 (a) The values of o and o, at the super- (circles) and sub-radiant
(squares) modes for a graphene sheet with different values of u and I' =
20 meV (b) shift in the resonance of both super- (circles) and sub- (squares)
radiant modes at various different values of u with I = 20 meV. Inset shows a5, for
u =500 meV and I' = 20 meV, highlighting the sign change from the super-
(circle) to sub-radiant (square) resonance.
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mode has a non-monotonic change with y, differentiation of
p- and n-type doping can be made by simultaneously tracking
the shift of the super-radiant mode. Indeed examining differ-
ential changes between these two modes may lead to a more
robust detection scheme. In addition, for some chemical
potential ranges the two modes will shift in the opposite sense
as highlighted in the inset to Fig. 5b which may indeed
facilitate additional sensitivity. We find these results demon-
strate encouraging potential for chemical sensor applications
and believe that there is plenty of scope to improve sensitivity
by at least an order of magnitude over the structure we have
studied here.

Conclusions

In summary we have shown that changes in plasmon resonance
energies of Au nanocavity arrays can be used to determine the
dielectric properties of graphene with good accuracy when the
experimental changes in resonance structures are compared to
a finite element model of the graphene optical properties.
We further show the attraction of using the hybridised double
resonance plasmonic structure for future chemical sensing
applications.
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