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Abstract Localized surface plasmon resonance sensors in
nanostructures have wide applications from medical diagnos-
tics to environmental monitoring. The quality and perfor-
mance of a sensor is normally assessed by its sensitivity and
figure of merit (FOM). Generally, localized surface plasmon
sensors suffer low FOM due to strong radiative damping of
localized surface plasmon and hence broad resonance peaks
compared to that one in propagating surface plasmon reso-
nance sensors. In this work, a 2D array of gold-graphene
spherical core-shell nanostructure on a quartz substrate was
introduced as a liquid sensor with FOM and sensitivity as
large as 102.6 and 350 nm/RIU, respectively, in a gold-
graphene hybrid nanostructure. The results showed a signifi-
cant improvement in the FOM compared to previous works
and common surface plasmon resonance refractive index sur-
face plasmon sensors such as nanohole arrays.
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Introduction

Surface plasmon resonance (SPR) is a well-known phenome-
non used in chemical/bio sensing applications such as medical
diagnostics, food safety, and environmental monitoring [1, 2].

The SPR sensors work based on the surface plasmon evanes-
cent waves coupling with incident electromagnetic field,
called surface plasmon polariton (SPP). The SPP is sensitive
to the permittivity variation of the ambient environment that
resulted in a measurable wavelength shift in the SPP position
and the resonant intensity [3, 4]. The quality and quantity
performance of a SPR sensor can be carried out by consider-
ing the bulk sensitivity, figure of merit (FOM), and the con-
trast of the nanostructure. The bulk sensitivity is defined as the
resonance wavelength shift divided by the refractive index
change (S = Δλ/Δn) of the ambient environment, and the
FOM can be calculated from [5];

FOM ¼ S=FWHM ð1Þ

where S and FWHM are the sensitivity and full width at half
maximum of the resonance peaks, respectively. The contrast
which is defined as the difference between reflection values at
the dip and adjacent peaks [4] can be used in analysis of
reflection spectrum of nanostructures.

Simplicity, low fabrication cost, and capability of local re-
fractive index measurement make localized surface plasmon
resonance (LSPR) sensor superior than propagated surface
plasmon resonance (PSPR) sensors [6, 7]. However, due to
strong radiative damping of LSP modes, the width of the
resonance peaks in the LSPR sensors is larger than that in
the PSPR sensors which results in a reduction in the FOM of
the sensor [5, 8, 9]. Therefore, LSPR-based sensors suffer
from low value of FOM (normally less than 10) [7, 10] com-
pared to that in a PSPR sensor which was reported as 108 [11].
With coupling the LSPR and PSPR of nanostructure, higher
sensitivity and FOM can be achieved in hybrid surface plas-
mon resonance sensors [6, 7].

In order to enhance the sensor performance, a resonance
peak with large sensitivity and small FWHM is required to
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end up with high FOM. There are many different ways to
reduce the FWHM and hence increasing the FOM of a
LSPR sensor. Using Fano resonance mode is an effective
way to enhance the FOM due to formation of a resonance
mode with narrow FWHM as a result of coupling between
broad superradiant and narrow subradiant modes [11]. Split
ring resonator-bar structures [12], lifted cross-bar structures
[13], closely packed nanodisk clusters [14], and silver
nanocube supported on dielectric substrates [5] are some ex-
amples of common nanostructure sensors that use the Fano
resonance phenomenon with FOM in the range of 5 to 20.

Fabrication of 1D or 2D periodic nanostructure arrays
could be considered as an alternative way to enhance the
FOM of a LSPR sensor [15–19] where the lattice plasmon
resonances (i.e., resonances resulting from an array of nano-
particles) with FWHM as low as 10 nm can be achieved via
coupling between the diffraction patterns of different periodic
arrays of nanoparticles [16–18].

Recently, Wang and co-workers [20] study the lattice plas-
mon of single and multiple periodic arrangements of Au nano-
particles. It was shown that the periodic patches of Au nano-
particles resulted in narrower resonance peaks than a single
patch of Au nanoparticles. The observation of strong and
narrower plasmon resonance peaks in the periodic patches of
Au nanoparticles was due to the coupling between the lattice
plasmon resonances of the Au nanoparticles and Bragg modes
that are defined by the patch periodicity.

In addition to the aforementioned techniques to enhance
the FOM, nanoparticle geometrical parameters, shape, and
material properties play an essential role in the sensor perfor-
mance. Gold (Au) and silver (Ag) are most two common
materials in surface plasmon sensors which have surface plas-
mon resonance wavelength in visible range of the electromag-
netic spectrum and offer narrow resonance peaks in the de-
sired region [21, 22]. Graphene and its derivatives are one of
the promising candidates as surface plasmon excitation mate-
rials in a surface plasmon sensor technology due to their
unique electronic and optical properties [23].

The graphene layer can be combined with conventional
plasmonic nanostructures to improve the interaction between
the graphene and electromagnetic wave. There are few reports
that show the encapsulation of spherical nanoparticles by ab-
lating the graphene in liquid using high-power pulsed lasers.
The laser ablation in liquid is capable of producing encapsu-
lated nanoparticles with anisotropic graphene layer [24].
Plasmonic material encapsulation with graphene layer could
also be carried out by placing the graphene in different kinds
of optical microcavities [25] and fabrication of patterned
graphene islands periodically [26].

Graphene has a strong plasmonic response at mid-far
infrared region which limits its application in detection
and sensing in the visible-near-infrared (NIR) region of
the electromagnetic spectrum [27–29]. Although

graphene has a constant wavelength-independent absorp-
tion at the visible-NIR region, absorption enhancement
is required in order to have a potential application in
optical devices [30]. For example, the graphene absorp-
tion can be enhanced by placing a graphene layer in
different micro- or nanocavities such as integrating the
graphene with metal (e.g., Ag) grating and Si photonic
crystal cavity where 70 and 85 % enhancement can be
achieved in its absorption, respectively [30, 31].
Increasing the graphene absorption results in a narrower
absorption peak and hence larger FOM of the sensor.
Maurer et al. [32] employed graphene as a spacer be-
tween the Au film and Au nanoparticles to obtain larger
FOM relative to that one without graphene spacer.

Furthermore, the size and geometry of the nanoparticle are
another two main parameters that affect the sensitivity and the
FOM of a LSPR sensor [1, 3, 4]. There are many reported
LSPR sensors with different nanoparticle shapes such as nano-
sphere [33, 34], nanocube [5], nanoprism [34], nanopyramid
[35], nanoring [36], and nanobelt [37] all of which with FOM
as low as 20.

Recently, core-shell structure brought into the attention
where the surface plasmon resonance modes resulted from this
structure can be coupled together and resulted in enhanced
hybrid plasmon modes. For example, Yang et al. [38] and
Christensen et al. [39] explained the plasmon interaction of
dielectric and conductive sphere (core) coated by graphene
layer. In this structure, the coupling between the surface plas-
mon modes of the core and shell structures can be explained
by hybridization theory [40] where the plasmon resonances
resulted from the interaction of the sphere and cavity plas-
mons give bonding (symmetric) and antibonding
(antisymmetric) modes. Bonding mode offers high dipole mo-
ment and hence can be easily coupled with incident light that
lead to stronger plasmon absorption than antibonding mode
which can be used in sensing applications.

Encapsulating Au nanoparticles by graphene oxide (GO)
layer on a silica substrate was reported by Sreejith and co-
workers [41]. The Au nanoparticles were encapsulated by
GO using electrostatic interaction between the positively
charged quartz surface and negatively charged GO resulting
in plasmonic nanohybrid GO/Au nanoparticle on the quartz
substrate. The plasmonic properties of this structure were
studied at visible range of electromagnetic spectrum and an
enhancement in the absorption reported using the finite differ-
ence time domain (FDTD) analysis which was contributed to
the contribution of GO sheets in the nanostructure. In addition,
Han et al. [42] reported a peptide/graphene hybrid core/shell
nanowire structure. Peptide/graphene core/shell nanowires
were prepared by diluting an organic peptide solution with
aqueous graphene dispersion under mild mechanical shaking.
The peptide/graphene exhibited high electro conductivity
properties due to continuous graphene shell.
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Choosing a suitable wavelength range is one of the impor-
tant parameters in designing the nanosensors that are used in
in vivo measurements [43]. To detect a biomarker of cancer
cell such as breast cancer, blood serum is used to detect the
concentration of that biomarker. Due to the transmissivity of
the blood and tissue and strong absorption of water, we study a
nanobiosensor in the NIR region [44]. Moreover, by using
NIR wavelengths, the autofluorescence effect that was caused
by some biomolecule (e.g., hemoglobin) and light scattering
by tissue at visible range could be prevented [43].

In this work, the effects of using different parameters such
as periodicity, diameter, and thickness of the Au-graphene
hybrid nanostructure on the sensitivity and FOM of a LSPR
sensor are studied. A series of periodic arrays of the Au-
graphene spherical core-shell nanostructure on a quartz sub-
strate were studied numerically as local refractive index sensor
for liquids. The refractive index variation is considered in the
range of 1.333 to 1.373, and the sensitivity and FOM of the
designed structure are calculated using the FDTD method.

The proposed sensor could be fabricated by using follow-
ing steps: (i) The Au nanoparticle arrays with particle diameter
(d) in the range of 40 to 60 nm were fabricated on a quartz
substrate using electron beam lithography technique as
discussed in details elsewhere [45]. (ii) The fabricated nano-
structure was covered with a thin layer of multilayer (less than
10 layers) graphene nanopowder followed by thermal anneal-
ing under controlled environment as discussed in details by
[46]. (iii) In the last step, lithography and the reactive ion
etching were employed to remove graphene nanopowders
from the area between the hybrid nanostructures [47, 48].

Numerical Model and Layout

There are many different methods to study the electromagnet-
ic field behavior numerically around nanofeatures such as
multiple-multiple method [49], Green’s dynamic method
[50, 51], and FDTD [37, 52–54] which is a reliable method

in solving Maxwell’s equations in complex geometries and
dispersive media such as gold and silver.

In this work, the 3D full wavevector FDTD method was
employed to solve the Maxwell equation and calculate the
extinction spectra of gold-graphene (Au-G) hybrid nanostruc-
ture arrays placed on top of a silica substrate as schematically
shown in Fig. 1. The permittivity of glass substrate and
superstrate (i.e., target materials for sensing application),
ε(ω), was assumed as 2.10 (n = 1.45) and ni, where ni is the
refractive index of the target liquids.

The refractive index values of gold and graphene were
calculated using the Lorentz-Drude model and fitted with the
empirical values of real and imaginary part of gold refractive
index given by [55] and graphene which was obtained from
the Falkovsky model [56], over the wavelength region of 1 to
1.5 μm as shown in Fig. 2.

The numerical analysis was carried out using the FDTD
commercial software package (Lumerical FDTD Solutions).
The Au-G hybrid nanostructure, plane wave source, and trans-
mission and reflection monitors were co-planar with the
boundary conditions that made them infinite in the x- and y-
directions. Herein, an unpolarized plane electromagnetic wave
in the wavelength range of 1 to 1.5 μm with electric field
amplitude of 1 V/m which propagates in the z-axis (as
labeled by arrows in Fig. 1) was used as incident light source.

The periodic boundary conditions in the x- and y-directions
can be replaced by the asymmetric and symmetric boundary
conditions in the x- and y-directions, respectively, in order to
reduce the calculation time [57]. The perfect matching layer
(PML) was chosen in the z-direction to study the transmission
and reflection properties of the electromagnetic field at normal
incidence. The calculation grid resolution (i.e., mesh cell size)
was as small as 5 nm (point-to-point distance) in the x- and y-
directions and 1 nm in the z-direction in the simulation cell. A
combination of grading mesh and conformal meshing method
which is offered by the Lumerical FDTD package was used to
calculate the electromagnetic field at the rounded region of the
Au-G hybrid nanostructures [57]. The calculation time was set
as 3000 fs, and the extinction spectra were calculated using an

Fig. 1 2D a schematic diagram
and b numerical layout of the
designed sensor used in this study.
D is the Au-G hybrid nanostruc-
ture diameter, d is the Au nano-
particle diameter, t is the graphene
thickness (t = D/2 − d/2), and P is
the structural periodicity
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x-y monitor at 150 nm away from the Au-G /superstrate
(liquid) interface. The plane wave source was placed 150 nm
below the structure as shown in Fig. 1.

There are many parameters such as scattering rate
and chemical potential which affect the electrical per-
mittivity and hence refractive index of the graphene at
different wavelengths in the NIR region as reported by
Falkovsky [56]. In this study, the electrical permittivity
of graphene at room temperature and different wave-
lengths was taken from the Falkovsky model. The back-
ground refractive index was chosen as 1 (air), and water
(n = 1.333) was used as reference liquid in the sensi-
tivity and FOM measurements.

Herein, a series of Au-G hybrid nanostructures were stud-
ied with different structural periodicities (P), Au diameter (d),
and graphene thickness (t = D/2 − d/2), while the total size of
the hybrid nanostructure (D) was fixed. The optimum param-
eters were obtained for a structure with the highest extinction
(1 − T) intensity and narrower resonance peak. The sensitivity
and FOM of the Au-G hybrid nanostructure with optimum
parameters were calculated by changing the target liquid re-
fractive indices in the range of 1.333 to 1.373.

Results and Discussion

The Effects of Graphene Contribution on the Au
Nanostructure Extinction Spectrum

The effects of graphene contribution on the surface plasmon
resonance properties of the Au nanostructure periodic array in

the NIR region were investigated by calculating the extinction
(1 − T) spectrum of the Au-G hybrid nanostructures and com-
pare it with that in the Au nanoparticle periodic arrays as
shown in Fig. 3. The diameter of the Au nanoparticles was
fixed at 40 nm, while in the second structure (i.e., Au-G hybrid
nanostructure), the gold diameter and the graphene shell thick-
ness (t; t = D/2 − d/2) were chosen as 34 and 3 nm, respec-
tively, to fix the whole nanoparticle diameter at 40 nm as
schematically shown in Fig. 1a. The structural periodicity
for both nanostructures was fixed at 300 nm.

With comparison of Fig. 3a and Fig. 3b, it is evident that by
introducing a 3-nm-thick graphene shell into the Au nanopar-
ticle, the resonance mode at wavelengths of 1265 and
1442 nm were shifted to 1271 and 1409 nm, respectively.
Additionally, a strong bonding hybrid resonance mode at a
wavelength of 1363 nm was also recorded.

The presence of this resonance peaks could be attributed to
the excitation of graphene surface plasmon in the nanostruc-
ture as a result of coupling between the incident light and
grating mode in the Au-G hybrid nanostructure [30]. The res-
onance peaks at wavelengths of 1265 and 1442 nm were at-
tributed to the LSPR resonance of the Au nanosphere.

As can be seen from Fig. 3a, b, the extinction spectrum of the
Au-G hybrid nanostructures shows a more intense peak with
23 % extinction enhancement at a wavelength of 1363 nm
which was absent in the Au nanosphere periodic array. The
enhancement in the extinction at awavelength of 1363 nm could
be attributed to the surface plasmon energy transfer from the
gold nanoparticle to the graphene shell and coupling between
localized surface plasmons of each Au-G hybrid nanostructure
in the periodic array as reported elsewhere [30].

Fig. 2 Real part and imaginary
part of a–b graphene refractive
index and c–d gold refractive
index based on the Lorentz-Drude
mode as a function of wavelength
in the range of 1 to 1.5 μm. The
experimental and analytical re-
fractive indices were taken from
[55] and [56] for gold and
graphene, respectively
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In addition, the Au-G hybrid plasmonic resonances were
observed as strong and weak resonance peaks which can be
attributed to the bonding (B) and antibonding (AB) plasmon
modes [40] The B and ABmodes resulted from the interaction
(hybridization) between the sphere and the plasmon cavity
(i.e., graphene shell). However, the proposed structure (Au-
G core-shell) includes hybridizations between the graphene
shell and Au sphere that resulted from two steps of hybridiza-
tion as reported elsewhere [58–60].

The electric profile at the resonance peaks of both Au nano-
particles and Au-G hybrid nanostructures is compared in
Fig. 3c–e. As can be seen from Fig. 3c, d, the electric field
amplitude was increased from 2.5 to 8.8 V/m at a resonance
wavelength of 1265 nm by encapsulating the Au nanoparticle
with 3-nm graphene. It is expected that introducing the
graphene shell into the Au nanoparticle results in a slight red
shift in the recorded resonance wavelength position of the
hybrid nanostructure as it is shown in Fig. 3a, d.

The localization of the electric field was observed in the
space between the graphene shell and Au nanoparticle instead
of outside the graphene shell which can be attributed to the
absorption characteristics of graphene where it has a constant

absorption along the visible-IR range [30]. However, at the
bonding mode at a wavelength of 1363 nm, the electric field
enhancement increased to 73 V/m as it is clear from Fig. 3e.
This enhancement in localized electric field results in im-
provement of local sensitivity of the refractive index changes
and accordingly enhances the performance of the LSPR-based
sensor.

The Effects of Varying the Structural Periodicity

To study the effects of varying the periodicity on the surface
plasmon resonance properties of the proposed structure, a se-
ries of encapsulated Au sphere of a diameter of 34 nm with
3 nm thick graphene were studied numerically. The structural
periodicity along the x-axis and y-axis were changed in the
range of 300 to 500 nm with an increment step of 50 nm.

Figure 4a shows effects of varying the periodicity on the
extinction spectrum of the Au-G hybrid nanostructure. As can
be seen from this figure, there is no any shift in the resonance
peak position which indicates that these resonances are local-
ized surface plasmon resonance. The resonance wavelengths
are independent of large separation compared with particle
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Fig. 3 Extinction spectrum of the a Au nanoparticle with a diameter of
40 nm and the b Au-G hybrid nanostructure with Au diameter of 37 nm
and graphene shell thickness of 3 nm. In both structures, the structural
periodicity and incident electric field amplitude was fixed at 300 nm and

1 V/m, respectively. c, d Electric field profile of Au nanoparticles at
λ = 1265 nm (bonding) and Au-G hybrid nanostructure at λ = 1272 nm
(antibonding), respectively. e The electric field profile of the Au-G hybrid
nanostructure array structure at λ = 1363 nm (bonding)

Plasmonics (2017) 12:783–794 787



size as reported by Mayer and Hafner [6]. As it is clear from
Fig. 4a, the intensity of the resonance peaks was gradually
increased while the calculated FWHM of the resonance peak
at a wavelength of 1363 nmwas decreased from 8.1 to 7.8 nm
as a result of reducing the structural periodicity from 500 to
300 nm as presented in Fig. 4c.

The increases in the resonance intensity at a resonance wave-
length of 1363 nm can be attributed to the suppression of the
scattered surface plasmon modes from the Au-G hybrid nano-
structure at smaller structural periodicity and hence enhancement
of the electric field amplitude localization at resonance position.

It was also observed that the extinction of the resonance
mode at a wavelength of 1363 nm of the Au-G hybrid nano-
structure was increased by 25 % as the periodicity decreases
from 500 to 300 nm as it is clear from Fig. 4a. This can be
attributed to the suppression of the scattered surface plasmon
modes from the Au-G hybrid nanostructure at smaller struc-
tural periodicity and hence enhancement of the electric field
amplitude localization at resonance position.

The maximum electric filed amplitude of the Au-G hybrid
nanostructure at different resonance wavelengths of 1272,
1363, and 1409 nm as a function of structural periodicity is
shown in Fig. 4b. As can be seen from this figure, there are no
significant changes in the recorded electric field amplitude of
each resonance wavelength at different periodicities.

Therefore, the structural periodicity of 300 nm was chosen
as the optimum structural periodicity for an Au-G hybrid
nanostructure due to its narrower band width and higher in-
tensity compared to that with other structural periodicities.
Further investigations were carried out to study the effects of
varying the Au diameter and graphene thickness on the sur-
face plasmon resonance properties of a refractive index sensor
which are discussed in the following sections.

The Effects of Varying the Au Nanoparticle Size
and Graphene Shell Thickness

The effects of varying both the Au nanoparticle diameter and
graphene thickness on the surface plasmon properties of the
hybrid nanostructure at a fixed structural periodicity of
300 nm and hybrid nanoparticle (i.e., Au diameter and
graphene shell thickness) sizes of 40, 50, and 60 nm were
studied. A series of different Au-G hybrid nanostructures with
different Au diameters and graphene thicknesses in the range
of 3 to 7 nm were studied, and their extinction spectra are
shown in Fig. 5a–c.

The resonance wavelength, extinction, and FWHM of
the bonding mode (i.e., resonance with maximum intensi-
ty) of the Au-G hybrid nanostructure with different Au
diameters, with different graphene thicknesses, and using
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Fig. 4 a Extinction spectrum of
the Au-G nanostructure array at
different periodicities. b Electric
field value as a function of struc-
tural periodicity at resonances at
wavelengths of 1272, 1363, and
1409 nm. c The FWHM of the
resonance wavelength of
1363 nm as function of structural
periodicity. The incident electric
field amplitude was fixed at 1 V/
m. The Au nanoparticle diameter
and graphene shell thickness were
fixed at 34 and 3 nm, respectively
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water (n = 1.333) as superstrate medium are summarized
in Table 1 and compared in Fig. 6a–c. As it is evident from
this table and Fig. 6a–c, both Au diameter and graphene
thickness significantly affected the resonance position and
its intensity. As it is expected, the bonding and antibond-
ing resonance wavelengths was blue shifted by increasing
the graphene thickness from 3 to 7 nm. This blue shift in

the resonance wavelength can be attributed to the weaker
interaction between gold nanoparticle and graphene shell
and hence smaller energy splitting of the bonding and
antibonding plasmon modes in the hybrid nanostructure
with thicker graphene shell [61].

As can be seen from Fig. 6a, the resonance wavelengths of
encapsulated hybrid nanostructures with different graphene shell
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Fig. 5 Extinction spectra of the
Au-G hybrid nanostructure with
an Au-G hybrid nanostructure di-
ameter of a 40 nm, b 50 nm, and c
60 nm and different graphene
thicknesses in the range of 3 to
7 nm. The structural periodicity
and incident electric filed ampli-
tude were fixed at 300 nm and
1 V/m, respectively

Table 1 Resonance wavelength,
extinction intensity, and FWHM
of the bonding mode in the Au-G
hybrid nanostructure with differ-
ent Au diameter and graphene
thicknesses

Total hybrid size
(nm)

Graphene thickness
(nm)

Resonance position
(nm)

Extinction
intensity

FWHM
(nm)

40 3 1363 0.23 8.47

4 1184 0.39 2.3

5 1351 0.40 3.55

6 1228 0.39 3.5

7 1261 0.41 3.73

50 3 1239 0.54 3.13

4 1248 0.64 2.2

5 1300 0.58 3.63

6 1180 0.38 3.13

7 1209 0.48 2.61

60 3 1240 0.57 4.24

4 1129 0.7 2.89

5 1205 0.70 2.89

6 1225 0.53 6

7 1188 0.55 2.50
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thicknesses were shifted toward smaller wavelength by increas-
ing theAu diameter while the extinction intensity was increased.

Increasing the electron density in the hybrid nano-
structure could be another reason of this blue shift in
the resonance wavelengths. Increasing the Au nanopar-
ticle diameters results in larger electron density in the
periodic array. The electron density and resonance
wavelength can be related by [62]:

λb ¼ c
ffiffiffiffiffiffiffiffiffiffi

meε0
p
ffiffiffiffiffiffiffiffiffi

nee2
p ð2Þ

where ne is the electron density, e is the electric charge,me is the
effectivemass of the electron, ε0 is the permittivity of free space,
and c is the speed of light. As it is evident from this equation by
increasing the electron density, the resonance wavelength de-
creases which results in a blue shift in the resonance wavelength
of the hybrid nanostructure.

The resonance peak intensity and its FWHM strongly de-
pend on the nanoparticle sizes [63]. Thus, it was expected that
both FWHM and the intensity of the resonance peaks were
affected by increasing the Au-G hybrid nanoparticle diameters
from 40 to 60 nm as confirmed in Fig. 6a,b.

As can be seen from Fig. 6b, the extinction intensity was
recorded as 70 and 55 % in the hybrid nanostructures with a

diameter of 60 nm and graphene thicknesses of 5 and 7 nm,
respectively. As it is evident from Fig. 6a, it is clear that the
resonance mode at maximum extinction intensity offers
narrower width in the hybrid nanostructure with larger diam-
eter. The FWHM of the hybrid nanostructure with hybrid
nanoparticle size of 40 nm and graphene thickness of 3 nm
was calculated as large as 8.5 nm, while the FWHM of the
hybrid nanostructure with nanoparticle size of 60 nm and
graphene thicknesses of 5 and 7 nm was calculated as 2.9
and 2.5 nm, respectively.

It can be concluded that the optimum Au-G hybrid nano-
particle diameter and graphene shell thickness which offer
narrower resonance bandwidth in a hybrid nanostructure sen-
sor are 60 and 7 nm, respectively, at 300 nm structural peri-
odicity which could result in larger FOM of the designed
sensor.

Measurement Sensitivity as a Liquid Sensor

Periodic Au-G hybrid nanostructure arrays with optimum
structural parameters (i.e., nanoparticle size (D) of 60 nm,
graphene thickness of 7 nm as encapsulating layer, and struc-
tural period of 300 nm) were employed as refractive index
sensor. Water with refractive index of 1.333 was chosen as
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reference liquid, and target liquid refractive indices were var-
ied in the range of 1.333 to 1.373.

The sensing performance of the proposed periodic nano-
structure was investigated by using water as reference liquid
and two different properties of resonance peaks: resonance
wavelength shift (Δλ) and resonance intensity shift (ΔI) at
different refractive indices of the target liquids.

Figure 7 shows the recorded extinction spectra of the hy-
brid nanostructure with the optimum structural parameters at
different refractive indices in the range of 1.333 to 1.373. As
can be seen from this figure, there are two major resonance
wavelengths which are labeled as A (λ = 1188 nm) and B
(λ = 1305 nm). These two resonance modes were used for
wavelength sensitivity (Sλ) and intensity sensitivity (SI)
measurements.

The wavelength sensitivity, Sλ, is calculated by dividing the
resonance wavelength shift (Δλ = λres − λref) by the refractive
index change (Δn = nt − nref), while the intensity sensitivity [50]
was calculated by dividing the resonance intensity shift
(ΔI = Ires − Iref) by the refractive index change (Δn = nt − nref).

From Fig. 8a, it is clear that by increasing the hybrid
nanostructure diameter, the sensitivity of the designed
structure was decreased over the refractive index change
from 1.333 to 1.373. Furthermore, it was found that
larger graphene thickness resulted in larger sensitivity
at a fixed hybrid nanoparticle diameter of 60 nm as
shown in Fig. 8b. From Fig. 8c, it is also evident that
by increasing the refractive index of the target liquid
from 1.333 to 1.373, the resonance wavelength was
red shifted from 1188 to 1197 nm and from 1305 to
1318 nm, respectively, for both resonance modes of A
and B.

Both the calculated wavelength sensitivity and intensity
sensitivity and FOM of the Au-G hybrid nanostructure are
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summarized in Table 2. As detailed in this table, the cal-
culated FOM from the Sλ was increased in the range of
57.69 to 102.64 on increasing the refractive index of the
target liquid from 1.333 to 1.373 which shows a big im-
provement in the sensor performance compared to the pre-
viously reported one based on the LSPR sensors [6, 32],
nanohole arrays [54], and metal-insulator-metal nanobelt
structures [37, 52, 54].

On the other hand, the FOM obtained from SI sensitivity
was increased from 0.07 to 0.75 by increasing the refractive
index of the target liquid which increases the capability of the
designed sensor to measure two different properties instead of
one and hence improves the quality and reliability of the fab-
ricated device based on the proposed technology.

Conclusion

The effect of periodicity, metallic nanoparticle size, and
graphene shell thickness of the Au-graphene hybrid
nanostructure on the optical properties, sensitivity, and
FOM of an Au-graphene hybrid nanosensor were stud-
ied numerically. Encapsulating the Au nanoparticles
with a multilayer layer of graphene enhanced the extinc-
tion intensity (absorption) at the NIR region followed
by a narrow resonance mode with FWHM as low as
2 nm that increased the FOM of the proposed sensor
as high as 103 which shows a significant improvement
in the Au nanoparticle-based sensors by incorporating a
thin layer of graphene.

The results shown here confirm that resonance prop-
erties strongly depend on the hybrid nanostructure size
and graphene shell thickness. The resonance wavelength
was reduced toward smaller wavelengths by increasing
the graphene shell thickness. It was also shown that the
proposed sensor is capable of measuring two different
types of sensitivities based on the resonance wavelength
shift and resonance intensity shift which give this sensor
a unique applicability for a variety of applications.
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