
sensors

Article

Au-Graphene Hybrid Plasmonic Nanostructure
Sensor Based on Intensity Shift

Raed Alharbi, Mehrdad Irannejad * and Mustafa Yavuz

Waterloo Institute for Nanotechnology, University of Waterloo, Waterloo, ON N2L 3G1, Canada;
r2alharb@uwaterloo.ca (R.A.); myavuz@uwaterloo.ca (M.Y.)
* Correspondence: mehrdad.irannejad@uwaterloo.ca

Academic Editor: Vittorio M. N. Passaro
Received: 10 November 2016; Accepted: 17 January 2017; Published: 19 January 2017

Abstract: Integrating plasmonic materials, like gold with a two-dimensional material (e.g., graphene)
enhances the light-material interaction and, hence, plasmonic properties of the metallic nanostructure.
A localized surface plasmon resonance sensor is an effective platform for biomarker detection.
They offer a better bulk surface (local) sensitivity than a regular surface plasmon resonance (SPR)
sensor; however, they suffer from a lower figure of merit compared to that one in a propagating
surface plasmon resonance sensors. In this work, a decorated multilayer graphene film with an Au
nanostructures was proposed as a liquid sensor. The results showed a significant improvement
in the figure of merit compared with other reported localized surface plasmon resonance sensors.
The maximum figure of merit and intensity sensitivity of 240 and 55 RIU−1 (refractive index unit) at
refractive index change of 0.001 were achieved which indicate the capability of the proposed sensor to
detect a small change in concentration of liquids in the ng/mL level which is essential in early-stage
cancer disease detection.
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1. Introduction

Sensors based on surface plasmon resonance (SPR) phenomena have a potential application in
chemical/bio sensing and gas detection [1,2]. When a nanoparticles (NP) with a subwavelength particle
size exposed to an incident electromagnetic field, free electrons in the conduction band oscillate at the
surface of the NP and the surrounding dialectic medium interface at a wavelength called the plasmonic
resonance wavelength. This phenomenon called localized surface plasmon (LSP) [3,4]. The resonance
position and the intensity of the LSP are sensitive to the refractive index changes of the surrounding
medium [5], which is the basic principle of the plasmonic sensors operation. When the surrounding’s
refractive index changes, the resonance peak wavelength shifts from its initial position. The intensity
of the resonance mode may also shift as reported elsewhere [6]. The sensitivity of a localized surface
plasmon sensor can be obtained by calculating the ratio of the resonance wavelength shift (or resonance
intensity shift) at a given ambient refractive index change (∆n), called bulk sensitivity, Sλ, (intensity
sensitivity, SI) [7,8]. According to Mie theory [9,10], geometrical properties of a NP such as shape,
size and materials would affect the resonance properties of the LSPR. Kumar et al. [11] reported that
increasing in the Ag NPs size enhances the intensity of the plasmon resonance and, hence, improves
the sensitivity of the plasmonic-based sensor. In addition to the geometrical effect, chemical stability of
the NPs is also importance to achieve good performance of the plasmonic device, as reported in [12,13].
Furthermore, using nanostructures in arrays could enhance the interaction between the incident
electromagnetic field and free electrons, which leads to improvements in the plasmonic properties of
the desired nanostructure [14–16]. In addition to the simplicity and low fabrication cost LSPR sensors
offer larger sensitivity to the local refractive index change compare to the propagated surface plasmon
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resonance (PSPR) ones [8,17]. It is known that the LSPR sensors suffer from low bulk sensitivity and
large full width at half maximum (FWHM) of the resonance mode, which is attributable to the radiative
damping mode of the NPs. The radiative damping mode of NPs results in a reduction of the figure
of merit (i.e., FOM = Sensitivity/FWHM [8,18,19]) of a sensor. Different approaches were employed
to improve the performance of the LSPR sensor by enhancing the bulk sensitivity and reducing the
FWHM of a resonance modes [15,16,20].

Integrating the metallic nanostructures with two-dimensional (2D) materials (graphene-like
materials), such as graphene, attracted the plasmonic research community interest for their capability
to enhance the resonance properties of the hybrid structure [21–23]. Integrating graphene layers
with conventional plasmonic nanostructures is a promising approach to design a nanostructure with
a larger FOM. By employing graphene as a spacer between the Au film and Au nanoparticles, FOM as
large as 2.8 can be achieved relative to the structure without graphene spacer (FOM = 2.1) [22].
Encapsulating Au NPs with Ag NPs, and vice versa [24], can also results in a FOM of 2.7. In our
previous work, we report the FOM as large as 102 in the 2D periodic nanostructure of Au-graphene
core shell nanospheres [6] which is close to the theoretical limit using a mushroom Au NP periodic
array [25]. However, more improvement in the FOM is required in LSPR sensors to overcome low
performance compared to the propagating SPR sensor.

In this work, a 2D periodic structure of imbedded Au NPs with different shapes in a multilayer
graphene film was studied as a plasmonic sensor. A two-dimensional array of Au NPs with different
shapes (i.e., cubic, cylindrical, and prism) were fabricated on a quartz substrate and the gap between
the NPs was filled with multilayer graphene film, as schematically shown in Figure 1. A series of
nanostructure arrays were systematically studied to obtain a sensor device with larger FOM and bulk
sensitivity simultaneously. According to our previous study [6] the center-to-center distance between
two consecutive particles was chosen as 300 nm and reduced by increasing the Au NP dimension from
50 nm to 300 nm. The size to separation distance ratio (L/P) was varied from 0.17 to 1 and the thickness
of the nanostructure was fixed at 20 nm. The L and P are the NPs lateral size and structural periodicity.
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The extinction spectrum was calculated at the near-infrared (NIR) region (λ = 1.5 to 2 μm) which 
is a desired region for detection of biomarkers (e.g., breast cancer biomarkers) using blood serum [26,27]. 
The refractive index of the sensing medium was varied from 1.333 (water) to 1.341 with a step of 
0.001 to measure the ability of the proposed nanostructure sensor to detect small variations in 
concentration at the ng/mL level [28]. The proposed sensor can be fabricated by growing Au NP 
arrays using electron beam lithography [29] or using a focused ion beam (FIB) [30] to produce 
nanohole arrays in graphene films and then filling the holes with the NPs using the electron beam 
deposition method. 

Figure 1. (a) 2D schematic diagram of proposed sensor used in this study. L is the side length of cubic
and prism NPs, and the diameter of the cylindrical NPs, t is the NPs thickness, and P is the separation
distance between two consecutive NPs; and (b) the perspective view of the Au-graphene hybrid sensor.

The extinction spectrum was calculated at the near-infrared (NIR) region (λ = 1.5 to 2 µm) which is
a desired region for detection of biomarkers (e.g., breast cancer biomarkers) using blood serum [26,27].
The refractive index of the sensing medium was varied from 1.333 (water) to 1.341 with a step of 0.001
to measure the ability of the proposed nanostructure sensor to detect small variations in concentration
at the ng/mL level [28]. The proposed sensor can be fabricated by growing Au NP arrays using
electron beam lithography [29] or using a focused ion beam (FIB) [30] to produce nanohole arrays in
graphene films and then filling the holes with the NPs using the electron beam deposition method.



Sensors 2017, 17, 191 3 of 12

2. Numerical Methodology

The finite difference time domain (FDTD) method is a powerful method to solve the Maxwell’s
equations in a nanostructure with arbitrary and symmetrical structures by using the YEE-algorithm [31].
The FDTD method is a more reliable method than others, such as multiple-multiple method or Green’s
dynamics method in solving Maxwell’s equations of complex geometry and dispersive media, such
as gold and silver [7,32,33]. In this study, the FDTD method was employed to study the extinction
properties and sensitivity of a series of nanostructures with different geometrical parameters fabricated
on a glassy substrate. The refractive index of the substrate was considered as 1.45 and the refractive
index of the superstrate (i.e., target materials for sensing application) was varied from 1.333 to 1.341
with a 0.001 step to cover the refractive index change range of the solution with deoxygenated
hemoglobin (HB) in phosphate-buffered saline solution up to 60% concentration (g/L) as reported
by O. Zhernovaya et al. [34]. Each layer was specified by electrical permittivity, ε(ω). The substrate
permittivity was considered as 2.1025 (n = 1.45). The Lorentz-Drudee model were employed to describe
the gold nanoparticles and graphene permittivity over the studied wavelengths [35,36]:

ε(ω) = ε∞ +
M
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0
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2
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ωm −ω2 + iωΓm
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where ε∞ is the permittivity in the infinity frequency,ω andωp (1.37188 × 1016 rad) are the incident
and gold plasma frequencies, respectively. Theωm is the mth resonance frequency, and Γm is the mth
damping frequency which is obtained by fitting the empirical data for real and imaginary parts of gold.

The Falkovsky model was employed to calculate the graphene permittivity tensor in XY plane
which is given by [37]:
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where εr is the background relative permittivity, e is the electron charge(C), µ0 is the chemical potential
(joule) (Fermi energy), } is the reduced plank constant, ω is the angular frequency of incident photon,
v f is the Fermi velocity (m/s), µ is the carrier mobility (m2/VS), ε0 is the vacuum permittivity (F/M),
and ∆ is the graphene thickness (m).

The commercial FDTD packages typically use different models, such as Drude model, Lorantz
model, or Debye model to calculate the electrical permittivity of the dispersive materials like noble
metals. However, while these models offer good insight into the behavior of materials permittivity,
they fail to accurately capture the dispersive properties of real materials, which are impacted by
impurities and defects. These limitations can be addressed by using combination of these models
(e.g., Lorentz-Drude) or multipole models, such as the multipole Lorentz model; however, some
materials cannot be described by these models. In this work, the multi coefficient method (MCM) from
Lumerical [38] was employed to obtain high accurate electrical permittivity of the dispersive materials
used in this study.

The numerical analysis was carried out using the FDTD package from Lumerical Inc. The Au-G
hybrid nanostructure, plane wave source, and transmission/reflection monitors were co-planar with
the boundary conditions that made them infinite in x and y directions as schematically shown in
Figure 1a. A non-polarized plane wave source with emitting wavelengths in the range of 0.4 µm to
2 µm with electric field amplitude of 1 V/m was propagated along z-axis as incident light source at
normal incidence. In order to reduce the calculation time, the periodic boundary conditions in the x-
and y-directions were replaced by the asymmetric and symmetric boundary conditions in the x- and
y-directions, respectively [39]. The perfect matching layer (PML) boundary condition was chosen in
the z-axis to avoid electromagnetic reflection to the structure and transmission monitor. The mesh cell
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size (point to point distance) was 5 nm in the x and y direction and 2 nm in the z-direction, and the
calculation time was set as 3000 fs. The transmission spectra were calculated using an 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. Air (n = 1) was chosen as the background and water (n = 1.333) was used
as reference medium in the sensitivity and FOM measurements. The reflection spectra were calculated
using an x-y monitor at 150 nm below the source position.

3. Results and Discussion

3.1. Contribution of the Hybrid Au-Graphene (Au-G) Nanostructure

The Au-G hybrid sensor performance were compared with a 2D array of Au NPs placed on
a silica substrate, perforated square nanohole arrays in a multilayer graphene film on the silica
substrate and Au-G hybrid structure fabricated on a silica substrate. In the first structure, a series of
nanohole square arrays with side length of L = 50 nm, thickness of 20 nm, and periodicity of 300 nm
were perforated in the multilayer graphene sheets on the silica substrate. In the second case, Au NP
arrays with dimensions equal to the size of the nanohole arrays (first structure) and the same structural
parameters were studied. Since the reflection loss in the studied structures were negligible (~1%),
the extinction spectrum of each structures was calculated using 1 − T instead of using 1 − (T + R).
Figure 2a shows the extinction spectra of a 2D nanohole array perforated in the multilayer graphene
films (green curve), cubic Au NPs array (red curve), and cubic Au NPs/graphene film hybrid structure
(blue curve) over a wavelength range from 1500 nm to 2000 nm. As can be seen from this figure no
resonance modes were observed in the Au cubic NPs square array, however, three different resonance
modes were recorded in the nanohole array structure at wavelengths of 1532 nm, 1632 nm, and
1793 nm which labeled as resonance mode I, II, and III, respectively. The maximum extinction of 0.3 was
obtained at the resonance wavelength of 1793 nm. It was found that by filling the graphene nanohole
with Au NPs the resonance wavelengths were shifted by 19 nm, 24 nm, and 67 nm, respectively, for
resonance modes I, II, and III as shown in Figure 2a. The recorded red shift in the resonance modes
can be attributed to the increasing in the refractive index of the surrounding medium (hole + sensing
medium) by adding the Au NP in the nanohole. Before adding the Au NP, the surrounding’s refractive
index was 1.333 (water) and adding the Au NPs results in increases in the effective refractive index.
According to Equation (3), increasing in the refractive index of the surrounding medium causes a
redshift in the resonance wavelength [40]:
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+
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2
√

εmn2
a

εm+n2
a

(3)

where εm is the permittivity of dispersive material (graphene and Au-G hybrid), na is the refractive
index of the dielectric medium, m and n are integers resonance orders, and ax = ay = P is the structural
period of the array.

Figure 2a also shows the extinction intensity of resonance mode III was reduced (from 0.3 to
0.2) on filling the nanoholes in the graphene film with Au NPs, whilst, the extinction intensity of
the resonance modes I and II were increased. The resonance modes in the perforated holes in the
graphene sheets were excited due to the extraordinary optical transmission (EOT) effect [40]. By using
a nanohole array two different types of resonances modes are expected; a resonance mode from the
nanohole/substrate interface (bottom of the structure) and another one from the nanohole/superstrate
interface (top of the structure) [41–43]. Therefore, it is expect that resonance mode III was belong to the
mode created at the hole/superstrate interface while modes I and II were recorded due the surface
plasmon resonance at the hole/substrate interface [44].

Figure 2b–d show the electric field profiles at the resonance wavelengths of 1532 nm, 1632 nm,
and 1793 nm respectively, for a square nanohole array of a multilayer graphene film with 50 nm
width and 20 nm thickness. The effects of filling the nanoholes with Au on the electric field profile
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at the resonance wavelengths in the Au-G hybrid structure (Figure 1b) are compared in Figure 2e–g.
From these figures, it is clear that the quadrupole resonance is the main responsible for resonance
mode excitation in the Au-G hybrid structure. It was found that the electric field was localized at the
edges of the nanoholes in the y-direction (Figure 2b–d) while it was propagated along x-direction in
the hybrid structure (Figure 2e–g). It was found that filling the nanoholes with cubic NPs resulted in
a significant reduction in the maximum recorded electric filed, |E|, of the nanostructure from 12 V/m
to 6.11 V/m.
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Figure 2. Top row: (a) extinction spectrum for three different nanostructures; Au NP square array,
nanohole array perforated in 20 nm thick graphene film, and Au NPs/G hybrid structure. Middle row:
electric field profiles at the resonance wavelengths of (b) 1532 nm (mode I), (c) 1632 nm (mode II),
and (d) 1793 nm (mode III) of the graphene nanohole structure. Bottom row: Au-graphene hybrid
structure at resonance wavelengths of (e) 1562 nm (mode I); (f) 1663 nm (mode II), and (g) 1860 nm
(mode III), respectively.

3.2. Effects of Au NP Size, Shape, and Structural Periodicity on Extinction

The effects of Au NPs’ size, shape and the separation distance (P) on the extinction spectrum were
systematically studied using numerical analysis. A series of Au NPs with different shapes (cylindrical,
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prism and cubic), different particle size, L, in the range of 50 nm to 300 nm (L/P ratio in the range of
0.17 to 1) and a fixed height of 20 nm were investigated. Figure 3 shows the extinction spectra of the
resonance modes of the hybrid Au-G nanostructure with prism, cubic, and cylindrical NPs at different
L/P ratios. The effects of increasing the L/P ratio and using prism Au NPs on the extinction of the
Au-G hybrid nanostructure are compared in Figure 3a. As can be seen from this figure, increasing
the L/P ratio from 0.17 to 1 resulted in a blueshift as large as 363 nm in the resonance wavelength of
resonance mode III, which can be confirmed in Equation (3). A similar trend was also observed by
using the cylindrical and cubic NPs as it is evident from Figure 3b,c, respectively.
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Figure 3. Extinction spectra of hybrid nanostructure with (a) prism; (b) cylindrical; and (c) cubic NPs
at different L/P ratios and thickness of 20 nm.

It was also found that on increasing the L/P ratio, the extinction intensity of resonance mode III
(the (1,0) resonance mode in Equation (3) with m = 1, n = 0) was increased in all three Au-G hybrid
structures, as clearly shown in Figure 4a. It is known that graphene has a constant absorption coefficient
in the visible to NIR range [45], therefore, it can be concluded that increasing in the extinction intensity
on increasing the L/P ratio could attributable to the Au NP absorption coefficients where larger NPs
resulted in more extinction. This could also be due to the smaller covered area by graphene film (at
larger L/P ratio) and, hence, a lower amount of electron flow between two consecutive NPs.
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Figure 4. (a) Extinction and (b) (1,0) resonance wavelength as a function of the L/P ratio. L is the side
length and P is the separation distance between two consecutive NPs.
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A maximum extinction peak intensity of 0.94 was achieved at L/P = 1 in the hybrid nanostructure
with cylindrical NPs at a resonance wavelength of 1514 nm, while there are no extinction peaks in the
recorded spectrum for nanostructure at L/P = 1 with cubic NPs. This is because at L/P = 1, the cubic
NPs become a continuous thin film. As a result, only one resonance mode will appear at a visible
range that contributes to the intrinsic absorption of gold. Figure 4b shows the mode III resonance
wavelength position of all hybrid systems as a function of the L/P ratio. Figure 4b shows the (1,0)
resonance wavelength position of all hybrid systems as a function of L/P ratio. It is expected that
increasing the L/P ratio resulted in a blueshift in the recorded resonance wavelength in the hybrid
nanostructures as show in Figure 4b and could be confirmed by Equation (3).

3.3. Sensitivity Measurement

The plasmonic resonances wavelength and, hence, the sensitivity of a plasmonic sensor strongly
depends on the refractive index variation of the surrounding environment. The optical response of
an Au-G hybrid structure with cubic NPs to the refractive index variations in the range of 1.333 to 1.337
is shown in Figure 5a. As it is clear from this figure, there is not any comparable shift in the resonance
wavelength on increasing the refractive index at all three resonance modes. However, the extinction
intensity of the resonance modes was changed. Therefore, the intensity shift can be used to measure the
sensitivity of the proposed sensor. The intensity sensitivity is calculated by dividing the change in the
extinction intensity to the refractive index change (SI = ∆I/∆n) [7]. As shown in Figure 5a, the intensity
sensitivity at longer resonance wavelength is larger than the shorter one. The intensity sensitivity at
λ = 1860 nm was measured as 17 RIU−1 while at shorter resonance wavelength (λ = 1562 nm), it was
decreased to 12 RIU−1. Thus, the resonance mode at 1860 nm was chosen to study the effect of using
different geometrical structures on the sensitivity and FOM of the Au-G hybrid refractive index sensor.
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Figure 5. Extinction spectrum of a hybrid nanostructure with cubic NPs side at L/P = 0.17.

The intensity sensitivity and FOM of different sensors with three different NP shapes (cubic,
cylindrical, and prism) with different L/P ratios in the range 0.17 to 1 (side length, L, was varied
in the range of 50 to 300 nm) and a fixed thickness of 20 nm was studied using the third resonance
mode (λ = 1860). The extinction, sensitivity, and FOM of all sensors were calculated on increasing the
refractive index from 1.333 to 1.341 with an increment step of 0.001. In the case of using intensity shift
of the resonance peak, the FOM was calculated by dividing the sensitivity of the resonance mode of
the target liquid to the resonance intensity at the reference point (FOM = SI/Iresonance).

It was found that increasing the L/P ratio resulted in an increase in the extinction intensity in all
different NPs shapes as shown in Figure 6 which could be attributed to the stronger absorption of the
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incident light by Au NPs at larger L/P [25]. As can be seen from Figure 6b, the maximum extinction
intensity of 0.95 was recorded on using the cylindrical NPs with diameter of 300 nm and 20 nm height.
Whereas the lowest extinction intensity was recorded in the Au-G hybrid structure using cubic NPs
with side length of 300 nm as it is evident from Figure 6c. From these figures, it is also clear that there
were no monotonic increases in the extinction as the L/P increase. In an Au-G hybrid structure with
cubic NPs the maximum extinction was recorded as large as 0.7 at L/P = 0.33 while, by using the prism
NPs, it was increased to 0.9 at L/P = 0.67 as shown in Figure 6a,c.
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Figure 6. Extinction intensity of the hybrid Au-G nanostructure with (a) prism; (b) cylindrical; and
(c) cubic NPs at different L/P ratios as a function of refractive index.

The variation of sensitivity (SI) of Au-G hybrid sensor on increasing the refractive index change
at different L/P ratios in all three types of Au-G hybrid sensors were compared in Figure 7. As can be
seen the maximum sensitivity of 43 RIU−1, 56 RIU−1, and 53 RIU−1 were calculated for L/P = 0.33 in
the Au-G hybrid sensors with prism (Figure 7a), cylindrical (Figure 7b), and cubic (Figure 7c) NPs,
respectively. By comparing the sensitivity of Au-G hybrid sensors with different NPs shapes it was
found that the L/P = 0.33 (L = 100 nm) offers larger sensitivity. It is known that the sensitivity results
directly affect the FOM of the sensor [8]. The FOM based on the intensity shift at different L/P ratios
and three different hybrid sensors are compared in Figure 8. It was found that the FOM was decreased
on increasing the L/P from 0.17 to 1. As can be seen from this figure, for a fix L/P ratio the FOM was
increased on increasing the refractive index from 1.333 to 1.341. The maximum FOM as large as 240
was achieved at L/P = 0.17 (NP size = 50 nm) (Figure 8c) in a hybrid sensor with cubic NPs. However,
using prism and cylindrical NPs resulted in a FOM of 149 and 163 respectively at L/P = 0.17, as it is
evident from Figure 8a,b.
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The oscillations in the recorded sensitivity (Figure 7) and FOM (Figure 8) originated from the effect
of the different environment permittivity (refractive index) on the magnitude of the recorded electric
field at each resonance mode and the physical nature of the resonance mode and, hence, recording
different intensities. For example, on using cylindrical NPs with 100 nm diameter, the intensity shift
was 0.034 as the refractive index change from 1.333 to 1.334, while when the refractive index changes
from 1.334 to 1.335 the intensity shift was 0.008, which results in a reduction in sensitivity and shows
a reduction Figures 7b and 8b.

Furthermore, at some L/Ps, a resonance wavelength shift up to 4.4 nm was also recorded in the
hybrid sensors by using different NPs shapes at different L/P ratios and refractive index changes, as
summarized in Table 1. From this table, it is clear that the maximum FOM of 390 was obtained in
an Au-G hybrid sensor with cylinder NPs at L/P = 0.33 by increasing the refractive index from 1.334
to 1.335, whereas the maximum sensitivity as large as 4380 nm/RIU was obtained in a hybrid sensor
with prism NPs at L/P = 0.33, which resulted in a FOM of 273 as the refractive index increased from
1.336 to 1.337. Detection at this level of refractive index change is capable of detecting a concentration
at ng/mole and lower levels, as reported [28].

Table 1. Maximum sensitivity and FOM based on intensity and wavelength shift in different Au-G
hybrid structures with prism, cylinder, and cubic NPs at specific changes in the refractive index.

NP λresoance (nm) Shift (nm) n1 n2 Sλ (nm/RIU) FOM

Prism 1805 4.38 1.336 1.337 4380 273
Cylindrical 1789 4.02 1.334 1.335 4020 390

Cubic 1765 4.34 1.334 1.335 4340 307

4. Conclusions

Extinction properties, sensitivity, and FOM of the hybrid Au-G plasmonic sensors with different
NPs shapes were systematically studied. The optical spectroscopy of the proposed sensors shows
that the resonances phenomena were observed at near infrared region due to presence of graphene
layers. It was shown that the resonance peaks were blue shifted by increasing the L/P ratio.
Intensity sensitivity and FOM of all hybrid sensors were also studied for ∆n = 0.001. A significant
improvement in the FOM and sensitivity of the hybrid sensors was achieved. The maximum FOM as
large as 240 and a high sensitivity as large as 55 RIU−1 were recorded that enhance the capability of the
LSPR sensors in sensing and detection up to ng/mL level. The current results increase the capability
of the LSPR sensors to compete the PSPR sensor. Further optimization is undertaken to enhance the
ability of proposed hybrid structure to detect a liquid concentration at pg/mL and ag/m level.

Acknowledgments: R.A., M.I. and M.Y. would like to acknowledge the Natural Sciences and Engineering
Research Council of Canada (NSERC) for financial support. R.A. would like to acknowledge Taibah University,
Saudi Arabia for financial support.

Author Contributions: R.A. performs the research and write the manuscript. M.I. lead the research and
manuscript and M.Y. is research supervisor

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brolo, A.G. Plasmonics for future biosensors. Nat. Photonics 2012, 6, 709–713. [CrossRef]
2. Homola, J. Surface Plasmon Resonance Sensors for Detection of Chemical and Biological Species. Chem. Rev.

2008, 108, 462–493. [CrossRef] [PubMed]
3. Liang, Y.; Lu, M.; Chu, S.; Li, L.; Peng, W. Tunable Plasmonic Resonances in the Hexagonal Nanoarrays of

Annular Aperture for Biosensing. Plasmonics 2015, 11, 205–212. [CrossRef]
4. Mayer, K.M.; Hafner, J.H. Localized surface plasmon resonance sensors. Chem. Rev. 2011, 111, 3828–3857.

[CrossRef] [PubMed]

http://dx.doi.org/10.1038/nphoton.2012.266
http://dx.doi.org/10.1021/cr068107d
http://www.ncbi.nlm.nih.gov/pubmed/18229953
http://dx.doi.org/10.1007/s11468-015-0041-0
http://dx.doi.org/10.1021/cr100313v
http://www.ncbi.nlm.nih.gov/pubmed/21648956


Sensors 2017, 17, 191 11 of 12

5. Irannejad, M.; Cui, B. Effects of Refractive Index Variations on the Optical Transmittance Spectral Properties
of the Nano-Hole Arrays. Plasmonics 2013, 8, 1245–1251. [CrossRef]

6. Alharbi, R.; Irannejad, M.; Yavuz, M. Gold-Graphene Core-Shell Nanostructure Surface Plasmon Sensors.
Plasmonics 2016. [CrossRef]

7. Cattoni, A.; Ghenuche, P.; Haghiri-Gosnet, A.M.; Decanini, D.; Chen, J.; Pelouard, J.L.; Collin, S. l3/1000
plasmonic nanocavities for biosensing fabricated by soft UV nanoimprint lithography. Nano Lett. 2011, 11,
3557–3563. [CrossRef] [PubMed]

8. Sherry, L.J.; Chang, S.H.; Schatz, G.C.; Duyne, R.P.V. Localized Surface Plasmon Resonance Spectroscopy of
Single Silver Nanocubes. Nano Lett. 2005, 5, 2034–2038. [CrossRef] [PubMed]

9. Aden, A.L.; Kerker, M. Scattering of Electromagnetic Waves from Two Concentric Spheres. J. Appl. Phys.
1951, 22, 1242–1246. [CrossRef]

10. Mie, G. Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen. Ann. Phys. 1908, 330, 377–445.
[CrossRef]

11. Kumar, M.; Sandeep, C.S.S.; Kumar, G.; Mishra, Y.K.; Philip, R.; Reddy, G.B. Plasmonic and Nonlinear Optical
Absorption Properties of Ag:ZrO2 Nanocomposite Thin Films. Plasmonics 2014, 9, 129–136. [CrossRef]

12. Kumar, M.; Reddy, G.B. Tailoring surface plasmon resonance in Ag:ZrO2 nanocomposite thin films. Phys. E
Low-Dimens. Syst. Nanostruct. 2010, 43, 470–474. [CrossRef]

13. Kumar, M.; Reddy, G.B. Stability-Inspired Entrapment of Ag Nanoparticles in ZrO2 Thin films. Plasmonics
2016, 11, 261–267. [CrossRef]

14. Auguie, B.; Barnes, W.L. Collective resonances in gold nanoparticle arrays. Phys. Rev. Lett. 2008, 101, 143902.
[CrossRef] [PubMed]

15. Kravets, V.G.; Schedin, F.; Grigorenko, A.N. Extremely narrow plasmon resonances based on diffraction
coupling of localized plasmons in arrays of metallic nanoparticles. Phys. Rev. Lett. 2008, 101, 087403.
[CrossRef] [PubMed]

16. Vecchi, G.; Giannini, V.; Gómez Rivas, J. Surface modes in plasmonic crystals induced by diffractive coupling
of nanoantennas. Phys. Rev. B 2009, 80. [CrossRef]

17. Anker, J.N.; Hall, W.P.; Lyandres, O.; Shah, N.C.; Zhao, J.; Duyne, R.P.V. Biosensing with plasmonic nanosensors.
Nat. Mater. 2008, 7, 442–453. [CrossRef] [PubMed]

18. Bukasov, R.; Shumaker-Parry, J.S. Highly Tunable Infrared Extinction Properties of Gold Nanocrescents.
Nano Lett. 2007, 7, 1113–1118. [CrossRef] [PubMed]

19. Wang, H.; Brandl, D.W.; Le, F.; Nordlander, P.; Halas, N.J. Nanorice: A Hybrid Plasmonic Nanostructure.
Nano Lett. 2006, 6, 827–832. [CrossRef] [PubMed]

20. Zhou, W.; Odom, T.W. Tunable subradiant lattice plasmons by out-of-plane dipolar interactions. Nat. Nanotechnol.
2011, 6, 423–427. [CrossRef] [PubMed]

21. Mohanty, G.; Sahoo, B.K.; Akhtar, J. Comparative analysis for reflectivity of graphene based SPR biosensor.
Opt. Quantum Electron. 2015, 47, 1911–1918. [CrossRef]

22. Maurer, T.; Nicolas, R.; Lévêque, G.; Subramanian, P.; Proust, J.; Béal, J.; Schuermans, S.; Vilcot, J.P.; Herro, Z.;
Kazan, M.; et al. Enhancing LSPR Sensitivity of Au Gratings through Graphene Coupling to Au Film.
Plasmonics 2013, 9, 507–512. [CrossRef]

23. Wu, L.; Chu, H.S.; Koh, W.S.; Li, E.P. Highly sensitive graphene biosensors based on surface plasmon resonance.
Opt. Express 2010, 18, 14395–14400. [CrossRef] [PubMed]

24. Navas, M.P.; Soni, R.K. Laser-Generated Bimetallic Ag-Au and Ag-Cu Core-Shell Nanoparticles for Refractive
Index Sensing. Plasmonics 2015, 10, 681–690. [CrossRef]

25. Shen, Y.; Zhou, J.; Liu, T.; Tao, Y.; Jiang, R.; Liu, M.; Xiao, G.; Zhu, J.; Zhou, Z.K.; Wang, X.; et al. Plasmonic
gold mushroom arrays with refractive index sensing figures of merit approaching the theoretical limit.
Nat. Commun. 2013, 4, 2381. [CrossRef] [PubMed]

26. Li, J.; Chen, K.; Liu, H.; Cheng, K.; Yang, M.; Zhang, J.; Cheng, J.D.; Zhang, Y.; Cheng, Z. Activatable
near-infrared fluorescent probe for in vivo imaging of fibroblast activation protein-alpha. Bioconjug. Chem.
2012, 23, 1704–1711. [CrossRef] [PubMed]

27. Staudinger, C.; Borisov, S.M. Long-wavelength analyte-sensitive luminescent probes and optical (bio) sensors.
Methods Appl. Fluoresc. 2015, 3, 042005. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11468-013-9540-z
http://dx.doi.org/10.1007/s11468-016-0325-z
http://dx.doi.org/10.1021/nl201004c
http://www.ncbi.nlm.nih.gov/pubmed/21805967
http://dx.doi.org/10.1021/nl0515753
http://www.ncbi.nlm.nih.gov/pubmed/16218733
http://dx.doi.org/10.1063/1.1699834
http://dx.doi.org/10.1002/andp.19083300302
http://dx.doi.org/10.1007/s11468-013-9605-z
http://dx.doi.org/10.1016/j.physe.2010.08.031
http://dx.doi.org/10.1007/s11468-015-0044-x
http://dx.doi.org/10.1103/PhysRevLett.101.143902
http://www.ncbi.nlm.nih.gov/pubmed/18851529
http://dx.doi.org/10.1103/PhysRevLett.101.087403
http://www.ncbi.nlm.nih.gov/pubmed/18764660
http://dx.doi.org/10.1103/PhysRevB.80.201401
http://dx.doi.org/10.1038/nmat2162
http://www.ncbi.nlm.nih.gov/pubmed/18497851
http://dx.doi.org/10.1021/nl062317o
http://www.ncbi.nlm.nih.gov/pubmed/17432920
http://dx.doi.org/10.1021/nl060209w
http://www.ncbi.nlm.nih.gov/pubmed/16608292
http://dx.doi.org/10.1038/nnano.2011.72
http://www.ncbi.nlm.nih.gov/pubmed/21572429
http://dx.doi.org/10.1007/s11082-014-0057-2
http://dx.doi.org/10.1007/s11468-013-9649-0
http://dx.doi.org/10.1364/OE.18.014395
http://www.ncbi.nlm.nih.gov/pubmed/20639924
http://dx.doi.org/10.1007/s11468-014-9854-5
http://dx.doi.org/10.1038/ncomms3381
http://www.ncbi.nlm.nih.gov/pubmed/23979039
http://dx.doi.org/10.1021/bc300278r
http://www.ncbi.nlm.nih.gov/pubmed/22812530
http://dx.doi.org/10.1088/2050-6120/3/4/042005
http://www.ncbi.nlm.nih.gov/pubmed/27134748


Sensors 2017, 17, 191 12 of 12

28. Zeng, S.; Sreekanth, K.V.; Shang, J.; Yu, T.; Chen, C.-K.; Yin, F.; Baillargeat, D.; Coquet, P.; Ho, H.-P.;
Kabashin, A.V.; et al. Graphene–Gold Metasurface Architectures for Ultrasensitive Plasmonic Biosensing.
Adv. Mater. 2015, 27, 6163–6169. [CrossRef] [PubMed]

29. Blake, P.; Ahn, W.; Roper, D.K. Enhanced uniformity in arrays of electroless plated spherical gold
nanoparticles using tin presensitization. Langmuir 2009, 26, 1533–1538. [CrossRef] [PubMed]

30. Zhu, S.; Zhou, W. Plasmonic properties of two-dimensional metallic nanoholes fabricated by focused ion
beam lithography. J. Nanopart. Res. 2012, 14, 652. [CrossRef]

31. Gedney, S.D. Introduction to the Finite-Difference Time-Domain (FDTD) Method for Electromagnetics.
Synth. Lect. Comput. Electromagn. 2011, 6, 1–250. [CrossRef]

32. Des Francs, G.C.; Molenda, D.; Fischer, U.C.; Naber, A. Enhanced light confinement in a triangular aperture:
Experimental evidence and numerical calculations. Phys. Rev. B 2005, 72, 165111. [CrossRef]

33. Irannejad, M.; Cui, B.; Yavuz, M. Optical Properties and Liquid Sensitivity of Au-SiO2-Au Nanobelt Structure.
Plasmonics 2015, 11, 1–9. [CrossRef]

34. Zhernovaya, O.; Sydoruk, O.; Tuchin, V.; Douplik, A. The refractive index of human hemoglobin in the
visible range. Phys. Med. Biol. 2011, 56, 4013. [CrossRef] [PubMed]

35. Haynes, W.M. CRC Handbook of Chemistry and Physics; CRC Press: Boca Raton, FL, USA, 2014.
36. Falkovsky, L.A. Optical properties of graphene and IV–VI semiconductors. Phys.-Uspekhi 2008, 51, 887.

[CrossRef]
37. Lumerical Solutions Inc. Available online: https://kb.lumerical.com/en/other_application_graphene_

simulation_tips.html (accessed on 18 January 2017).
38. Lumerical Solutions Inc. Multi-Coffiecient Materials Model. Available online: https://www.lumerical.com/

support/whitepaper/fdtd_multicoefficient_material_modeling.html (accessed on 18 January 2017).
39. Lumerical Solutions Inc. Mesh Refinement Options. Available online: https://kb.lumerical.com/en/ref_

sim_obj_mesh_refinement_options.html (accessed on 18 January 2017).
40. Ebbesen, T.W.; Lezec, H.J.; Ghaemi, H.F.; Thio, T.; Wolff, P.A. Extraordinary optical transmission through

sub-wavelength hole arrays. Nature 1998, 391, 667–669. [CrossRef]
41. Cintra, S.; Abdelsalam, M.E.; Bartlett, P.N.; Baumberg, J.J.; Kelf, T.A.; Sugawara, Y.; Russell, A.E.

Sculpted substrates for SERS. Faraday Discuss. 2006, 132, 191–199. [CrossRef] [PubMed]
42. Cole, R.M.; Baumberg, J.J.; Garcia de Abajo, F.J.; Mahajan, S.; Abdelsalam, M.; Bartlett, P.N. Understanding

Plasmons in Nanoscale Voids. Nano Lett. 2007, 7, 2094–2100. [CrossRef]
43. Huang, F.M.; Wilding, D.; Speed, J.D.; Russell, A.E.; Bartlett, P.N.; Baumberg, J.J. Dressing Plasmons in

Particle-in-Cavity Architectures. Nano Lett. 2011, 11, 1221–1226. [CrossRef] [PubMed]
44. Huang, X.; El-Sayed, M.A. Gold nanoparticles: Optical properties and implementations in cancer diagnosis

and photothermal therapy. J. Adv. Res. 2010, 1, 13–28. [CrossRef]
45. Zhao, B.; Zhao, J.M.; Zhang, Z.M. Enhancement of near-infrared absorption in graphene with metal gratings.

Appl. Phys. Lett. 2014, 105, 031905. [CrossRef]

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/adma.201501754
http://www.ncbi.nlm.nih.gov/pubmed/26349431
http://dx.doi.org/10.1021/la903985m
http://www.ncbi.nlm.nih.gov/pubmed/20000360
http://dx.doi.org/10.1007/s11051-011-0652-0
http://dx.doi.org/10.2200/S00316ED1V01Y201012CEM027
http://dx.doi.org/10.1103/PhysRevB.72.165111
http://dx.doi.org/10.1007/s11468-015-9977-3
http://dx.doi.org/10.1088/0031-9155/56/13/017
http://www.ncbi.nlm.nih.gov/pubmed/21677368
http://dx.doi.org/10.1070/PU2008v051n09ABEH006625
https://kb.lumerical.com/en/other_application_graphene_simulation_tips.html
https://kb.lumerical.com/en/other_application_graphene_simulation_tips.html
https://www.lumerical.com/support/whitepaper/fdtd_multicoefficient_material_modeling.html
https://www.lumerical.com/support/whitepaper/fdtd_multicoefficient_material_modeling.html
https://kb.lumerical.com/en/ref_sim_obj_mesh_refinement_options.html
https://kb.lumerical.com/en/ref_sim_obj_mesh_refinement_options.html
http://dx.doi.org/10.1038/35570
http://dx.doi.org/10.1039/B508847J
http://www.ncbi.nlm.nih.gov/pubmed/16833117
http://dx.doi.org/10.1021/nl0710506
http://dx.doi.org/10.1021/nl104214c
http://www.ncbi.nlm.nih.gov/pubmed/21284375
http://dx.doi.org/10.1016/j.jare.2010.02.002
http://dx.doi.org/10.1063/1.4890624
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Numerical Methodology 
	Results and Discussion 
	Contribution of the Hybrid Au-Graphene (Au-G) Nanostructure 
	Effects of Au NP Size, Shape, and Structural Periodicity on Extinction 
	Sensitivity Measurement 

	Conclusions 

