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A plasmonic refractive index (RI) sensor with high RI sensitivity based on a gold composite structure is proposed.
This composite structure is constructed from a perfect gold nano-disk square array on a gold film, with a SiO2 spacer. The
reflection spectra of the composite structure, with analyte RI in the range of 1.30 to 1.40, are theoretically studied using the
finite-difference time-domain method. The incident light beam is partly coupled to the localized surface plasmons (LSP) of
the single nano-disks and partly transferred to the propagating surface plasmons (PSP) by grating coupling. The reflectivity
is nearly zero at the valley of the reflection spectrum because of the strong coupling between LSP and PSP. Also, the full
width at half maximum (FWHM) of one of the surface plasmon polaritons (SPPs) modes is very narrow, which is helpful
for RI sensing. An RI sensitivity as high as 853 nm/RIU is obtained. The influence of the structure parameters on the
RI sensitivity and the sensor figure of merit (FOM) are investigated in detail. We find that the sensor maintains high RI
sensitivity over a large range of periods and nano-disk diameters. Results of the theoretical simulation of the composite
structure as a plasmonic sensor are promising. Thus, this composite structure could be extensively applied in the fields of
biology and chemistry.
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1. Introduction
As an important branch of nanophotonics, the surface

plasmonics has received extensive attention in physics, ma-
terials science, nanotechnology, and other physical fields.
The unique optical properties caused by surface plasmon po-
laritons (SPPs) have broad application prospects in photo-
catalysis,[1–5] photolithography,[6–8] nanoscale light manipu-
lation,[9,10] absorption enhancement,[11,12] surface-enhanced
Raman scattering,[13–15] and terahertz plasma waves.[16–18]

The SPPs occur chiefly in the surface regions of metals as a
result of intense interactions of photons and free electrons. In
essence, SPPs are a kind of electromagnetic motion mode. An-
other practical application of SPPs is in chemical and biomed-
ical sensing.[19–25] The variation in the refractive index (RI)
of the surface plasmon evanescent field affects the propaga-
tion constant of SPPs and the position of the resonance wave-
length. Therefore, SPPs are exceedingly sensitive to the RI of
the surrounding environment. Numerous plasmonic RI sen-
sors based on various sub-wavelength metallic particles and
structures have been put forward because of this characteris-
tic. In addition, plasmonic sensors have many advantages such
as small sample sizes, being label-free,[26] real-time dynamic
monitoring,[27,28] and a wide range of application fields.

Plasmonic sensors can be roughly classified into two
categories: propagating surface plasmon (PSP) sensors ex-
cited by prism coupling[29–31] or grating coupling[32] and lo-
calized surface plasmon (LSP) sensors excited by nanopar-
ticles or nanoholes. In previous work, plasmonic sensors
based on nanospheres, nanorods, nanopyramids, and even
nanostars[33–35] have been unable to achieve high RI sensi-
tivity or good figure of merit (FOM) performance. In 2012,
Huang et al. designed a sensor for DNA detection using ran-
domly distributed gold nanorings and achieved a sensitiv-
ity of 350 nm/refractive index unit (RIU) and an FOM of
3.1 RIU−1.[36] In 2013, Zhang et al. utilized the coupling of
SPP modes and LSP modes to successfully reduce the full
width at half maximum (FWHM) and obtained a sensitivity
of 317 nm/RIU and an FOM of 8.3 RIU−1.[37] In 2018, Wang
et al. synthetically fabricated a periodic gold nanoring array
and studied its structure parameters. The sensitivity of the
array was measured to be 544 nm/RIU and the FOM was
6 RIU−1.[38] With the continuous upgrading of lithography
technology, more complex structures can be realized. For plas-
monic sensors, these novel structures[39–45] are certain to have
potential for RI sensor applications, and some of them may
provide higher RI sensitivity and better FOM.
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In this paper, to obtain a plasmonic sensor with both a
high RI sensitivity and a good FOM, a two-dimensional (2D)
grating nano-disk array and gold film are utilized to form a
composite structure. The PSPs and LSPs are both excited in
this composite structure and the coupling strength is related
to the structure parameters. The finite-difference time domain
(FDTD) method is adopted to analyze the proposed design.
The simulation results of the reflection spectra demonstrate
that the resonance wavelength is sensitive to the RI and the
FWHM of the resonance peak is narrow. Then, with a detailed
discussion of the geometric parameters of the structure, we de-
velop an approach to further enhance the RI sensitivity.

2. Sketch of the structure and theoretical meth-
ods
The three-dimensional schematics of the structure are

shown in Fig. 1(a). From top to bottom, the components are
gold nano-disk arrays, SiO2 spacers, gold film, and a glass
substrate. The square arrays are periodically extended along
the x direction and y direction. Figure 1(b) presents a top-
down view of the structure. The period is defined as the red
lines in Fig. 1(b), which join the centers of two nearest neigh-
bor nano-disks. All the nano-disks are of equal height (40 nm)
and the diameter of the nano-disks is allowed to vary within a
certain range. The thickness of the SiO2 is 24 nm, and this is
used for separating the disk arrays and the gold film, in order to
excite strong coupling between localized and propagating sur-
face plasmons. The thickness of the gold planar film is 100 nm
and the whole structure resides on a glass substrate.

In this work, we use the FDTD method, which is widely
used in optical simulations,[46–50] to calculate the reflection
spectra of our structure. As shown in Fig. 1(a), the structure is
irradiated by a plane wave with the polarization along the x di-
rection at normal incidence from the upper side. Considering
that the structure is periodic, we select the black foursquare
lattice as the calculation unit, as shown in Fig. 1(b). The cal-
culation unit is square, and the length of its sides is twice
the period. Periodic boundary conditions are applied at the
four side boundaries around the unit, and perfectly matched
layer absorbing boundary conditions are used at the upper
and lower boundaries. In this simulation, the RI of the gold
is wavelength-dependent and the Drude model[51] is used for
characterizing its dielectric constant, as shown in the follow-
ing equation (1).

εω = 1−
ω2

p

ω (ω + iωc)
, (1)

where the plasma frequency is ωp = 2π × 2.175× 1015 Hz,
and the scattering frequency for bulk gold is ωc = 2π×6.49×
1014 Hz.[52]
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Fig. 1. (a) A schematic diagram of the composite structure, consisting
of a perfect gold nano-disk square array on a gold film, with a SiO2
spacer (the red arrow indicates the direction of propagation and the blue
arrow indicates the polarization direction). (b) A top-down view of the
structure. The black foursquare lattice is the calculation unit and the red
line is the period.

3. Results and discussion
3.1. Theoretical analysis of the structure

Figure 2(a) shows the reflection spectrum of the structure
simulated by the FDTD method in a wide wavelength range,
from 500 nm to 2000 nm. In this case, the diameter of the
nano-disks is 280 nm, the period is 720 nm, and the back-
ground index (analyte refractive index) is 1.30. As shown in
the figure, three main resonant reflection modes can be found
in the curve, located at 740 nm (mode 1), 964 nm (mode 2),
and 1453 nm (mode 3). It is apparent that the surface plas-
mon polaritons can be effectively excited in this composite
structure. The incident energy is coupled to LSP via single
nano-disks, which interact with adjacent disks both in the up-
per space and through PSP. In addition, the incident energy is
transferred to PSP via the two-dimensional (2D) grating. Fur-
thermore, coupling between LSP and PSP enhances the energy
of incident light transfer to SPPs.[53] The strong coupling re-
sults in very low reflectivity of the reflection spectrum at res-
onant wavelength. The nano-disk array acts as a 2D grating,
which provides additional momentum and couples the incident
plane wave into PSP. The additional momentum is given by the
following equation[54,55]

G =
2π

d

√
n2 +m2, (2)

where d is the period constant and n and m are integers. As
shown in Fig. 2(a), mode 1 and mode 2 correspond to (1, 1)
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and (1, 0), respectively, and localized surface plasmons are
predominant in the last resonant mode.[54]
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Fig. 2. (a) The reflection spectrum of the composite structure, where the
period is 720 nm and the diameter of the nano-disks is 280 nm. Sim-
ulated electric field |E|/|E0| of mode 2 (b) and mode 3 (c) on the xz
plane, along the diameter of the nano-disk.

To further examine the structural features, we calculated
the electric-field distribution of mode 2 and mode 3 on the
xz plane, along the diameter of the nano-disk. As shown in
Figs. 2(b) and 2(c), the existence of SPPs is clearly indicated,
and the electric-field enhancement in modes 2 and 3 is caused
by strong coupling between LSP and PSP. It is noteworthy that
both mode 2 and mode 3 are the result of LSP and PSP cou-
pling. The main difference between them is that mode 2 is
dominated by PSP, whereas mode 3 is dominated by LSP.

3.2. Sensing performance of the structure

This is how our structure works as a reflective index sen-
sor. The change in the analyte RI on top of the arrays causes a

resonance peak shift, and the analyte RI can be sensed by de-
tecting the position of the resonance peak. The RI sensitivity
and the FOM are often used for quantifying the performance
of a reflective index sensor. A good RI sensor should have
both high sensitivity and a high FOM. The RI sensitivity is
defined as S = ∆λ/∆n (∆λ is the shift of the resonance peak
wavelength and ∆n is the refractive index change of the ana-
lyte) and the FOM is defined as FOM = S/FWHM. As shown
in Fig. 2(a), mode 1 is insufficient for RI sensing due to its
weak resonance intensity (the reflectivity is around 0.5), com-
pared with other resonance modes. Modes 2 and 3 have almost
the same strong resonance intensity (the reflectivity is around
0). However, the FWHM of modes 2 and 3 is approximately
9 nm and 122 nm, respectively. Considering the relationship
between the FOM and the FWHM (a small FWHM results in
a high FOM), it is reasonable to choose mode 2 as the sensing
peak, as it has the narrowest line width and therefore the better
resonance intensity.
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Fig. 3. (a) The reflection spectra of the same composite structure
with different analyte RI. (b) The position of the resonance wavelength
(mode 2) as a function of the RI.

Thus, we selected mode 2 to be our research object and
we examine the near infrared wavelength range from 900 nm
to 1100 nm (where mode 2 belongs), to study the influence of
the analyte RI on the resonance mode. Six reflection spectra
with different analyte RI and the same structure parameters are
presented in Fig. 3(a). From these curves, we find that the res-
onance peaks show red shifts as the RI increases, and all the

044201-3



Chin. Phys. B Vol. 28, No. 4 (2019) 044201

spectra have almost the same FWHM and dip depths. This is
because a slight change in the reflective index does not affect
the resonance mechanism of surface plasmon polaritons in the
structure. A good linear relationship (between the position of
mode 2 and the RI of the analyte) is observed in Fig. 2(b). In
order to calculate the sensitivity and the FOM, we plot the po-
sition of mode 2 as a function of the analyte RI in Fig. 3(b).
The sensitivity and the FOM are calculated to be 690 nm/RIU
and 76.6 RIU−1, respectively, for a period of 720 nm and a di-
ameter of 280 nm. The FOM of this plasmonic sensor is quite
high compared to those of other plasmonic RI sensors[24–29]

because of the narrow line width. However, this is not the
best possible performance of the sensor. The sensor can be
optimized by regulating some of the structure parameters to
achieve a higher sensitivity, as discussed below. Thus, our
sensor does not have strict structure parameter requirements
and is able to work in a relatively rough process.

3.3. Influence of the period on the sensitivity and FOM

When the period is fixed, the resonance peaks change ap-
proximately linearly with the RI of the analyte and the sensi-
tivity is fixed, according to the definition of sensitivity. There-
fore, we investigated the sensitivity of plasmonic sensors of
different periods, to determine the relationship between them.
An interesting phenomenon was observed. When the period
was increased, the position of the resonance wavelength (mode
2) changed evenly with the red shift. This provides a way of
controlling the RI sensor. By changing the period to an ap-
propriate size, we can choose the infrared band needed to de-
tect the RI of the analyte, based on the parameters of the light
source. The sensitivity of the plasmon sensor as a function of
the period is shown in Fig. 4(a), with the diameter of the nano-
disks kept at 280 nm. It can be observed that an increase in the
periodicity leads to an increase in sensitivity. The RI sensitiv-
ity can reach 853 nm/RIU at a period of 900 nm. The FOM
of the plasmon sensor as a function of the period is shown in
Fig. 4(b). As the period increases, the FOM increases in non-
linearity and a high value of FOM = 126 RIU−1 is achieved
when the period is 900 nm. From the formula for the FOM,
we can extract two explanations for this increase in the FOM:
an increasing RI sensitivity and a decreasing FWHM. These
two reasons are both related in this plasmon sensor.

It seems that we can get a higher sensitivity by applying a
larger period, but in fact, as we continue to increase the period,
mode 2 moves to a longer wavelength and ultimately interacts
with mode 3. Reflection spectra for the same nano-disk diame-
ter of 280 nm and background RI (analyte) of 1.30, with varied
periods, are shown in Fig. 4(c). Figure 4(b) clearly indicates
that mode 2 is sensitive to the period, whereas mode 3 barely

changes. It also clearly demonstrates how mode 2 interacts
with mode 3, when mode 2 and mode 3 have almost the same
resonance wavelength. If we continue to increase the period,
an anti-crossing behavior can be observed from the spectra.[54]

As shown by the blue dashed line in Fig. 4(c), when the period
reaches 1100 nm, the FWHM of mode 2 is obviously increas-
ing, and the reflectivity is not close to zero, unlike for other
periods under 1100 nm. The same problem becomes more pal-
pable when we increase the period to 1150 nm, as shown by
the solid black line in Fig. 4(c). In others words, when modes 2
and 3 interact with each other, the advantages of mode 2 for RI
sensing (low reflectivity and a narrow FWHM) are lost. Ac-
cordingly, although increasing the period can bring higher RI
sensitivity, this structure does not provide the same advantages
as a plasmonic RI sensor when the period is too large.
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Fig. 4. (a) The RI sensitivity as a function of the period, with the pe-
riod varying from 600 nm to 900 nm in step sizes of 30 nm. (b) The
FOM as a function of the period. (c) The reflection spectra of the com-
posite structure with a period range from 900 nm to 1150 nm, step size
of 50 nm, background RI (analyte) of 1.3, and nano-disk diameter of
280 nm.
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3.4. Influence of the diameter on the sensitivity and FOM

Another important geometric parameter of this structure
is the diameter of the nano-disks. With the period fixed at
720 nm, the RI sensitivity as a function of the diameter of
the nano-disks is shown in Fig. 5(a), with the diameter of the
nano-disks increasing from 200 nm to 360 nm, in step sizes
of 20 nm. A slight fluctuation in the RI sensitivity can be
observed, but ultimately the diameter of the nano-disks has lit-
tle effect on the RI sensitivity. This further demonstrates that
our structure can work as a plasmonic RI sensor even in a rela-
tively rough process. Figure 5(b) shows the FOM as a function
of the diameter of the nano-disks. The FOM reaches the high-
est value of 85 RIU−1 when the diameter of the nano-disks
is 240 nm. This may be attributed to the enhancement factor
reaching a maximum when the diameter is 240 nm.[55] Strong
resonance leads to a narrow FWHM and a high FOM.
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Fig. 5. (a) The RI sensitivity as a function of nano-disk diameter, where
the diameter varies from 200 nm to 360 nm, in step sizes of 20 nm. (b)
The FOM as a function of the nano-disk diameter, where the diameter
varies from 200 nm to 360 nm, in step sizes of 20 nm.

4. Conclusions
In summary, we proposed a plasmonic RI sensor based

on a gold composite structure. According to numerical sim-
ulations, the proposed design exhibits a good linear relation-
ship between the resonance mode and the RI of the analyte,
indicating favorable sensing performance. By analyzing the
geometric parameters of the structure, we find that our sensor
is quite flexible in terms of the period and the diameters of
the nano-disks. Our sensor has a good sensitivity and FOM
in a large period and diameter range, and it is convenient for

practical application. The sensitivity and the FOM are of high
values compared with those in previously reported work. With
a 900-nm period and 280-nm diameter for the nano-disk array,
we obtained an achievable RI sensitivity of 853 nm/RIU and
an FOM of 126 RIU−1. Our structure could provide a good
reference for plasmonic sensors and could be widely used in
biological and chemical sensing.
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