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Abstract. This work reports the optical properties of surface plasmon resonance (SPR) based on
the metal-insulator-metal (MIM) structure towards a refractive index sensor. The MIM-SPR struc-
ture operating near infrared region consists of lateral periodicity of subwavelength gold patterns
placed on a stack of thin silica spacer and silver film (acting as a reflector) on a silicon substrate.
The reflection spectra and the electric field distributions of MIM-SPR structures can be tuned by
modifying the geometrical properties and have been numerically investigated by using Lumeri-
cal’s finite-difference time-domain (FDTD) solutions. The square lattice configuration of 1200 nm
to 1400 nm pitch of gold micro-disks of thickness from 80 nm to 120 nm have been conducted.
The size of these considered gold patterns, i.e., the diameter of the micro-disks is in the range of
900 nm to 1000 nm. The proposed MIM-SPR structure possessing sensitivity of 370 nm per re-
fractive index unit (RIU), can be applicable for a wide variety of plasmonic sensing, in particular
for refractometric biosensors.
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I. INTRODUCTION

Surface plasmon resonance (SPR) phenomenon happens when the electric field of the light
couples with the surface conduction electrons to induce collective and coherent oscillation [1].
Plasmonics, i.e. the interaction of electromagnetic radiation waves with free-charge oscillations
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at the metal surface, has also achieved great attention within the photonics community. SPRs
are classified into two types including surface plasmon polaritons (SPPs) or propagating surface
plasmon resonance (PSPR) and localized surface plasmon resonance (LSPR) [2-5]. For LSPRs,
light interacting with free electrons in the material leading to a charge separation between the
electrons and the ionic metal core and in turn the Coulomb repulsion between the free electrons
acting as a restoring force pushes the free electrons to move in the opposite direction [6]. For
PSPRs, a metal-insulator interface supports charge density oscillations along the interface [1,2].

Plasmonic nano/micro-structures can confine light at the subwavelength scale and thus of-
fer novel applications in various areas of photonics. Understanding SPR has led to the develop-
ment of many new plasmonic nanoparticle structures with utility in many applications including
photoacoustic imaging [7, 8], photothermal cancer therapy [9], biosensor and immunoassay de-
velopment [10-12], spectroscopic applications [2], and surface enhanced Raman spectroscopy
(SERS) [13].

Among various kinds of SPR sensors from traditional types such as optical fiber sen-
sors to novel ones such as racetrack resonator and metallic grating sensors [14—16], the metal-
insulator-metal (MIM) configurations have been of great interest for their high absorbance effi-
ciency [17,18]. With the aim to target the bio-applications, sensors operate in near infrared where
the fluorescent molecules emit, are of interest, because in these regions the absorption of water or
other bio-materials are low. However, SPR-MIM sensors have been widely investigated using the
metallic patterns of nanometers [19-21]. The sensing behavior of the SPR-MIM sensors in which
employing the micro metallic pattern arrays have rarely been studied. The size of the metallic
patterns is in the micrometer scale, so they can be fabricated by physical methods which are less
sophisticated than those used for nanometer size metallic patterns.

In here, the optical properties and PSPR sensing ability of MIM noble metal periodic array
structures in the near infrared wavelength range have been numerically studied using numerical
electromagnetic simulation, i.e., the finite difference time domain (FDTD) by Lumerical’s FDTD
solutions [22], with the aim to exploit both the MIM configuration which helps confine the light
and the benefit of periodicity to transfer the incident energy to SPPs. The size of the metallic
patterns is in the micrometer scale, so they can be easily fabricated by physical methods such
as direct laser writing. In our work, the reflection spectra and electric field distribution of gold
periodic micro-disk arrays in square lattice placed on a stack of thin silica spacer and silver film
on a silicon substrate have been considered with taking into account the effect of geometrical
parameters of said structures: diameter D, lattice constant P and gold thickness H in order to
elucidate the relationship between the plasmonic properties and these structural features. Then
the suitable structure for refractive index sensing. The shift of resonance dips when considering
different refractive index cladding has been monitored and the sensitivity of the optimized gold
micro-disk array of 370 nm/RIU has been reported, which is in the same scale with the sensitivity
obtained by other gold nano-structured configurations.

II. SIMULATIONS

Figure 1 (a) shows the typical geometry, consisting of an MIM made of gold micro-disk
arrays, simulated by the 3D Lumerical’s FDTD solutions. A 100 nm thick Ag layer was introduced
onto a silicon substrate, as a reflector in order to prevent the light from transmitting into the
silicon substrate. A 40 nm silica (SiO;) layer was then coated on to the Ag layer and an array
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of gold micro-disks is deposited on to the silica spacer in the square lattice. The silica layer as
a spacer separating the micro-disk arrays and the Ag film, was used to induce strong coupling
between the surface plasmons localized in each disk and the propagating surface plasmons in the
disk array. The size of the MIM-SPR structure is directly correlated with the optical properties,
therefore in here we study the optical behaviors of the structure under the change of the geometrical
parameters, i.e., the diameter and the lattice constant of gold micro-disk array, the thickness of the
gold micro-disk. Throughout this work, the typical values of the structure are as follows, the
diameter of the gold micro-disk is D =950 nm, the lattice constant P=1300 nm and the thickness
of gold is H=100 nm. These geometrical parameters are selected so that the MIM-SPR structure
operates in the near-infrared wavelength, i.e., from 1200 nm to 1800 nm. Starting from these
reference values, the effect of the geometrical parameters on the optical behaviors of the structure
are then considered. A gold micro-disk periodic array thickness ranging from 80 nm to 120 nm
is under investigation. The gold pattern diameter varies from 900 nm to 1000 nm. These gold
micro-disk patterns are distributed in a square lattice with the value of lattice constant changes
from 1200 nm to 1400 nm. The optical properties of this structure including the reflection spectra
and the electric field distribution have been realized by using Lumerical’s FDTD solutions.

Figure 1(b) illustrates one gold unit cell containing a gold micro-disk in a square lattice and
the simulation monitors defined in Lumerical’s FDTD solutions. In which the reflection spectra
and the electric field profile are collected by the reflection monitor and the electric field monitor.
The light source injecting the TEM signal in z -direction and the monitors collecting reflection
spectra and electric field distribution at the metal region are arranged in perspective view and side
view as depicted in Fig. 1(b) and (c), respectively. In the simulation, the periodic boundaries in x
and y direction are chosen while perfectly matched layer absorbing boundary conditions are used
at the upper and lower boundaries in order to generate the planar periodic structures. The effect
of different geometrical parameters, i.e., the diameter of gold micro-disk, the lattice constant and
the gold thickness on the optical characteristics of the MIM-SPR structures have been investigated
starting from the set of geometrical values mentioned above. In all simulations, the reference
structure is kept unchanged and only one parameter (diameter, lattice constant or thickness) is
varied with aim to study how the optical properties and electric field distribution would behave
depending on that parameter. Then the most suitable structure for further study the refractive
index sensing property of the micro-disk array is thus derived.

III. RESULTS AND DISCUSSION

III.1. Effect of gold pattern diameter

Figure 2 shows the reflection spectra of the MIM-SPR periodic array structure of the gold
micro-disk when increasing the diameter D from 900 nm (red circle symbol) to 950 nm (black solid
line) and 1000 nm (blue dashed line) while considering the lattice constant of 1300 nm, the gold
thickness of 100 nm. It is noticed that there are two modes in the 1200 nm -1800 nm wavelength
range, namely the first mode (longer wavelength) and second mode (shorter wavelength), denoted
by mode 1 and mode 2 in the figure. The resonances correspond to the dips in the reflection
spectra. In this configuration, the resonances can be resulted from following phenomena: the
incident energy is coupled to the surface plasmon wave localized via the single gold micro-disk
and the incident energy is also transferred to PSP through the periodic array. As seen from the
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Fig. 1. (a) Gold micro-disk array structure under (b) FDTD simulation in perspective
view and (c) FDTD in side-view of the MIM-SPR structure.

electric field distribution in the side view shown in Fig. 2, the SPPs clearly exist and the electric
field enhancement in these modes corresponds to the strong coupling between the LSP and PSP.
From the electric field profile at the gold-silica interface, it is shown that the electric field of the
first mode distributes radially in the edge of the surface as well as in the interface between the gold
unit and the silica layer. Besides, the electric field of the second mode is localized symmetrically
inside the gold unit. They are similar to the longitudinal plasmonic band (LPB) and the transverse
plasmonic band (TPB) as discussed in [23] based on the direction of the electron oscillation inside
the gold nano-rods. The occurrence of these two modes is due to the specific geometry of the gold
microdisk structures, which also happen for gold nanorods [24,25], nanowires [26], nanodisks [5,
23] and cylinders [27] as these typical geometries usually induce two main circulation paths, one
corresponding to the transverse and the other to the longitudinal SPR modes.

Furthermore, the intensity of these two resonances modulates in different fashion as de-
picted in Fig. 2. The TBP is much weaker in intensity than the LTP as noticed in gold nanorods [28].
For the case of the transverse mode, the intensity of the mode remains more or less the same while
there is a significant change in the intensity due to the influence of the gold diameter increase.
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The electric field of the gold micro-disk at the gold-silica interface of the first mode is distributed
radially on the circle in the micro-disk due to the circular symmetry of the structure, hence the
intensity of this mode is dramatically changed by the size of the micro-disk. It is evidenced that
with increasing the diameter D, the intensity of the peaks decreases, which is also reported in other
works [26,29].
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Fig. 2. (color online) (a) Reflection spectra of the MIM-SPR periodic array structure
when increasing the diameter D of gold micro-disk from 900 nm (red circle symbol)
to 950 nm (black solid line) and 1000 nm (blue dashed line), the lattice constant P =
1300 nm and gold thickness H = 100 nm; insets: the side view and top view at the gold-
silica interface of the electric profile corresponding to two resonances.

It is also observed that the resonance wavelength red-shifts as the size of the gold pattern
increases, and the peak distance gets larger while the intensity drop is less significant. This redshift
of the resonant modes of the structures towards lower frequencies is attributed to the increase of the
effective index of the guiding layer when the size of gold micro-disk is enlarged [30]. In addition,
from the electric field distribution of the two resonant modes, the second mode of gold micro-disk
has been found to be insensitive to the changes in the size of the gold micro-disk and also this
mode has been shown to be insensitive to and the surrounding refractive index, whereas the first
mode shows a red-shift with the increase of size of gold micro-disk and this is very sensitive to
any change of the refractive index as reported in other researches [24,30,31]. Therefore, the first
mode has advantages in refractive index sensing applications.

II1.2. Effect of lattice constant

The optical characteristics of the MIM-SPR structures under the change of the lattice con-
stant are shown in Fig. 3. The reflection spectra and the electric profile of the structures when
the lattice constant changed from 1200 nm (red circle symbol) to 1300 nm (black solid line) and
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1400 nm (blue dashed line) while the gold diameter is maintained at 950 nm and the thickness of
gold layer is of 100 nm are depicted.
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Fig. 3. (a) Reflection spectra of the MIM-SPR periodic gold micro-disk array structures
when the lattice constant P is changed from 1200 nm (red circle symbol) to 1300 nm
(black solid line) and 1400 nm (blue dashed line), the gold diameter D = 950 nm and the
thickness of gold layer H=100 nm; insets: the side view and top view at the gold-silica
interface of the electric profile corresponding to two resonances.

In here, as the lattice constant increases, mode 2 (shorter wavelength) is red-shifted while
mode 1 (longer wavelength) remains unchanged. This response may cause mode 2 interact with
mode 1 if the lattice constant keeps increasing. Moreover, if the value of the period is too large,
the structure does not exhibit the advantages for the plasmonic sensors due to the anti-crossing
behavior [19].

II1.3. Effect of gold thickness

Figure 4 presents the reflection spectra of the MIM-SPR periodic array structure of the gold
micro-disk when increasing the gold thickness of the micro-disk structure from 80 nm to 120 nm.
It is seen that the resonant intensity and the resonance wavelength changes when the gold layer
gets thicker from 80 nm to 120 nm with a 20 nm step. Increasing the thickness of gold micro-
disks results in a noticeable change in intensity, as the mode 1 exhibits a lower intensity drops,
and in contrast the intensity of the second mode becomes weaker. In addition, the increase of
thickness of gold layer generates a significant red-shift of the second mode while the resonant
wavelength of the first mode is affected negligibly. The behaviour of these two resonant modes
can be explained by the fact that the first sharp dip at longer wavelength corresponds to a surface
plasmon wave localized in the gold micro-disks while the second shallow dip is resulted from the
periodic arrays. Thus, the first mode is dramatically affected by changes in gold pattern diameter
and is slightly affected by the periodicity as well as the gold pattern thickness. In a manner similar
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to the influence of the lattice constant, mode 2 may get closer and interact with mode 1 if the gold
layer becomes thicker.

08!
c
0
B 06"
@
=
@
®o4!
02!
ol | _ Mode 1 _ |
1300 1400 1500 1600 1700 1800

Wavelength (nm)

Fig. 4. Reflection spectra of the MIM-SPR periodic array structure of the micro-disk
when increasing the gold thickness H from 80 nm (red circle symbol) to 100 nm (black
solid line) and 120 nm (blue dashed line) and the gold diameter D =950 nm, the lattice
constant P=1300 nm; insets: the side view and top view of the electric profile correspond-
ing to two resonances.

II1.4. Refractive index sensing applications

Regarding sensing application, the change of the vicinity environment refractive index on
top of the gold micro-disk arrays causes a resonant peak shift, thus the medium refractive index
can be sensed by detecting the position of the resonant peak. In order to evaluate the quality of
a reflective index sensor, the sensitivity (S) is typically utilized. For plasmonic sensors, the sen-
sitivity is commonly defined in terms of the change or shift of a measurable parameter, typically
the resonant wavelength, for detection of refractive index [17]. The refractive index sensitivity is
defined as S = AA /An where AA is the shift of the resonant peak wavelength and An is the refrac-
tive index change of the analyte. As a great performance refractive index sensor should possess
high sensitivity, therefore the dip depth should be small. In this spirit, the structure possesses large
peak distance and the reflection intensity at resonance reaches close to zero is awaited. For that
purpose, the first mode of the gold micro-disk with high respect ratio (H = 120 nm) is of interest
because of its narrow spectral linewidth while the second mode is insufficient for refractive index
sensing due to its small resonant intensity in comparison with the other, as discussed in the previ-
ous sections. Considering the change in lattice constant, a lower value is preferred due to better
peak separation, however in order to avoid signal noise, P= 1300 nm is chosen over P=1200 nm.
Under the influence of the diameter, peak separation is prioritized, but also intensity of the first
mode should be sufficient, therefore the mid-point value D=950 nm is selected. Henceforth, the
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gold micro-disk periodic array set of parameter D = 950 nm, P = 1300 nm, and H = 120 nm
is adopted for refractive index sensing in the near infrared wavelength range from 1550 nm to
1670 nm.

The reflection spectra of the above structure with different cladding material refractive in-
dex are illustrated in Fig. 5(a) to demonstrate the influence of the cladding material on the resonant
mode. It is crystal clear that the resonant peaks show red shifts as the refractive index increases,
while the linewidth and the intensity of these spectra are almost the same. The reason is that when
the refractive index of the cladding material changes a small amount, the property of the surface
plasmon mode in the structure is not significantly affected. The top view and the side view of
electric field distribution of the first mode are shown in the inset of Fig. 5(a) and remain for these
five resonances (mode 1).
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Fig. 5. (a) The dependence of the reflection spectra on the cladding material, the refrac-
tive index changes from 1.3 to 1.5; insets: the top view and side view of the electric field
profile at resonance of the mode 1; (b) The position of the resonant wavelength (mode
1) as a function of the refractive index. The values of the gold micro-disk arrays in the
MIM-SPR structure here are parameter D = 950 nm, P = 1300 nm, and H = 120 nm.

Figure 5(b) describes a good linear relationship between the position mode 1 and the re-
fractive index of the cladding material. The resonance redshifts linearly as the refractive index of
the cladding material increases and the sensitivity is the change of wavelength over the change
of the refractive index and is calculated to be 370 nm/RIU. This obtained sensitivity in our pro-
posed MIM gold-micro disk array can be comparable with the sensitivity achieved in other gold
nano-structured configurations [20,21].

IV. CONCLUSION

In this work, the optical properties of gold periodic arrays onto a thin stack of silica spacer
and a silver layer deposited onto a silicon substrate have been investigated in the infra-red range.
Using Lumerical’s FDTD solutions, the influence of the geometrical properties on the reflection
spectra and the electric field distributions of these MIM-SPR structures have been investigated.
With a 950 nm diameter and 1300 nm lattice constant for the gold micro-disk array of 120 nm
height, the achieved sensitivity of the micro-disk MIM-SPR structure to be of 370 nm/RIU. The
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obtained result shows the possibility of the proposed structure to behave as a potential candidate
for biological sensors.
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