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A refractive index sensor to detect chemicals based on surface plasmon resonance is designed and analytically
investigated by a finite element method via COMSOL multiphysics. A tunable sensitivity is achieved by pat-
terning the continuous metallic thin films with cavities or protrusions. The simulation results exhibit that the
improved sensitivity of the devices is attributed to the co-excitation of SPR and LSPR modes. This result is
obtained by studying the variation of the electric field intensity along several cut lines through the metallic layer.
The penetration depth of the plasmon field is characterized, and accordingly, SPR and LSPR modes of the sensors

are determined. The proposed sensor is calibrated for eight substances with refractive indices ranging from 1.333
to 1.38. The linearity of the calibration curve indicates the applicability of the sensor to identify the refractive
indices of unknown mediums as a function of resonance wavelength. This study is proposing a new way to show
the duality nature of patterned thin films to support both propagating and localized surface plasmon modes.

Introduction

Surface plasmon resonance (SPR) is the collective resonance of
conduction electrons, stimulated by light. Oscillation of electrons oc-
curs at the interface between negative and positive permittivity mate-
rials, i.e., metal and a dielectric material [1]. SPR phenomenon is ob-
served by various techniques such as Kretschmann [2], and Otto [3]
configurations, and metal-coated fiber optic [4]. These configurations
have been appropriately used to develop high sensitive sensors for
highly versatile applications such as chemical/biological sensing [5,6],
gas sensors [7], and clinical diagnostics [8].

The changes in the refractive index of the surrounding medium af-
fect the resonance condition, which can be experimentally observed as
a change in the absorption spectrum. The changes could be the re-
sonance wavelength, the absorption peak strength and the full width
half maximum (FWHM) of the absorption spectrum. Sensitivity and
figure of merit (FOM) are the parameters used to define the perfor-
mance of the SPR sensors [9,10], which could be tuned by applying
patterned thin films or metallic nanostructures [11-14]. Beside the
enhancement of electric fields using SPR and LSPR, other approaches
utilizing metamaterials to enhance magnetic plasmon resonance are
reported [15-17]. Various strategies such as Fabry-Perot cavities are
investigated [18-20] to improve the sensitivity and narrowing the
linewidth of the refractive index sensors.
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In common SPR sensors, metallic thin film/prism structure induces
a propagating surface plasmon resonance (PSPR). Applying metallic
nanostructures rather than using thin films results in generating loca-
lized surface plasmon resonance (LSPR) which is more sensitive to local
refractive index surrounding the nanostructures, it is often used to
detect molecular absorption on the surface of a material. LSPR results in
non-propagating surface plasmon resonance as the excitation is con-
fined to the volume of nanoparticles with a size much smaller than the
photon wavelength [21].

Utilizing complex nanostructures that benefit from the combination
of localized and delocalized surface plasmons (SPs) (such as micro/
nano-patterned thin films) can enhance the device performance. The
sensitivity of the device can be tuned by changing the periodicity, size,
and shape of the structures [22,23].

In this work, 3D modeling and simulation of devices based on SPR is
investigated using COMSOL Multiphysics (optics module). In this
model, the ability to tailor the geometrical properties of nanostructures
provides a realistic study to improve the performance of SPR/LSPR
based sensors. The effect of various metallic layer configurations such
as planar, perforated, and protrusive thin films on the sensitivity and
accuracy of the sensors are studied. The enhancement of the electric
field around the structures, the decay length of the electric field at the
metal-dielectric interface and the performance of the sensors for each
configuration are analytically investigated and reported. For the first
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time, the study of variation of the electric field along various cut lines
through the thin film analytically confirms the co-excitation of SPR and
LSPR simultaneously. As experimental results of SPR in the planar thin
film are frequently reported in the literature, the results of the thin film
study are verified accordingly.

Device modeling and simulation setup

The wave optics module of COMSOL Multiphysics is used to design
and simulate a refractive index sensor based on SPR. The device con-
sists of a silica glass layer with a permittivity (e5) defined as a function
of incident light wavelength (A, pm)

a? a,A? azA?
=1+
2 —b?  R—bp 12— b2 1)
where a; = 0.696749, a, = 0.408218, a; = 0.890815,

b; = 0.0690660 (um), b, = 0.115662 (um), b3 = 9.900559 (um) [24].
The silica glass layer is coated with a gold thin film (with various
configurations) at the vicinity of the sensing medium with a known
refractive index. The experimental data of gold refractive index as a
function of wavelength is imposed as a COMSOL interpolation function
[25]. For appropriate meshing, the maximum and minimum element
sizes were set to 5 nm and 1 nm, respectively.

Fig. 1 shows the geometrical configuration of the modeled device.
As it is shown in the figure, Floquet periodic boundary condition (FPBC)
was imposed on all plane boundaries along the z-axis of the structure to
satisfy the “semi-infinite” condition for the excitation of SPs. This
condition assumes that the model is infinitely large, and the designed
unit cell is repeating periodically in the plane of the gold thin film. On
periodic boundaries, the electric field component of the light is defined
as [26]

E = e~Jkrr (2)

where r is a vector perpendicular to the symmetry boundaries, and its
magnitude is proportional to the distance between the symmetry
boundaries which is automatically defined by the software. The x and y
components of the wave vector kr is defined as

ke = (ki Ky} = {277[\/&056, %”ﬁcose} @
where 0 is the angle between the incident light and the x-y plane, and ¢
is the permittivity of the periodic mediums.

At resonance condition, the wave vector of the incident light mat-
ches the wave vector of the electrons oscillating on the metal surface
[27]. Hence to excite SPs, it is required to have the components of the
electric field acting along the metal-dielectric interface. Therefore, SPs
are only excited by p-polarized incident light. P-polarized incident
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Fig. 1.3D geometry of the designed unit cell with dimensions of
20 nm x 20 nm X 2 pum. FPBC is imposed on all vertical faces of the cell.
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light, which refers to as transverse-magnetic wave (Hry) at port 1, is
defined as

(2 e 27 =i
Hpy = {0’ e j( 7 Jescosf.x+ 2 \/ebsme.z), 0}

4

in which the terms 5, A and 6 are the same as defined in Egs. (1) and

3.

Results and discussion
SPR in planar thin films

To investigate the effect of the metallic layer thickness on the device
performance, thin films with thicknesses of 20, 40, 60 and 80 nm were
considered in the structures of four different sensors. For each device,
the absorption spectrum with wavelengths ranging from 300 to 850 nm
was measured to detect glycerol with a refractive index of 1.357.

The absorption data of the devices are shown in Fig. 2a. The ob-
servations demonstrate two distinct regions in the spectrum, inter-band
(IB) and SPR. IB absorption spectra (near-UV) are due to the excitation
of the electrons from lower shells of the gold atom to the conduction
band by the incident light. The position of the peaks in this region is
independent of the thickness and configuration of the thin films [28],
and they were observable as we used the experimental data of gold
refractive index in our model [29].

In the SPR region of Fig. 2a, consistent with what reported in the
literature [30,31], increasing the gold thickness induces a red-shift in
the resonance wavelength. Among the devices, the one with 40 nm gold
layer showed the highest absorption peak at the wavelength of 656 nm.
Also, the device showed the best resolution (smallest FWHM) compared
to other devices. As the thickness of the thin film is increased above
40 nm, the absorption spectrum is broadened, and its peak is lowered
significantly.

The sensitivity of the sensor, S, is defined as

s ( nm ) _ Oy
"\RIU) ™ 6ny (5)

where 6,is the offset of the resonance peak and 6n4 is the change in
the refractive index of the dielectric medium [32].

To compare the sensitivities of the sensors, the absorption spectra of
models made of thin films with 20, 40 and 60 nm thicknesses were
obtained for dielectric materials glycerol with a refractive of 1.357
(shown by solid lines in Fig. 2b) and pure water (shown by dotted lines
in Fig. 2b) with a refractive index of 1.333. The change in the position
of the resonance peaks versus the refractive index of the surrounding
fluid is also shown in Fig. 2b. As one can observe, the resonance wa-
velength has a red-shift in all devices when the refractive index of the
medium is increased. The red-shift of the resonance wavelength caused
by the 60 nm thin film is the largest among the studied devices, and it is
equal to 1833 % compared to 1666 % and 833 % for the devices
modeled with 40 and 20 nm thin films, respectively.

Although the sensitivity of 60 nm-model was slightly higher than
that of 40 nm-device, the latter showed higher accuracy due to its lower
FWHM. Therefore, the 40 nm-model was chosen for further studies. The
effect of the patterned thin film and their configurations are explored in
the following sections.

The spatial extension of the electric field associated with resonance
wavelength for the model made of 40 nm film is shown in Fig. 2c.
Theoretically, the exponential decay of the electric field in both sides of
the metal-dielectric interface confirms that the observed absorbance
peak is due to the SPR phenomenon. The decay length of 204 nm is
observed for this sensor. This value is defined as the distance, in which
the electric field strength reduces to %37 of the peak amplitude at the
metal-dielectric interface [33].
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Fig. 2. (a) The absorbance spectra of the designed devices with gold thin film thicknesses of, 20, 40, 60 and 80 nm for detecting glycerol as the sensing medium
(n = 1.357). (b) The red-shift of the resonance wavelength of the sensors made of 20, 40 and 60 nm thin film of gold as the refractive index of the medium is
increased from 1.333 (dotted lines) to 1.357 (solid lines). (c) SPR decay length of 204 nm toward the dielectric region for the 40 nm thin film sensor (color legend
shows the distribution of electric field in % unit). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
Nanovoid and nanohole patterned thin films cylindrical cavities is modeled. In this model, the diameter of the cav-
ities is considered 10 nm and the effect of the depth of the cavities is
To study the SPR in thin films patterned with periodic structures, a investigated for four values of 10, 20, 30 and 40 nm. Hereafter, “na-

gold layer with a thickness of 40 nm perforated with arrays of novoid” is referred to shallow cavities (with a depth of 10, 20 and
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Fig. 3. The absorption spectra of the devices made from cylindrical nanovoid arrays with various depths of 10, 20 and 30 nm for the refractive indices of 1.333

(dotted lines) and 1.357 (solid lines).

30 nm) and “nanohole” is referred to the hole with a depth of 40 nm.
The sensing characteristics of the devices were studied using two dif-
ferent materials with refractive indices of 1.333 and 1.357.
Absorption spectra of the modeled sensors are shown in Fig. 3, and
as it is seen, the absorption peaks have higher intensity for all perfo-
rated thin films compared to that of the planar thin film. The absor-
bance increases as the depth of the cavity is increased, and it reaches
the maximum value for the structure with 30 nm-nanovoids. The sen-
sitivity values of 1750 ;‘I—TJ, 1830 % and 2083 % were obtained for
devices with nanovoid with depths of 10, 20, and 30 nm respectively.
The same study is performed for the sensor patterned with nanohole
arrays, and the effect of the conformation of the hole (cylindrical and
cubic) is further investigated. Fig. 4 shows the optical absorption
spectra of the sensors made of a 40 nm thin film perforated with cubic
holes (10 nm x 10 nm X 40 nm) or cylindrical holes (with a diameter
of 10 nm) for two refractive indices of 1.333 and 1.357. According to
the spectra, the sensitivity and accuracy of both sensors are approxi-
mately the same. The sensitivity of 1916 % for the sensors made of

cylindrical nanohole marginally improved to 2000 % for sensors with
cubic nanoholes.

It would be interesting to compare the SPs field enhancement for
both nanovoid and nanohole structures, at resonance condition. In this
study, the electric field profiles of the structures, which showed the
highest sensitivity are compared. Fig. 5a illustrates the electric field
distribution of the 30 nm nanovoid-sensor. As one can see, a strong
coupling between the evanescent wave and the SPP modes appears on
the rim of the structures on the metal-dielectric interface.

The graph that shows the variation of the electric field intensity over
a cut line along the z-axis is also presented in Fig. 5b. The inset of the
figure shows the geometry of the device schematically and the position
of the cut line considered in this study. By comparing the field intensity
graph shown in Fig. 5b with that of the conventional SPR shown in
Fig. 2c¢, it can be concluded that the device is supporting both SPR and
LSPR modes. The first peak in Fig. 5b with lower intensity and higher
decay length refers to SPR mode. The sharp peak at metal-dielectric
interface with a higher intensity (about one order of magnitude) and a
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Fig. 4. The absorption spectra of the devices made from cubic/cylindrical nanohole arrays for two refractive indices of 1.333 (dotted lines) and 1.357 (solid lines).
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Fig. 5. (a, b) The Electric field profile in 30 nm-nanovoid sensor at the resonance wavelength, (a) 3D unit cell (b) along a cut line as shown in the inset. (c—e) The
Electric field profile in cubic nanohole-device at the resonance wavelength, (c) 3D unit cell, (d) along a cut line which passes through the film discontinuities (as
shown in the inset), (e) along a cut line (as shown in the inset) through the thin film. By comparing the graphs shown in (d) and in (e), it can be observed that SPR
occurs throughout the continues thin film, while LSPR occurs at film discontinuity boundaries with sharp edges.
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very small decay length refers to the occurrence of LSPR in the sensor
[34].

In the case of the sensors based on nanoholes, as can be seen in
Fig. 5c, localization occurs at both upper and lower rims of the hole,
which results in higher absorbance (Fig. 4) compared to what showed
by devices with nanovoids (Fig. 3). Fig. 5d illustrates the field intensity
graph along a cut line through the geometry. The position of the cut line
is schematically shown in the inset. Two sharp peaks at silica-metal and
metal-dielectric interfaces refer to the occurrence of LSPR in both lower
and upper rims of the structure. By changing the position of the cut line
in a way not to cut through the holes (Fig. 5e), the variation of the
electric field shows only the SPR mode of the device. Observing the
graphs shown in Fig. 5d and e confirms the occurrence of both LSPR
and SPR modes in perforated thin films.

Protrusive thin films

The performance of the designed plasmonic sensor is studied for
cylindrical/cubic protrusive features over a 40 nm thin film.

In this model array of nanowires is implemented above the 40 nm
metallic thin film. The effect of the height of the nanowires (cylindrical
or cubic conformations) was investigated by comparing the perfor-
mance of the devices made of 10, 20, 30, and 40 nm nanowires. Using
the same approach reported in sections A and B, the refractive index
sensitivity of the designed sensors was studied for two materials with
refractive indices of 1.333 and 1.357.

The absorption spectra of the sensors containing cylindrical nano-
wires of various lengths are shown in Fig. 6. As the figure shows the
resonance wavelengths are shifted toward the infrared region, and this
is more pronounced as the height of the nanowires is increased. Ac-
cording to FWHM of the absorption spectra the accuracy of the sensors
is being decreased as the height of nanowires is increased. The same
study was performed for the cubic nanowires, and detailed results of the
models based on the absorption spectra of the sensors are presented in
Table 1.

The results demonstrate higher sensitivity for the cylindrical nano-
wires compared to that of the cubic nanowires of the same height.
Furthermore, increasing the height of the nanowires up to 30 nm in-
creases the sensitivity of the sensors. Above this height, the sensitivity
of the sensor showed a decreasing trend for both cylindrical and cubic
geometries. The maximum sensitivity of 4916 ;—mwas observed for the
device containing 30 nm cylindrical nanowire supported by the 40 nm

1
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Table 1
Detailed results based on the absorption spectra.

NW Geometry NW height  Sensitivity FOM Absorbance (a.u.)

™ G
RIU RI = 1.333 RI = 1.357

Cylindrical 10 2416 80.43  0.63 0.817
20 4750 111.45 0.949 0.708
30 4916 2391  0.525 0.319
40 3583 8.84 0.3 0.212

Cubic 10 2333 78.13  0.662 0.841
20 3291 85.17  0.96 0.797
30 4875 24.70 0.495 0.298
40 3416 8.78 0.275 0.194

thin film.

According to sensitivity and FOM of all models, the sensor with
20 nm cylindrical nanowires can be considered as the optimum design
since both the sensitivity and accuracy are high for this device.
Consequently, to narrow down our investigations, further studies are
performed only on this model.

The distribution of the electric field at resonance condition for this
model is shown in Fig. 7a. According to the figure, the electric field is
enhanced around the nanowire rims. Fig. 7b and c show the plane view
of electric field intensity on a cross-section of the unit cell at the upper
(Fig. 7b) and lower (Fig. 7c) rims of the nanowires. As it is seen the field
enhancement is stronger at upper rim compared to the lower rim.

Similar to the nanohole arrays discussed in section B, the im-
plementation of a metallic nanowire array on a metallic thin film results
in co-excitation of SPR and LSPR modes. Fig. 8 presents the electric
field variation along a cut line through the modeled sensor geometry
(the position of the cut line is shown in the inset of the figure). Con-
sidering the z-coordination of the geometry, the SPR peak is positioned
at the bottom of the nanowire. By comparing the SPR peak of this de-
vice with that of the 40 nm planar thin film shown in Fig. 2c, one can
notice that the electric field variation has a similar characteristic of the
conventional SPR. The second peak is the LSPR characteristic of the
device which results in such a sharp strong field enhancement with a
few nm decay lengths.

Fig. 9 shows the calibration curve of the optimum device, which
determines the sensing capability of the sensor. The curve shows the
observed resonance wavelengths for various sensing mediums with

L =10 nm, Rl = 1.333
o L =20 nm, Rl = 1.333 |
os L =30 nm, Rl = 1.333 |
L =40 nm, Rl = 1.333
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Fig. 6. Absorption spectra of the sensors made of nanowires with various lengths of 10, 20, 30 and 40 nm supported by 40 nm thin film for two materials with

refractive indices of 1.333 and 1.357.
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known refractive indices. Selected substances are purified water, pro-
pane, water, ether, glycerol, acetone, acetic acid, and propyl with re-
fractive indices of 1.333, 1.34, 1.346, 1.35, 1.357, 1.36, 1.37 and 1.38,
respectively. A good linearity in the calibration curve is shown in the
figure, which indicates the applicability of the sensor to identify the
refractive indices of unknown mediums as a function of resonance
wavelength. As can be observed the shift in the resonance wavelength is
significantly enlarged as the refractive index of the surrounding
medium increases. This results in higher sensitivity of the sensor for the
mediums with higher refractive indices. The average sensitivity of the
device is 5847.2 % which is calculated by the slope of a linear fit to the
calibration data.

Conclusions
In this work, a refractive index sensor based on SPR and LSPR was

modeled, and its performance was analyzed and simulated by the finite
element method using COMSOL Multiphysics tool. The structure of the
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sensor was made of a silica glass covered with layer of gold thin film
and a dielectric material at the vicinity of the gold layer. The effect of
thickness of the thin film and its patterned surface on the sensitivity and
accuracy of the sensor was studied. Studies showed that in case of
patterned metal thin film, the effect of both SPR and LSPR on the
sensitivity of the device can be observed. The absorbance spectroscopy
of the models demonstrated that the sensors made of 20 nm nanowires
supported by 40 nm thin film gives us the optimum results in terms of
sensitivity and FOM.

The device was used to measure the resonance wavelength for
several substances with various refractive indices; the variation of re-
sonance wavelength with respect to refractive indices was plotted. The
results show a linear characteristic of the device, which may be able to
be used to identify substances with unknown index of refraction.

To improve the achieved sensitivities in this research, further in-
vestigations can be done to study the effect of the size and periodicity of
the patterned structures on the thin film.

lut-line along z a

50 400 450 500 550

Fig. 8. The Electric field profile of the sensor made of 20 nm nanowires supported by 40 nm thin film at the resonance wavelength along a cut line as shown in the

inset.
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