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Abstract In this paper, a sinusoidal diffraction grating is being used for designing
a Surface Plasmon Resonance (SPR) structure. The operation of the structure has
been examined by using the wavelength-interrogation technique. We have considered
the reflected amplitude and absorption dip of the SPR response curve as design
parameters for designing this structure. On the performance comparison of gold (Au)-
based over silver (Ag)-based SPR structure, although the Ag-based SPR structure
gives better results. Due to the poor chemical stability of silver, a thin film of gold
is used over it which enhances the performance of the proposed bimetallic SPR
structure. This can be used in bioscience for observing the variation of refractive
index in an analyte.
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1 Introduction

Nowadays, SPR-based biosensor attracts more attention. In 1902, when a polarized
light was illuminated by wood onto a diffraction grating, Surface Plasmon Waves
(SPW) were observed for the first time [1]. A coupling method for Surface Plasmon
excitation based on attenuated total reflection (ATR) was proposed [2]. Kretschmann
[3] reported the well-known method named as Kretschmann configuration of ATR
coupling for SPR sensors. Later on, the grating-based SPR sensors came into the
picture due to their easy designing, miniaturization, and integration features. In 1983,
the first application of SPR-based biosensor in gas sensing received more attention
from researchers [4]. Sensing a small variation in the refractive index(RI) provides
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a better way to characterize gases, chemical molecules, and living cells, showing
advantages of real-time and label-free detection [5—8]. Because the SPW vector is
greater than the free space vector, so to fulfill the requirement of high index profile
for excitation of SPR, we need the high index optical structure like a prism [9, 10],
patterned nanostructures like diffraction grating [11, 12] or optical fibers [13—18].
In the past two decades, study interests in SPRs have been emerging very fastly, and
a large number of practical applications particularly on biosensing are in progress
to develop, for example, affinity, kinetics of bio-molecular interaction, specificity,
concentration of an analyte, etc. [19] (Fig. 1).

The phenomenon of an SPR is caused when a p-polarized light vector is guided
into a smooth, rough, or grating thin metal surface like silver, gold, and aluminum,
etc. (Fig. 2).

The free electrons near such surface collectively oscillate, and an SPW propagates
at metal—dielectric interface. At the resonant condition, most of the part of light is
coupled, and only small amounts of light loss is observed; a sharply reflected signal is
being observed in intensity profile. The required e-field components corresponding
to SPW should be p-polarized light because the metal layer and oscillations of e-field
vector both are the same in-plane.

These resonance characteristics of SPR spectra (sensogram) provide informa-
tion about surface (metal-dielectric) interactions in a real-time monitoring system
[22]. The SPR sensors can be categorized based on wavelength-interrogation,
angle-interrogation, intensity-interrogation, phase-interrogation, and polarization-
interrogation techniques [23].
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Fig. 1 Concept of SPR sensors. Reproduced from [20]
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Fig. 2 a Condition for SPR occurrence, b TM electromagnetic wave guided between metal and
dielectric interface. ¢ Evanescent field and SPP distribution. Reproduced from [21]

For the evaluation of SPR sensor performance, metal’s dielectric constant plays a
vital role. Here, the performance of gold (Au) and silver (Ag)-based SPR structure
was compared and found that silver-based SPR structure has better performance
over the gold-based structure. In the end, to eliminate oxidation problem that arose
in silver-based structure, a thin gold film is layered on its surface.

2 Mathematical Modeling

The condition of SPR condition occurs only at the boundary of two different mediums
having opposite dielectric constants in nature [24]. A simple SPR contains a metal
layer and has a permittivity of €meal = €)o + 1€mer and a dielectric layer with
a permittivity €gies = €ji; + i€l [8]. SPW has a property of an evanescent wave
containing maximum magnetic field intensity at the metal-dielectric interface and
decaying into both the medium [6]. SPW is a transverse-magnetic (TM) wave in
nature, guided between metal and dielectric interface [25]. The Surface Plasmon’s
Wave vector (K Sp) can be expressed for the metal—dielectric interface as

2w €diel €metal
Koy = = | St ool )
€diel T €metal

where dielectric constant for metal is €pear and for the dielectric layer is given by
€diel- The incident light vector is generally less than SPW vector, which is defined as

ky = ZT”nx sin 6, (Refractive Index of an analyte is n, and the angle in the analyte
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is 6y). In the coupling mechanism of grating, the diffracted light beam vector (kg)
is the sum of k, and the grating wave vector [7, 26].

kg = kg = 2
B +)’P 2)

where diffraction order y is an integer number and P is grating constant. So, now
SPR excitation condition can be expressed as kg = kg, which is written as

A 2 e
X metal

Here, €giel is replaced by n2, the sign * £ ° shows the propagation of Surface
Plasmon along the positive or negative direction.

Silver and gold are preferably used metals for the designing of SPR sensors
since they exhibit a narrow resonance curve [27]. Based on these two metals, SPR
structure’s performance is analyzed. Lorentz—Drude equation [28] is used to calculate
the value of €petar.

¢)
w(w — il

4)

€metal (@) = 1-

where w = 2’;—6 and op = ./ fowp is the plasma frequency, fy is the oscillator

strength, and I is the damping constant. The values of fj, wp, andI'( are calculated
from [29, 30].

3 Designing and Simulation

A schematic for designing the proposed SPR structure using sinusoidal grating is
shown in Fig. 3. Grating thickness (g), constant/period (p), and substrate thickness
() are being considered as constructor parameters for designing the proposed SPR
structure. The wavelength-interrogation-based performance of SPR sensor can be
calculated by resonance wavelength shift and absorption dip of reflected signal in the
SPR response spectra. The amplitude of reflected signal and resonance wavelength
shifts and must be significantly large for observing a distinctive and high precision
signal.

Figure 4a states the reflection curve of silver (Ag)-based SPR structure for grating
constants pl = 800 nm and p2 = 1000 nm. The other parametric values of the
structure are grating thickness (g) = 50 nm, substrate thickness (f) = 40 nm. Here, the
wavelength of 633 nm is being used as a guiding light signal. In Fig. 4a, we observed
that the grating period/constant (p) increases from 800 to 1000 nm, and the resonance
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Fig. 3 Schematic diagram of a sinusoidal diffraction grating-based SPR sensor
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Fig. 4 a Reflection curve of silver (Ag) based SPR structure for grating constants p1 = 800 nm
and p2 = 1000 nm. b Reflection curve of silver (Ag) based SPR structure for grating thicknesses
gl =50 nm and g2 = 100 nm

wavelength’s amplitude decreases. So, we selected the grating constant p = 800 nm
as an optimal value. It was observed that as the grating constant was increased, the
reflectance dips of the SPR response curve also rose. For better performance of SPR
structure, we need a larger reflectance dip of the SPR response curve. Similarly,
Fig. 4b displays the reflection curve of silver (Ag)-based SPR structure for grating
thicknesses g1 = 50 nm and g2 = 100 nm. It is clear that at 50 nm grating thickness
SPR, we got the smallest SPR dip along with the smallest reflected amplitude at g
= 30 nm. But when g = 100 nm, the SPR dip observed was wider. Here, it is clear
that for optimal performance, the value of grating thickness should lie between 30
and 100 nm. So, when the grating thickness (g) is 50 nm, the reflected amplitude is
the highest, and the SPR dip is also very small
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This is the condition, where the maximum light of incident wave is being coupled.
Therefore, based on the above consideration, we selected the grating thickness (g)
= 50 nm as optimal value.

Figure 5 illustrates the reflection curve of silver (Ag)-based SPR structure for
grating substrate thickness 1 = 40 nm and 72 = 80 nm. The light is launched onto
the grating surface vertically. By considering the substrate thickness (¢) below 40 nm,
the reflected amplitude observed was small as compared to the 40 nm thickness.
Similarly, on increasing the substrate thickness beyond the 40 nm, there was no
variation observed in reflected amplitudes of the SPR dips. Hence, the substrate
thickness () = 40 nm provides better performance for proposed structure

Figure 6a states the reflection curve of gold (Au)-based SPR structure for grating
constants pl = 800 nm and p2 = 1000 nm. The parametric values of the structure
are the same as a silver-based sensor, grating thickness (g) = 50 nm, and substrate
thickness (#) = 40 nm. As the grating period/constant was increased from 800 to
1000 nm, the resonance wavelength decreased. It was observed that as the grating
constant was increased, the reflectance dips of the SPR response curve also rose.
Since we needed a larger reflectance amplitude, so we selected grating constant (p)
= 800 nm as optimal value. Figure 6b displays the simulated reflection spectra of
gold (Au)-based SPR structure for grating thicknesses g1 = 50 nm and g2 = 100 nm.
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Fig. 6 a Reflection curve of gold (Au) based SPR structure for grating constants p1 = 800 nm and
p2 = 1000 nm. b Reflection curve of gold (Au)-based SPR structure for grating thicknesses g1 =
50 nm and g2 = 100 nm
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It was observed that below 50 nm and on and beyond 100 nm grating thickness, the
SPR response curve did not meet the requirement. At grating thickness (g) = 50 nm,
the maximum incident light coupled with SPW

Figure 7 illustrates the reflection curve of gold (Au)-based SPR structure for
grating substrate thickness 11 = 40 nm and #2 = 80 nm. The best performance
of Au-based structure was observed at substrate thickness (1) = 40 nm. Here, we
observed that the gold-based structure has a wider resonance dip than a silver-based
structure

But we require a sharp resonance dip as per the requirement of a high-performance
SPR sensor. So, we suggested a bimetallic gold (Au)-silver (Ag)-based structure and
simulated under the same parametric values.

The wavelength SPR curves of the Ag-based sensor and Au-based sensor are illus-
trated corresponding in Fig. 8a, b. It clearly witnessed that as the RI of the analyte n,,
increases, the reflectance dips move gradually to the leftward. It can be evidenced that
the reflectance dip value of gold-based sensor analogous to the resonance wavelength
is higher than that of silver-based sensor. Since at resonant wavelength, silver offers
the lower reflectance dip compared with gold, so we consider that silver-based sensor
exhibits superior resonance performance. We got the sensitivities of §90.26 nm/RIU
for silver-based and 646.74 nm/RIU for gold-based sensor. It clearly states that the
silver-based sensor has larger sensitivity than gold-based sensor. But, there is problem
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Fig. 8 a Wavelength SPR curves for silver-based SPR structure. The RI of an analyte ranging from
1.31 to 1.33. b Wavelength SPR curves for gold-based SPR structure. The RI of an analyte ranging
from 1.31 to 1.33
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Fig. 9 Wavelength SPR curves for bimetallic SPR structure. The RI of an analyte ranging from
1.31t01.33

associate with silver metal, i.e., oxidation. This kind of problem decreases the dura-
bility and reliability of such SPR structure. That’s why, a bimetallic gold (Au)-silver
(Ag)-based structure is suggested and simulated under the same parametric values.
In designing perspective, a bimetallic structure is construct with an Ag-layer of thick-
ness 47 nm and an Au- layer (as a protective layer) of thickness 3 nm over it, which
practically enhances the durability of this SPR sensor.

The SPR curve for bimetallic-based sensor illustrates in Fig. 9. The bimetallic SPR
curve is almost similar to the Ag-based SPR structure as depicted in Fig. 8a. The
sensitivity of bimetallic SPR sensor is 842.28 nm/RIU. This value is small to some
extent that of Ag-based sensor. Results show that there is no significant difference
in the sensitivity of the silver-based SPR structure compared to the bimetal SPR
structure. Both sensitivities values are quite similar.

Here the proposed bimetallic SPR structure is better in reliability point of view
as compared to silver SPR structure. Here we observed minimum reflectivity of
proposed SPR structure that indicates that maximum light is being coupled and also
enhances the efficiency of SPR structure.

4 Conclusion

A practical simulation of a SPR-based sensor is done in this research work to witness
the impact of silver and gold thin metal’s film on the performance parameters of
the proposed structure. The investigation was performed using a reflectivity graph
which provide the information about the shift in Plasmon dip of coupled optical
signal at a particular angle of incidence. Subsequently, a numerical investigation was
performed that reflected the influence of structural parameters on the performance
analysis of proposed SPR biosensor. The effect of sinusoidal grating on the output of
the proposed SPR was assessed by varying the grating thickness, grating constant,
and thickness of the substrates. For optimized values of grating’s design parameters,
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the shift of the Plasmon wavelength was determined. The main feature of this SPR
biosensor is the use of sinusoidal bimetallic (gold—silver) grating to improve the
quality of the SPR signals. The RI dynamic range of this sensor ranges from 1.31
to 1.33 and has the highest sensitivity (842.28 nm/RIU). We have ensured minimum
possible reflectivity with maximum sensitivity in this proposed biosensor.
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