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Abstract
Biomolecular variations can be accounted for by changes in the intrinsic properties of the surrounding
medium, such as the refractive index. This work employs such an arrangement using a modi�ed
attenuated total internal re�ection con�guration for telecommunication wavelength (1550nm). The
phenomenon of surface plasmon resonance is initiated by Aluminum (Al) metal due to its low cost and
better compatibility with CMOS devices. To achieve improved plasmonic response in terms of the
sensor’s resolution, we have explored metal-dielectric-metal con�guration under angle interrogation.
Barium titanate and Molybdenum disul�de (MoS2) have been employed as the high dielectric constant
material and the binding media respectively to enhance the sensing performance. After a series of
optimizations, the proposed device con�guration leads to a maximum Figure of Merit (FOM) of 540.9
RIU− 1, thus enhancing the resolution. The proposed plasmonic device can be used for chikungunya virus
detection by considering different blood components in normal and infected stages. This Al-based multi-
layered plasmonic device can serve many applications for resolution enhancement in the near-infrared
region.

1. Introduction
The cumulative oscillation of conduction electrons at the metal-dielectric interface gives rise to the
Surface Plasmon Resonance (SPR) phenomenon under the excitation of TM polarized light. SPR-based
label-free sensing technique has proved to become a potential alternative for applications like cancer
detection (Gade et al. 2022), food safety (Khansili et al. 2018), enzyme detection (Pumera 2011), etc.
Such optical sensors based on the phenomenon of SPR utilize prism-based Kretschmann con�gurations
or periodic nanostructures to excite the Surface Plasmons (SPs). Corresponding to the minute variations
of an unknown analyte, optical characteristics are studied in terms of re�ection, transmission, and
absorption characteristics. Several metals like Silver (Ag), Gold (Au), and Aluminum (Al) are the ones
aiding plasmonic resonance at the interface. Among them, Al has become quite an area of interest due to
its low cost as well as better plasmonic response in terms of narrow linewidth. Maximum penetration
depth, shown by Al, at higher wavelengths is also an attractive advantage in terms of sensitivity over
other counterparts like Au and Ag (Prabowo et al. 2019). For the spectral analysis of such a plasmonic
device, the near-infrared (NIR) spectrum provides a transparent window toward a majority of biological
tissues (Ziblat et al. 2006), unlike the visible region. This paves the way for non-destructive medical
diagnosis. On that account, exploring Al-based plasmonic devices in the NIR region for biosensing
applications can be perceived as an interesting way to strive for promising results. So far, myriad
combinations have been reported over the conventional metal-analyte-based Kretschmann con�guration
to achieve high-performance yielding parameters. For example, employing high dielectric constant
materials like Silicon (Si), PMMA, and Barium Titanate (BaTiO3) also known as BTO, for improved SPR
sensitivity, using different material substrates to identify the change in the position of the resonance dips
(Moznuzzaman et al. 2021), having metal-dielectric-metal (MDM) designs for �eld con�nement (Zekriti et
al. 2015), or utilizing 2D nanomaterials (Graphene, MoS2, MXene) for increased a�nity towards
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biomolecules (Shukla and Arora 2021). Thus, a rational miniaturized design can bring about feasibility,
improved detection accuracy, and reduced cost for large-scale production.

Out of the silver-based SPR con�gurations, which considered the dielectric properties of BTO, sensitivity
improved substantially but at the cost of compromising the Figure of Merit (FOM) (Srivastava et al. 2020)
(Sun et al. 2019)(Vasimalla et al. 2021). Also, in a gold-based sensor employing BTO, FOM was observed
to be as low as 37.22 RIU− 1 (Mostufa et al. 2022). Furthermore, several multi-layered geometries also
reported enhanced sensitivity. However, FOM was largely ignored in almost all such modi�ed
Kretschmann arrangements. For example, in a bimetallic Ag-Au design, angle interrogation showed
sensitivity improvement by 37°/RIU in the case of bimetal w.r.t single metal (Karki et al. 2022b). Among
the MDM con�gurations utilizing BTO, Karki et al have demonstrated an exhaustive sensitivity analysis
for Au, Ag, and Copper (Cu) metal layers at 633nm with and without BTO, wherein the stability and
sensitivity issues associated with the single metal layered design was reported to be overcome by a
bimetallic design (Karki et al. 2022a). Many Au and Ag-based MDM structures are also reported for better
sensing performance parameters w.r.t. conventional single metal layer-based SPR sensor in the visible
region for either angle interrogation or wavelength interrogation (Liang et al. 2019) (Refki et al. 2018).

Therefore, all these works claimed to have reached for enhanced sensitivity in the visible region by either
employing BTO or utilizing the MDM con�guration, however, at the cost of neglecting the FOM. This
brings us to a dualistic approach for the present work, i.e., considering multi-layered Al-based
Kretschmann con�guration �rstly, over the conventional single metal design in the NIR region. Secondly,
to study resolution enhancement in Al-based MDM con�guration comprising BTO as the high dielectric
constant material thus utilizing the strong �eld con�nement at the interface. Calculating FOM is a
su�cient and necessary analysis that considers both the performance parameters, i.e., the sensitivity
(Smax) of the proposed sensor and the linewidth of the SPR curves. This way, we can come up with a
complete and exhaustive study of FOM comparison with the previously reported works. Since utilizing an
MDM con�guration leads to the reduced linewidth of SPR curves, the FOM is boosted signi�cantly. The
entire simulations are performed for angle interrogation at telecommunication wavelength (1550nm)
employing the Transfer Matrix Method (TMM). After successive optimization of the intermediate layers, a
2D nanomaterial (MoS2) is considered for the biofunctionalization of the Al metal. A high absorption
coe�cient and a narrow linewidth in the NIR region are some of the appealing properties of MoS2.
Analysis of the blood pro�le for the detection of the chikungunya virus is shown in the last section to
capture minute changes in the infected and normal blood components. The chikungunya virus is
transmitted by the bite of infected female mosquitoes from one human body to another, especially
affecting older people and people with serious health issues. The disease can severely increase morbidity
and neurological manifestations as has been reported earlier (Brighton 1981). Since the refractive index
of blood depends on the changes in the concentration of its constituents (RBC, plasma, platelets), the
normal and infected blood components can be accounted for by changes in the SPR dips due to changes
in the refractive index. Finally, on comparing the results of the proposed device with the previously
reported works, a signi�cant improvement in the value of FOM in the NIR region is achieved by utilizing
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the MDM con�guration. The proposed novel SPR sensor can very well be employed in the biomedical
domain for varying levels of nanoscale detection.

2. Results And Discussions
Figure 1(a) shows the schematic of the proposed plasmonic device using a conventional Kretschmann
con�guration, wherein CaF2 (n = 1.426) glass prism is considered as the substrate and Al is considered as
the plasmonic metal. Due to better rejection of errors during mechanical setup as well as a higher
threshold for laser damage, the CaF2 prism is used as the material substrate for angle interrogation. Over
a 25nm thick Al �lm (tm1), BTO (tBTO = 10nm) is deposited as a dielectric material to increase the
sensitivity. Thereafter, the second �lm of Al (tm2 = 10nm) is deposited again to get the MDM
con�guration, thus intensifying �eld con�nement. MoS2 is used as a biorecognition element (BRE) layer
for the analyte under test. The overall fabrication procedure for the proposed device is easy to achieve.
With techniques such as e-beam evaporation/thermal evaporation, Al can be deposited on the CaF2

prism. In between two metal layers of Al, BTO can be deposited using methods like MOCVD or sol-gel
method, etc. There are detailed experimental reports for the deposition of BTO over Al �lms for the
application of thin-�lm capacitors (Ramesh et al. 2003). Above the second Al metal layer, monolayer
MoS2 can be deposited using techniques such as chemical vapor deposition.

Drude’s model is used to calculate the dielectric constant for Al using Eq. (1)

εm (λ) = 1-
λ2λc

λ2
p λc + jλ

 (1)

where λ is the wavelength in µm, λp = 1.0657e−7m and λc= 2.4511 e−5m denote the plasma
wavelength and collision wavelength respectively (Arora and Shukla 2020). The refractive index for BTO
is calculated from the experimental values reported by Cardona (1965). The refractive index for the MoS2

monolayer (0.65nm) is extracted from Ref. (Shukla and Arora 2021). The analyte ‘na’ is considered as
water over which the change in SPR angle is observed. When a TM-polarized light strikes the metal
surface, thereafter, under momentum matching conditions, maximum absorption of incident light is
accounted for with points of re�ection minima. The re�ection characteristics for the proposed device
calculated using TMM Method are shown in Fig. 1 (b) where the dip in the re�ectivity curve is due to the
SP excitation at the interface. A redshift in the SPR curve is noticed with the increase in the analyte’s
refractive index from 1.33 to 1.34. To quantify the performance parameters of the proposed device, Full
Width at Half Maximum (FWHM) and Sensitivity (Smax) are calculated which corresponds to the linewidth
of the SPR curves and shift in SPR angle w.r.t the change in the refractive index of the analyte (na),
respectively. Finally, considering both the parameters, FOM, i.e. ratio of Smax and FWHM is found to be

540.9 RIU−1.

( ( ) )
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To get the optimized parameter for all the intermediate layers of the proposed device, several simulations
are carried out using the TMM method considering low FWHM of SPR curves, and high signal contrast
(low value of Rmin) as decisive parameters. Firstly, a conventional Kretschmann con�guration with thin Al
metal (tm1) coated with an analyte is considered as shown in the inset of Fig. 2(a), and the thickness of Al
�lm (tm1) is varied from 15nm to 35nm in steps of 10nm. The calculated re�ection characteristics are
shown in Fig. 2(a). It is observed that the re�ectivity dip corresponding to 25 nm strives for e�cient SP
excitation due to high signal contrast (low value of Rmin) whereas the value of tm1 = 15 nm and 35 nm
leads to poor signal contrast. Figure 2(b), shows the electric �eld distribution for tm1 = 25 nm, where the
excitation of SP mode can be observed with stronger �eld enhancement at the interface as compared to
tm1 = 15 nm and 35 nm (not shown here).

Next, a high dielectric constant material ‘BTO’ is considered on the top of the Al thin metal layer (tm1 =
25nm), and re�ection characteristics are calculated with the variation in the thickness of BTO material
(tBTO) over a range of 5nm to 15nm as shown in Fig. 3(a). It can be seen that the signal contrast (value of
Rmin) is almost constant with the variation in the thickness of the BTO layer. Since the high dielectric
constant of BTO leads to enhanced sensitivity, the sensitivity and FOM are chosen to be the decisive
parameters to get the optimized value of tBTO. To calculate the sensitivity and FWHM from SPR curves,
the refractive index of the analyte is varied from 1.33 to 1.34. An increase in the redshift is observed with
the changing analyte’s index as we keep on increasing the BTO thickness. It is also observed that with the
increase in the BTO thickness (tBTO), the FWHM is also increasing. Therefore, a trade-off is established
between sensitivity (Smax) and FOM over a varying thickness of BTO (tBTO) as shown in Fig. 3(b). A value
of 10 nm for the thickness of the BTO layer is found to be the optimized one for a decent value of
sensitivity and FOM. The comparison among the respective values of sensitivity and FOM with the
variation in tBTO can be seen subsequently in Table 1 below.

Table 1
COMPARISON OF PERFORMANCE PARAMETERS WITH

INCREASE IN THICKNESS OF BTO LAYER
t BTO [nm] Smax [°/RIU] FWHM [°] FOM

[RIU− 1]

Rmin

5 121 0.51 237.2 0.026

10 124 0.54 229.6 0.028

15 128 0.64 200 0.030

After optimizing the thicknesses of the Aluminum thin metal layer (tm1 = 25nm), and BTO layer (tBTO

=10nm), we have considered another Al metal layer of thickness tm2 deposited on the BTO layer to
achieve MDM con�guration. The re�ection characteristics are calculated with the variation in the
thickness of the second Al metal layer (tm2) over a range of 5nm to 15nm, as shown in Fig. 4(a). To
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calculate the sensitivity and FWHM from SPR curves, the refractive index of the analyte is varied from
1.33 to 1.34. Although the sensitivity is observed to be almost constant with the increase in thickness of
the second Al metal layer (tm2), the FWHM is found to be decreasing, resulting in improved FOM or the
resolution of the sensor. A decrease in the signal contrast (value of Rmin) is also observed with increasing
the second Al metal layer thickness(tm2). To have a decent value of signal contrast and FWHM, a trade-
off between the Rmin and FWHM is established with the variation in the thickness of the second metal
layer (tm2) as shown in Fig. 4(b). An optimized value of tm2 = 10 nm is noticed for a decent value of
signal contrast and FWHM for the proposed MDM con�guration. The comparison among the respective
values of Rmin, FWHM, and FOM with the variation in tm2 can be seen subsequently in Table 2 below.

Table 2
COMPARISON OF PERFORMANCE PARAMETERS WITH
INCREASE IN THICKNESS OF SECOND Al METAL LAYER

(tm2)

tm2 [nm] Smax [°/RIU] FWHM [°] FOM

[RIU− 1]

Rmin

5 120 0.31 390.3 0.049

10 119 0.22 540.9 0.24

15 120 0.18 655.5 0.45

The reason for an increased resolution or FOM of the proposed MDM con�guration-based plasmonic
device can be explained with the help of calculated electric �eld distribution as shown in Fig. 5.
Figure 5(a) shows the electric �eld distribution for conventional Kretschmann con�guration (glass prism 
+ Al metal + analyte), whereas Fig. 5(b) shows the electric �eld distribution for the proposed Al-based
multi-layered plasmonic device with MDM con�guration respectively. An enhanced electric �eld observed
in the vicinity of the metal-analyte interface is attributed to the SP mode excitation after the maximum
energy transfer from the incident light to SPs (Fig. 5(a)). Eventually, this �eld interaction gets more
localized as soon as the tm2 layer is added above the BTO thin �lm to form an MDM con�guration
(Fig. 5(b)). The strong �eld localization results in lower FWHM of the SP curve in the case of MDM
con�guration (Arora and Krishnan 2013). Such �eld distribution is directly related to the penetration depth
that de�nes the interaction length of SPs. As a result, a reduced penetration depth in the MDM
con�guration (a few tens of nanometers) leads to reduced FWHM and thus larger FOM with respect to
conventional Kretschmann plasmonic devices having penetration depth of about hundreds of
nanometers.

Table 3 compares the effect of each of the intermediate layers in between the glass prism and analyte.
Compared to the conventional Kretschmann con�guration (Case -I), with the successive addition of the
BTO layer (Case-II), sensitivity is improved but at the cost of poor FOM, as already reported in the
literature. In the proposed Al-based multi-layered plasmonic device with MDM con�guration (Case-III), an
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enhancement in FOM or resolution is observed due to a reduction in the FWHM of the SP curve at
1550nm.

Table 3
EFFECT OF DIFFERENT LAYERS ON THE

PERFORMANCE PARAMETERS OF THE PROPOSED
DEVICE

Con�gurations Smax [°/RIU] FWHM [°] FOM

[RIU− 1]

Case I 118 0.42 280.95

Case II 124 0.54 229.62

Case III 119 0.22 540.9

Finally, to demonstrate biosensing application for the proposed plasmonic device, a monolayer MoS2 is
considered on the proposed device (Fig. 1(a)) as BRE to bind the biomolecules. The better absorptivity
nature of this bio-analyte enables its extensive use for biosensing purposes. Since pure Al is not viable for
biosensing applications, thus, the MoS2 layer protects the Al metal layer from oxidation. Figure 6 presents
the re�ection characteristics of different blood components in normal and infected stages as a bio-
analyte on the proposed plasmonic device. The refractive index values for the different blood
components are taken from Ref. (Sharma et al. 2021). A blueshift in the SPR curves is observed for all the
blood components due to a decrease in the refractive index in the infected stage as compared to the
normal stage.

At last, the results obtained from the proposed plasmonic device are compared with the previously
published results as shown in Table 4. The obtained FOM is much higher than the recently published
results where FOM was largely ignored. Utilizing the cost-effective Al for resolution/FOM enhancement
with the proposed MDM con�guration in the prism-based plasmonic device can be used as a promising
SPR sensor for future applications in the NIR region.
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Table 4
FOM COMPARISON OF THE PROPOSED PLASMONIC DEVICE WITH PREVIOUSLY REPORTED WORKS

Schematic Wavelength [nm] FOM

[RIU− 1]

References

Cu + BTO + Cu + BP 633 145 (Karki et al. 2022a)

Ag + BTO + Gr 633 45.05 (Sun et al. 2019)

Ag + Au + BTO + Gr 633 42.13 (Karki et al. 2022b)

Ag + BTO + Ag + Gr 633 54 (Pal and Jha 2021)

Ag + BTO + BP/MoS2 633 60.52 (setareh and Kaatuzian 2021)

CaF2 prism + Al + BTO + Al + MoS2 1550 540.9 Proposed work

3. Conclusions
An Al-based multi-layered plasmonic device was proposed for enhanced resolution for sensing
applications in the optical communication band. MDM con�guration was introduced in the conventional
prism-based plasmonic device to increase the FOM by decreasing the linewidth of SPR curves. The effect
of each intermediate layer in the proposed Al-based multi-layered device was carried out by studying the
performance parameter analysis from the re�ection characteristics. An improved value of FOM with a
decent sensitivity is obtained for the proposed plasmonic device, leading to the resolution enhancement.
The engineered plasmonic device was then used to demonstrate the bio-sensing application at the optical
wavelength of 1550nm. The different blood components were considered in normal and infected stages
on the proposed plasmonic device for detecting the chikungunya virus. The proposed plasmonic device
can serve many bio-sensing applications for resolution enhancement in the near-infrared region.
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Figures

Figure 1

(a) Schematic for the proposed Al-based multi-layered plasmonic device with MDM con�guration (b)
Re�ection characteristics for the proposed device with the redshift in SPR angle due to change in the
refractive index of the analyte(na).

Figure 2

(a) Re�ection characteristics for the conventional Kretschmann con�guration with the variation in the Al
metal thickness (tm1). The inset shows the schematic of the conventional Kretschmann con�guration
with a thin Al metal-analyte interface (b) Electric �eld distribution corresponding to the SP mode for Al
metal thickness of tm1 = 25 nm.
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Figure 3

(a) Re�ection characteristics with the change in the refractive index of analyte for different thicknesses of
BTO layer (b) Trade-off between sensitivity and FOM for varying BTO thickness. Inset shows the
schematic of conventional Kretschmann con�guration with the addition of BTO layer between thin Al
metal layer and the analyte.

Figure 4

(a) Re�ection characteristics with the variation in the refractive index of analyte for different thicknesses
of second Al metal layer (tm2) (b) Trade-off between the Rmin and FWHM for different thicknesses of
second Al metal layer (tm2). Inset shows the schematic of the Al-based multi-layer plasmonic device with
MDM con�guration



Page 13/14

Figure 5

Electric �eld (EZ) distributions of the SPR dip for (a) Conventional Kretschmann con�guration {Glass + Al
metal + Analyte} and (b) the proposed Al-based multi-layered plasmonic device with MDM con�guration
respectively.
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Figure 6

Re�ection characteristics of the proposed plasmonic device for different blood components in normal
and infected stage


