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Abstract

Plasmonic nanoantennas have earned strong recognition for their unique capability to confine light from free space into sub-
wavelength dimensions with strong electric field (E-field) enhancement factor due to localized surface plasmon resonance
(LSPR). Broad spectral tuning of LSPR from ultraviolet (UV) to near-infrared (NIR) is required for incident light wavelength
and material sensitive plasmonic applications in different spectral regions. In this article, we introduced and designed a novel
aluminum plasmonic platform consisting of a bowtie nanoantenna (BNA) array with metal-insulator-metal (MIM) configuration
where LSPR peak position was broadband tunable from UV to NIR through geometric control of antenna parameters.
Furthermore, we designed and numerically analyzed a plasmonic biosensor platform that detected concentration of glycerol in
de-ionized (DI) water with a concentration in the range of 0 to 40 wt% (refractive index = 1.333 to 1.368) with a sensitivity of
497 nm/RIU (refractive index units). The designed plasmonic platform can also be used as a surface-enhanced Raman scatting
(SERS) substrate with enhancement factor as high as 4.82 x 10° for 1042 nm excitation wavelength. The reported hybrid
dielectric-metallic plasmonic nanostructured system is a universal plasmonic platform for a wide range of applications including
single-molecule SERS, biosensing, fluorescence microscopy, plasmonic nanocavity, nanolasers, and solid-state lighting.

Keywords Aluminum plasmonics - Bowtie nanoantenna - Localized surface plasmon resonance - Tunability - SERS - Plasmonic
sensor

Introduction

Recently, plasmonic nanoantennas received enough attention
owing their unique capability to confine light from free space
into sub-wavelength dimensions with strong electric field (E-
field) enhancement due to localized surface plasmon reso-
nance (LSPR) [1-11]. Various designs of plasmonic
nanoantennas such as Yagi-Uda antennas, spiral
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nanoantennas, honey-comb antennas, nanodiscs, nanorods,
and bowtie antennas with LSPR wavelengths ranging from
ultraviolet (UV) to near-infrared (NIR) spectral regions are
used for a number of optical and sensing applications, includ-
ing but not limited to surface-enhanced Raman scattering
(SERS) [12-15], single-molecule detection [16—18], biosens-
ing [19, 20], and nanoscale light sources [21, 22]. The trian-
gular geometry of bowtie nanoantenna (BNA) in particular
can strongly confine E-field in a very small gap region
through the in-plane near-field coupling or the in-plane far-
field coupling [9, 11, 23-28]. The spectral response and E-
field enhancement factor (EF) of BNA can be tuned through
the engineering of their geometrical parameters [29-31].
Material selection for the fabrication of plasmonic struc-
tures is crucial for the practical realization of low-cost and
environmentally durable plasmonic devices. Typically, noble
metals such as gold and silver are the most common materials
used to fabricate plasmonic structures for visible and NIR
applications [32, 33]. LSPR from gold is durable due to its
chemical inertness, while silver reacts with atmospheric sulfur
and oxygen that degrade its plasmonic properties over time
[34]. These metals not only are costly but also have limitations
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on LSPR tunability due to their intrinsic absorption. For ex-
ample, gold and silver have intrinsic absorptions around 500
and 400 nm, respectively, restricting their applications in the
UV spectral range [35]. Aluminum (Al) is an inexpensive and
abundant earth metal with a high plasma frequency that en-
ables its application in the UV and deep UV spectral regions
[36, 37]. Moreover, the natural growth of a thin 3—5-nm self-
terminating oxide layer on its surface protects the underlying
bulk metal from further oxidation, making Al the most suit-
able choice for the fabrication of cheap, durable, and robust
plasmonic devices [38]. Due to its compatibility with comple-
mentary metal-oxide semiconductor (CMOS) technology, Al
plasmonic nanostructures can be directly integrated with sili-
con photonics for the fabrication of lab-on-chip plasmonic
devices, waveguides and interconnects, biosensors, etc. [39].

The tuning of LSPR from UV to NIR spectral region is
required for different plasmonic applications. For example,
LSPR in the UV-visible spectral range is required for optical
biosensing, solar energy harvesting, SERS, UV-visible spec-
troscopy, photodetection, UV plasmonic lasing, plasmonic
waveguide, etc., while LSPR in the NIR range is useful for
biomedical applications, thermal imaging, and fabrication of
IR light sources and IR detectors. In general, different mate-
rials or different geometric structures are required to tune
LSPR in the different spectral regions that pose material-
dependent fabrication/design challenges. Most of the previous
reports use noble metals for plasmonic applications. For ex-
ample, in reference [11], the authors reported the gold bowtie
antenna with metal-insulator-metal (MIM) structure and only
studied the effects of spacer thickness on the absorption and
scattering coefficients. However, most of reported applica-
tions on the Al plasmonic structures were limited in the UV
and deep UV spectral region [6, 36, 38].

Herein, we designed a range of Al BNA with MIM config-
urations and dealed a much-detailed study on their optical
response influenced by geometric and optical parameters nu-
merically in the UV-visible-NIR spectral region. The geomet-
ric parameters of BNA including gap distance (g), period (P),
antenna side length (L), antenna thickness (Z), antenna angle
(0), and thickness of the insulating layer (7) were varied to
tune LSPR position from UV to NIR spectral regions. For a
geometrically optimized antenna, the influences of incident
angle and light polarization on the LSPR peak position and
E-field EF (|E|/|Ey|) were studied. Our BNA designed with
MIM structure can enhance E-field by a factor of 100, which
is about ten times larger than the previous BNA structure with
similar gap sizes [40, 41]. Following this MIM strategy, we
designed BNA with a gap of 10 nm and a side length of
360 nm, resulting in SERS EF (|E|/|Eo|*) as high as 4.82 x
10° at 1042 nm near the tips of antennas and in the gap region.
Such types of substrates could be used for single-molecule
detection using SERS and single-photon detection through
strong coupling between an emitter placed in the gap and a
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far-field single-photon radiation source [42]. Ultimately, we
simulated the plasmonic behavior of BNA in the presence of
external stimuli for their potential application as an inexpen-
sive refractive index—based biosensor. The refractive index of
the antenna environment was numerically changed in the
range of 1.333 to 1.368, equivalent to 0 to 40% concentration
of glycerol in the de-ionized (DI) water [19], and the corre-
sponding shift in the LSPR peak position is calculated. The
sensitivity of our MIM-based plasmonic BNA biosensor is
roughly ~ 500 nm/RIU.

Design of BNA and FDTD Simulation

The plasmonic nanostructure surface (schematically shown in
Fig. 1a) consists of an array of periodic Al BNA above a 100-
nm-thick Al film deposited on the glass substrate. In a MIM
(AI-Si0,-Al) configuration, the BNA array is separated from
the Al film by a thin SiO, spacer. Figure 1 b and ¢ show front
and the top views of the plasmonic structure, respectively. The
geometric parameters of the Al BNA array, shown in Fig. 1b
and c, such as gap distance (g) (defined as the distance along
the y-axis between the tips of BNA), period (P) (defined as
distance along the x-axis between the tips of BNA), antenna
side length (L), antenna thickness (Z), antenna angle (#), and
thickness of the insulating layer (7), are numerically changed
to tune the LSPR peak position from UV to NIR spectral
region. To study the dependence of LSPR peak position and
E-field EF on BNA array parameters (g, P, L, Z, 0, and T) and
refractive index of the antenna environment for the given
BNA parameters, we employed the finite difference time do-
main (FDTD) method based on Yee’s algorithms. In the
FDTD method, Maxwell’s equations are discretized in both
time and space, and central difference approximation is used.
A commercial FDTD package known as Lumerical solutions
(Lumerical Inc.) was used to calculate the spectral response of
E-field distribution at the center of the gap in the spectral range
0f 200 to 2000 nm. The plasmonic structure with BNA array
was normally illuminated from a broadband (A 2002000 nm)
plane wave light source having electric field oscillation along
the y-axis (antenna orientation direction) (Fig. 1a). Two detec-
tor boxes were used to measure the spectral response. The
periodic boundary condition was used in the x-direction, while
the perfect matching layers (PML) were used in the z- and y-
directions (Figs. 3f and 8a). The time monitors were used to
detect the change in the electric field over time. An ultrafine 1-
nm mesh size was used in all simulations. A refractive index
of ngp=1.0 was chosen for air to generate an asymmetric
environment while indices for Al and SiO, were obtained by
dispersion relation provided by Palik. For the given geometric
parameters of BNA array, the angle of incidence and polari-
zation orientation of the electromagnetic field were also swept
to understand their dependence on LSPR peak position and E-
field EF. For a given BNA parameter, the effective index of
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Fig. 1 a Schematic of the Al (a)
BNA array with MIM
configuration. b Front and ¢ top
views of BNA. An Al thin film is
sandwiched between the spacer
layer and the SiO, substrate. The
thickness of the Al thin film is set
as 100 nm, which totally blocks
the light transmission through the
structure

Em SiO,

antenna environment was numerically changed in the range of
1.33 to 1.95 and spectral reflectance was simulated for normal
incidence to understand the applicability of these BNA struc-
tures as inexpensive refractive index sensors. The absorbed
power was calculated by P =—0.5w|E]* Im(e), where w = 27f,
fis the frequency of the light, |E* is the electric field intensity,
and Im(e) is imaginary part of the dielectric function [11].

Results and Discussion

Firstly, we studied the effects of MIM configuration on the
spectral response of E-field enhancement (Fig. 2a). We chose
a reference point P, at the center position of the gap and
calculated the E-field enhancement (|E|/|Eo|) at this point.
There are three modes of LSPR shown in Fig. 2b. The first
mode (LSPR;), located at 970 nm, is the primary mode cor-
responding to the dipolar LSPR mode. The E-field resulting
from LSPR coupling between closely spaced nanoprisms is
localized in the bowtie gap. The two higher-order LSPR
modes located at 369 nm (LSPR,) and 232 nm (LSPRj3) are
due to the localization of E-field into the gap and the edges or
outer corners of nanoprisms, respectively [43]. Due to the
higher intensity of LSPR; mode relative to the other two, we
only considered the impact of LSPR; mode in the present
study. It is interesting to note that with the use of MIM con-
figuration, the E-field intensity of LSPR; mode gets doubled,
while its fullwidth at half-maxima (FWHM), A\, gets nearly
halved (Fig. 2b). These changes in the LSPR characteristics
enhance its quality factor (QF = A\¢/A\; where )\ is LSPR
peak position) by more than fourfold. Figure 2 ¢ and d show
the spatial distribution of E-field at 970 nm wavelength in the
x-y plane without and with the MIM configurations, respec-
tively. It is clear from these data that the use of a MIM con-
figuration results in significantly stronger E-field EF (Fig. 2b)
and a larger spatial distribution (Fig. 2d) for LSPR mode in the
gap region. The use of an Al metal layer in the MIM structure
strongly reflects light and confines wavelength corresponding
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to LSPR in the gap region, resulting in strong light absorption
in the structure [44].

The dimensions (geometry) of the BNA, including gap
distance (g), period (P), antenna side length (L), antenna thick-
ness (Z), and thickness of the insulating layer (7), are tuned to
control the position of LSPR absorption and E-field EF
(Fig. 3). We have chosen L =120 nm, Z =60 nm, P=20 nm,
g=10 nm, and 7=20 nm for the BNA array and then simu-
lated E-field at the reference point P, (Fig. 2a).
Accompanying each graph in Fig. 3 is a schematic sketch of
BNA with a parameter that is swept. The swept geometrical
parameter is indicated on the x-axis. To understand the effects
of'variation in L on the LSPR peak position and E-field EF, we
swept L in the range of 40-300 nm while keeping other pa-
rameters (Z=60 nm, P=20 nm, g=10 nm, and 7=20 nm)
constant. When the L of BNA is increased from 40 to 300 nm,
the LSPR peak position has a longer wavelength shift with
comparatively higher E-field EF as shown in Fig. 3a (full
spectrum see Fig. Sla). This corresponds to the dipolar
LSPR mode which demonstrates a longer wavelength shift
when the side length of the triangle is increased [45]. In a
similar fashion, we swept BNA’s Z in the range of 20 to
150 nm while keeping other parameters (L =120 nm, P=
20 nm, g=10 nm, and 7=20 nm) constant. We can see that
increasing the Z of the BNA also causes longer wavelength
shift in the LSPR peak position but decreases the E-field EF
(full spectrum, see Fig. S1b). This is due to the delocalization
of charge density at the apex, which increases with the in-
crease in the height [46].

Next, we investigated the effects of variation in the g and P
values on the LSPR and E-field EF response of BNA (Fig.
3¢, d). Increasing the g from 10 to 80 nm initially causes a fast
smaller wavelength shift in the LSPR peak position (1050 to
1010 nm with change in g from 10 to 30 nm), followed by a
slower (1010 to 990 nm with change in g from 30 to 80 nm)
wavelength shift towards shorter wavelength side and finally
attaining a constant value at g > 80 nm (Fig. 3c; full-spectrum,
see Fig. Slc). Macroscopically, the LSPR peak position is
nearly fixed around 1000 nm. It is well-established that the
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Fig. 2 a Schematic of the Al
BNA with and without MIM
configuration. b E-field
enhancement of BNA with and
without MIM configuration. E-
field distribution of BNA ¢
without and d with MIM
configuration at A = 970 nm in the
x-y plane

(a)

PO
b

BNA with MIM

Py

BNA w/o MIM

y (hm)
A
o

-140

-240
-180

90 0
X (nm)

narrower the gap size, the stronger the E-field confinement. E-
field EF shows almost 1/r* dependence on the g that is in
accordance with the classical electrostatics (Fig. 3¢). The pe-
riod (P) of a BNA array determines cross-talk between two
pairs of BNA and hence charge localization and E-field dis-
tribution in the space of the period. As the period of antenna
increases, the interaction between neighboring nanoantennas
will decrease, which will influence the LSPR peak position
and E-field EF in the gap region [47, 48]. As shown in Fig. 3d,
the period of BNA array is tuned from 0 to 720 nm to control
LSPR peak position and E-field EF of plasmonic structure. It
is interesting to note that LSPR peak position shifts towards
shorter wavelength until P is larger than 400 nm and attains a
plateau. In the range of study, E-field EF increases almost
linearly with the increase in the period (full spectrum, see
Fig. S1d). From these results, we can conclude that parameters
of g and P primarily influence the E-field intensity enhance-
ment and have less influence on the LSPR peak position.
Using the MIM structure, which can engineer both out-of-
plane and in-plane near-field couplings to tune the far-field
coupling [11], we can achieve maximized E-field EF in the
bowtie gap region with increased spectral response.
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Therefore, the parameters of the MIM structure need to be
optimized. Varying 7 from 5 to 50 nm, the LSPR peak posi-
tion showed a smaller wavelength shift from 1250 to 1000 nm
and a slight increase in E-field EF from 25 to 35 (Fig. 3e; full-
spectrum, see Fig. Sle). This out-of-plane coupling caused by
MIM structure can be attributed to the near-field interaction
between the BNA and its image in the Al film [49]. Since the
E-field was confined in the spacer, therefore, increase in the
spacer thickness causes a decrease in the out-of-plane cou-
pling strength in the spacer that results in a shorter wavelength
shift in the LSPR peak position. Figure 3 f shows the setting of
boundary conditions, light source, and monitors as described
in the second part of the model design.

Furthermore, the influence of the bow angle, 6, on the
LSPR peak position and E-field EF of the designed structure
has been also analyzed. For BNA, a triangle with a fixed
height of 175 nm was chosen while its side length was swept
from 100 to 650 nm to vary the bow angle (0) in the range of
46° to 120° (Table 1). We chosen fixed parameters of g=
10 nm, Z=60 nm, 7=20 nm, and P=20 nm with normal
illumination from a plane wave light source with electric field
oscillation along the y-axis (antenna orientation direction).
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Figure 4 a gives the spectral response for different bow angles
in the range of 46° <0 <120°. To analyze the relationship

Table 1  Bow angle ¢: acute angle to obtuse angle

L (nm) 150 200 250 300 350 400 450 500 550 600
0 46 60 71 81 90 98 104 110 115 120

Bow angle 6 of the triangle from 46 to 120° by changing the side length
from 100 to 650 nm with a fixed triangle height of 175 nm

es
- |
- N N
o o o

-
o
H
o
T

res

1020 -

1000

\AAd
AAA

960 |- -.\-\-—c—-—.—l—o—l—l—l—l 440

980

(I°3/13l) yusweoueyus pjay-3

0 100 200 300 400 500 600 700
Period distance P (nm)

(f) - ————— -+ PMLBC

-E- — - + Plane Wave
----- - Period BC

------------------- + Period BC

Po-----d-om-- » Reference Point
— R -~~~ * E, monitor

Resonant wavelength A _(nm)

D e E LT PR » Time monitor

----- » PMLBC

respect to structure. The blue dash line and the red line in c—e show the
change of the E-field intensity enhancement (|E|/|Ey|) and resonant wave-
length with different parameters, respectively. The inset pictures in all the
figures show the different changing parameters

between spectral response and bow angle, we extracted two
sets of data, one for 46° <6 <98° (Fig. 4b) and another for
98° <60 <120° (Fig. 4c). It is clear from Fig. 4b that the E-field
intensity is enhanced dramatically, from 40 to 90, as bow
angle is increased from 46 to 98°; however, the LSPR peak
position remains relatively stable around 1042 nm. However,
change in bow angle from 98 to 120° results strong redshift in
the LSPR peak position with relatively little change in the E-
field EF (Fig. 4c). This situation can be attributed to the
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change in the effective index of the local surface plasmon
polariton (SPP) [50-52]. As the bow angle increased, the lat-
eral dimension of the nanoantenna becomes larger, resulting in
a decrease of the effective index of the local SPP. For small
bow angles, the standing SPP wave is established along the
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antenna axis, but for very large bow angles, the local SPP is
confined at one air/Al interface and is not affected by the
opposing interface, especially when the cross section is close
to the extremity edges. In such cases, the isolated local SPPs
propagate back and forth along the prism edges, interfere, and
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give rise to a standing wave whose resonant wavelength is
proportional to the length of the prism edges. This results in
a longer wavelength shift for a large increase in the bow angle.
From these results, we can conclude that the E-field EF and
LSPR peak positions can be independently controlled by
varying bow angle in two different 6 ranges. The variations

(a)

in LSPR peak position and E-field EF as a function bow angle
are shown in Fig. 4d. Figure 4 e presents the spatial distribu-
tion of E-field around the BNA in the x-y plane for 32°, 60°,
and 90° bow angles at a fixed wavelength of 1042 nm.

After studying the effects of geometric parameters of
BNA on spectral E-field response, the effects of
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incident light source parameters, such as an angle of
incidence (0;,) and polarization (fp.1.), on the spectral
response of a given BNA are simulated (Fig. 5). The
schematic accompanying the graphs shows the direction
of 0i, and O,,,. The LSPR peak position is found inde-
pendent on the angle of incidence and polarization, but
the E-field EF depends on these source parameters. As
shown in Fig. Sa, E-field intensity enhancement shows
an obvious increase as the angle of polarization in-
creased, reaching its maximum value for 0,4, =90°
(full spectrum, see Fig. S2a). Figure 5 c¢ shows that
the E-field distribution is mainly localized at four non-
gap vertices of triangles for 0,,,=0°, but the gap re-
gion nearly has no enhancement. When the polarization
of incident light is changed to 45°, the E-field is dis-
tributed throughout the whole structure and has large
enhancement around the tip and gap region of the
BNAs. For 90° polarization (along the y-axis), the E-
field localized in the gap region and has the largest
enhancement compared with other situation.

Figure 5 b shows the LSPR peak position and the E-
field EF as a function of incident light angle #;, at the
reference point Py. Very similar to the angle of polari-
zation, angle of incidence does not affect the LSPR
peak position, but E-field EF significantly decreases
from 93 to 48 with an increase in the 6, from 0 to
75° (full spectrum, see Fig. S2b). We can also see from
Fig. 5d that the spatial distribution of E-field in the gap
region of BNA decreases with an increase in the 6;,

1600 2000 400

800 1200 1600 2000
Wavelength (nm)

from 0 to 75°. From these results, we can say that the
E-field EF can be independently controlled by changing
the light source parameters such as angle-of-incidence
and polarization at a given wavelength.

From the above analysis, we know that the optical
response of plasmonic nanoantennas can be engineered
through optimizing the parameters of Al BNA with
MIM structure and the angles of light source’s incidence
and polarization. Therefore, it is possible to achieve
tunable LSPR wavelength from UV to NIR spectral re-
gion using a plasmonic cavity with Al BNA array com-
bined with a MIM sandwich structure using different
geometrical parameters as shown in Fig. 6a. The spectra
are shifted relative to one another along the y-axis for
ease of viewing. Table 2 shows the geometric parame-
ters at different resonant wavelengths using the same
angles of 6;, =0° and 81, =90°. It is worth to note that
the spectral response with various structural parameters
(Fig. 6a) is not optimal for the current parameters
(Table 2), which means that they do not achieve the
maximum E-field EF. The current research investigates
the property of Al BNA array with MIM structure,
which can change the LSPR peak position from UV to
NIR region by engineering geometric parameters. For a
given LSPR peak position As=1064 nm, we can in-
crease E-field EF from ~35 to ~89 by changing differ-
ent geometrical parameters (Fig. 6b). Table 3 gives the
structural parameters of different E-field EF intensities
at As=1064 nm for a given light source (6;,=0° and

Table 2 Structure parameters with different LSPR peak wavelengths
black red green blue cyan magenta  valet yellow  navy
Ares (Nnm) YT 481 532 640 800 1@ m 1470 1600
slgx (nm) 50 160 180 240 260 220 280 240 300
Zgx (nm) 20 25 30 40 55 60 100 150 140
Opow (nm) 60° 98° 98° 98° 90° 60° 60° 60° 60°

Structure parameters at different LSPR peak wavelengths according to curves of different colors shown in Fig. 6a
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Table 3 Structure parameters with different |E|/|E| at A,es = 1064 nm
black — red blue — magenta —— olive
Ares 1064 nm 1064 nm 1064 nm 1064 nm 1064 nm
E/E, 35.68 41.80 48.94 54.18 89.01
slpn 180 nm 200 nm 220 nm 230 nm 360 nm
Zgn 90 nm 70 nm 55 nm 40 nm 40 nm
Obow 60° 60° 60° 60° 90°

Structure parameters with different |E|/|E| at A\;s=1064 nm according to curves of different colors shown in Fig. 6b

Opola=90°) parameters. The Al BNA array with MIM
structure can provide highly focused optical energy
and an E-field EF-enhancing plasmonic cavity with a
tunable resonant wavelength from UV to NIR spectral
region and support many applications in these optical
regions.

Applications of BNA in Optical Sensing

SERS SERS is an ultrasensitive chemical-sensing technique
capable of single-molecule detection [53—55]. The strong en-
hancement is mainly the result of electromagnetic enhance-
ment which occurs due to the LSPR of noble metal nanopar-
ticles (NPs) or surface plasmon resonance (SPR) of metallic
thin films onto which the target molecules are adsorbed
[56-58]. Since the SERS enhancement factor (EF) is

(a)

y (nm)

-200
-200 -100 O
X (nm)

(c)

z (nm)

proportional to |E|/|Eo|* [59, 60], where |E| and |E,| are the
magnitude of the exciting electric field in the vicinity of the
plasmonic nanostructures and incident electric near field, re-
spectively, therefore the strong SERS enhancement occurs at
the locations of “hot spots” having maximum E-field EF.

In this section, we designed BNA with geometric parame-
ters as L =360 nm, g=10 nm, P=1080 nm, 7=20 nm, Z=
40 nm, and # =90°. Raman spectroscopy mostly works in the
back reflection geometry, where the excitation light is normal-
ly incident on substrate and Raman signal is collected in back-
scattering geometry. Therefore, here we used normal inci-
dence light source of A =1042 nm with polarization along
the antenna direction (6;, = 0° and 6,41, = 90°) and put monitor
(detector) at the normal of the substrate. As shown in Fig. 7 a
and b, E-field EF varies with distance from the center of the
gap (reference point). At a given height, Z =20 nm (middle of
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Fig. 7 E-field intensity distribution (|E/Eq|*) of induced localized electrical field E relative to the excitation field E, at 1042 nm in a x-y plane and ¢ y-z
plane. The E-field intensity distribution ([E/Eq|*) in the gaps as a function of distance from the center of the gap along b y-axis and d z-axis
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Fig. 8 a Schematic and computational model of the bio-sensing platform
consists of Al BNA array with a MIM structure. b Normalized reflectance
spectra of the functionalized BNA as a function of the substrate refractive
index ranging from 1.33 to 1.95. ¢ The variation of wavelength shift with
a change in refractive index. d Zoom-in reflection spectra of the BNA

the triangle of Z =40 nm), the maximum SERS EF (|E|/|Eo|*)
localized on the two tips of BNA is ~9.15 x 10%. A compar-
atively smaller but more uniform enhancement factor of ~
5.06 x 107 has resulted in the gap region (Fig. 7b). For a given
¥, SERS EF spatially varies in the z-direction (Fig. 7c, d). For
example, at the tip of BNA (y =4.5 nm), SERS has maximum
EF of ~4.82 x 10? at the bottom of tip (z=0 nm), ~3 x 10° at
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the top (z=40 nm), and has a comparatively lower but uni-
form value of ~9.15 x 10® in the region of 5<z<35 nm.
Through an intelligent design of Al BNA, the LSPR peak
positions can be tuned from UV to NIR to wavelength match
with the wide range of available laser sources [61] for high
sensitivity SERS detection of wavelength sensitive probe
molecules.
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High Sensitivity Bio-sensing Platform The theoretical essence
of plasmonic biosensors is the coupling between the electro-
magnetic field and confined free electrons in space, which can
effectively improve the sensitivity of LSPR optical antenna
biosensors and achieve high-resolution, nanoscale biomole-
cule detection [62—64]. When the wave vector of incident light
satisfies the resonant condition, the extinction coefficient of
nanoantennas will reach its maximum value. The sensitivity of
resonance frequency depends on the refractive index of the
surrounding medium and the size and shape of nanoantennas
at a given wavelength [20, 65, 66]. Plasmonic sensors, there-
fore, facilitate the high-performance detection of the change in
the refractive index resulting from biomolecular reactions and
can be used to study the nature of such interactions.

In this section, we numerically designed and analyzed a
high-performance bio-sensing platform based on BNA, which
could sense the change in the medium refractive index (RI)
caused by the density of probe molecules in the vicinity of the
plasmonic structure. For this purpose, we chose the BNA
structure with geometric parameters of L =300 nm, Z=
60 nm, and g = 10 nm. We used a normal incident light source
and put a reflection monitor in the 180° (back reflection ge-
ometry) configuration. Figure 8 a shows a schematic of the
designed structure and position of source and monitor. The
superstrate is put over the entire BNA array to change the RI
of the BNA environment. We numerically changed the effec-
tive index of the antenna environment from 1.33 to 1.95 and
simulated the reflected optical signal. Figure 8 b presents nor-
malized reflection spectra for different refractive indices.
Figure 8 ¢ shows an almost linear shift in the LSPR peak
position with the refractive index with the slope of ~
500 nm/RIU. When RI is changed from 1.33 to 1.34,a 1%
change in R, there is a ~ 5.5 nm wavelength shift as shown in
Fig. 8d. For comparison with a real case scenario, the concen-
tration of glycerol in de-ionized (DI) water is numerically
varied from 0 to 40% (w/w) which is equivalent to the change
in the effective index of the antenna medium from 1.333 to
1.368. As shown in Fig. 8¢, LSPR peak position experiences a
longer wavelength shift when the concentration of glycerol in
DI water is changed from 0 to 40 wt% (RI=1.333 to 1.368)
[19]. Figure 8 f shows the sensitivity of the LSPR peak posi-
tion as measured in wavelength shift with the change in the
concentration of glycerol in the DI water. When the concen-
tration is 40%, a 17.4 nm shift is observed with a maximum
sensitivity of 497 nm/RIU (refractive index units) at peak
wavelength.

Conclusion

With the capability to efficiently convert light from free space
into the sub-wavelength scale and vice versa, plasmonic
nanoantennas find a wide range of applications in

nanophotonics. The influences of geometric parameters of
Al BNA with MIM configuration and angles of incidence
and polarization of light source are studied in detail. By opti-
mizing geometric parameters of Al BNA array with MIM
structure, the LSPR of plasmonic nanoantennas can be tuned
from UV to NIR spectral region, 200 to 2000 nm, with highly
enhanced E-field intensity in the gap region. Further, by con-
trolling the angles of incidence and polarization of the light
source, E-field distribution and intensity can also be manipu-
lated. Moreover, we numerically analyzed the sensitivity of
these plasmonic structures as SERS substrates and refractive
index—based biosensors. An optimized structure can achieve
SERS enhancement factor (|E|/|Eo|*) as high as 4.82 x 10° and
can be efficiently used as a refractive index sensor with sen-
sitivity ~497 nm/RIU. We believe that the designed hybrid
dielectric-metallic nanostructure can be used in a wide range
of plasmonic applications including but not limited to single-
molecule SERS, biosensing, fluorescence microscopy, plas-
monic nanocavity, nanolaser, and solid-state lighting.
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