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Abstract We report a simple 1D grating device fabrication on
~50 nm gold (Au) film deposited on glass, which is employed
as a high performance refractive index (RI) sensor by
exploiting the surface plasmon polaritons (SPP) excited by
the grating device along the Au/analyte interface. A finite
element analysis (FEA) method is employed to maximize
the sensitivity of the sensor for a fixed period and thickness
of a gold film and its close correspondence with experiment
has given the insight for high sensitivity and enhanced trans-
mission. Significantly, in the context of economic design and
performance, it is shown that an optimally designed and fab-
ricated 1D grating can be as sensitive as 524 nm/RIU (linearity
RI=1.33303 to 1.47399), which is remarkably higher than
existing reports operating in a similar wavelength region.

Keywords 1D grating - Surface plasmon polaritons -
Refractive index - Gold film - Finite element analysis (FEA)
Introduction

Optical means of sensing is a reliable technique which has

proven its potential in recent years, especially in the context
of plasmonic sensors for a plethora of applications depicting
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high throughput and label-free detections, having been devel-
oped with commercially existing products [1, 2].

The SPPs are sensitive to the small variations in the refractive
index (RI) at the surface of the metal that supports them which is
the basis for most of the biosensing applications [3, 4]. Plasmonic
sensors based on periodic metal nanostructures [5, 6] (1D/2D
gratings and their derivatives) have attracted a lot of attention
due to their simplicity and scalability with two main resonance
modes, namely a SPP mode known as the Bloch mode and a
guided/slit mode known as the Fabry-Perot (FP) mode. The SPP
mode depends on the incidence angle of TM wave, period and
the order of the resonance [5, 6], while the FP mode depends on
the geometrical parameters of the single slit system [7]. The
detection sensitivity depends on the surface area and accessibil-
ity, which are less for the FP mode than the SPP modes. The
coupling efficiency of a grating device [8] also strongly influ-
ences the sensitivity of a plasmonic based biosensor.

Furthermore, for cost effective and scalable fabrication pur-
poses, it is appropriate to improve the sensitivity of a 1D
grating by employing the SPP mode in the detection, which
is of course less investigated in the context of RI sensor. In this
context, the sensitivity of the grating device is maximized by
tuning the grating parameters (at a fixed period) through nu-
merical simulation and it is shown that such optimum perfor-
mance can be achieved practically.

The sensitivity (shift in wavelength over refractive index
per unit (RIU)) of the 1D grating devices presented in this
work is higher than earlier reported for plasmonic biosensors
containing complex architecture [9—11]. For example,
nanorods/tubes (225 nm/RIU [9]), elongated Au discs
(200 nm/RIU [10]), and Au nanoparticles (450 nm/RIU
[11]) employ localized surface plasmon resonance (LSPR),
while nanohole arrays (333 nm/RIU [12]) use extraordinary
optical transmission (EOT) to detect the RI. When it comes
to a 1D grating, the FP mode is employed to detect the RI
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and a sensitivity of 525 nm/RIU [7] is obtained using sim-
ulations. Homola and Piliarik [3] had suggested a theoretical
sensitivity of 250—400 nm/RIU for a grating coupled sensor
(see appendix Table 2 for a comparison of different studies
within the context of plasmonic based bio-sensing). So, it
can be concluded that LSPR are useful when nanoparticles
are used as sensor. The Bloch mode is utilized when peri-
odic nanostructures are fabricated on gold metallic film of
thickness around 50 nm, whereas FP mode becomes more
effective, when the film thickness is large i.e. greater than
200 nm. Hence, in the present case Bloch mode have more
impact on the sensitivity.

Many other plasmonic nanostructures have been reported
[13-21] to detect change in RI. Note that employing the SPP
mode of a 1D grating for detection can be as much as nearly
1.3 times more sensitive on average than the other studies
referenced while also using a thinner Au film of ~50 nm.

Furthermore, in the context of RI detection most
biodetectors have to operate in an aqueous environment,
which inhibits the resonance wavelength ), shifting into IR
region. By increasing the periodicity to 630 nm in the grating
device, an even higher sensitivity (637 nm/RIU) can be
achieved, while the SPP resonance wavelength )\, shifts into
the IR spectral region (), = 825-850 nm, results not shown).

A simple design of 1D plasmonic grating is presented
here which measures the RI change in the environment.
The results are well corroborated with finite element anal-
ysis (FEA) and explained by field distributions associated
with the surface plasmon resonance (SPR) in accordance
with the grating geometry.

Methods
Sample Preparation

A cover glass slip (22 x22 mm) was washed in deionized
water and used as substrate. After drying, the sample was
inserted into a vacuum chamber to deposit the Au film via
a thermal evaporator. A 50-nm gold thin film is deposited
on the glass substrate using a thermal evaporator in a high
vacuum of ~107° Torr to avoid any oxidation and colli-
sion between the vapor and surroundings. The Au film
thickness is monitored with a quartz crystal which is
mounted inside the chamber.

Device Fabrication and Analyte Composition

A one-dimensional (1D) grating device with periodicity
A=525 nm, and with sub-wavelength slit width
a=272 nm, is patterned on the Au thin film using FIB
etching using FEI Nov. 600i dual-beam operating at 48
pA beam current of aperture 19 nm. The fabricated device
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is characterized via a scanning electron microscope (SEM,
JEOL 6500 FESEM).

This device was then encapsulated by another thin glass
slide such that a space is created for the analyte to be inserted
for the measurement of the relevant refractive index change
using the far-field optical setup.

In order to obtain an analyte of controlled refractive
index, a mixture of glycerine and deionised (DI) water
was employed in various ratios to produce n=1.33303,
1.33880, 1.34481, 1.37070, 1.38413, 1.42044, 1.45085
and 1.47399 as shown in Table 1. Great care was made
to get a homogeneous solution.

Experimental Setup

The transmission spectra from the plasmonic device were
tested using a white-light source (70 W, QTH halogen
lamp) via the newly designed and built far-field optical
characterization setup. The complete detail is described in
ref [23].

Physical Background and Theory

Figure 1 shows the schematic of a 1D grating device on
glass substrate, where 7 is the thickness of Au, a is the slit
width and A is the periodicity. This 1D-Au grating device
on glass substrate was used to detect small change in RI
(analyte). The optical properties of gold are adopted from
reference [24]. A TM plane wave (E, and E, were in
plane while H, was orthogonal to the simulation plane)
illuminates at normal incidence (Fig. 1). In the modelling,
the computational domain is bounded by perfectly
matched layers (PMLs) on the top and bottom of the unit
cell and by periodic boundary conditions along the grating
periodicity with a mesh size of 20 nm. The plasmonic
grating is covered by an over-layer of analyte, having
thickness 4 and refractive index ny,.

Table 1 Refractive index of glycerine-water solution at room
(see ref [22])

No. Refractive index (n) Glycerine % by weight
1. 1.33303 0

2. 1.33880 5

3. 1.34481 10

4. 1.37070 30

5. 138413 40

6. 1.42044 65

7. 1.45085 85

8. 1.47399 100
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Fig.1 Schematic ofthe 1D grating under normal incidence. £4,,, 7 are the
permittivity and RI of the gold and analyte, respectively. A—periodicity,
a—slit width, +—thickness of Au film

In a 1D grating the SPP mode occurs at )\, (resonance
wavelength) when the phase-matching condition is satisfied
between the incident TM light and the periodicity of the grat-
ing. For a planar metal/dielectric interface, the A\, for TM
polarized light at normal incidence can be described as [5]

Mg = A, [—mEd (1)
Em t+ Ed

where ¢,, and €, are the permittivity of the metal and the
adjacent dielectric, respectively.

Note that in this work only zero-order transmission through
the grating device was obtained to evaluate the SPP mode
resonance corresponding to the Au/analyte interface, hence
eliminating the need for prism coupling, which is less practical
with reference to operation issues.

The aim of this study is to employ the SPP mode (at Au/
analyte interface) to detect the RI at its maximum sensitivity
which is given by

Mhyes
_ e 2
Sx " (2)

where A\, and An are changes in resonance wavelength and
RI, respectively. Therefore, the grating parameters (slit width)
are tuned for a fixed periodicity (A =525 nm) in the device to
optimize sensitivity for the SPP mode along the Au/analyte
interface.

In order to see behaviour of the SPP mode, which is depen-
dent on dielectric constant of the Au/dielectric (analyte) inter-
face, it is important to understand that such grating devices
have two interfaces (i) Au/substrate (here in the present case it
is glass) and (ii) Au/superstarte (analyte). Hence, depending
upon the RI of both interfaces, namely Au/analyte (I;) and Av/
glass (I;) both support a propagating SPP (Bloch) mode. The
coupling of incident light into the SPP occurs at I; and I, for
zeo order plasmonic mode which can be seen from the disper-
sion plot (Fig. 2), yielding ~1.69 and ~1.55 ¢V for
n=1.33303, 1.47399 at I; and ~1.51 eV at I,. Notably, the
spectral location of these states derived from Fig. 2 falls within
~10 % error for 271/A periodicity [6].
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Fig. 2 A theoretical dispersion plot for a 1D grating for period 525 nm,
where zero-order resonance conditions for Au/analyte and Au/glass inter-
faces are annotated alongside of light line, w= ck/(e)"”. Refractive index
of glass is taken as 1.5
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Results and Discussion

Here, zeroth order transmission spectra T (), n) are presented
in Fig. 3a, whereas simulated results are presented in Fig. 3b.
The SEM of the grating structure is shown in inset of Fig. 3a
and the field profiles to make other plasmon related insights,
viz resonance at I; is shown in inset of Fig. 3b. It is noteworthy
that the grating parameters are optimized in such a way that
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Fig. 3 Zero-order transmission spectra from a 1D grating for various
analyte RI (a) experiment (b) simulation. Inset in (a) SEM image of 1D

grating and (b) simulated |ﬁ| A/m distribution at \,.,=718.3 nm for a RI
1.33880, respectively
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SPP mode is achieved at I;. The SPP mode, A for I; is
identified (arrows on Fig. 3) for each ‘RI’ via inspecting the

magnetic field (|ﬁ| ) distributions against wavelength and the
representative |ﬁ| (inset Fig. 3b) for one unit cell. Note that

|ﬁ| represents the strength of the local surface current flowing
in between the accumulations of surface-charge; such a field
profile has been previously reported by Grande et al. [7]. The
field profile indicates that the penetration depth is greater for
the analyte than Au, consistent with characteristics well
known in the literature [5].

In line with the simulation, a series of experimental zeroth
order transmission, T (A, n) spectra were obtained which are
shown in Fig. 3a, where the features on the spectra are repro-
ducible from different samples of similar grating parameters.
The SEM image of a grating (inset of Fig. 3a), yielding
A=525+10 nm, and a=272+15 nm. As the RI of environ-
ment increases, due to the change in the effective RI the res-
onance wavelength between the light wave and the SPPs also
increases, reflected in a red-shift of \,.; in T (A, n) spectra
shown in Fig. 3a, b [25]. There is promising agreement be-
tween experimental results (Fig. 3a) and simulated results
(Fig. 3b) corresponding to each RI.

It is worth mentioning that the individual grains of Au film
(diameter ~60+15 nm) can possess LSPR, depending on
their size [26]. Nominal 35-100 nm diameter Au nanoparti-
cles have a LSPR peak wavelength ranging from ~535—
595 nm [27], and hence an infringement from the LSPR can
be ignored [26] as the operational wavelength for the device is
above 650 nm in wavelength.

The spectra in Fig. 3b are simulated for a ‘perfect grating’
under a TM plane wave at normal incidence, while the exper-
iment (Fig. 3a) is performed on a morphologically rough grat-
ing with an illumination cone angle of ~32° (NA of the focus-
ing objective). These discrepancies may cause disparity be-
tween the experiment and the simulation when it comes to the
spectral location and the shape of resonances [9, 28]. The
detection accuracy primarily depends on the type of the detec-
tor (spectrometer) used. Furthermore, it depends that the
blazed wavelength range for the grating used in the spectrom-
eter where the detector have more detection efficiency. In the
present case, the spectrometer used has the highest detection
accuracy (efficiency) i.e. in infrared (IR) and near infrared
(NIR) where the SPPS are excited and hence detected by the
detector more efficiently.

Here, co-plotted zero-order transmission spectra from sim-
ulation and experimental results T (A, 1.33880) are shown in
Fig. 4 depicting an explicit re-traceability where the corre-
sponding spectral features are numbered (1, 2 and 3). The
dip in the T(\, n) due to the SPP (Bloch) mode at I; (see inset
Fig. 4a) is explained on the basis of diffraction [29] or inter-
ference [28] or FDTD [30], while a disagreement in terms of
general wavelength shift is also seen [31].
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Fig. 4 Zero-order transmission spectra of simulation and experiment are
co-plotted for RI=1.33880

Xie et al. [30] note that the periodicity governs the interac-
tion between adjacent slits in terms of creation and subsequent
radiation of strong dipoles into the slit aperture at the edges of
the slits. Note that EOT is interpreted to originate from dif-
fraction and FP modes [32], or surface modes (at both the
interfaces) and FP modes [30]. In the present context feature
2 corresponds to the emission of 1 (at I;) which can be treated
as EOT for a grating with a mark-to-space ration of unity. Re-
emitted peaks for n=1.33303 are clear (see down-arrows on
Fig. 3a) while for n=1.34481 a signature is identified (Fig. 4).
A FP-like mode in the slit at ~740 nm for n=1.33880 has
given rise to feature 3. A slight red-shift of 3 with increasing
RI explains that this mode is not very useful for biodetection,
which requires much stronger coupling [7]. A further increase
in the RI red-shifts the features 1 and 2 (see dotted line in
Fig. 3b) [25]. However, as peak 2 red-shifts the composite
peak (2 and 3) intensity declines, which is an important ob-
servation. Notably, this is consistent in simulation and exper-
iment. The computed field profiles of the n=1.33303 and
n=1.47399 clarify the role played by the SPP mode at I;
and [, in decreasing the intensity of the composite peak. The
boundary conditions at the top and bottom of the slit favour
the launching of a strong guided mode into the slit waveguide.

As carlier indicated [30], the SPP modes excited at the top
and bottom facets of the metal film, as well as resonant FP
modes, play major roles in determining the transmission.
Another study suggests that the surface mode can enhance
or inhibit light transmission [33]. As the analyte RI ap-
proaches that of glass, the excitation of the SPP mode at I,
begins to be favoured, while I; still exists. Interestingly, this
feature did not alter the sensitivity. Although not shown here
for the sake of conciseness, when the RIs of dielectric at I; and
I, are equal i.e. RI=1.5, the composite peak almost disap-
pears. Under illumination, the light couples into surface waves
at both the interfaces which subsequently weakens the trans-
mission substantially [30]. With reference to Xie et al.’s work
[30], the coupling between two SPP modes on either side of
the metal is a strong function of film thickness which is
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explicitly evidenced here; competition between I; and I, is
observed. The competition between the two modes can be also
be seen in the dispersion curve (Fig. 2) when the RI of analyte
approaches that of glass and there is a possibility of exciting
wide-band SPP modes at I; and L,.

Moving on to the focus of present case, a high angle of
incidence creates strong coupling between the incident
plane wave and the SPs i.e. with the wave vector nearly
parallel to the surface. Pang et al. [34] report that a nor-
mal incidence produces a strong interaction between var-
ious SPP modes in a 2D-hole array, while noting the
higher sensitivity in angular modulation.

Since the sensitivity is inversely proportional to the integer
numbers of the corresponding SPP modes, the lowest order
modes are most sensitive to the change in the RI of the dielec-
tric [35]. By considering these \,., under normal incidence for
zero-order transmission, which are extracted from experiment,
simulation and theory (Eq. 1) and plotted against RI in Fig. 5.
The sensitivities are annotated on the image. Significantly,
within n~1.33—1.47 this sensor has shown linearity notably
similar to the prism-based sensor [25] despite the non-linear
relation (Eq. 1). The plausible reasons for the slight disagree-
ment between simulation and experiment have been addressed
earlier. An earlier report (McPhillips et al. [9]) has a discrep-
ancy of ~125 nm (value estimated from the graph) between
experiment and simulation, while here it is ~30 nm for similar
RI (~1.333). However, the deviation (~8.5 % for n~1.33) of
theory and simulation is not unreasonable.

In addition to comparison with previous theoretical studies
of sensitivity (~250—-400 nm/RIU [3]) those based on LSPR
sensors [21], antisymmetric [20], quadrupole [36], multimode
(quadrupole or mixed) [19], and waveguide coupled grating
resonance sensors [ 14] have shown sensitivities in the range of
~90-350 nm/RIU (also see appendix Table 2).
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Fig. 5 The SPP resonance wavelengths ), against RI from experiment,
simulation and theory

On the other hand, the sensor based on FP modes has
a simulated sensitivity (525 nm/RIU [7]) similar to that
of present study with a film thickness of 220 nm. In
contrast, the present case employs less than one fourth
of the film thickness which is vital for cost effective
devices. This comparative analysis conveys an important
message, that the SPP mode, if appropriately employed
from an optimized 1D grating to detect RI is highly
competitive with other SPP-based sensors that either
have more complex geometry or utilize a greater quantity
of expensive material.

Conclusions

It is shown that the geometrically sensitive SPP mode of a
grating can be employed for efficient detection of RI, where
an analytically optimized grating is fabricated and its sensitiv-
ity against RI is tested for a range of biomatter-media. The
observed EOT is explained on the basis of a leaky wave, and
FP-like modes within the slits. As indicated by a computation-
al study [30] with notable disagreements [31, 32] about the
role of SPs in EOT, based on the present results from the
simulation and experiment the excitation of SPs at two inter-
faces on the either side of the slits in fact reduces the trans-
mission significantly.

The experimental results are compared with FEA sim-
ulation and theoretical values which are in agreement with
each other with a deviation in sensitivity of ~4 %. The
resonance behaviour in response to the RI change of the
surroundings is replicated and explained thoroughly by
the modelling. The sensitivity is ~1.3 times higher than
earlier reports operating under various resonance states.
Importantly, the present results are reproducible from dif-
ferent sample gratings for all the analytes.

Furthermore, the grating is subjected to washing with
DI water after every test of RI and it is able to obtain the
spectrum that corresponds to a clean grating confirming
its reusability except for case of the liquids that are per-
manently adsorbed onto the gold surface. For an optimum
choice of grating parameters, 1D gratings can be effec-
tively employed to attain very high sensitivity and are
well suited for miniaturization when employed under nor-
mal incidence. The last and most important observation is
that the SPP-based biosensor is independent of the height
(depth) of the analyte (results not shown here) to be de-
tected in contrast to the FP based biosensor. Such grating
devices have many other applications as well [37, 38].
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Appendix

Table 2 Sensitivity of various detectors with details those appeared in the literature

Type of device Mode ~S\ (mm/RIU)  Parameter (nm) Ares (NM) Ref
(refractive index)
1D grating Surface/Bloch mode 524° 511° Film thickness =50 680 (1.33303) This study
Nanorods/ tubes Localized surface 225 Length=120 759°(1.333) J.McPhillips et al.
plasmons (LSPs)
Au nanoparticles, LSPs 450* © Aspect ratio=3, ~780° (1.33) M.M. Miller et al.
Diameter =20
Elongated discs LSPs 200° Aspect ratio=7, P. Hanarp et al.
Diameter =137,
thickness =20
Nanohole arrays Extraordinary optical 333" Diameter =150, 678 (1.332) A. De Leebeeck et al.
transmission (EOT) period =450
1D grating Fabry-Perot ~525% Au thickness =220? 730° (1.33) M. Grande et al.
1D grating array, EOT 668° 150, period =600 807 (1.32) K.L. Lee et al.
biofunctional material
1D-Au and 1D-SiNx Guided mode resonance ~ ~720* Au thickness =200 752.6 (1.00) M. Hong et al.
double grating slotted section SiNy thickness=500  period =750 nm (1.00)
Grating Surface/Bloch mode 250-400% © NA 680% ° J. Hamola et al.
# Simulation
® Experiment

¢ Approximated from the graph
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