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ABSTRACT A surface plasmon resonance sensing and imaging platform based on plasmonic non-uniform
nano-gratings with narrow groove (sub-10 nm) is presented. In these nanogratings, normally incident
optical radiation is directly coupled to surface plasmons without the requirements of any other conventional
surface plasmon coupling mechanisms such as prism-based or grating-based coupling. Theoretical analysis
of practically realizable plasmonic non-uniform nano-gratings with rounded tops and slanted sidewalls is
carried out to numerically to determine reflectance and differential reflectance signals when the localized
refractive index of the medium around the gold layer present in these nano-gratings is changed. This change
in the localized refractive index can occur due to the binding of biomolecules to the gold layer. Two kinds of
plasmonic non-uniform nano-gratings are studied using finite difference time domain (FDTD) modelling:
gold nano-gratings (GNGs) and gold-coated silicon nano-gratings (GSNGs). The plasmonic non-uniform
nano-gratings being proposed, more specifically the GSNGs, can be easily fabricated with the presently
existing nanofabrication and thin film depositionmethods as opposed to uniform nano-gratings (with parallel
sidewalls) that are very difficult to fabricate. The plasmonic non-uniform nano-gratings with narrow grooves
eliminate the strict requirements on the angle of incidence for coupling of light into surface plasmons,
which are needed in conventional prism-based coupling mechanisms. By employing FDTD calculations,
we demonstrate that these plasmonic non-uniform nano-gratings provide very high differential reflectance
amplitude values, which are indicative of high sensitivities of the SPR or SPRi sensors when the localized
refractive index around the sensors is varied. Moreover, the sensors being proposed in this article provide
a maximum sensitivity of localized refractive index sensing (i.e. surface sensitivity or SS) of 70 nm/nm
with a figure of merit of the localized sensor (FOMS) of 1.5 nm−1. This sensitivity of localized refractive
index sensing is the highest reported thus far in comparison with previously reported plasmonic sensors.
Moreover, these plasmonic non-uniform nano-grating based sensors exhibit significantly better performance
when compared with conventional SPR or SPRi sensors based on the Kretschmann configuration.

INDEX TERMS FDTD, localized sensing, nano-gratings, SPR imaging, SPR sensors, surface plasmon.

I. INTRODUCTION
Surface plasmons are collective oscillations of conduction
electrons at the interface of a metal and a dielectric [1]–[7].
When the surface plasmons are coupled to the incident elec-
tromagnetic (EM) fields, they are called surface plasmon
polaritons (SPPs). For SPPs propagating on metal-dielectric
interfaces, substantial EM field enhancements are observed
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at the interfaces. When light is coupled to SPPs propagating
on such interfaces, sharp dips in the spectra of the reflected
light are observed at certain resonant wavelengths, these
resonances being termed as the surface plasmon resonances
(SPRs). The propagating surface plasmon polaritons can
be present in a single metal-dielectric interface, in multi-
ple metal-dielectric interfaces (such as those in plasmonic
waveguides), as well as in a plasmonic nano-gratings. On the
other hand, localized surface plasmons (LSPs) describe oscil-
lations of conduction electrons at the surface of bounded
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FIGURE 1. (a) The Kretschmann configuration for a 40 nm gold film. (b) A
schematic showing a cross-sectional view of non-uniform gold-coated
silicon nano-gratings (GSNG).

geometries of metal-dielectric interfaces, such as metallic
nanoparticles or nanostructures. Upon excitation of LSPs
in nanoparticles of plasmonics-active metals (such as gold,
silver, or copper), peaks in the scattering and absorption
spectra associated with these nanoparticles are observed at
certain resonant wavelengths in the visible or near-IR spectral
regimes. Excitation of LSPs (at certain resonant wavelengths)
leads to a substantial EM field enhancement in the near vicin-
ity of the nanoparticles [8]–[13]. These EM fields rapidly
decay away from the nanoparticle-dielectric boundaries.

The enhancement of EM fields in the vicinity of the metal-
dielectric interfaces results in extremely high sensitivity of
the propagating SPPs and the LSPs to changes in surface
conditions at the metal-dielectric interfaces. Hence, propa-
gating SPPs and the LSPs are employed for sensing refrac-
tive index (RI) changes of the dielectric medium or layer
in the vicinity of the metallic surface. Therefore, they are
extensively used for the development of chemical and biolog-
ical sensors [14]–[17]. SPPs and LSPs are also employed in
plasmonics-enhanced solar cells [18] and optical switching
and modulation [19]. Moreover, there are several photonic
phenomena that employ the excitation of propagating SPPs
and LSPs such as surface-enhanced Raman scattering (SERS)
[20]–[24], plasmon-enhanced fluorescence (PEF) [25], non-
linear optics [26].

Conventional Surface plasmon resonance (SPR) chem-
ical and biological sensors are primarily based on either
prism-coupling configurations (Kretschmann or Otto) or on
grating-based coupling [27], [28] to couple the incident opti-
cal radiation to propagating SPPs. There has been exten-
sive research in employing spectral and angular interrogation
based thin-film SPR sensors (using the Kretschmann con-
figuration — See Fig. 1(a)) for detecting localized or bulk
changes in refractive indices. The past decade has seen a surge
of interest in surface plasmon resonance imaging (SPRi)
technique, which has emerged as a favorable method for
investigating label-free biomolecular interactions, molecular
binding events in target molecules or kinetic processes [29]–
[32]. SPR sensors carry out detection of reflectivity changes
caused by perturbations resulting from molecular interac-

tions or binding events or any other biochemical reactions that
occur at plasmonics-activemetal surfaces, which induce devi-
ations in resonant conditions. In SPR imaging (SPRi), such
changes in the reflectance spectra are efficiently captured
by using a CMOS/CCD camera in the form of movies that
capture the images of the spatial maps of the SPR sensor chips
(having the biomolecules localized at different locations on
the sensor chip) for different wavelengths of the incident
radiation.

The current biomedical research requires detection of
antigens present at extremely low concentrations of target
analytes and at the same time distinguishing between var-
ious molecules in the biomaterial. There are several diag-
nostic platforms, such as enzyme-linked immune sorbent
assays (ELISA), radio-immunoassays, or fluorescence-based
assays. However, SPR and LSPR diagnostic techniques have
dominated the current state-of-the-art technology for provid-
ing highly reliable and sensitive detection of analytes with
enhanced specificity. These label-free techniques are being
extensively employed by researchers working in the field
of biosensors due to their distinct advantage over the con-
ventional labelling assays, as a label may damage or alto-
gether modify the chemical structure of the molecular affin-
ity binding electrons. SPR is prevalently used in the detec-
tion of genetically engineered organisms and cellular muta-
tions and in monitoring DNA hybridizations. It is also pre-
dominantly employed in the study of several biochemical
binding events such as DNA-DNA, DNA-protein, protein-
protein or antigen-antibody interactions, in which analyte
molecules modulate the properties of light reflected from a
nanoscale plasmonic thin film or nanostructured plasmonic
geometries (such as nanohole arrays in plasmonic thin films).
The reflected or transmitted (in the case of nanohole arrays)
light from such plasmonic structures carry sufficient informa-
tion to obtain knowledge of such biochemical phenomena,
which can be deciphered from spectral and angular distri-
butions of reflectance and transmittance as well as changes
in intensities or states of polarization. LSPR based detec-
tion regimes, on the other hand, concentrate on detecting
the localized RI changes around plasmonic nanoparticles in
solution or plasmonic nanostructures on substrates or chips.
These localized variations in RI may result from the attach-
ment of analyte molecules to the surface of the plasmonic
nanoparticles or substrates.

Plasmonic nano-gratings have been investigated for several
applications such as for molecular biosensing in a label-free
fashion [33], fluorescence imaging of live cells using nano-
grating based enhancement [34] and in non-linear optics [26],
[35], [36]. There are several types of plasmonic modes that
can be present in nano-grating structures. The first set of
modes are propagating SPP modes, which are characterized
by the presence of dominant EM fields at the top surface
of the nanogratings and weaker fields in the groove widths.
The second set of modes are the plasmonic waveguide modes
[37]–[43], which are characterized by the EM fields local-
ized inside the grooves of the nano-gratings. Another set of
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FIGURE 2. Schematic diagrams illustrating different types of
nano-gratings: (a) uniform rectangular aperture nano-gratings, (b)
non-uniform gold nano-gratings (GNGs), and (c) gold-coated silicon
nano-gratings (GSNGs). ‘H’ and ‘P’ represent the height and periodicity of
the nanogratings, respectively. The groove width is denoted by ‘W’ and is
calculated at a height ‘H/2’ from the bottom of the nano-grating. (d)
SEM/TEM cross-section of gold-coated silicon nano-gratings over-coated
with hafnium oxide (HfO2) layer for smooth deposition of metallic gold
film and reducing gaps between adjacent silicon nano-grating structures
[45].

modes are the hybridized modes that comprise of both the
propagating SPP modes and the plasmonic waveguide modes
localized in nanograting grooves.

The plasmonic non-uniform nanograting proposed in this
article have narrow grooves in the sub-wavelength regime
(with sub-10 nm groove widths or gaps present in the nano-
gratings). In these nanostructures, surface waves on the oppo-
site plasmonic surfaces of the groove couple resulting in
plasmonic waveguide modes. These plasmonic waveguide
modes are confined inside the nanograting grooves, which
are characterized by considerable enhancement of EM fields
inside the grooves [44]. The analyte molecules being sensed
(whose binding causes localized RI changes in the narrow
groove plasmonic nano-gratings) will be present in these high
EMfield regions lying inside the narrow grooves. Hence, very
high sensitivity—and therefore high values of the differential
reflectance — of detection of these molecules is expected
(see Fig. 1(b)). Moreover, for these nano-gratings we observe
multiple plasmonic dips in reflectance spectra, which can
enable carrying out SPR sensing at multiple wavelengths. The
sensors being proposed in this article provide a maximum
sensitivity of localized refractive index sensing (i.e. surface
sensitivity or SS) of 70 nm/nm with a figure of merit of
the localized sensor (FOMS) of 1.5 nm−1. This sensitivity
of localized refractive index sensing is the highest reported
thus far in comparison with previously reported plasmonic
sensors.

In this article, we present FDTD simulation results show-
ing the optical characteristics of two kinds of plasmonic non-
uniform nano-gratings: (a) gold nano-gratings (GNGs) (see
Fig. 2(b)) and (b) gold-coated silicon nano-gratings (GSNGs)

(see Fig. 2(c-d)), and compare the results with uniform rect-
angular aperture nano-gratings (see Fig. 2(a)) and the con-
ventional SPR-based prism coupling systems. The term ‘non-
uniform’ is being used to describe practical and realizable
nano-grating structures with non-parallel slanted sidewalls
and rounded tops. The numerical analysis is based on dif-
ferential reflectance (DR) calculations for the narrow-groove
plasmonic nano-gratings for different geometrical parameters
of these nano-gratings.

While the fabrication of the ideal rectangular aperture
based nano-grating structures (i.e. narrow-groove nano-
gratings having parallel side-walls) can be very difficult,
the proposed non-uniform nano-gratings can be easily fab-
ricated using the conventional nanofabrication processes
(described at the end of this section). The non-uniform nano-
grating structures presented in this work are almost as good
as those reported previously by Wang et al. [45] in terms of
achieving substantially high values of differential reflectance
(DR) signals. The high DR signals are indicative of high
sensitivity of the SPR or SPRi sensors for a change in the
refractive index.

Moreover, the proposed plasmonic non-uniform nano-
gratings have numerous advantages compared to the
conventional prism coupling based SPR sensors as these
nano-grating sensors are based on direct coupling of light
into plasmonic modes — there is no requirement of any
prism coupling mechanism to couple light into surface plas-
mons and even normally incident light can be coupled to
the plasmonic modes. The proposed plasmonic nano-grating
structures also offer the possibility of carrying out SPR
sensing at several wavelengths (employing LEDs/laser diodes
of different wavelengths) as the reflectance spectra of these
nano-gratings exhibit several plasmon resonance-related dips
(occurring at multiple wavelengths) in different regimes
such as visible or near-IR. Additionally, since no coupling
mechanism is required to couple incident light into surface
plasmons, design of miniaturized SPR sensors employing
these non-uniform nano-gratings is possible. In addition,
the previously reportedwork on narrow-groove nano-gratings
[45] is primarily based on SERS based reflectance spectra
calculation using Rigorous CoupledWaveAnalysis (RCWA),
whereas we have presented Finite Difference Time Domain
(FDTD) calculations to determine the reflectance spectra
associated with these non-uniform nano-gratings.

The latest developments in nanofabrication methodologies
have enabled researchers to fabricate complex nanostructures
with even sub-10 nm gap structures. The non-uniform gold-
coated silicon nano-gratings (GSNGs) can be fabricated eas-
ily by using a combination of conventional lithography and
deposition techniques. 193 nm deep-UV lithography can be
employed using an ASML 5500/950B scanner to fabricate a
1-D silicon nano-gratings. This can be followed by growth
of a layer of silicon germanium using rapid thermal CVD
as an optional step to make the gap between adjacent pil-
lars of silicon nano-grating narrower. The distance between
the walls of adjacent grooves of the nanogratings can be
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further reduced by depositing a conformal layer of hafnium
oxide or platinum on these nanowires using atomic layer
deposition (ALD). Subsequently, a plasmonic metal can be
deposited to over-coat these 1-D ‘non-uniform nano-gratings’
[45]. Fig. 2(d) shows TEM cross-section of previously fabri-
cated non-uniform nanogratings [45]. Our calculations based
on FDTD simulations are expected to provide accurate
modelling of practically realizable plasmonic narrow-groove
nano-gratings. The nano-gratings modelled in our work can
be employed for reliable and sensitive detection of localized
fluctuations in refractive index resulting from biomolecular
interactions of target analytes with the nano-grating metallic
surface, making these structures an ideal platform for SPR
and SPRi based sensing.

II. NUMERICAL MODELLING USING FDTD AND RCWA
The proposed non-uniform plasmonic nano-grating struc-
tures are studied theoretically by employing Finite-Difference
Time-Domain (FDTD) modelling. These nano-grating struc-
tures were simulated for determining differential reflectance
— before and after localized refractive index variations on
nano-grating surfaces — using FDTD modelling. FDTD
modelling technique [3], [5], is an analytical method in com-
putational electrodynamics [46] for solving the differential
form of coupled Maxwell’s equations. The finite-difference
time domain method solves discretized Maxwell’s equations
updating electric field vectors from magnetic field vectors
and vice-versa until stabilized electromagnetic field behavior
is developed. This is done by staggering both vector compo-
nents in space and time. In our work, a commercial FDTD
software called FDTD solutions (from Lumerical Solutions)
was employed. This FDTD software incorporates dispersion
models such as Drude, Lorentz-Drude, and Debye models.
In our simulations, the relative permittivity of gold was
modelled using Lorentz-Drude dispersion model from liter-
ature [47]. The polarization of incident plane wave radiation
was taken as TM polarization, in all the FDTD simulations
employed for determining the reflectance spectra for the
proposed nano-gratings. In our simulations, the plane wave
radiation was normally incident on the nano-gratings (see
Fig. 1(b)) for different wavelengths of the incident light.

FDTD simulations were employed for studying the
changes in the reflectance spectra for the GNGs and GSNGs
due to localized RI changes on the nano-grating sur-
face — such as those caused by the adsorption or bind-
ing of biomolecules on the nano-grating surface. When
biomolecules adsorb on the gold nanograting surface,
the refractive index of the region just above (thickness
of this region being ∼ 2 nm) the gold nano-grating sur-
face is expected to change from 1.33 (refractive index of
water or aqueous buffer solution) to ∼ 1.53 [38]. Hence,
the biomolecule layer present on the nanograting surface
was simulated by placing a 2 nm thick layer of a material
having RI of 1.53 on nanograting surface. The region above
the 2 nm biomolecule layer was assumed to have a uniform
refractive index of 1.33 (water or aqueous buffer solution).

In our FDTD simulations, several geometrical parameters of
the GNG and GSNG grating structures — such as periodic-
ity, width, and height — were varied to study their effects
on the differential reflectance (DR). It has to be noted that
differential reflectance quantifies the effect of varying in the
localized RI around the nanograting surface — a high value
of the differential reflectance indicates a high sensitivity of
localized refractive index sensing based on the SPR or SPRi
sensors.

FDTD simulations were employed for determining the
reflectance spectra for the GNGs and GSNGs. In these FDTD
simulations, 2-D solutions of the electromagnetic fields were
obtained for the proposed GNGs and GSNGs. A plane wave
optical radiation—with wavelengths ranging from 600 nm to
1500 nm—was normally incident on the gratings. The mesh
parameters and time steps (1t) were appropriately chosen so
that the Courant stability criterion [46] was satisfied. In our
FDTD simulations, we have taken 64 perfectly matched lay-
ers (PML) and a mesh accuracy of 5 (i.e. 22 number of
cells per wavelength). Convergence studies for certain critical
parameters — such as the mesh size, number of PML layers,
mesh accuracy, and the distance of the PML layers from
the nanostructures — were carried out to ensure the accu-
racy of our FDTD simulations. In each convergence study,
we varied one parameter (the parameter being optimized)
keeping the other parameters to be constant till the results
(Reflectance Amplitude (DRAMP) and wavelength shift (1λ)
values) stopped changing. We firstly achieved the conver-
gence of the distance of the PML layers from the nanostruc-
tures keeping the mesh size to 1 nm, number of PML layers
to be 12, and mesh accuracy to be 5. After the convergence
tests, the distance of the PML layers from the nanostruc-
tures was calculated to be 500 nm. Then the convergence
study for the number of PML layers was carried out and
the optimal value of number of PML layers was calculated
to be 64 layers. Keeping the perfectly matched layer (PML)
to be at a distance of 500 nm from the nanostructures and
a total 64 layers to minimise the reflections from boundary,
we carried out the convergence studies for mesh accuracy
taking the mesh size to be 1 nm. The mesh accuracy was
optimized to 5. Finally, taking the mesh accuracy to be 5,
distance of the PML layers from the nanostructures to be
500 nm, and number of PML layers to be 64 layers, mesh
size convergence studies were carried out. In the non-uniform
nano-gratings being proposed in this article, the minimum
feature size is that of the biomolecule layer (i.e. the layer
formed by the adsorption or binding of biomolecules on
the surface of the plasmonic metal), which was taken to be
2 nm. Accordingly, for the GNGs and GSNGs, the mesh
sizes were selected to be 0.4 nm in all directions (1x, 1y,
and 1z) as convergence in the values of the Differential
Reflectance Amplitude (DRAMP) and wavelength shift (1λ)
was obtained for values below a mesh size of 0.6 nm. The
initial results were optimized for single wavelength and
then compared with the broadband source for any error
measurements.
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The differential reflectance spectrum for a continuous gold
film deposited on a glass prism (i.e. for the Kretschmann
configuration) was calculated using Rigorous Coupled Wave
Analysis (RCWA), which is a semi-analytical technique in
computational electrodynamics [48]–[50]. In these simula-
tions, light (of wavelengths varying between 600 nm to
1500 nm) was incident on a 40 nm thick layer of gold film
at an angle ‘θ ’ (which was varied from 55◦ to 90◦). The
gold film layer was present on a glass substrate (the glass
substrate represents a BK7 glass prism) having a refractive
index of 1.5142, with a 1 nm adhesion layer of titanium being
present in between the gold layer and the glass substrate (see
Fig. 1(a)). The presence of a biomolecule layer on the surface
of the gold film was simulated by placing a 2 nm thick layer
of a material having a refractive index of 1.53 [38] on the
gold film surface. The refractive index of the region above
the biomolecule layer was taken to be 1.33 (aqueous media).
In RCWA, the spatial dependence of a harmonic electromag-
netic field in a periodic structure is represented as a linear
combination of spatial harmonics [48], [49]. In our work,
a commercial RCWA software called DiffractMOD (from
Synopsis Optical Solutions Group) was employed. In our
RCWA simulations, convergence studies were carried out for
the number of harmonics till the results (Reflectance Ampli-
tude (DRAMP) and wavelength shift (1λ) values) stopped
changing. For these RCWA simulations, the simulation accu-
racy has been achieved by selecting five harmonics.

III. RESULTS AND DISCUSSION
The non-uniform narrow groove nano-grating based SPR
and SPRi sensing platforms being proposed are significantly
different from the previously reported platforms based on
uniform rectangular aperture nano-gratings [38] or the con-
ventional prism coupling based SPR and SPRi sensors [28].
In this article, we present two non-uniform nano-grating
configurations, namely, gold nano-gratings and gold-coated
silicon nano-gratings. The former are nano-gratings made
only of gold and having a non-uniform geometry, i.e. hav-
ing slanted sidewalls and rounded tops (see Fig. 2(b)). The
latter configuration consists of a gold coating on a thin
conformal layer of HfO2, which is deposited on silicon
nano-gratings (see Fig. 2(c-d)). Binding or adsorption of the
biomolecules on the surface of the nanogratings leads to
localized RI changes at the metal-dielectric interface. These
binding events could be antigen-antibody, DNA-DNA, DNA-
protein, or protein-protein interactions. Through numerical
simulations, we demonstrate the applicability of these non-
uniform narrow groove nano-gratings for highly sensitive
detection of localized changes of refractive index at the nano-
grating surface. The schematics of the conventional rectangu-
lar aperture nano-gratings and the non-uniform nano-gratings
are shown in Fig. 2(a-c). Dhawan et al. [45] have previously
fabricated the non-uniform nano-gratings with rounded tops
and slanted sidewalls. The TEM cross-section of this struc-
ture is shown in Fig. 2(d).

We first compared the simulation results of the non-
uniform narrow groove nano-gratings (see Fig. 3(b-c)) with
those of a continuous plasmonic thin film employing the
Kretschmann configuration (see Fig. 3(a)). Fig. 3(a) shows
a differential reflectance (DR) spectra obtained using RCWA
simulations for a continuous plasmonic thin film employing
the Kretschmann configuration. It was observed that when
the wavelength of the incident radiation was scanned (spec-
tral scanning) from 600 nm to 1500 nm (taking the inci-
dence angle of light to be 64o), the minimum and maximum
values of DR were determined to be −0.1040 and 0.1726,
respectively. Hence, the maximum differential reflectance
amplitude (DRAMP), i.e. the absolute distance between the
peak and bottom values of the DR spectrum, was calculated
to be 0.2766. The reflectance and DR spectra for the non-
uniformGNGs for normal incidence of light are shown in Fig.
3(b). We observe plasmonic dips at multiple wavelengths
corresponding tomultiple waveguidemodes confined into the
narrow grooves of the grating. This is due to the large height
(H = 200 nm) of the GNGs as light is coupled into several
waveguide modes inside narrow grooves of the nanogratings.
Moreover, we observe a large red-shift of the resonancewave-
length in the reflectance spectrum for these gratings when the
localized refractive index above the nano-grating surface was
varied from 1.33 (see green curve in Fig. 3(b)) to 1.53 (see
red curve in Fig. 3(b)). At plasmon resonance wavelengths,
extremely high electromagnetic (EM) fields are confined
inside the grooves of the nanogratings. Hence, a localized
change in the RI occurring inside the nano-grating grooves
(in the regions of high EM fields) leads to a large red-shift
of plasmon resonance wavelengths in the reflectance spec-
trum. The differential reflectance amplitude (DRAMP) for this
structure was calculated to be 0.9794 (See Fig. 3(b)), which
is substantially higher compared to the DRAMP obtained for
a 40 nm plain gold film employing the Kretschmann con-
figuration. The large value of DRAMP results from the large
red-shift in the reflectance spectrum when the localized RI
above the surface of the gratings was varied from 1.33 to
1.53. In the case of GSNGs also, we observe plasmonic dips
at multiple wavelengths corresponding tomultiple waveguide
modes inside the nanograting grooves (see Fig. 3(c)). This is
due to the large height (H = 200 nm) of the GSNGs as light
is coupled into several waveguide modes confined into the
narrow nanograting grooves.

We primarily employ differential reflectance (DR) to quan-
tify the changes in spectra after binding of a 2 nm layer of
biomolecules to the surface of GNGs and GSNGs instead of
detecting the change in the position of plasmon resonance
wavelengths (1λ). This is because in a practical scenario,
it is difficult to measure 1λ as this first requires accurate
determination of the positions of the plasmon resonance dips
(by calculating the spectral position where the slope of the
reflectance spectra is zero). The measurements of shifts in the
position of the wavelengths of plasmon resonance become
very difficult for a very small values of 1λ. In contrast,
calculation of the difference between the spectra obtained
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FIGURE 3. (a) RCWA simulations of a 40 nm thick continuous gold film employing the Kretschmann configuration, (b) Results of FDTD simulations for
GNGs, and (c) Results of FDTD simulations for GSNGs showing the reflectance spectra and differential reflectance spectra. Geometrical parameters for
the non-uniform nanogratings are periodicity ‘P’ = 200 nm, height ‘H’ = 200 nm, and groove width ‘W’ = 16.5 nm.

before and after biomolecular binding on the surface of the
GNGs and GSNGs is easy and quantification of the DR can
be carried out by calculating either the peak DR or the DR
amplitude (as described in Fig. 3). Furthermore, DR calcu-
lation is also suitable for SPR imaging as the difference of
reflectance images (spatial reflectance maps) can be taken for
the cases after and before the binding of the biomolecules on
the nanograting surface.

Normally incident optical radiation is coupled into plas-
monic waveguide modes in the proposed non-uniform
nanogratings, which results in standing waves localized
inside the grooves. This leads to strong EM fields being
present inside the narrow grooves of these gratings. The
spatial distribution of E-field enhancement (i.e. |E| / |E0|),
where |E| represents the magnitude of E-field around the
gold nanogratings and |E0| represents the magnitude of
the incident E-field) in non-uniform GNGs are shown in
Fig. 4(a-b) for off-resonance and on-resonance conditions,
respectively. At a wavelength of 950 nm (on-resonance, i.e.
plasmon resonance associated with a plasmonic waveguide
mode coupled into the nanogratings), there is a significant
enhancement in the EM fields inside the narrow nanograt-
ing grooves as compared to the case when the structure is
illuminated with a wavelength of 1180 nm (off-resonance
wavelength). In the case of GSNGs, it was observed that the
on-resonance wavelength is 1090 nm, and the off-resonance
wavelength is 1500 nm (see Fig. 4(c-d)). These plasmon
resonance wavelengths are red-shifted in the case of GSNGs
when compared with the spectra of GNGs. Light is effec-
tively coupled into plasmonic waveguide modes for all-gold
(GNGs) nano-gratings (whose unit cell resembles an MIM
plasmonic waveguide structure. In contrast, the EM fields are
not entirely confined inside the narrow grooves for GSNGs
(whose unit cell resembles an IMIMI plasmonic waveguide
structure). This is because the electromagnetic fields also
exist in the outer insulator regions (HFO2) of the IMIMI

FIGURE 4. FDTD simulation results showing the spatial distribution of
E-field enhancement (

∣∣E∣∣ /
∣∣E0

∣∣,) in non-uniform gold nano-gratings for an
excitation wavelength of (a) 1180 nm (off-resonance) and (b) 950 nm
(on-resonance). Geometrical parameters for these non-uniform gold
nano-gratings are periodicity ‘P’ = 200 nm, height ‘H’ = 200 nm, and
groove width ‘W’ = 16.5 nm. FDTD simulation results showing the spatial
distribution of E-field enhancement in non-uniform gold-coated silicon
nano-gratings for an excitation wavelength of (c) 1500 nm
(off-resonance) and (d) 1090 nm (on-resonance). The geometrical
parameters for these non-uniform nano-gratings are periodicity ‘P’ =
250 nm, height ‘H’ = 200 nm, and groove width ‘W’ = 20.625 nm.

waveguide-like structure which has a higher refractive index
as compared to the central insulator region (water or aqueous
buffer solution) which is also shown in Figs. 4 (c)-(d). This
explains the red-shift of the reflectance spectra in the case of
the GSNGs as compared to the GNGs.
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FIGURE 5. FDTD simulation results showing reflectance spectra and DR spectra for: (a) uniform rectangular aperture gold nano-gratings, (b)
non-uniform gold nano-gratings (GNGs), and (c) non-uniform gold-coated silicon nano-gratings (GSNGs). The geometrical parameters for these
nano-gratings are periodicity ‘P’ = 100 nm, height ‘H’ = 200 nm, and groove width ‘W’ = 8.25 nm.

A comparison of the non-uniform nano-gratings being
proposed and the previously reported rectangular aperture
uniform nano-gratings was carried out by calculating the
reflectance spectra and the DR spectra, and the results are
shown in Fig. 5. It was observed that for the same spectral
window of 600 nm to 1500 nm and for the same geometri-
cal considerations, there was an increase in the number of
plasmon modes in the reflectance spectra for the proposed
non-uniform nanogratings. This is attributed to light being
coupled into a larger number of plasmonic waveguide modes
in the non-uniform nanogratings when compared with the
rectangular aperture uniform nano-gratings. This is due to the
fact that, in the case of non-uniform nanogratings, the groove
width changes with height and as a result, several groove
widths are present. This results in light being coupled into
multiple plasmonic waveguide modes in the non-uniform
GNGs and GSNGs, with the different modes corresponding
to the different groove-widths in the non-uniform GNGs and
GSNGs.Moreover, we observed that in the case of GNGs and
GSNGs, the reflectance spectra showed a broadening of the
plasmon resonance-related dips. In these nano-gratings, sev-
eral groove widths are present which results in the superposi-
tion of the reflectance spectra corresponding to the different
groove widths, and therefore the broadening of the dips in the
reflectance spectra.

It can also be observed from Fig. 5 that the differential
reflectance amplitude (DRAMP) values for the non-uniform
nano-gratings are lower than those for the ideal rectangu-
lar aperture nano-gratings. The DRAMP for the rectangu-
lar aperture nano-gratings, the non-uniform GNGs, and the
non-uniform GSNGs were calculated to be 1.1821, 1.0602,
and 0.3629, respectively. There is a broadening of dips in
the reflectance spectra for the non-uniform nanogratings (as
explained above), which results in a reduction in the values
of DRAMP. Hence, the DRAMP for the non-uniform nanograt-
ings is lower than that for uniform nanogratings. But it is

important to mention that the fabrication of uniform nano-
gratings with completely parallel sidewalls is extremely dif-
ficult, while the proposed non-uniform nano-gratings (more
specifically the GSNGs) can be easily fabricated with the
presently existing nanofabrication and thin film deposition
methods. Moreover, the DRAMP values achieved for the pro-
posed GNGs and GSNGs are sufficient to form a reliable SPR
and SPRi sensing platforms.

When the results of the GNGs were compared with the
GSNGs, it was observed that dips related to the plasmon
resonance in the reflectance spectra are much deeper for the
GNGs, and the values of differential reflectance amplitude
(DRAMP) are higher. The resonance dips are deeper in GNGs
as light is more effectively coupled into the plasmonic waveg-
uide modes in GNGs (whose unit cell resembles an MIM
plasmonic waveguide structure. In contrast, the EM fields
are confined not just in the central insulator layer in the case
of GSNGs (whose unit cell resembles an IMIMI waveguide
structure) but also in the outer HfO2 insulator regions —
as shown by the electric field maps shown in Fig. 6 and
Fig. 7. This results in less enhancement of electromagnetic
field in the narrow grooves of the GSNGs, which results in a
smaller shift in the reflectance spectrum when the localized
RI inside the narrow grooves is varied. Hence, the DRAMP for
the GSNGs is lower than that for GNGs.

We also studied the influence of changing the height of
the GNGs, for a fixed nano-grating periodicity and groove
width. With an increase in the height, ‘H’ of the GNGs, more
number of dips related to the plasmon resonance appeared
in the reflectance spectra (see Fig. 6). This can be attributed
to light being coupled into a larger number of plasmonic
waveguide modes in the deeper GNGs, i.e. the GNGs with
a higher height ‘H’ can support a larger number of plasmonic
waveguide modes.

The magnitudes of the differential reflectance amplitude
(DRAMP) for GNGs having groove width ‘W’ of 16.5 nm,
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FIGURE 6. FDTD simulation results showing reflectance spectra and DR spectra for GNGs, for nano-grating heights ‘H’: (a) 100 nm (b)
200 nm (c) 250 nm and (d) 300 nm. The other nano-grating parameters are groove width ‘W’ = 16.5 nm and periodicity ‘P’ = 200 nm. The
insets show electric field maps at different plasmon resonance dips in the reflectance spectra calculated for the case when no bio-layer is
present on the nano-gratings.

periodicity ‘P’ of 200 nm, and heights ‘H’ of 100 nm,
200 nm, 250 nm and 300 nm were calculated to be 0.5125,
0.9794, 0.8920 and 1.027, respectively. It was observed that
the magnitude of the DRAMP is substantially higher for the
GNGs with a height of 200 nm (or for heights greater than
200 nm) when compared with the DRAMP of GNGs hav-
ing a height of 100 nm. This can be attributed to deeper
dips related to plasmon resonance in the reflectance spectra
when the nanograting height is around 200 nm or higher
(i.e. for the steep narrow groove nanogratings) as the inci-
dent optical radiation is more effectively coupled into the

plasmonic waveguide modes in the GNGs. The higher value
of DRAMP can also be attributed to a larger red-shift in the
reflectance spectrum (and in the plasmon resonance wave-
length) for these steep narrow groove nano-gratings (H =
200 nm or higher) when the localized RI above the nano-
grating surface was varied from 1.33 to 1.53. As the height
of the groove is large (H = 200 nm or higher), light can be
coupled into several plasmonic waveguide modes inside the
narrow nanograting grooves of the GNGswhich is also shown
by the electric field maps in Fig. 6. Hence, more number of
regions of high electromagnetic (EM) fields are present in
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FIGURE 7. FDTD simulation results showing reflectance spectra and DR spectra for GSNGs, for nano-grating heights ‘H’: (a) 100 nm (b)
200 nm (c) 250 nm and (d) 300 nm. The other nano-grating parameters are groove width ‘W’ = 16.5 nm and periodicity ‘P’ = 200 nm. The
insets show electric field maps at different plasmon resonance dips in the reflectance spectra calculated for the case when no bio-layer is
present on the nano-gratings.

each groove, resulting in a larger red-shift in the reflectance
spectrum for the nanogratings.

A similar trend of the variation of the DR spectra with
the nano-grating height was observed in the case of GSNGs
(see Fig. 7). Similar to the case of GNGs, a greater number
of dips related to the plasmon resonance appeared in the
reflectance spectra as the height of the GSNGs was increased
(See Fig. 7). This can be attributed to light being coupled
into a larger number of plasmonic waveguide modes in the
deeper nanogratings. The electric field maps of the different
plasmonicwaveguidemodes are also shown in Figs. 7 (a)-(d).

Moreover, it was observed that the DR spectra of the GSNGs
are red-shifted as compared to the DR spectra of the GNGs
(See Fig. 6 and 7). Light is effectively coupled into plasmonic
waveguide modes for GNGs (whose unit cell resembles an
MIM plasmonic waveguide structure. In contrast, the optical
EM fields are not entirely confined inside the narrow grooves
of the GSNGs (whose unit cell resembles an IMIMI plas-
monic waveguide structure). This is because the electromag-
netic fields also exist in the outer insulator regions (HFO2)
of the IMIMI waveguide-like structure, which has a higher
refractive index as compared to the central insulator region
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TABLE 1. DRAMP values for GNGs with ‘W’ = 8.25 nm.

TABLE 2. DRAMP values for GSNGs with ‘W’ = 8.25 nm.

TABLE 3. DRAMP values for GNGs and GSNGs with ‘P’ = 200 nm and ‘H’ =
200 nm.

(water or aqueous buffer solution). This is also shown in the
electric field maps in Figs. 7 (a)-(d). This explains the red-
shift of the reflectance spectra in the case of the GSNGs as
compared to the GNGs.

The magnitudes of the differential reflectance amplitude
(DRAMP) for the GSNGs were calculated to be 0.3748,
0.6815, 0.6696 and 0.5945 for the nano-grating periodicity
of 200 nm, groove width of 16.5 nm, and heights of 100 nm,
200 nm, 250 nm and 300 nm, respectively. It can be observed
from Fig. 6 and 7 that the values of DRAMP for the GSNGs
are lower than those for the GNGs. This can be attributed to a
lower shift in the reflectance spectrum when the localized RI
inside the narrow grooves of the GSNGs is varied (explained
earlier).Moreover, it can be attributed to less deep dips related
to the plasmon resonance in the reflectance spectra for the
GSNGs when compared with those for GNGs (explained
earlier).

The effect of varying the groove widths ‘W’ of proposed
GNGs and GSNGs on the DR spectra was also studied. The
results of the FDTD calculations displaying the influence of
varying the groove width ‘W’ of the nano-gratings are shown
in Figs. 8 and 9 for the GNGs and the GSNGs, respectively.
It was observed that there was a reduction in the number
of plasmonic waveguide modes as the groove width ‘W’
was increased. When the groove width increases, light is not
effectively coupled into plasmonic waveguide modes of the
nanograting, and as a result, there is a reduction in the number
of plasmonic waveguide modes.

The effects of variation in the height, periodicity, and
groove width of the GNGs and the GSNGs on DRAMP val-

ues are presented in Tables 1 to 3. One can observe from
Table 3 that there is a significant decrease in the value of the
DRAMP as the groove width ‘W’ of the GNGs is increased.
When the groove width increases, light is not effectively cou-
pled into plasmonic waveguide modes of the GNGs (whose
unit cell resembles an MIM plasmonic waveguide structure.
This results in less enhancement of electromagnetic fields
(as also shown by the electric field maps shown in Fig. 8)
in the grooves of the nanograting, which in turn results in
a lower spectral shift when the localized refractive index
inside the narrow grooves is varied. As a result, there is
a decrease in the value of the DRAMP. Similarly, one can
observe from Table 3 that there is a significant decrease in the
value of the DRAMP as the groove width ‘W’ of the GSNGs
is increased. In case of GSNGs also, as the groove width ‘W’
is increased, there is reduced enhancement of electromag-
netic fields (as also shown by the electric field maps shown
in Fig. 8) in nanograting grooves resulting in a lower shift in
the reflectance spectrum when the localized refractive index
inside the narrow nanograting grooves is varied.

The values of the nano-grating periodicity ‘P’, height ‘H’,
and groove width ‘W’ were optimized so as to get the max-
imum values of DRAMP and the optimal values are provided
in Tables 1 to 3. It has to be noted that a significantly large
magnitude of differential reflectance amplitude (DRAMP >

1.2) is obtainable for uniform rectangular aperture gold nano-
gratings. However, the fabrication of uniform nano-gratings
with completely parallel sidewalls is not feasible. For the
GNGs, the highest value of the DRAMP of 1.4309 was calcu-
lated for the nano-gratings periodicity ‘P’ = 200 nm, height
‘H’ = 150 nm, and groove width ‘W’ = 8.25 nm. This value
of differential reflectance amplitude (DRAMP = 1.4309) is
significantly higher when compared to the value calculated
for a 40 nm thick plain gold film in the Kretschmann con-
figuration (DRAMP = 0.2766). However, it must be pointed
out that the GNGs are also not very easy to fabricate. On the
other hand, the GSNGs being proposed can be easily fabri-
catedwith the presently existing nanofabrication and thin film
deposition methods. For the GSNGs, the highest value of the
differential reflectance amplitude of 1.0363 was calculated
for the nano-gratings periodicity ‘P’ = 250 nm, height ‘H’
= 200 nm, and groove width ‘W’ = 8.25 nm. This value of
differential reflectance amplitude (DRAMP = 1.0363) is also
significantly higher compared to the value calculated for a
40 nm thick plain gold film in the Kretschmann configuration
(DRAMP = 0.2766).

The biosensing or surface sensing is defined as the ratio of
the shift in the plasmon resonance wavelength due to per unit
length of the biomolecules [51], [52].

SS =
1λS

1l
nm/nm (1)

The figure of merit of the localized sensor is defined as
the ratio of localized sensitivity and full width half maximum
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FIGURE 8. FDTD simulation results showing reflectance spectra and DR spectra for GNGs, for nano-grating groove widths ‘W’: (a) 8.25 nm,
(b) 12.375 nm, (c) 16.5 nm, and (d) 24.75 nm. The other nano-grating parameters are height ‘H’ = 200 nm and periodicity ‘P’ = 200 nm. The
insets show electric field maps at different plasmon resonance dips in the reflectance spectra calculated for the case when no bio-layer is
present on the nano-gratings.

(FWHM) of the corresponding plasmonic dip [51], [52].

FOMS =
SS

FWHM
nm−1 (2)

The values of surface sensitivity (SS) for different struc-
tural parameters of the narrow groove nano-grating sensors
are given in Tables 4 to 6. We observe a maximum SS of ≈
70 nm/nm which is much larger than that obtained for the
thin film SPR sensors (which provide a maximum SS of≈ 14
nm/nm). We can observe from Tables 4 and 5 that for certain
values of height and periodicity of the nanogratings, there are
multiple plasmon resonance dips in the reflectance spectra

TABLE 4. SS (IN nm/nm) for GNGs with ‘W’ = 8.25 nm.

and that these dips shift by different values upon changing
the refractive index (from 1.33 to 1.53) of the media around
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TABLE 5. SS (IN nm/nm) for GSNGs with ‘W’ = 8.25 nm.

TABLE 6. SS (IN nm/nm) for GNGs and GSNGs with ‘P’ = 200 nm and ‘H’
= 200 nm.

TABLE 7. FOMS (IN nm−1) for GNGs with ‘W’ = 8.25 nm.

TABLE 8. FOMS (IN nm−1) for GSNGs with ‘W’ = 8.25 nm.

the surface of these nano-gratings. The resonance dips have
different shifts as the refractive index is varied as the surface
sensitivity (SS) is always higher for longer wavelengths. This
was shown in [27] for both prism coupling and grating cou-
pling. Moreover, the fact that sensitivity is always higher for
longer wavelengths is also shown by us mathematically in the
Appendix.

We can observe from Table 6 that as the groove width
‘W’ is decreased, the maximum surface sensitivity (SS),
increases for both the GNGs and the GSNGs. As the groove
width decreases, incident optical radiation is effectively cou-
pled into plasmonic waveguide modes of the GNGs (whose
unit cell resembles an MIM plasmonic waveguide structure.
This results in more EM field enhancement in nanograt-
ing grooves, which in turn results in a higher shift in the
reflectance spectrum when the localized refractive index
inside the narrow grooves is varied. The same reasoning
can explain the increase of SS in gold-coated silicon nano-
gratings with a decrease in the groove width ‘W’ (as can be
seen from Table 6).

The values of FOMS are also calculated for narrow groove
nanogratings. FOMS values of proposed structures are shown

TABLE 9. FOMS (IN nm−1) for GNGs and GSNGs with ‘P’ = 200 nm and
‘H’ = 200 nm.

TABLE 10. Surface and bulk sensitivities of different plasmonic sensors.

in Tables 7−9. FOMS are higher for the plasmon resonances
at lower wavelengths as at lower wavelengths the FWHM
values are smaller. We also observe that for higher FOMS,
the intensity variation in the value of reflectance (for a given
plasmon mode) is very small. Hence, it is difficult to detect
the change in the signal for intensity based detection. In this
case, the DRAMP values are more effective for characterizing
the performance of the proposed sensor.

The surface sensitivity (SS) of the nanogratings proposed
in this article is significantly higher than what has been
reported in previous literature [51]–[56]. Table 10 shows that
the value of surface sensitivity of the proposed nanogratings
is 70 nm/nm while that reported in previous literature is less
than 13 nm/nm. Moreover, the figure of merit of the local-
ized sensor (FOMS) for our proposed nanograting sensors is
1.5 nm−1, which is significantly higher than what has been
reported previously (< 0.5 nm−1).
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FIGURE 9. FDTD simulation results showing reflectance spectra and DR spectra for GSNGs, for nano-grating groove widths ‘W’: (a) 8.25 nm,
(b) 12.375 nm, (c) 16.5 nm, and (d) 24.75 nm. The other nano-grating parameters are height ‘H’ = 200 nm and periodicity ‘P’ = 200 nm. The
insets show electric field maps at different plasmon resonance dips in the reflectance spectra calculated for the case when no bio-layer is
present on the nano-gratings.

Although the sensors proposed in the paper are localized
sensors with high values of surface sensitivity (SS), we have
also calculated the bulk sensitivity of the proposed nanograt-
ing structures. The bulk sensitivity of the plasmonic sensors
is calculated by taking the ratio of the shift in the plas-
mon resonance wavelength (1λ) and the change in the bulk
refractive index (1n) that causes the shift in the resonance
wavelength [3], [9], [28], [51]–[67].

SB =
1λB

1nB
nm/RIU (3)

The figure of merit (FOMbulk) [51]–[67] associated with
bulk sensing is defined as follows:

FOMB =
SB

FWHM
RIU−1 (4)

where FWHM is the full width half maximum of the plasmon
resonance dips.

The bulk sensitivity is usually less for the localized sensors
as the electric field decay length (i.e. the penetration depth)
is very small for localized sensors [2], [28]. Table 10 shows a
comparison of the bulk sensitivity of the proposed nanograt-
ings with those of previously reported plasmonic sensors. The
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FIGURE 10. FDTD simulation results showing the effect of change in: (a)
Height, and (b) Periodicity on the biosensing performance of the GNGs
and GSNGs.

proposed nanograting structure shows a better bulk sensing
performance compared to LSPR sensors [51]–[62]. Although
the photonic crystal fiber (PCF) based SPR sensors [63]–[66]
show very high bulk sensitivity but calculations of surface
sensitivity have not been provided in those papers. Hence,
we cannot compare the surface sensitivity performance of our
proposed sensors with the PCF based sensors.

We can also observe from Figs. 9 (a)-(c) that there are mul-
tiple plasmon resonance related dips present in the reflectance
spectra of the proposed nanogratings and that the resonance
wavelength of these dips can be tuned by varying the struc-
tural parameters of the nanogratings. The multiple spectral

bands allow sensing at different plasmon resonance wave-
lengths for intensity based plasmonic sensing — this can
allow tuning the structural parameters to achieve the plas-
monic dips at some desired wavelengths of interest for which
light sources (laser diodes or LEDs) are available, thereby
enabling intensity based sensing at these wavelengths.

We observe from Fig. 10 that varying the structural param-
eters of the proposed nanogratings such as the height and peri-
odicity do not lead to significant changes in the biosensing
performance characteristics such as surface sensitivity (SS)
figure of merit of the localized sensor (FOMS). This shows
the robustness of the proposed nanogratings to variations
(in the dimensions of the nanograting structural parameters)
which could be caused by variability in the fabrication pro-
cess.

In this article, we have shown that the proposed non-
uniform nano-gratings can easily couple the normally inci-
dent optical radiation into surface plasmons, and significantly
high magnitudes of DRAMP were achieved. These large val-
ues of DRAMP indicate a very high sensitivity of the SPR and
SPRi sensors employing these nano-gratings to localized RI
changes around the nanogratings. Furthermore, the plasmon
resonance dips can be obtained in the desired spectral regimes
by engineering the different geometrical parameters of these
nano-gratings. This provides the freedom to select the desired
wavelengths for the designed SPR and SPRi sensors based
on the nanograting, thereby providing a reliable platform for
SPR or SPRi based sensing. The non-uniform gold-coated
silicon nanogratings being proposed can be easily fabricated
with the presently existing nanofabrication and thin film
deposition methods.

IV. CONCLUSION
In this article, we have presented ‘practically realizable’
SPR sensing and imaging sensors utilizing the non-uniform
narrow-groove gold nanogratings. We have presented the
optical characteristics of two kinds of narrow-groove plas-
monic nanogratings: gold nanogratings and gold-coated sili-
con nanograting, and have compared their results with those
of uniform rectangular aperture nano-gratings and the con-
ventional surface plasmon resonance sensors based on a con-
tinuous gold film and prism coupling (Kretschmann config-
uration). By employing finite difference time domain cal-
culations, we have demonstrated that very high magnitudes
of DRAMP (which is indicative of high sensitivity of the
SPR or SPRi sensors for changes in localized refractive
index) are obtained for these nano-gratings and that these
values of DRAMP are significantly higher compared to values
calculated for a plain gold film in the Kretschmann config-
uration. The sensors being proposed in this article provide
a maximum sensitivity of localized refractive index sensing
(i.e. surface sensitivity or SS) of 70 nm/nm with a figure of
merit of the localized sensor (FOMS) of 1.5 nm−1. This
sensitivity of localized refractive index sensing is the highest
reported thus far in comparison with previously reported
plasmonic sensors. The proposed non-uniform nanogratings
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do not require any complex surface plasmon coupling mech-
anism, as is required in the conventional SPR sensors based
on a continuous gold film (i.e. the Kretschmann configu-
ration). In the non-uniform plasmonic nano-gratings being
proposed, we have shown that normally incident light can be
coupled directly into surface plasmons. Moreover, we have
demonstrated that the wavelengths — at which the plasmon
resonance-related dips in the reflectance spectra occur —
can be tuned by varying the geometrical parameters of these
non-uniform nano-gratings (such as the nano-grating period-
icity, groove width, and height). Finally, non-uniform gold-
coated silicon nano-gratings can be easily fabricated with the
presently existing nanofabrication and thin film deposition
methods.

APPENDIX
The effective refractive index of the coupled surface plasmon
is expressed as

neff =

√
εmrn2d√
εmr + n2d

(5)

where, εmr is the metal-dielectric function at coupled plas-
mon resonance wavelength λ and nd is the refractive index of
the dielectric on top of the metal surface. Differentiating both
sides of (5) w.r.t. nd

∂neff
∂nd
=
n2d

dεmr
dλ

dλ
dnd
+ 2εmrnd

2
√
εmrn2d

√
εmr + n2d

−

√
εmrn2d

(
dεmr
dλ

dλ
dnd
+ 2nd

)
2
(
εmr + n2d

) 3
2

(6)

Solving (2) for dλ
dnd

(shift in resonance wavelength with a
small change in the dielectric refractive index)

dλ
dnd
=

2
√
εmr

(
εmr + n2d

) 3
2 ∂neff
∂nd
− 2ε2mr

n3d
dεmr
dλ

(7)

The first term in the numerator is very small compared to
ε2mr as change in neff is very small with the change in nd . So,

dλ
dnd
=
−2ε2mr
n3d

dεmr
dλ

(8)

For the purpose of this proof, a simplified model such as
the Drude model for metals can be taken to express the metal-
dielectric function using the following equation:

εmr= 1−
ω2
p

ω2 (9)

where, ωp is the plasma frequency of free electrons and ω =
2πc/

λ. c is the speed of light in vacuum. So,

εmr = 1−
ω2
p(

2πc/
λ

)2

εmr = 1− aλ2 (10)

where, a =
ω2
p

(2πc)2

So we can have

dλ
dnd
=

(
aλ2 − 1

)2
aλn3d

(11)

The value of plasma frequency ωp = 1.323X1016s−1

for gold is calculated in [68]. The corresponding value of
a = 49.26 µm−2. So for λ = 785 nm, the value of εmr ∼
−29.36 calculated using (10). Moreover, the magnitude of
εmr increases for the longer wavelengths (εmr ∝ λ2). Hence,
the shift in resonance wavelength (dλ) on changing the
refractive index (nd) of the dielectric layer is higher for longer
wavelengths as compared to shorter wavelengths.
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