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Abstract: Multiple parameters need to be monitored to analyze the kinetics of biological
progresses. Surface plasmon polariton resonance sensors offer a non-invasive approach to
continuously detect the local change of refractive index of molecules with high sensitivity.
However, the fabrication of miniaturized, compact, and low-cost sensors is still challenging.
In this paper, we propose and demonstrate a grating-coupled SPR sensor platform featuring
dual mode operation for simultaneous sensing of pressure and refractive index, which can be
fabricated using a highly-efficient low-cost method, allowing large-scale production. Both sensing
functionalities are realized by optical means via monitoring the spectral positions of a surface
plasmon polariton mode (for refractive index sensing) and Fabry-Perot or metal-insulator-metal
modes (for pressure sensing), which are supported by the structure. Simultaneous measurement of
refractive index with the sensitivity of 494 nm/RIU and pressure was demonstrated experimentally.
The proposed platform is promising for biomonitoring that requires both high refractive index
sensitivity and local pressure detection.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Surface plasmon polariton (SPP) is a surface electromagnetic wave produced by coupling of
an electromagnetic field to the oscillation of free electron gas at the interface of metallic and
dielectric materials [1]. The wavelength of the SPP resonance (SPR) is closely related to the
morphology of the metal surface and the local refractive index. A minor change in the local
environment (e.g. via binding of biomolecules) results in the modification of the refractive index
near the metal film and therefore produces a wavelength shift of the SPR, which makes this
resonance a good candidate for optically-monitored sensing. SPR-based sensors have been widely
used in drug [2,3], medical diagnostics [4,5], biological molecule detection [6], life sciences
[7], and other fields [8,9], due to their prominent advantages, such as label-free operation, high
sensitivity and real-time detection [10].

Since there is a wavevector mismatch between a photon and a surface plasmon, a prism-assisted
total internal reflection scheme matching the wavevectors or a grating supplying an additional
momentum are employed for the excitation of surface plasmons. Kretschmann configuration
[11] using a prism coated with a thin metal film is commonly used in commercially available
SPR bio-sensors [12–15]. It exhibits high sensitivity but required rather large size of the device,
prohibiting its integration. Alternatively, SPR can be excited on periodic metallic nanostructures
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in a form of Bloch waves. However, such nanostructures, e.g. metallic gratings may cause
non-specific binding of analyte in its periodic grooves [16]. They also cannot provide a physically
flat surface for binding of cells and bio-molecular recognition elements (BRE), such as antibodies,
peptides and nucleic acids [17,18]. Consequently, conventional surface plasmon polariton sensors
are either very large in size in the prim realization or do not possess a desired smooth interface in
the periodic one. Joseph et al. [19] proposed an interesting approach of fabrication of a grating
coupled plasmon polariton sensor using interference lithography, but further work towards more
simple and affordable fabrication methods, e.g. relying on commercially-available low-cost
imprinting techniques (instead of interferometry), utilized below together with the increase in the
sensor functionality, would be highly beneficial.

In this paper, a grating-coupled surface plasmon sensing platform with a flat sensing surface
was proposed and experimentally demonstrated. It utilizes a commercially available low-cost
pressure casting method, combined with polymer filling and metal film coating to form a miniature
SPR sensor with a smooth sensing surface. While retaining high sensitivity and the flat sensing
interface so far realized only in traditional prism-based SPR instruments, the proposed SPR
sensor can have a size of just few micrometers and does not require complex optical collimation.
Furthermore, another mechanism, utilizing Fabry-Perot (F-P) or metal/insulter/metal modes
supported by this configuration was proposed and realized for simultaneous and independent
sensing of local pressure. Due to the independent dual sensing modality and the possibility of
large scale low-cost fabrication, this sensor offers promising applications in biology, medicine
and food safety industry.

2. Device structure design and simulation

A typical grating-coupled SPR sensor configuration is shown in Fig. 1(a). A metallic grating with
period P fabricated on a Polycarbonate substrate, is separated from a silver film with thickness d
with a spacer layer of Polystyrene (PS) or Polydimethylsiloxane (PDMS) with thickness H (the
sum of the upper layer height t and the grating depth h2). Two types of optical modes excited in
this structure upon a TM polarized light illumination, namely an SPP mode and F-P modes will
be utilized for sensing. The SPP mode is excited on the top flat surface when the incident TM
polarized light is diffracted on the embedded metal grating. The F-P mode formed between the
metal film and the metallic grating is dependent on the thickness t of spacer layer (which will be
used in pressure sensing making it from an elastic material), and is insensitive to the changes in
the outer environment. In contrast, the SPP resonance is strongly dependent on the periodicity P
of the embedded metal grating and the refractive index of surrounding material as described by
the following equation [20]

na sin θa + m
λ

P
= ±

√︃
εmεd
εm + εd

, (1)

where na is the refractive index of the incident medium, θa is the incident angle, m is the
diffraction order, P is the grating period, εm and εd are the dielectric constants of the metal layer
and dielectric layer, respectively.

Finite-difference time-domain (FDTD) algorithm was employed to simulate the optical
properties of the structure [21]. The structural parameters were selected to be P= 740 nm,
h1 = 125 nm, h2 = 85 nm, t= 280 nm and d= 25 nm. Refractive indices of Polycarbonate substrate,
Polystyrene and Polydimethylsiloxane were approximated taken as 1.584, 1.56 and 1.4 [22],
respectively, while the dielectric constant of silver is taken from Palik [23]. Periodic boundary
conditions were applied in the x and y directions, while PML boundary conditions was set in the
z direction. Mesh size in all directions was chosen to be 3 nm. For PS spacer, the calculated
reflectance spectra of the structure at normal incidence is shown in Fig. 1(b).
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Fig. 1. Dual-mode grating-coupled SPR sensor: (a) Schematic diagram of the sensor. (b)
Reflection spectrum simulated under normal incidence revealing optical modes supported
by the structure with P= 740 nm, h1= 125 nm, h2= 85 nm, t= 280 nm and d= 25 nm. (c)
Electrical field distributions of the resonant modes.

There are eight reflectance dips in the spectra, the simulated electric field distributions at the
corresponding wavelengths present the excitation of various resonant modes (Fig. 1(c)). Featuring
enhanced electric fields at the top surface of the silver film, the electrical field distributions
at 756 nm and 445 nm wavelengths indicate the excitation of SPP modes on the top metal-air
interface, generated via the first and the second order diffraction of the incident wave on the
grating, respectively. Analogously, the reflection dip at 637 nm corresponds to the excitation of
an SPP mode at the bottom metal-polymer interface of the film, generated via the second order
diffraction (the mode corresponding to the first order of the diffraction lies beyond the studied
wavelength range and located further in the IR). On the other hand, the electric field distributions
indicate that the modes at 913 nm and 505 nm wavelengths are clearly first- and second-order
F-P modes of the cavity produced by the grating and the film. The other three modes correspond
to Bloch SPP resonances supported by the metallic grating.

The SPP mode excited at 756 nm, which has a strong field localization at the film surface
interfacing the environment and a very narrow resonance is particularly promising for the
refractive index sensing. Its nature is further confirmed by current density jx distribution
presented in Fig. 2(a). Confined to the metal/air interface with an electric field exponentially
decaying into surroundings, this SPP mode is sensitive to local environment change within its
evanescent field decay length Lp, defined as a distance at which the intensity of electric field
decreases in e times. In other words, whether there is a specific biomolecule binding to a receptor
in the layer of Lp thickness above the metal film surface can be monitored by the SPP mode
change. Lp of the SPP mode was estimated to be ∼310 nm at x= 185 nm where the maximum
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electric field Ez located, as shown in Fig. 2(b). The properties of this SPP mode as well as F-P
modes, involved in pressure sensing mechanism, will be investigated in detail.

Fig. 2. SPP mode excited on the top surface of the metallic film and used for RI sensing:
(a) Surface current density jx distribution of the mode. (b) Cross-sectional profile of the
electric field Ez at x= 185 nm.

To explore the potential and optimize the performance of the structure, its reflectance spectrum
was calculated sweeping the geometrical parameters P, t, b, and d (Fig. 3). As P increases, all
the reflectance dips shift to longer wavelengths, as shown in Fig. 3(a). Particularly, the SPP mode
wavelength increases from 552 nm to 954 nm as P varies from 540 nm to 940 nm, while the
wavelengths of the first- and the second-order F-P modes increase from 826 nm to 972 nm and
from 505 nm to 512 nm, respectively. Expectedly, when the PS spacer thickness t increases,
the F-P modes shift to longer wavelengths and the second order F-P mode appears at t > 200
nm, while the wavelength of the SPP mode at 756 nm remain unchanged (Fig. 3(b)). At t= 200
nm, the SPP mode hybridizes with one of the F-P modes, showing a characteristic anti-crossing
pattern. Figure 3(c) clearly shows the effect of the ridge width of grating b on the resonant modes.
The spectral position of the SPP mode is immune to the change of b in the simulated range, as
the change of the profile keeps the periodicity constant and does not change the value of the
momentum supplied by the grating and required for the mode excitation. At the same time, the
first-order F-P mode slightly red-shifts as the b increase. When the ridge width of the grating is
narrow (b< 100 nm), the F-P modes, for which the top surface of the ridge acts as one of the
mirrors, are either cease to exist (first-order mode) or diminished in amplitude (second-order
mode).

As the metal film thickness d increases, the resonance amplitude of all modes decrease along
with a slight spectral blue shift (Fig. 3(d)). The decrease of the magnitude of all the modes
can be easily understood as the grating and the cavity involved in their excitation becomes less
accessible for the incident wave. Particularly, the dip corresponding to the top-surface first-order
SPP mode starts to diminish when d is larger than 25 nm and completely disappears at d ∼ 40 nm.
As the thickness of the metal film becomes greater than its skin depth, the incident field cannot
penetrate through it to excite the SPP mode upon diffraction on the grating [24]. An analogous
mechanism is involved in the case of the F-P modes.
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Fig. 3. Dependence of the spectral positions of the modes on the geometrical parameters of
the structure: (a) grating period P from 540 nm to 940 nm, (b) spacer layer thickness t from
80 nm to 360 nm, (c) grating ridge width b from 80 nm to 640 nm, (d) silver film thickness d
from 5 nm to 50 nm. The white dashed lines in all figures correspond to the spectrum and
related parameter set presented in Fig. 1(b).

3. Device fabrication

The fabrication process is presented in detail in Fig. 4. A commercial DVD-R providing a
high-quality large-scale grating with a period satisfying the condition for SPP excitation in the
visible spectral range was used as an initial template for the fabrication of the sensor hetero
structure. The inner grating structure of the DVD disc was exposed by cutting a slit on the
side of the disc and then applying a mechanical force to peel the two sides apart. The blue dye
covering the grating-shaped polycarbonate profile was washed away with pure ethanol, following
which the sample was naturally dried to obtain a clean high-quality line grating with a period of
740 nm and a height of 85 nm (Fig. 4(a)). Importantly, this nanostructure was produced by a
low-cost large-scale manufacturing method. A silver film with a thickness of 125 nm was further
deposited on the sample, replicating its nanoscale profile and resulting in a well-defined metallic
grating, which was observed using SEM microscopy (Fig. 4(b)). Considering the stability of this
sensor, gold film is better than silver. Here, an Ag film was selected instead of Au because it is
cheaper. Although Ag oxidizes in air, this might not present a problem as the oxidation process
is self-terminating at 1–2 nm thickness and furthermore can be avoided by encapsulating it in a
few-nm layer of dielectric coating [25].

Then, a large area closely-packed hexagonal PS nanosphere array was self-assembled at the
gas/liquid interface using a needle tip flow method [26] and transferred onto the metal grating.
After drying the PS sphere monolayer, a clean glass slide was placed on the top of it and the
sample was heated to 100 °C to melt the nanoparticles and form a PS spacer layer, which fully
fills the space above the grating to produce a smooth flat top surface (Fig. 4(c)). The spacer
thickness is dependent on the grating depth and the PS sphere diameter by this method. Here, the
height of the PS spacer layer is ∼300 nm for 690 nm diameter PS spheres. The last step was
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Fig. 4. Fabrication process of the grating-coupled SPR sensor: (a) A PC grating is peeled
off from a DVD disc. Inset shows the image of the PC grating. (b) A silver layer with a
thickness of 125 nm is sputtered onto the grating. Inset: An SEM image of the Ag-coated PC
grating. (c) The grating grooves are filled with polystyrene layer by melting a pre-deposited
self-assembled layer of PS nanospheres. Inset: An image of the PS layer taken by an optical
microscope with 500x magnification, confirming its uniform structure and a smooth surface.
(d) A 25 nm silver layer is deposited on the top of the PS layer. Inset: An SEM image
showing the resulting flat Ag surface.

coating the structure with a 25 nm thick Ag film (Fig. 4(d)). An SEM image of the obtained
sensing surface confirms the successful fabrication of the device.

To obtain an elastic spacer layer, PDMS is adopted as the spacer using the following method.
The ratio of PDMS to curing agent was set to 20:1, to make a softer PDMS film for highly
sensitive pressure sensing; then after transferring it onto the metal grating, a clean glass slide
was pressed to the surface with the intention to create a smooth surface. After curing in an oven
at the temperature of 80 °C for two hours, the glass slide was peeled off. Finally, the surface
of the structure was coated with a 25 nm thick Ag film. Since there are no PDMS spheres, the
thickness of PDMS is largely dependent on the pressure on the slide when curing it in the oven.

4. Sensing performance

Refractive index sensing was performed to demonstrate the sensing potential of the fabricated
grating-coupled SPR platform. The reflectance of the sensor was studied under normal illumi-
nation with broadband white light. The spectrum measured in the air environment exhibits the
multi-resonant structure predicted in the numerical simulations, but with the SPP dip shifted to a
longer wavelength of 824 nm, which is due to a slight geometry difference between the fabricated
and idealized simulated structures (Fig. 5(a)). Following the initial idea, this resonance was used
to demonstrate the sensing performance of the device. Particularly, the sensing ability of the
nanostructure was characterized using a standard benchmark of refractive index sensitivity (RIS)
S= ∆λ/∆n, where ∆λ represents the change in the wavelength position of the resonance with
the change of the refractive index ∆n. To estimate RIS of the grating-coupled SPR sensor, its
reflectance was measured in various liquid environments, particularly in methanol (n= 1.3290),
20% ethanol (n= 1.3450), 40% ethanol (n= 1.3550), 100% ethanol (n= 1.3611) and isopropyl
(n= 1.3792), (Fig. 5(b)). Plotting the spectral position of the SPP resonance as a function of
the refractive index of the surrounding and fitting the data with a linear dependence, it was
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shown that the sensitivity of 424 nm/RIU was achieved (Fig. 5(c)). This value agrees well with
the simulation results confirming the sensing mechanism based on the SPP mode dispersion.
Particularly, the numerical simulations show that as the refractive index of the analyte increases,
the SPP mode demonstrates a significant red shift of SPP wavelength following Eq. (1), while the
spectral positions of all the other modes remain unchanged (Fig. 5(d)).

Fig. 5. Refractive index sensing performance of the grating-coupled SPR device. (a) The
experimental reflectance spectrum of the sensor measured in air environment. The SPP mode
is located at the wavelength of 824 nm. (b) Experimental spectra of the grating-coupled
SPR sensor in various environments. (c) The dependence of the spectral position of the
SPP mode on the refractive index, where the blue and red dots are the experimental and
simulation data, respectively, while the lines present their linear fits. (d) Simulated spectral
positions of all the modes as functions of the refractive index of the surrounding, the dashed
line marks the spectral shift of the SPP mode.

In order to demonstrate the dual-mode functionality of the grating coupled SPR sensor, an
elastic material PDMS was deposited on the metal grating as the spacer-layer instead of PS. As
the first step the refractive index sensing functionality was confirmed. The SPP mode located
in the air at the wavelength of 756 nm shifts to 930 nm and 941 nm wavelengths when the
sensor is interfaced with methanol and ethanol, respectively (Fig. 6(a)). Using a linear fit to the
experimental data, the RI sensitivity of this device was calculated to be 494 nm/RIU, the result is
shown in Fig. 6(b). Slight shifts of the other dips were observed since the top silver film is too
thin and to some extent fragmented, so the properties of the other modes are also affected by
the surrounding environment. As the second step, utilizing the elastic properties of the PDMS
spacer, pressure sensing functionality of the grating coupled SPR sensor was demonstrated. A
quartz slide with a 5 mm× 5 mm opening for optical measurements was placed on the top of the
sample, with spiral micrometers at its opposite sides. When an external force was applied on the
glass, the PDMS was compressed, which led to the change in the thickness t of the spacer layer
and a consequent blue shift in the spectral position of the F-P modes excited between its top and
bottom interfaces (Fig. 6(c)). Particularly, under the external force corresponding to the pressure
of approximately 0.05 MPa and 0.11 MPa, the F-P mode at the wavelength of 863.15 nm shifted
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to 857.52 nm and 848.74 nm, respectively, which corresponds to the wavelength shifts of 5.63
nm and 14.41 nm. Using a linear fit to the experimental data, the pressure sensitivity of the
device was calculated to be 131.5 nm/MPa (Fig. 6(d)). At the same time the SPP mode retained
its spectral position, which indicates the possibility of simultaneous independent measurement of
the refractive index of the analyte and its pressure.

Fig. 6. Experimentally demonstrated dual-mode performance of the PDMS-based grating-
coupled SPR device. (a) Reflection spectra of the sensor in various environments. (b)
The dependence of the spectral position of the SPP mode on the refractive index of the
surrounding, where the black dots are experimental data, and the red line is their linear fit.
(c) Modification of the reflectance spectrum under pressure. (d) The relationship between
pressure and the resonance wavelength shift ∆λ0.

To further investigate the influence of pressure on the spectral position of the F-P modes,
reflectance spectra of the grating-coupled SPR sensor with different spacer layer thicknesses t
were simulated. Particularly, it was found that when t decreases, the resonance wavelength of the
first-order F-P mode increases linearly with a coefficient of 1.3 (Fig. 7(a), (b))

Remarkably, when the spacer layer thickness t is set to be small, e.g. less than ∼ 40 nm,
the F-P modes vanish and a metal/insulator/metal (MIM) surface plasmon mode appears in the
gap at the wavelength of 841 nm as a result of coupling of SPP modes at its upper and lower
interfaces (Fig. 8(a)). The electric field distribution and current density jx of the MIM mode
are shown in Fig. 8(b) and (c), respectively. As the refractive index change, the MIM mode
essentially keeps a constant spectral position at the wavelength of 841 nm, while the SPP mode at
a longer wavelength is sensitive to the refractive index variation with a sensitivity of 695 nm/RIU
(Fig. 8(d)).

When an external pressure is applied, the thickness of the spacer layer decreases and the MIM
resonance shifts to longer wavelengths, oppositely to the blue shift in the case of the F-P modes
(Fig. 8(e)). Particularly, a 3 nm decrease of t induces a 37 nm shift of the MIM spectral position.
A detailed relationship between the deformation of the elastic layer thickness t and the spectral
shift of the MIM resonance is plotted in Fig. 8(f). It can be clearly seen that the MIM mode is
more sensitive to spacer layer thickness t variation compared to the F-P modes existing at the
larger spacer thickness. Thus, the nanostructure with a thinner elastic layer thickness utilizing
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Fig. 7. Simulated performance of the device in the pressure sensing mode. (a) Modification
of the reflection spectrum of the sensor with the deformation (decrease) of the spacer
thickness t, showing the change of the spectral position of the first-order F-P mode. (b)
Spectral position of the first-order F-P mode as a function of the elastic spacer deformation.
The black dots are the simulated data points, while the red line is their linear fit.

Fig. 8. Pressure sensing performance of the device utilizing MIM SPP mode. (a) Simulated
reflection spectra of the device with P= 740 nm, h1= 125 nm, h2= 85 nm, t= 30 nm and
d= 25 nm, revealing the excitation of the MIM mode. (b) Electric field intensity and (c)
surface current density distributions of the MIM mode at t= 30 nm. (d) Simulated spectral
position of the SPP mode as a function of the refractive index of the surrounding environment,
the red line marks the spectral shift of the SPP mode. The black dots are the simulation
data. (e) Variation of the reflection spectra with the deformation (thickness decrease) of
the elastic layer, showing the shift of the spectral position of the MIM mode. (f) Spectral
position of the MIM mode as a function of the elastic layer deformation. The black dots are
the simulated data points, while the red line is their linear fit.

SPP and MIM modes can potentially provide better pressure sensitivity, which will be finally
determined by the elastic properties of the structure at the nanoscale.

A comparison of the proposed grating-coupled SPR sensor with the reported grating-based
counterparts is presented in Table 1. The refractive index sensitivity of the sensors is largely
dependent on the periodicity of the grating, the angle of incidence and the operational wavelength
range. The sensitivity of our sensor chip shows similar performance to the reported devices
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working in the visible range and a somewhat lower sensitivity than those working in the near-
infrared. It is the only design, however offering simultaneous and independent sensing of analyte
pressure. Furthermore, the pressure sensitivity of our device measured experimentally is estimated
to be 131.5 nm/MPa and is better than the pressure sensing performance of single-functionality
pressure-specialized sensor from the work of Tathfif et.al. [31]. It should be noted that it is a
challenge to precisely prepare an elastic PDMS spacer layer with the thickness less than 40 nm
for our sensor operating in the MIM regime, which can potentially provide a better pressure
sensitivity. This task along with the search for novel elastic materials and fabrication techniques
is a promising direction for a future research.

Table 1. Comparison of Sensor Performance of the Grating-Coupled Plasmonic Sensors

S. No. Modalities λ range (nm) Sensitivity (nm/RIU) Mode of demonstration Ref.

1. Al2O3 gratings /Si/Au/Si 600–1400 404.295 Simu. [27]

2. Si gratings/SiO2 waveguide 1200–1700 497.83 Simu. [28]

3. Grating prism 670–770 414.9 Expt. [29]

4. Hybrid configuration 1401–1418 1133 Expt. [19]

5. Buried grating 954–1054 716 Simu. [30]

6. Our configuration 756–941 494 Expt.

5. Conclusion

In conclusion, we have demonstrated a grating-coupled smooth-surface SPR sensing platform
with dual sensing functionality for simultaneous independent sensing of local refractive index
and pressure. The device realized on its basis combines high sensitivity characteristics with a
number of technological advantages, such as miniature size, easy integration and the possibility
of low-cost large-scale production. Smooth surface of the sensor provides a good site for
bio-molecular binding and therefore efficient RI-based biosensing of the analyte by optical means
via tracking the spectral position of an SPP resonance. Furthermore, the spectral positions of F-P
or MIM modes localized in an introduced elastic PDMS layer can be simultaneously monitored
for independent optical detection of pressure, affecting the layer thickness. In a prototype
device, the refractive index sensitivity of 494 nm/RIU has been demonstrated together with a
proof-of-principle pressure sensing functionality. Compared to sensors based on Kretschmann
configuration, the proposed structure with flat and smooth surface has a miniature size, is
convenient to use, and most importantly provides dual sensing functionality. It is promising for
sensing of various biological substances, such as lipid membranes, membrane-bound receptors
and lipid rafts.
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