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Recently, we have witnessed significant advancements made by researchers in using silver-based Metal—
Insulator—Metal (MIM) plasmonic devices for their improved performance. However, the practical
applicability of these sensors is still under scrutiny. Very few studies have been conducted looking for
alternative approaches to improve the viability of deploying these sensors for use in challenging
operational conditions. This paper articulates a novel MIM-based dual-function optomechanical sensor
utilizing oxidation-free gold as the plasmonic material, capable of sensing pressure and temperature in
parallel. To the best of the authors’ knowledge, this marks the first instance of investigating an optical
MIM pressure sensor using oxidation-resistant gold as the plasmonic material. The proposed sensor
consists of a Triangular Truss Resonator (TTR) and a pair of Rectangular Cavities (RCs) coupled to
a straight waveguide. The TTR is utilized for sensing pressure, while the RCs are responsible for detecting
temperature variations. Employing the Finite Element Method (FEM), we numerically investigated the
device's transmission spectrum, which comprised two independent resonant wavelengths, namely mode
1 and mode 2, enabling dual-function sensing capabilities with distinct and independent responses. The
sensor demonstrates a notable pressure sensitivity of 77.1 nm MPa™, along with a temperature sensitivity
of 0.488 nm °C™L. Its impressive performance metrics, coupled with the use of oxidation-resistant gold,
not only ensure enhanced performance and stability of the sensor but also offer a significantly extended
operational lifespan. These traits highlight the sensor's potential for real-world applications in diverse
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simulations, includes demultiplexers,” refractive index (RI)
sensors,®® filters,” Mach-Zehnder interferometers (MZIs)," etc.

1 Introduction

Surface Plasmon Polaritons (SPPs), which are transverse elec-
tromagnetic (EM) waves propagating along a metal-dielectric
interface, have driven the evolution of the field of nano-
photonics fundamentally by circumventing the diffraction limit
of light and enabling its confinement at subwavelength scales.™*
SPPs are generated at the metal-dielectric junction due to the
coupling of incident photons and oscillating free electrons at
specific resonant wavelengths.® The unique features of SPPs,
encompassing strong light-matter interactions and manipula-
tion of light at nanoscale dimensions, have facilitated the
design and development of a multitude of miniaturized optical
devices able to function independently.* The ever-expanding list
of devices, either investigated practically or through
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The field of optomechanical sensing has recently witnessed
promising research based on leveraging the potential of SPPs
for sensing fluid pressure. Optomechanical sensors exploit the
interaction between incident light and mechanical deformation
caused by the applied pressure, while also avoiding the
restrictions posed by traditional pressure sensors. They can
work flawlessly under extreme conditions that involve exposure
to EM interference and have compact sizes.'> Among the
various waveguide configurations used for generating SPPs,
Metal-Insulator-Metal (MIM)-based plasmonic nanometallic
structures have gained significant attention because of their
ability to guide light with high EM field confinement, short
response time and low optical losses.">'* In 2015, Wu et al.
proposed a MIM optical pressure sensor consisting of an H-
shaped resonator that utilized silver as the plasmonic mate-
rial.” Consequently, numerous studies have been conducted in
this domain, where researchers mostly focused on improving
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the performance of the sensor by varying its structural design.
Tathfif et al. presented a novel optical pressure sensor incor-
porating arrays of silver nanorods into a ladder-shaped reso-
nator, which demonstrated a sensitivity of 25.4 nm MPa ™ *.** Ma
et al. investigated the impact of adding baffles to the resonator
in a bid to improve the sensitivity of optical pressure sensors.
They achieved a threefold increase in sensitivity after the
addition of a silver baffle to the sensor structure.”” While the
majority of research in this domain has primarily focused on
sensing a single parameter, such as pressure, there is an
emerging trend towards multi-modal sensing. Optical-fiber-
based sensors have mostly been studied for multiparameter
sensing. Although this category of sensors offers high sensing
performance, their structural dimensions limit their applica-
bility in scenarios requiring compact devices. In contrast, MIM
devices usher in a new paradigm in the arena of miniaturized
sensing platforms.

Going through the existing works on MIM optical pressure
sensors, we observed that, besides the lack of multifunctional
sensing platforms, very little effort has been made in the search
for novel materials to replace silver as the plasmonic material in
optical pressure sensors. Silver as a plasmonic material suffers
from numerous drawbacks, one of which is the problem of
oxidation when exposed to moisture or air, as a result of which
irregularly distributed clumps of silver sulfide develop on the
metal surface. The formation of such a compound heavily
degrades silver's chemical and plasmonic properties.'®* Heavily
doped silicon has been studied of late, which could mitigate
this problem to some extent, considering that silicon forms
a protective layer of silicon dioxide upon exposure to air."*
However, it is not a suitable choice for long-term use, especially
in applications requiring extended operational stability and
durability.

In this paper, we propose a novel optical pressure sensor
where gold is preferred over other traditional plasmonic mate-
rials, taking into account its strong oxidation resistance and
stability under varying conditions. Our design incorporates
a Triangular Truss Resonator (TTR) and a couple of Rectangular
Cavities (RCs), which are coupled with a straight MIM wave-
guide. To the best of our knowledge, this study marks the first
instance of using oxidation-resistant gold in the design of an
optical MIM pressure sensor. Moreover, the presence of RCs
enables us to simultaneously detect multiple physical parame-
ters independently, such as pressure and temperature, using
a single platform. The designed sensor, being capable of per-
forming dual-sensing, attains pressure and temperature sensi-
tivity of 77.1 nm MPa~' and 0.488 nm °C™', respectively.
Alongside its superior performance, the sensor's robustness
and stability underscore its potential for use in advanced real-
world scenarios.

2 Structural model and simulation
setup

The proposed sensor features a straight MIM waveguide
coupled with a triangular truss resonator and a pair of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 2D layout of the designed sensor.

rectangular cavities. Fig. 1 illustrates the top view of the sensor
structure in 2D space. The waveguide and the resonator cavities
are filled with air, while the bottom-left cavity is sealed with
polydimethylsiloxane (PDMS) for temperature sensing. The
remaining part consists of gold, marked in emerald color. The
structural parameters are detailed in Table 1. The design is
optimized for dual-parameter sensing, enabling simultaneous
pressure and temperature detection without significant cross-
sensitivity.

Gold (Au) is chosen as the metallic component due to its
excellent chemical stability and strong plasmonic response. The
frequency-dependent permittivity of gold is modeled using data
from Johnson et al.'s research, which provides experimentally
validated optical constants.” The Drude model defines the
permittivity of gold as:*

2
Wp

— 1
w? + iwl (1)

eau(w) = o —

where )}, is the plasma frequency, I' is the damping constant,
and ¢, represents the high-frequency permittivity limit.

The real part of the permittivity Re(e,,) and the imaginary
part Im(e,,) are plotted in Fig. 2(a), while the corresponding
refractive index (n) and extinction coefficient (k) are shown in
Fig. 2(b).

COMSOL Multiphysics software was utilized to numerically
solve the sensor's related EM wave equations using the Finite
Element Method (FEM) and employing triangular meshing.
Scattering boundary conditions were set around the metal
edges to absorb the outgoing waves and eliminate internal wave

Table 1 Geometric parameters of the proposed sensor

Parameters Notation Value (nm)
Height of the horizontal slot of the TTR H, 33
Gap between horizontal slots of the TTR H, 88
Height of the RC H; 50
Thickness of the top gold layer Hyy, 100
Gap between the TTR and waveguide g1 28
Gap between the RC and waveguide o 30
Length of the triangular truss Ly 140
Length of the RC L, 358
Length of the horizontal slot of the TTR L 1200
Distance between the two RCs drc 244
Width of the triangular truss wy 32.5
Width of the straight waveguide w 32
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Fig. 2 (a) Real and imaginary parts of gold's permittivity. (b) Refractive

index and extinction coefficient of gold.

reflections within the sensor. Simulations were conducted in 2D
to ensure faster computational speed. During fabrication, it has
been reported that designs exceeding a height threshold of
800 nm replicate the simulation results obtained in 2D. This
acts as a benchmark to provide an accurate representation of 3D
conditions, validating the accuracy and practical applicability of
our simulation approach.*

To further justify the use of 2D investigation, we performed
a 3D simulation of our proposed structure, where we varied its
height over the range of 45 nm to 1000 nm at a wavelength of
1550 nm. The real part of the effective refractive index, Re(n.s),
was determined for different heights, as shown in Fig. 3. The
value of Re(n.g) plays a significant role in defining the resonant
wavelength of the structure. As the SPPs traverse along the
straight MIM waveguide, a fraction of the evanescent field leaks
into the resonator, coupling with the resonator cavity. After
propagating along the effective length of the cavity, it re-couples
back to the waveguide. This creates a standing wave resonance
at specific wavelengths, termed the resonant wavelength.
According to standing wave theory, the resonance condition
requires the wavelength (A..) to satisfy:**

- 2Re (}’leﬂ‘) L

Ares = m=1,2,..) @)

m_ll/r/n7 B
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Fig. 3 Variation of the real part of the effective refractive index
(Re(negr)) with the height of the 3D simulated structure, indicating the
quasi-2D behavior.

where m is the order of the resonant mode, L is the effective
length of the resonant cavity, and i, represents the phase shift
upon reflection at the cavity boundaries. The exact value of ¥,
due to reflection at metal-dielectric interfaces depends on the
cavity geometry, metal film thickness, and refractive-index
mismatch at the interfaces.”® In our numerical analysis, the
FEM solver inherently accounts for the reflection-induced phase
shift corresponding to the given geometry.

It follows from this equation that variations in structural
parameters and dielectric refractive index significantly influ-
ence the resonance wavelength. Since A, directly depends on
Re(n.s), a convergence of Re(n.g) with increasing height of the
structure would signify that the resonant wavelength is effec-
tively insensitive to further increases in height.

It is observed from Fig. 3 that the Re(n.y) stabilizes for
structure heights above approximately 700 nm. This observa-
tion reveals that the mode confinement in the vertical direction
no longer changes significantly, and the structure behaves as
quasi-2D. Hence, when the Re(n.y) becomes constant, the
resonant wavelength predicted by a 2D model (which assumes
an infinite height) will closely match the 3D value. Thus, for
heights above this threshold, 2D simulations are justified and
they accurately capture resonance behavior while avoiding the
higher computational cost of full 3D simulations.

Ports Pi and Po in Fig. 1 serve as the input and output for the
transverse magnetic (TM) polarized light, respectively. The
dispersion relation for an SPP mode in a MIM waveguide is
given by:**

ky x W o &ir X k>
tanh< 3 ) T (3)

where k; and k, are the wave vectors in the air and metal layers,
respectively, defined as:

ki* = B> — eair X ko (4)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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k22 = ﬁz — €Au X k02 (5)

2T . .
Here, ky = - represents the wave number of light in a vacuum,
0

and A, is the wavelength of the incident light. The propagation
constant of the MIM waveguide is given by § = n.g X ko, where
Negr is the effective refractive index.

3 Result evaluation and discussion

The transmission spectrum of the proposed sensor structure at
room temperature (20 °C) and under no applied pressure (0
MPa) is shown in Fig. 4. It exhibits two distinct resonant modes,
mode 1 and mode 2, at wavelengths A.s = 1562.9 nm and
1712.2 nm, respectively. Mode 1 appears because of the
coupling between the lower rectangular cavities and the straight
waveguide, while the coupling involving the upper triangular
truss resonator gives rise to mode 2. To further comprehend the
resonance within the proposed structure, we analyzed the
electric field distributions, |E| = (E,” + E,*)"/?, and magnetic field
distributions, |H| = (H,?)"?, at A.s for mode 1 and mode 2. The
E-fields and H-fields are illustrated in Fig. 5 and 6, respectively.
At mode 1, the fields are predominantly confined within the left
rectangular cavity (LRC) below the waveguide, which indicates
this cavity's strong influence at mode 1. In contrast, in mode 2,
the fields are concentrated in the triangular truss resonator.
This indicates that when pressure is applied to the structure
from top, it will deform the triangular truss resonator, resulting
in a shift in A5 at mode 2, while any variation in the temper-
ature of the PDMS will cause a shift in the A..; at mode 1.

3.1 Pressure sensing

In the proposed gold-based plasmonic pressure sensor, applied
pressure deforms the resonator along with the sensor's top
surface, altering its effective volume and subsequently shifting
the resonant wavelength. This behavior follows Slater's law:**
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Fig. 4 Transmission spectra for different structures of the sensor. The

black graph represents the results for the proposed sensor and the red
graph represents the spectrum for the structure without RCs.
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Fig. 5 E-field at (a) Aes = 1562.9 nm (mode 1), (b) Aes = 1712.2 nm
(mode 2).

of  (e0E? — uoH?)oV
I (@B + noH?) 6V

(6)

where fis the resonant frequency, V is the volume of the reso-
nator, E and H represent the intensities of the electric and
magnetic fields, and ¢, and u, are the free space's permittivity
and permeability, respectively. This law indicates that when the
magnetic field dominates, the resonant wavelength undergoes
a redshift, and when the electric field dominates, a blueshift
will occur as a result of the deformation of the resonator.”

A/m

A/m

Fig. 6 H-field at (a) Aes = 1562.9 nm (mode 1), (b) Aes = 1712.2 nm
(mode 2).
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Slater's law forms the basis for sensing pressure changes
through monitoring wavelength shifts during SPP interactions.
As discussed in Section 2, variation in the structural parameters
of the designed sensor influences the value of Re(neg) and thus
the resonant wavelength. When the resonator structure deforms
under applied pressure, its geometry changes, leading to
a variation in Re(n.g). Consequently, in our simulations, Re(72egr)
was recalculated dynamically for each deformation state to
account for the pressure-induced changes.

To explore how the designed sensor behaves, we vary the
pressure from 0.27 MPa to 0.80 MPa at a constant temperature
of 20 °C, which corresponds to increasing the deformation (d) of
the top layer of TTR from d = 4 nm to d = 12 nm, in steps of
2 nm. A circular arc emerges due to the deformation, as shown
in Fig. 7, and its radius (R) is determined by eqn (7).

Fig.7 Formation of an arc in the resonator with a deformation (d) due
to the exerted pressure.

x10°
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V/m
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Fig. 8
2 after deformation.
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The electric and magnetic field distributions at the resonant
modes after deformation (d = 12 nm) of the structure are
illustrated in Fig. 8. It can be observed that it exhibits the same
confinement characteristics as the initial structure for mode 1
and mode 2 (Fig. 5 and 6). Mode 1 continues to be strongly
localized in the LRC, while mode 2 remains concentrated in the
TTR. The absence of mode hybridization or significant distor-
tion of the field pattern confirms our earlier conclusion that
pressure sensing is dominated by mode 2 and temperature
sensing by mode 1, thereby ensuring robust dual-parameter
sensing.

The applied pressure is calculated from the deformation
using the following equation:*®

2YauHasld
P Bt ®

where P is the exerted pressure on the sensor structure, Yy, is
the Young's modulus of gold, having a value of 69.1 GPa,*® Hy,
is the thickness of the top gold film, and L is the length of the
TTR where pressure is exerted. It is shown in Fig. 9(a and b) that
mode 2 experiences a significant redshift when the applied
pressure increases. This incident indicates the outcome of
Slater's law, as the applied pressure deforms the resonator
cavity, which leads to a reduction of the resonator’s volume and
a significant redshift of approximately 10 nm per 0.13 MPa
change in pressure. In contrast, examining the change in the
resonant response of mode 1 (temperature-sensitive mode)
under varying applied pressure in Fig. 9(c), we observe that its

V/m

(a) E-field at mode 1 after deformation. (b) E-field at mode 2 after deformation. (c) H-field at mode 1 after deformation. (d) H-field at mode

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Transmittance profile of the proposed sensor under varying applied pressure. (b) Graph of the resonant wavelength versus pressure for

mode 2. (c) Graph of resonant wavelength versus pressure for mode 1.

resonant wavelength remains effectively unchanged at
1562.27 nm when the pressure is varied, confirming that pres-
sure fluctuations do not influence its spectral position. This
result demonstrates the isolation of sensing channels and
reinforces the claim of crosstalk-free performance of our dual
sensing device.

The pressure sensitivity (Sp) of the sensor is measured using
the following equation:*®

AAI‘eS

Se=2p

©)

Here, A is the shift of resonant wavelength, and AP indicates
the change of pressure. The sensitivity obtained from our
designed sensor is 77.1 nm MPa '. Furthermore, Fig. 9(b)
illustrates the relationship between resonant wavelength and
applied pressure; the result of this analysis shows a linear
relationship. This linearity facilitates the precise detection of
pressure shifts. Even minute changes in pressure, and hence,
the resonant wavelength, can easily be identified using an
Optical Spectrum Analyzer (OSA) with high accuracy, elimi-
nating any potential complexity.

The pressure detection limit, defined as the smallest change
in pressure that the sensor can precisely detect, depends on the
resolution of the OSA. The expression for determining the
pressure detection limit (DLp) of the sensor can be written as the
ratio of the smallest wavelength shift that can be perceived
using the OSA to the sensor's pressure sensitivity:*

AAmin

DL, =
P Sp

(10)
where A, is the minimum detectable wavelength shift (set by
the OSA resolution). In this work, we have considered the value
of AAnin to be 0.001 nm, corresponding to the typical resolution
of commercial spectrum analyzers.”® Using the measured pres-
sure sensitivity, the limit of the detection of pressure of the
proposed sensor is calculated to be 1.30 x 10~> MPa. This high
resolution ensures that even extremely small pressure varia-
tions can be reliably measured, enabling precise monitoring
and accurate measurements in sensitive applications.

While Slater's law provides a direct relation between defor-
mation volume and resonance wavelength shift, it inherently
assumes an ideal deformation. Practically, the deformation of

© 2025 The Author(s). Published by the Royal Society of Chemistry

the resonator structure may have small deviations from the
ideal value. To evaluate the robustness of Slater's law under
practical conditions, we introduced controlled perturbations in
the deformation (£1% and +1.5%) and investigated the effect
of such uncertainties on the calculated pressure sensitivity. The
results obtained are summarized in Table 2. The table shows
that the change in pressure sensitivity of the device is very low
and remains within approximately ~41%. This indicates that
the impact of such uncertainties on the device performance in
a real-world setting is negligible for the proposed sensor, and
thus validates the practical implication of Slater's law in our
study.

Furthermore, to determine the durability of the TTR under
repeated pressure cycling, we have assessed the mechanical
behavior of the gold structure. Our analysis indicates that the
applied pressures (up to 0.80 MPa, corresponding to 12 nm
deformation on a 1200 nm span) operate well within the elastic
regime of gold thin films, with no expected plastic deformation
or significant fatigue over typical cycle counts.

The thickness of the top gold layer, which is being deformed
due to the applied pressure, is taken as 100 nm in our design;
such a small thickness is known to promote elastic deforma-
tion. Baek et al. conducted an experimental investigation into
the effect of varying the thickness of gold films on their
mechanical properties.” The results exhibited an inverse rela-
tion between the thickness of the gold film and the yield
strength, where a reduction in the film thickness resulted in an
increase in its yield stress. Moreover, the maximum bending
stresses acting upon the thin gold layer corresponding to the
range of values of deformation utilized in our analysis fall well
below the yield strength of nanostructured gold thin films,

Table 2 Effect of error in deformation on the pressure sensitivity
relative to the nominal sensitivity of the proposed sensor

Error in deformation, Pressure sensitivity Change in pressure

d (nm MPa™ ") sensitivity
+1% 77.82 +0.934%
—-1% 76.15 —-1.23%
+1.5% 77.89 +1.02%
—-1.5% 76.15 —1.23%

RSC Adv, 2025, 15, 37660-37672 | 37665
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further ensuring elastic deformation of the TTR without
plasticity.>

The long-term reliability of the thin gold layer under
repeated cycling of applied pressure must also be considered. In
this regard, fatigue testing of gold films, supported on Si,N,
substrates, has demonstrated their ability to withstand >10 000
pressure cycles without exhibiting structural failure.* The gold
nanostructures retained their structural integrity, with only
minor residual stress variations observed. This finding provides
strong experimental evidence that the gold nanolayer in our
design, being supported by an underlying substrate, can sustain
repeated cycling of pressure while maintaining elastic behavior
and avoiding fatigue-induced fracture. Therefore, within the
operational deformation range and repeated cycling, the TTR is
expected to retain its elastic response, without the appearance
of plastic deformation or fatigue-related damage of the gold
layer.

3.2 Temperature sensing

A multiprocessor system-on-chip (MPSoC) is a type of system-
on-chip (SoC) architecture that contains multiple instruction-
set processors and has emerged as a powerful modern tech-
nology. To ensure that MPSoCs perform reliably and optimally
in complex environments, one critical aspect that should be
considered is to monitor their temperature fluctuations
closely.** The existence of independent dual peaks in our
proposed optical sensor makes it ideal for integration into such
sophisticated devices and carrying out such tasks. For moni-
toring changes in temperature, the proposed structure relies on
the temperature-sensitive material filling the LRC. The thermo-
optic effect causes the refractive index of that medium to show
variation with temperature. Temperature sensitivity can be
calculated using the following equation:*

o A;{res
St= AT

(11)

where AT = the corresponding change in temperature. PDMS is
chosen as the material held inside the LRC, offering numerous
advantages over other such temperature-sensitive liquids. For
example, PDMS possesses a large thermo-optic coefficient and
also remains stable under varying environmental and pressure
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conditions as a solid and fireproof element.*® The relation
between the temperature and refractive index of PDMS is
expressed using the following equation:*

nppms = 14176 — 4.5 x 1074 x T (12)
where T is the temperature of the PDMS (in °C). With the rise in
the value of T from 20 °C to 80 °C, the resonant peak of mode 1
undergoes a blueshift (Fig. 10(a and b)). The shift in the peak is
linearly related to the temperature with a negative coefficient of
correlation. The sensor exhibits a temperature sensitivity of
0.488 nm °C ™.

The temperature detection limit (DLy) represents the small-
est change in temperature that the sensor can accurately detect.
Its value can be determined by calculating the ratio of the
smallest wavelength shift that can be perceived using an OSA to
the sensor's temperature sensitivity:*

A/‘Lmin
St

DL, = (13)

Using the measured temperature sensitivity of 0.488 nm °
C™1, the value of DL; for the sensor is calculated to be 2.05 x
103 oC. With this minute level of detection limit, the device can
sense extremely small temperature variations, enabling accu-
rate measurement of subtle thermal changes.

As shown in Fig. 10(c), mode 2 (pressure-sensitive mode)
remains invariant to the temperature variation of PDMS. The
resonant wavelength for mode 2 remains fixed at 1712.6 nm as
the temperature of the PDMS changes, confirming that the
pressure-sensing mode is impervious to thermal variations.
This result, together with the pressure-independence of mode 1
(Fig. 9(c)) confirms the independent crosstalk-free dual-sensing
capability of both pressure and temperature in the proposed
structure.

To evaluate the influence of thermal expansion on the
resonance shift and potentially the device performance, we
considered the Coefficient of Thermal Expansion (CTE) of both
the gold and PDMS layers. Gold exhibits a relatively low CTE of
approximately 14.2 x 10°° °C™', whereas PDMS exhibits
a significantly higher value of 310 x 107¢ oC™*.343%
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Fig. 10 (a) Transmittance profile of the proposed sensor under varying temperatures of PDMS. (b) Graph of resonant wavelength versus

temperature for mode 1. (c) Graph of resonant wavelength versus temperature for mode 2.
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Over the operational temperature range from 20 °C (room
temperature) up to 80 °C, the corresponding linear expansion of
PDMS filling a rectangular cavity (with length L, = 358 nm)
would be approximately 6.7 nm, equivalent to a relative change
of ~1.9%. In contrast, the gold layer enclosing the PDMS in the
RC would undergo an expansion of roughly 0.31 nm, with
a percentage change of only ~0.09%. This expansion of gold is
negligible compared to that of PDMS, and hence we can confi-
dently state that the gold layer roughly stays the same in terms
of geometry, with the PDMS layer mainly undergoing the
expansion. However, the PDMS layer in our structure is
enclosed within a rectangular cavity fenced by the gold struc-
ture, which constrains its ability to expand freely. Thus, the
thermally induced expansion of PDMS leads to the development
of compressive stress within the cavity.

Previous experimental investigations concerning the
performance of PDMS layers experiencing mechanical stress
have reported that such compressive stresses acting upon PDMS
structures do not induce shifts in the wavelength of spectrum
lines, but may cause minor changes in the magnitude of the
coefficient of absorption of PDMS, as reported from its trans-
mission characteristics.* This suggests that the thermal
expansion mismatch does not compromise the spectral stability
of the sensor, owing to the negligible thermal expansion of gold
and the constrained expansion of PDMS. The resonance wave-
length positions are expected to remain largely unaffected
across the considered temperature range, ensuring robust
performance under varying operational conditions.

Potential thermal hysteresis and optical drift in PDMS can
also affect the long-term accuracy of the sensor. To investigate
the impact of temperature-induced hysteresis on the sensor
performance, we considered operating temperatures in the
range of 40 °C to 80 °C. Experimental studies on thermal cycling
involving heating and cooling of PDMS-based resonant struc-
tures for temperature monitoring report excellent repeatability
and negligible hysteresis.>” Across two full thermal cycles, the
initial and final resonance wavelengths changed by at most
0.4 nm, corresponding to an equivalent temperature error of
only ~2.23 °C over a 40 °C span. These data indicate that, within
this temperature range, the contribution of thermal hysteresis
to spectral uncertainty is on the sub-nanometer scale and does

View Article Online

RSC Advances

not severely affect sensing accuracy.*” In line with these obser-
vations, our device is also operated in the same temperature
window (=80 °C); hence, our device is also expected to exhibit
a hysteresis-induced shift of the resonant peak that remains
below the sub-nanometer level over routine thermal cyclings.
Consequently, thermal hysteresis has minimal impact on
sensing accuracy in our operating temperature range.

Additionally, PDMS is also known to exhibit ageing-related
optical drift, which can impact the long-term reliability of
temperature sensing. During the repeated thermal cycles,
residual stress accumulation may gradually alter the refractive
index distribution, resulting in optical drift over time and
progressively influencing the accuracy of the sensor over
extended operation.***® Although studies indicate minimal
drift (change in the transmission spectrum) over months
under ambient conditions, such drift can compromise
accuracy in long-term sensing applications.*® To address this,
periodic recalibration against a known temperature reference or
an in situ calibration method (a real-time reference) can be
employed to correct the induced shift in the resonant peak due
to optical drift. By adopting these strategies, the influence of
optical drift over time can be effectively minimized, ensuring
reliable operation of the sensor over an extended operational
lifetime.

3.3 Dual-modal sensing of pressure and temperature

The integration of dual-modal sensing capability in the
proposed sensor allows simultaneous and independent
measurement of both pressure and temperature. This func-
tionality is achieved because of the distinct modes associated
with the two independent cavities (TTR and LRC) within the
sensor structure. As discussed in Sections 3.1 and 3.2, the peak
corresponding to mode 1 undergoes a blueshift when the
temperature increases, whereas mode 2 witnesses a redshift
corresponding to an increase in applied pressure at the top
horizontal slot of the TTR. Since mode 1 is not affected by the
change in pressure and mode 2 is free from the effect of
temperature change, this allows us to concurrently detect both
pressure and temperature independently.

Fig. 11(a) illustrates the transmittance profile of the sensor
while acting as a dual-function sensor for simultaneous
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Fig. 11 (a) Transmission profile of the proposed sensor while performing dual-sensing under different pressures and temperatures. (b) Resonant

wavelength versus pressure for mode 2. (c) Resonant wavelength versus temperature for mode 1.
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detection of temperature and pressure. The pressure applied is
increased from 0 MPa to 0.75 MPa in steps of 0.25 MPa, while
the temperature is varied from 0 °C to 75 °C in steps of 25 °C. It
is observed that the conclusion drawn from the previous
transmission profiles (Fig. 9(a) and 10(a)) still persists when
performing simultaneous sensing of both parameters. When
there is an increase in the temperature of the PDMS held in the
LRC, as well as in the pressure applied at the top, mode 1 and
mode 2 undergo a blueshift and redshift, respectively.

Building upon the observations in Sections 3.1 and 3.2,
where the transmission peaks at mode 1 and mode 2 were found
to be insensitive to variations in pressure and temperature,
respectively, we further investigated the independence of the
two sensing channels during dual sensing. The sensitivities of
mode 1 (temperature) and mode 2 (pressure) were calculated
during simultaneous variation of both parameters. Fig. 11(b
and c) show that the pressure sensitivity obtained from the
resonant peak at mode 2 during dual sensing was 73.31 nm
MPa ', while the temperature sensitivity recorded from mode 1
was 0.493 nm °C'. The deviations in sensitivity from their
nominal value were minimal, with only ~4.9% for pressure and
~1% for temperature, confirming that the interaction between
the channels is negligible. These small variations indicate that
the modes operate largely independently, supporting the
crosstalk-free behavior of the proposed sensor.

Finally, a comparison of our proposed sensor is made with
state-of-the-art works conducted on MIM-based optical pressure
sensors in Table 3. From the presented table, it is clear that all
the works conducted until now have primarily focused on
improving the sensor's sensitivity. None of the research deals
with the problem of oxidation, which can heavily impact the
performance of their sensor while functioning in a real-world
setting. Metallic thin films, such as silver, experience deterio-
ration of their optical properties when they are exposed to air.
This leads to the formation of clumps of silver sulfide on their
surface, which further experience an increase in the nucleation
site density and clustering. In contrast, the use of gold in our
work ensures that the sensor benefits from having an extended
lifetime and stability while being used under extreme condi-
tions such as humid or corrosive environments. Moreover, dual
sensing capability among sensors has been gaining popularity
recently. This special feature is present in our sensor, which
showcases its versatile nature and applicability across various
practical fields.
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4 Material choice trade-offs

The preceding section highlights the optical performance of our
sensor design; besides this, it is also important for us to take
into account the practical trade-offs associated with the use of
gold in our sensor design. While gold's chemical and optical
stability are major benefits, it comes at the expense of a higher
material cost compared to silver. This makes it incumbent upon
us to control the use of gold-based sensors for disposable or
large-volume applications, considering the economic feasibility
in the case of large-scale production. For this reason, we envi-
sion our sensor being most suitable for scenarios where long-
term performance, reliability, and resistance to environmental
degradation are critical. These include applications in aero-
space systems, industrial monitoring, biomedical diagnostics,
or other high-value applications that justify the investment in
durable materials.

To provide a more comprehensive evaluation, we quantita-
tively evaluated gold and silver across several performance
metrics. Firstly, we compared the real and imaginary parts of
the permittivity of gold and silver, as shown in Fig. 12(a and b).

We observe that in the visible spectrum, both the real and
imaginary permittivity of gold and silver share an overlap. As we
reach the Near-Infrared (NIR) region, the real part of gold's
permittivity tends to be slightly more negative than that of
silver. The real part of the permittivity determines the strength
of plasmonic confinement, with a more negative real permit-
tivity indicating a greater confinement of the evanescent field at
the metal-dielectric juncture for the case of gold. On the other
hand, the imaginary part governs the material's intrinsic optical
losses, where a higher imaginary permittivity leads to greater
losses and reduced absorption.®** From Fig. 12(b), we observe
that the imaginary permittivity for gold exceeds that for silver in
the NIR region of the electromagnetic spectrum, indicating that
gold endures a higher intrinsic optical loss.

To investigate these implications further, we calculated the
quality factor (Qspp) and propagation length of (éspp) of the SPPs
for both metals. The quality factor of the SPP incorporates both
the field confinement (linked to the real permittivity) and the
loss (linked to the imaginary permittivity) using the formula
Qspp = Re(e)?/Im(e), where Re(e) and Im(e) represent the real and
imaginary permittivity of the metal (gold or silver), respec-
tively.**** The comparative analysis of the Qspp for both gold and
silver is depicted in Fig. 12(c). The propagation length is

Table 3 Comparative analysis with existing literature on MIM-based optical pressure sensors

Pressure sensitivity Temperature sensitivity Oxidation Dual
Reference Material (nm MPa™?) (nm°Cc™) problem sensing
16 Ag 25.4 — Present X
39 Ag 16.5 — Present X
11 Si 51.075 — Present X
40 Ag — 0.4 Present X
41 Ag — 0.225 Present X
42 Ag 12.48 0.36 Present v
This work Au 771 0.488 Absent v
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A
analyzed using the formula dspp = ﬁ(Re(e)z/Im(s)). Ospp

quantifies how far an SPP mode can travel along the metal-
dielectric interface, serving as a direct indicator of loss perfor-
mance.* Fig. 12(d) compares the value of dspp between gold and
silver.

From Fig. 12(c), it is evident that silver exhibits a consistently
higher Qgspp than gold across most of the measured wavelength
range, confirming its lower intrinsic losses. This advantage is
particularly pronounced in the NIR region, where the imaginary
permittivity difference between the two metals is largest. Simi-
larly, Fig. 12(d) shows that the dspp for silver exceeds that of gold
in the NIR region. This extended propagation capability does
indicate reduced damping in silver, but if we meticulously
observe the graphs, we see that the difference in the value of
Qspp and dspp is more pronounced at higher wavelengths. In
contrast, at shorter wavelengths, their magnitudes mostly
overlap.

Motivated by these observations, a further numerical inves-
tigation was conducted by replacing gold with silver in our
proposed sensor design. This allowed for direct assessment of
how the intrinsic material advantages of silver, indicated by
higher Qspp and longer dspp in the NIR, translate into practical
device-level performance. The transmission characteristics ob-
tained while using silver as the material in place of gold and

© 2025 The Author(s). Published by the Royal Society of Chemistry

applying the device as a pressure and temperature sensor are
presented in Fig. 13 and 14, respectively.

Key performance metrics, including the quality factor of the
resonant modes, pressure and temperature sensitivity for the
structure with silver incorporated, were evaluated. The quality
factor for each of the modes is determined using the formula,

res

A
Q-factor =
FWHM

, where FWHM represents the full width at

half maximum for the corresponding resonant peak.*” The
results of the investigation are summarized in Table 4.

Despite silver's superior intrinsic plasmonic properties (Qspp
and Odgpp), the overall sensor performance did not show
a significant improvement compared to the gold-based design.
In fact, gold demonstrated a slightly higher quality factor for
mode 2 and an enhanced pressure sensitivity, particularly in the
NIR region relevant to our application. This outcome can be
attributed to gold's better field confinement resulting from
a more negative real permittivity, which helps it to overcome the
losses and thus show better resonance characteristics than
silver during practical applications. As a result, despite the fact
that silver offers theoretical advantages in terms of lower loss
and longer SPP propagation, gold remains the preferred mate-
rial choice for our sensor due to its superior performance in key
sensing metrics, combined with its chemical stability and long-
term reliability.
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5 Fabrication of the proposed sensor

We have presented a complete fabrication process in this
section to illustrate the feasibility of practically realizing the
sensor prototype in future work. The proposed sensor can be
fabricated using soft UV nanoimprint lithography (UV-NIL). Soft
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UV-NIL facilitates large-scale production on a full wafer in one
step at room temperature and low pressure.*® This method is
cost-effective and highly efficient, making it suitable for fabri-
cating micro- and nanoscale devices. The fabrication steps are
illustrated in Fig. 15.

Table 4 Quialitative and quantitative comparison of gold- and silver-based design of the proposed sensor

Metric Gold (Au)

Silver (Ag) Performance difference

Real part of the permittivity More negative in the NIR range
Imaginary part of the permittivity
SPP quality factor

SPP propagation length

Pressure sensitivity

Temperature sensitivity

Slightly higher in the NIR
Slightly lower in the NIR
Shorter in the NIR

77.1 nm MPa~!

0.488 nm °C™*

Quality factor of mode 1 32.8
Quality factor of mode 2 16.2
Material cost Higher

Chemical stability Excellent (resists oxidation)

37670 | RSC Adv, 2025, 15, 37660-37672

Less negative in the NIR Au supports tighter mode
confinement

Ag exhibits lower optical loss

Ag has a better SPP quality factor
Ag enables longer-range SPP

Au offers higher spectral shift
Almost equal spectral shift

Lower in the NIR

Slightly higher in the NIR
Longer in the NIR

74.2 nm MPa ™’

0.509 nm °C™*

33.1 Almost equal
15.2 Higher for Au
Lower Ag is more economical

Poor (prone to oxidation) Au preferred

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(d) Gold deposition & lift-off

Fig. 15 Fabrication procedure for the proposed dual-function optical
sensor.

In the first stage of fabrication, Electron Beam Lithography
(EBL) is used to define patterns on a polymethylmethacrylate
(PMMA) resist applied to a silicon substrate. The pattern is
etched into the silicon wafer using Reactive Ion Etching (RIE),
and the PMMA is subsequently removed.***° Afterwards, a layer
of hard polydimethylsiloxane (H-PDMS) is spin-coated onto the
silicon master mold, which is pre-treated with tri-
methylchlorosilane (TMCS) to prevent sticking.*® To ensure
flexibility, a layer of standard PDMS is applied over the hard
PDMS layer.* The bilayer stamp is carefully detached and cured
from the silicon master mold.* The stamp is used to imprint
the design onto a UV-curable resist such as AMONIL, which is
spin-coated over a sacrificial PMMA layer. The stamp is pressed
onto the resist to perform this task. In the subsequent stage, the
patterned resist is hardened by UV exposure at a wavelength of
365 nm under controlled energy and pressure.’* The residual
resist is eliminated using RIE. In the final step of fabrication,
a chromium adhesion layer is deposited, followed by gold
deposition under vacuum conditions using electron beam
evaporation.®*

6 Conclusion

In this article, we propose a dual-function optical pressure
sensor based on the MIM waveguide configuration, which
consists of a triangular truss resonator and a pair of rectangular
cavities, utilizing oxidation-resistant gold as the plasmonic
material. COMSOL Multiphysics software is used to numerically
compute the transmission characteristics of the device's 2D
layout. The sensor demonstrates exceptional performance,
accomplishing pressure and temperature sensitivities of
77.1nm MPa " and 0.488 nm °C ™", respectively. This study not
only addresses the limitations of traditional plasmonic mate-
rials such as silver, but also pioneers the development of
sensing platforms capable of weathering real-world challenges.
Its quantitative performance, robustness and ability to operate
under extreme environmental conditions accentuate its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential for implementation in cutting-edge optical and
mechanical sensing technologies.
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