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Abstract —. Numerical simulation of a Surface Plasmon Resonance (SPR) sensor was carried out using
COMSOL Multiphysics 5.5 based on the Finite Element Method (FEM) to evaluate detection performance
influenced by oxide type and thickness acting as interlayer and sensitive layer. The sensor configuration
employs silver (Ag) as the plasmonic metal, while ZnO, Al:0s, BaTiO;s, and TiO: are considered as oxide
materials. The presence of an oxide layer with a certain thickness gives different resonance curve
characteristics due to changes in the resulting plasmonic coupling. In this study, BaTiOs with a thickness
of 40 nm obtained the optimum condition with a minimum FWHM value, accompanied by high FOM value
of around 107.75 RIU™. Meanwhile, the use of oxide materials as sensitive layers causes a shift of the
resonance angle toward higher values with increasing refractive index and thickness, resulting in
enhanced angular sensitivity. However, this improvement is accompanied by a broadening of the FWHM,
indicating increased plasmon damping associated with the sensitive layer. Among the evaluated
configurations, the BaTiOs (40 nm)/Ag (50 nm)/Al:Os (10 nm) structure exhibits the lowest minimum
reflectance and a FOM of 91.35 RIU™. Despite a marginal reduction in the FOM, the sensitivity attains
about 150°/RIU, exceeding that of the configuration without a sensitive layer (120°/RIU). Field profile
reveals reduced penetration depth, indicating surface-confined electromagnetic fields beneficial for gas
sensing. This study provides insight into the dual role of oxide layers as interlayers and sensitive layers
for optimizing electromagnetic confinement, sensitivity, and design strategy for SPR-based gas sensing
platforms.
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1. Introduction

The resonance condition due to the matching of the momentum between the incident light and the
oscillation of free electrons at the metal-dielectric interface, known as the SPR phenomenon, has been
developed and studied for its application as an optical sensor for several decades [1]. The matching of the
momentum is realized using the Kretschmann configuration, which consists of a glass with a high refractive
index (prism) coated with a thin metal layer [2]. In the resonance condition, the decrease in reflectance
intensity in the TIR condition occurs due to the excitation of surface plasmons at the prism-air interface.
This resonance condition is very sensitive to changes in the refractive index of the medium around the
metal surface, so that this principle is utilized as a detection mechanism. In the SPR sensor, the analyte
response is detected through the shift in the resonance angle, namely the angle at which the minimum
reflectance occurs, which is caused by changes in the refractive index of the sensing medium (air) at the
metal surface due to the presence of the analyte [3].

SPR sensors have been extensively investigated for various detection applications because they offer
real-time monitoring capabilities and high sensitivity [4]. Advances in fabrication technology in recent
years have improved the performance of SPR sensors based on the Kretschmann configuration, particularly
in terms of sensitivity and resonance coupling efficiency. One widely developed approach is the integration
of oxide materials into the SPR sensor structure.

Oxide materials in SPR sensors have been reported to function as sensitive layers, considering that
oxide layers exhibit specific interactions with gas molecules and have been widely applied as sensitive
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layers in various non-SPR gas sensors [5,6]. In SPR sensors, the presence of an oxide layer on the metal
surface as a sensitive layer not only enhances analyte sensitivity through improved selectivity but also
increases sensor sensitivity due to an increase in the effective refractive index of the surrounding air
medium near the metal surface, given that oxide materials generally possess relatively high refractive
indices [7—10]. In addition to serving as sensitive layers, several studies have also reported the use of oxide
materials as interlayers between the prism and the metal layer.

One of the key parameters that strongly influences the role of oxide layers in SPR sensors is their
thickness. In several theoretical studies, oxide layers have been used as interlayers with varying material
types and thicknesses, including ZnO interlayers with thicknesses of around 5 nm [11] and about 40 nm
[12], as well as TiO: interlayers of approximately 10 nm [13]. However, the specific influence of oxide
layers as interlayers, particularly their thickness, remains insufficiently discussed, as most studies primarily
report only the overall performance of the sensor structures. A similar situation is observed for oxides
functioning as sensitive layers, such as TiO2 [14], ZnO [15], BaTiOs [4] , and Al.Os [16], which have also
been reported in previous works. Therefore, evaluating the thickness of oxide layers is an important aspect
in the design and optimization of SPR sensors. This study aims to investigate the effect of oxide layer
thickness when functioning as both an interlayer and a sensitive layer on the SPR resonance characteristics.
The results of this study are expected to provide a more comprehensive understanding of the relationship
between oxide layer thickness and sensor performance, as well as serve as a reference for the development
of more optimal SPR sensor structures.

2. Sensor Design and Numerical Modelling

The SPR scheme of the multilayer structure in this study is shown in Figure 1. The configuration used is
the Kretschmann configuration with a thin layer of Ag (50 nm) and four types of oxide materials, namely
ZnO, Al,03, BaTiOs and TiO2. The dispersive behavior of the materials was incorporated using literature-
reported refractive index values at the fixed operating wavelength of 633 nm, as listed in Table 1.

Ag was chosen as the plasmonic metal in this study because it exhibits higher accuracy and superior
quality figures compared to Au, which is more commonly used in SPR sensors [17]. An Ag thickness of
50 nm was selected because this thickness generally produces a well-defined SPR dip while maintaining
efficient plasmon coupling [18]. Although Ag is less chemically stable than Au, the oxide layer on the Ag
surface acts as a protective layer, thereby enhancing its chemical stability. In addition to being deposited
on the Ag surface as a sensitive layer, the oxide materials are also employed as interlayers, as illustrated in
Figure 1. The effect of oxide layer thickness on the SPR sensor response is systematically evaluated.

Incident Light \\\ Reflected Light

 Prism "
4 BK7 )

Oxide Layer — Interlayer
Silver (Ag)
Oxide Layer — Sensitive Layer

Sensing Medium

Figure 1. Schematic of the SPR sensor configuration.

Table 1. Complex refractive index of materials at 633 nm.

Material Refractive Index (n + ik)  Ref.
Prisma BK7  1.515 [13]
Ag 0.0803 + i4.234 [10]
ZnO 1.6248 [15]
AlLO3 1.7659 [10]
BaTiOs 2.4043 [4]
TiO: 2.5837 [19]
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The sensor response is observed based on angular modulation. Meanwhile, sensor performance is
evaluated through sensitivity (S), detection accuracy (DA), and figure of merit (FOM), defined by the
following equations [4]:

56
S = . Q)
__1 -1
DA = . (degree™) 2
FOM = —— (RIU™Y) 3)
FWHM

Here, 60 represents the shift in the resonance angle and dn denotes the refractive index change of the
analyte, while FWHM corresponds to the full width at half maximum of the absorption peak of the SPR
resonance curve.

Numerical analysis of the sensor structure is carried out using the Finite Element Method (FEM).
Simulations are performed using COMSOL Multiphysics version 5.5 with a two-dimensional (2D)
geometric approach, as shown in Figure 2. The physics model employed is Electromagnetic Waves,
Frequency Domain. Periodic port boundary conditions are applied at the top side as the input port (Port 1)
and at the bottom side as the output port (Port 2), indicated by blue lines in the figure. Floquet periodic
boundary conditions are applied to the lateral sides of the structure, with the wave vector (k-vector) derived
from the periodic ports. The mesh structure shown in Figure 2 was generated using an automatic physics-
controlled mesh with a finer setting. This meshing approach automatically refines the mesh in regions with
high electromagnetic field gradients, ensuring numerical stability, accuracy, and convergence of the
simulation results. The wavelength of the light source is set to 633 nm with transverse magnetic (TM)
polarization. A wavelength-domain study is conducted with an incident angle sweep from 40° to 80° in
increments of 0.1°. The sensing medium is assigned a refractive index of 1.330, and a refractive index of
1.335 is considered to represent variations caused by the analyte.
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Figure 2. Schematic of the two-dimensional FEM-based SPR sensor simulation model implemented in
COMSOL Multiphysics.

3. Result and Discussion

3.1 Analysis of the Effects of Interlayer Thickness and Oxide Type on SPR Curves

The initial optimization was performed on the interlayer thickness of the SPR sensor structure using TiO-
as the interlayer, as shown in Figure 3(a). The presence of the oxide layer produces SPR curve
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characteristics that differ from those of the Ag structure without an interlayer, indicating a change in
plasmon coupling conditions [11]. Based on Table 2, the incorporation of TiO: as an interlayer causes a
shift in the resonance angle (8:) from 67.65° for the Ag-only structure to 67.70-67.80° for structures with
an interlayer. The resonance angle shift begins to appear at a thickness of 40 nm, increasing from 67.65°
to 67.70°, and further increases to 67.75° at thicknesses of 50—60 nm. However, at thicknesses of 70-100
nm, the resonance angle remains at 67.80° without significant change. In terms of FWHM, the Ag structure
without an interlayer exhibits an FWHM of 1.318°. The addition of TiO: with thicknesses ranging from 10
to 40 nm results in a gradual decrease in FWHM, reaching a minimum value of 1.135° at a thickness of 40
nm. This indicates an improvement in the sharpness of the SPR curve at this thickness. However, for
thicknesses greater than 40 nm, the FWHM value increases again, reaching 1.508° at a thickness of 100
nm. This phenomenon occurs because the TiO: interlayer has a higher refractive index than the prism,
which increases the parallel momentum component of the evanescent wave and leads to improved
momentum-matching conditions, thereby shifting the resonance angle toward higher angles [20].

At a certain thickness (around 40 nm), the contribution of TiO: and the phase of the evanescent field
reach a condition of minimum plasmon damping because the imaginary part of the surface plasmon
polariton wave vector, Im(kyyp), attains its minimum value, resulting in the narrowest FWHM [21]. In
contrast, at larger interlayer thicknesses, phase shifts of the electromagnetic field and an increase in the
effective refractive index lead to phase mismatch. Consequently, the electromagnetic field becomes less
localized at the metal-oxide interface and the damping increases again, as indicated by the broadening of
the FWHM. Meanwhile, the minimum reflectance value also exhibits fluctuating behavior with respect to
interlayer thickness. Nevertheless, for thicknesses in the range of 10-90 nm, the minimum reflectance
remains below 1%, indicating that plasmon coupling still occurs efficiently. However, at a thickness of 100
nm, the minimum reflectance increases to 1.47%, indicating a reduction in coupling efficiency, such that
part of the energy is not coupled into the plasmon mode and is instead reflected.
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Figure 3. (a) SPR curves for TiO: interlayers with different thicknesses, (b) resonance angle shifts at selected
interlayer thicknesses.
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Figure 4. SPR curves with different oxide interlayers.
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Based on the combination of the smallest FWHM (1.135°) and a sufficiently low minimum reflectance,
the optimum thickness of TiO: as an interlayer is determined to be 40 nm. To evaluate sensor performance,
simulations were carried out by varying the refractive index of the sensing medium from 1.330 to 1.335,
and the results are summarized in Table 3. The Ag structure without an interlayer exhibits a sensitivity of
110 °/RIU with a FOM of 83.44 RIU'. The addition of TiO2 improves the sensor performance, where TiO2
with a thickness of 40 nm yields a sensitivity of 120 °/RIU and the highest FOM of 105.73 RIU! compared
to other thicknesses. In contrast, although TiO with a thickness of 100 nm shows the same sensitivity (120
°/RIU), its FOM decreases to 79.56 RIU™! due to the increased FWHM.

Subsequently, the effect of oxide type was investigated by employing interlayers with a fixed thickness
of 40 nm, namely BaTiOs, Al>Os, and ZnO. Based on Table 2, BaTiOs exhibits the smallest FWHM (1.114°
at 40 nm) compared to the other oxides, while Table 3 shows that BaTiOs also provides the highest FOM
of 107.75 RIU'. This indicates that BaTiOs is capable of producing a sharper SPR curve and superior
sensor performance. To confirm the consistency of the optimum thickness, BaTiOs was also analyzed at
thicknesses of 30 and 50 nm. The results show that a thickness of 40 nm still yields the smallest FWHM
compared to the other thicknesses, indicating that 40 nm is the optimum thickness for both TiO- and BaTiOs
as interlayers. Differences in oxide materials, which represent differences in interlayer refractive indices,
result in different plasmon coupling conditions. At a given operating wavelength, an interlayer with an
excessively high refractive index can cause over-confinement of the electromagnetic field within the
interlayer, thereby reducing the interaction between the field and the sensing medium. In this configuration,
BaTiOs with a thickness of 40 nm achieves an optimal momentum-matching condition, resulting in a
sharper SPR curve and a higher FOM value.

Table 2. SPR curve characteristics with interlayers at various thicknesses (n = 1.330).

Interlayer Thickness (nm) FWHM (°) Reflectance (%) 01 (°)
Ag (without interlayer) - 1.318 0.91 67.65
TiO: 10 1.231 0.17 67.65
TiO: 20 1.173 0.04 67.65
TiO: 30 1.144 0.53 67.65
TiO: 40 1.135 0.64 67.70
TiO: 50 1.152 0.79 67.75
TiO: 60 1.190 0.46 67.75
TiO: 70 1.250 0.17 67.80
TiO: 80 1.332 0.02 67.80
TiO: 90 1.426 0.50 67.80
TiO: 100 1.508 1.47 67.80
BaTiOs 30 1.131 0.61 67.65
BaTiOs 40 1.114 0.93 67.70
BaTiOs 50 1.120 1.35 67.75
AlLOs 40 1.152 0.17 67.65
ZnO 40 1.221 0.07 67.65

Table 3. Performance of SPR Sensors with Interlayers.

Interlayer Thickness (nm)  Accuracy (°*)  Sensitivity (°/RIU)  FOM (RIU™)
Ag (without interlayer) - 0.758 110 83.44
TiO: 10 0.812 110 89.33
TiO: 40 0.881 120 105.73
TiO: 100 0.663 120 79.56
BaTiOs 40 0.897 120 107.75
AlLOs 40 0.868 120 104.17
ZnO 40 0.819 120 98.29
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3.2 Analysis of the Effects of Sensitive layer Thickness and Oxide Type on SPR Curves

Figure 5(a) shows the SPR curves for various oxides used as sensitive layers with a thickness of 10 nm on
top of a sensor structure that has been optimized using a 40 nm BaTiOs interlayer. Differences in the type
of oxide used as the sensitive layer directly represent differences in the refractive index of the sensitive
layer, which in turn modify the effective refractive index in the sensing medium region [22]. As shown in
Figure 5(a), an increase in the refractive index of the sensitive layer causes the resonance angle to shift
toward higher angles, from approximately 70.40° for ZnO to as high as 80.05° for TiO-. In terms of curve
sharpness, sensitive layers with lower refractive indices, such as ZnO (10 nm), produce the smallest FWHM
value (1.446°) along with a relatively low minimum reflectance (2.67%), indicating a sharper resonance.
In contrast, sensitive layers with high refractive indices, such as TiO-, result in much broader SPR curves
(FWHM = 3.813°) accompanied by an increase in minimum reflectance to 20.52%. This behavior indicates
increased plasmon damping associated with the high-refractive-index sensitive layer, which modifies the
electromagnetic field distribution near the sensing interface and leads to degradation of the SPR resonance
quality [23]. Nevertheless, an increase in the refractive index of the sensitive layer also leads to an
enhancement in angular sensitivity. As summarized in Table 4, the sensitivity increases progressively from
130 °/RIU for ZnO to as high as 300 °/RIU for TiO:. The shift of the resonance angle toward higher angles
at a sensing medium refractive index of n = 1.330 is induced by the presence of the oxide layer, which
increases the effective refractive index of the sensing medium. Consequently, this higher resonance angle
results in a larger angular shift when the refractive index of the medium changes to n = 1.335 [7].
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Figure 5. (a) SPR curves of various oxide sensitive layers with a 40 nm BaTiO:s interlayer, (b) effect of ALOs
sensitive layer thickness on SPR curves.

Table 4. Performance of SPR sensors with a BaTiOs interlayer and various oxide layers as sensitive layers.

Sensitive layer FWHM (°) Reflectance (%) 01 (°) Sensitivity (°/RIU) FOM (RIU™)
ZnO (10 nm) 1.446 2.67 70.40 130 89.92
ALO; (10 nm) 1.642 3.72 71.55 150 91.35
ALO; (20 nm) 2.693 12.24 77.85 210 77.99
BaTiOs (10 nm) 2.890 11.53 77.60 230 79.57
TiO: (10 nm) 3.813 20.52 80.05 300 78.67

Sensor performance is not determined solely by sensitivity, but also by the FOM, which takes into
account the width of the resonance curve (Eq. 3). In practical sensing applications using oxide layers as
sensitive materials for gas, humidity, and temperature sensing, the refractive index changes are typically
small and gradual. Under these conditions, a broad resonance curve can obscure subtle resonance shifts,
even when the nominal sensitivity is relatively high. Therefore, the 10 nm Al.O; layer provides a more
favorable sensing performance, as its narrower resonance curve results in a higher FOM and enables more
precise detection of small refractive index variations.

Based on Table 4, the highest FOM is obtained for Al2Os (10 nm) with an FOM of 91.35 RIU ™, even
though its sensitivity (150 °/RIU) is lower than that of BaTiOs and TiO.. Figure 5(b) illustrates the effect
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of AL:O:s sensitive layer thickness on the SPR curve characteristics. Increasing the thickness from 10 nm to
20 nm results in a significant shift of the resonance angle from 71.55° to 77.85°, accompanied by a drastic
increase in FWHM from 1.642° to 2.693° and an increase in minimum reflectance from 3.72% to 12.24%.
This phenomenon indicates that a thicker sensitive layer enhances the contribution of the sensitive layer
refractive index to the effective refractive index of the system, while simultaneously reducing the
confinement of the electromagnetic field at the metal—dielectric interface. At a thickness of 30 nm, the SPR
phenomenon is no longer observed in the reflectance curve, indicating that the plasmon coupling process
is hindered due to excessive damping of the evanescent field.

3.3 Electric field probe profile

Figure 6(a) shows the BaTiOs (40 nm)/Ag (50 nm)/Al-Os (10 nm) layered structure, where the
electromagnetic field is strongly confined around the metal—sensitive layer interface under resonance
conditions. This confinement indicates the excitation of Surface Plasmon Polaritons (SPPs). The field
distribution with positive and negative amplitudes (red and blue) reflects the oscillatory nature of
plasmonic modes bound to the interface. Meanwhile, the electric field profile in Figure 6(b) clearly shows
the difference between the non-resonant angle (70°) and the resonance angle (71.55°). At the resonance
angle, the electric field is significantly enhanced near the interface and then decays exponentially toward
the sensing medium [24]. This strongly localized field in the sensing medium enhances the optical
interaction with the analyte, thereby directly contributing to the sensor sensitivity. For the optimum
configuration in this study, the penetration depth of the field under resonance conditions, defined as 1/e of
the maximum field amplitude [13] is approximately 207.1 nm from the Al.Os surface into the sensing
medium. This value is smaller than those obtained for the BaTiOs/Ag (226.6 nm) and Ag-only (228.6 nm)
configurations.
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Figure 6. (a) Confined electromagnetic field at resonance (71.55°), (b) Electric field norm profile versus distance
toward the sensing medium at different incident angles.

The reduced penetration depth indicates stronger spatial confinement of the electromagnetic field near
the sensing surface, which can enhance surface sensitivity. However, the broader FWHM observed for
higher-refractive-index sensitive layers suggests increased plasmon damping, indicating that field
confinement and resonance sharpness do not necessarily vary proportionally in SPR structures
incorporating sensitive layers. In addition, this improvement in sensitivity involves a trade-off, as a
shallower penetration depth reduces the effective detection volume. Nevertheless, for gas-sensing
applications, where detection is primarily governed by adsorption-induced changes at the sensing surface
rather than bulk refractive index variations, a more surface-confined electromagnetic field is generally
advantageous. Therefore, the oxide-based multilayer configuration employed in this study shows strong
potential for gas-sensing applications.

4, Conclusion

Optimization of the thickness and selection of oxide material as an interlayer and sensitive layer affect the
resonance conditions, thus affecting the detection performance of the SPR sensor. Oxides used as a
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sensitive layer increase sensor sensitivity, but are generally accompanied by a widening of the FWHM.
The increase in sensitivity and widening of the FWHM by the presence of oxide as a sensitive layer
increases with the increase in the refractive index of the material and the thickness used. Meanwhile, oxides
used as an interlayer at a certain thickness and refractive index are able to produce a narrowing of the
FWHM, which means increasing sensor accuracy even accompanied by sensitivity that makes the FOM
high. In this study, the optimum interlayer thickness was obtained at 40 nm, with BaTiOs showing the best
performance through the smallest FWHM and the highest FOM. Among the configurations studied, the
structure of BaTiOs (40 nm)/Ag (50 nm)/Al-0s (10 nm) provides the best balance between sensitivity and
resonance quality, accompanied by a low minimum reflectance value (<10%) and strong electric field
confinement with a penetration depth of around 207.1 nm. These results confirm that the performance of
the SPR sensor can be improved by optimizing the multilayer structure based on the use of oxide as an
interlayer and sensitive layer. Since this study is based on numerical simulations assuming uniform material
conditions and optimized parameters, experimental validation is necessary as future work.
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