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Abstract

Periodic grating structures allow for the excitation of surface plasmon resonance (SPR) by
matching the momentum of incident light to the plasmon mode. Herein, we investigate
Au-coated sinusoidal gratings with depths from 50 nm to 280 nm using transmission and
reflection spectroscopy. For gratings with an 806 nm period, increasing the modulation
depths results in an SPR red shift of more than 125 nm, spectral broadening, and branch
separation in the SPR dispersion. Rigorous coupled-wave analysis simulations using
Gsolver (v5.2) reproduced the experimentally observed depth-dependent spectral trends.
These results suggest that the grating modulation depth is a key structural parameter for
tuning the SPR wavelength, bandwidth, and dispersion characteristics of a grating-coupled
SPR system.

Keywords: grating-coupled surface plasmon resonance; laser interference lithography;
grating modulation depth; sinusoidal surface relief grating; SPR dispersion; effective
refractive index; Gsolver simulation; plasmon confinement

1. Introduction

Surface plasmon resonance (SPR) can be used for precise optical sensing since any
changes to the refractive index near the metal-dielectric interface will be experimentally
observed as a shift in the SPR wavelength [1-3]. This characteristic enables practical
applications such as biomarker detection [4,5], drug development [6], environmental moni-
toring [7], and molecular binding analysis [4,8]. In localized plasmonic systems, periodic
nanoparticle arrays can use the diffraction-mediated coupling of localized plasmon modes
to produce narrow optical responses [9] and enhanced sensing performance [10]. For prop-
agating SPR excitation, prism coupling has been used to provide the momentum [11,12],
whereas periodic gratings offer a compact alternative that can be integrated in miniaturized
optical devices.

Grating-coupled SPR structures can be fabricated with different grating geometries
such as rectangular [13], chirped [14,15], and sinusoidal [13,16]. Among these geometries,
sinusoidal surface relief gratings (SRGs) are attractive because they provide a smooth
periodic modulation of the metal surface and can be fabricated using laser interference
lithography. The optical response of grating-coupled SPR depends strongly on the grating
geometry. In grating phase-matching theory, the SPR excitation wavelengths depend on the
grating pitch, the light incidence angle, the refractive indices of the metal and the dielectric,
and the light polarization [17]. However, the flat interface SPR theory does not explicitly
account for the grating modulation depth, which can strongly influence the SPR peak depth,
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spectral bandwidth, and the SPR dispersion [18-21]. As the grating modulation becomes
deeper, the interaction between the optical field and the periodic metal structure increases,
leading to a stronger grating-mediated plasmon coupling due to changes in the effective
refractive index of the dielectric [18,20-23].

The role of the grating modulation depth has been recognized in both SPR sensor
design and plasmonic theory. In grating-based SPR sensors, the modulation depth can be
optimized to improve the reflectance amplitude, the full width at half maximum, and the
bulk sensitivity of the sensor [18,19,21]. Previous works have shown that increasing the
grating modulation depth enhanced the sensitivity, but also broadened the SPR spectrum,
which is detrimental for sensors trying to achieve maximum bulk sensitivity. In plasmonic
theory, increasing the modulation depth of a sinusoidal grating has been shown to theoreti-
cally shift the plasmon resonance wavelength, broaden the SPR bandwidth, and generate
plasmonic bandgaps due to stronger Bragg scattering and changes in local effective re-
fractive indices [20,22,23]. Although the grating modulation depth is an important design
parameter for grating-coupled SPR sensors, few studies have experimentally tracked how
the SPR response continuously evolves from shallow to deep gratings.

Herein, we experimentally and numerically investigate the role of grating modulation
depth in controlling the optical response of grating-coupled SPR, including the resonance
wavelength, spectral bandwidth, and the SRP dispersion, using transmission and reflection
spectroscopy. By varying the modulation depth from a shallow-grating to a deep-grating
regime, we characterize the changes in the SPR response and compare the experimental
trends with rigorous coupled-wave analysis performed using Gsolver. This study provides
insight into the relationship between grating geometry and plasmon coupling, enabling an
improved design of grating-based plasmonic devices.

2. Materials and Methods
2.1. Fabrication and Characterization of Gold-Coated Azobenzene Surface Relief Gratings

Disperse Red-1 functionalized mexylaminotriazine molecular glass, or simply azoben-
zene molecular glass (gDR1), was synthesized following an established procedure [24].
The gDR1 powder was dissolved in dichloromethane (Sigma-Aldrich, Oakville, ON,
Canada) at 3% (w/v). The solution was filtered and 70 pL was spin-coated onto a cleaned
3.8 cm x 3.8 cm soda lime glass substrate (Ted Pella, Redding, CA, USA) at 1400 rpm
for 35 s. The coated substrates were then baked at 65 °C for 10 min to remove residual
solvent. The film thickness was measured using a DektakXT stylus profilometer (Bruker
Corporation, San Jose, CA, USA).

Sinusoidal SRGs were inscribed in the gDR1 solid thin films by laser interference lithog-
raphy using a Lloyd’s mirror interferometer, as previously described [25]. A 532 nm Verdi
V6 diode-pumped solid-state laser (Coherent Inc., Santa Clara, CA, USA) was expanded
and collimated to produce a beam diameter of 25 mm with an irradiance of 286 mW/cm?.
The time for which the laser was exposed to the azobenzene substrates was varied from
100 to 500 s to control the grating modulation depth. When using the Lloyd’s mirror inter-
ferometer, the grating pitch is directly related to the laser incidence angle 8 and wavelength
A, according to the following equation: A = A/(2sinf). Two randomly chosen grating
pitches (A = 806 nm and 705 nm) were selected for the fabrication of the gratings. The
actual resulting grating pitches were measured using a red-laser diffraction angle method
and further confirmed by atomic force microscopy.

The grating morphology was characterized using an atomic force microscope (Dimen-
sion Edge AFM, Bruker Corporation, San Jose, CA, USA). The azobenzene substrates with
the inscribed gratings were secured on the AFM stage under vacuum and imaged using
the tapping mode with a scan rate of 0.5-1 Hz and a resolution of 1152 points per line.
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AFM images were analyzed using NanoScope Analysis software (version 2.0). Line profiles
were extracted perpendicular to the grating grooves to determine the grating pitch and
modulation depth, with the latter defined as the average difference between the peaks and
valleys over the entire scanned area of the SRGs.

For SPR excitation, the fabricated gratings were coated with a 30 nm layer of gold
(Au) using a sputtering coater (Q 150V ES Plus, Quorum, Laughton, East Sussex, UK). The
deposition was performed at 30 mA with an estimated deposition rate of approximately
18 nm/min. Au sputtering was performed without intentional substrate heating, and the
low-intensity optical measurements were not expected to induce thermal or photoinduced
changes in the grating profile.

2.2. Surface Plasmon Resonance Optical Measurement

Surface plasmon resonance (SPR) measurements were performed using a free-space
optical setup, as shown in Figure 1. The Au-coated gratings were mounted on a motorized
rotation stage, allowing for changes in the light incidence angle. A SLS301 halogen white-
light source (Thorlabs, Newton, NJ, USA) was collimated and passed through an iris to
define a beam diameter of ~2 mm. Afterwards, the beam passed through a polarizer to
polarize incident light along the grating vector, and it was then directed onto a beam
splitter. The reflected light was collected by an optical fiber connected to a QE Pro and
NIR spectrometer (Ocean Insight, Orlando, FL, USA). For transmission measurements, the
transmitted light was collected on the opposite side of the sample using a lens to direct
light towards the optical fiber of the spectrometer. The azobenzene sample was rotated
from normal incidence to £10°, in increments of 1°, using the motorized stage controlled
via LabVIEW (v2017) software (National Instruments, Austin, TX, USA). Spectra were
normalized with respect to an area of the azobenzene sample that did not have a grating.

.
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Figure 1. Schematic illustration of the optical setup used to measure angular SPR responses in
transmission and reflection modes. A polarized white-light beam was directed onto the Au-coated
grating substrate (yellow) mounted on a rotational stage (green), and the transmitted or reflected
light was collected using a fiber-coupled spectrometer. The orange lines and red arrows indicate the
optical beam paths and the directions of propagation, and the blue dotted diagonal line represents
the beam-splitter interface.

2.3. Data Analysis and Numerical Simulation

Transmission spectra were analyzed using custom Python (v3.14) scripts. The SPR
peaks were determined by selecting the maximum (transmission) or minimum (reflection)
intensity within the selected wavelength range for each incident angle. The extracted peak
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wavelengths were then used to construct the dispersion curve via the phase-matching
condition by solving the following equations [17,26]:

2
kspR = kondsin9+m<[:[) (1)
where kg = 27m/A, ny is the refractive index of the dielectric medium, A is the SPR

wavelength, 0 is the incident angle, A is the grating pitch, and m is the diffraction order.
In this work, the first-order grating coupling was used with m = +1. The corresponding
angular frequency was calculated as

_2mXxc
A

)

The dispersion relation was obtained by plotting w as a function of kspg, with the light line
included as a reference.

Grating-coupling SPR spectra were simulated using the Gsolver software, a numerical
electromagnetic simulation software based on rigorous coupled-wave analysis for periodic
grating structures [27]. The simulations were performed at the interface of the metal-
dielectric (air-gold). The simulated grating pitch was selected to match the experimentally
measured value, and the grating modulation depth was theoretically varied to examine its
effect on the simulated SPR response.

Because changing the depth of a curved GSolver profile also changed the number of
layers used to discretize the curve, rectangular-layer models were used to vary the grating
depth directly while keeping the lateral dimensions fixed. To match the experimental sinu-
soidal grating geometry, the simulated theoretical grating was represented using stacked
rectangular layers of Au on a Au base layer. In the simplest one-layer model, the simulated
grating was approximated using a single rectangular Au layer positioned on a Au base
layer with a width of 0.5W;, and a height equal to the total grating depth, 4, where W,
is the width of the Au base. More realistic geometries were also generated using three-
and five-layer Au models. In the three-layer model, the lateral widths were fixed at 0.5W,,
0.4Wp, and 0.3W,, from the bottom to the top layer, and each layer had a height of d/3.
In the five-layer model, the lateral widths were fixed at 0.5W),, 0.4W;, 0.3W;, 0.2W;, and
0.1Wp, from the bottom to the top layer. For each total grating depth, the individual layer
heights (h;—hs) were varied empirically while maintaining d = h; + hy + hz+ hy + hs. Dif-
ferent height combinations were simulated, and the geometry giving the closest agreement
between the calculated and experimental normal-incidence resonance positions was re-
tained. The final five-layer dimensions are provided in Table S2. The spectra were simulated
using a light polarization along the grating vector, and the resulting simulated zeroth-order
transmitted intensity allowed for the identification of the SPR wavelength. The extracted
SPR wavelengths were then used to calculate the theoretically effective refractive index
using the same phase-matching equation applied to the experimental spectra.

3. Results and Discussion

The goal of this work was to investigate how the grating modulation depth affects the
optical response for grating-coupled SPR, with particular focus on the SPR dispersion curve
and the effective refractive index at the metal-dielectric boundary. Figure 2a illustrates
the fabrication of Au-coated grating substrates using laser interference lithography on an
azobenzene molecular glass thin film. Under laser illumination, molecular azobenzene
undergoes photoinduced mass transport, leading to sinusoidal SRGs. The deposition of a
thin Au layer (~30 nm) produce the metal-dielectric interface required to support SPR. The
grating modulation depth is controlled by the laser irradiance and exposure time, as well
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as the azobenzene film thickness and the azobenzene solution concentration, as previously
described [24,28]. In this work, all fabrication parameters were held constant, except for the
laser exposure time, which was varied to modify the grating modulation depth as desired.

(a) Laser Interference Lithography
Azobenzene Film l l l l Gold Coating
—)
(b)
300
€ 250
£
£ 200
% Depth = 150 nm
2 150+ //////’, .
‘é‘ 100 .
(D 50 Depth = 250 iyl / ’

1 1 1 1 1
100 200 300 400 500
Exposure Time (s)

Figure 2. Fabrication and characterization of grating-coupled SPR structures with controlled grating
modulation depth. (a) Schematic illustration of laser interference lithography used to generate
periodic SRGs in azobenzene thin films (beige), followed by Au coating (yellow) to form grating-
coupled SPR substrates. The downward black arrows indicate laser irradiation. (b) Plot of the grating
modulation depth as a function of laser exposure time. Error bars represent mean + S.D of replicates
(n = 3). (c) Representative AFM images of gratings with depths of 50 nm (top), 150 nm (middle), and
250 nm (bottom), respectively. The color scale represents height from —180 nm to 180 nm.

To evaluate the controllability of the fabrication process, the grating modulation depth
was plotted as a function of the laser exposure time for a fixed laser irradiance. As shown
in Figure 2b, the grating modulation depth linearly increased with an increase in the
exposure time from 100 to 500 s, demonstrating that the laser exposure time provides
a controllable approach to fabricating gratings with different modulation depths. For
clarity, the gratings in this study were classified into three depth regimes: shallow gratings
(~50-120 nm), intermediate gratings (~130-180 nm), and deep gratings (>200 nm). These
regimes are not intended as universal boundaries, but provide a framework for comparing
the depth-dependent SPR response observed in this work.

Figure 2c contains representative AFM images for these regimes, with representative
grating modulation depths of 50 nm, 150 nm, and 250 nm. The AFM images confirm that
increasing the laser exposure time results in deeper surface modulation while preserving
the periodic grating geometry. AFM scans acquired at an additional location separated by
approximate 1 mm of distance show a low modulation depth variation with differences of
1.9-5.4% (provided in Table S1 and Figure S1), confirming the good spatial uniformity of
the grating profiles across the sample. AFM comparisons before and after Au sputtering
indicated that the grating periodicity, modulation depth, and overall sinusoidal profile were
preserved, without profile distortion, trough filling, cracking, or film breakup (Figure S2).
This preserved morphology is consistent with a continuous Au coating rather than a
discontinuous or percolated film [29]. These results confirm that the grating depth was
controlled and remained stable after Au coating, enabling an examination of how the
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grating modulation depth influences the SPR spectra, the dispersion curve, and the effective
refractive index.

3.1. Depth-Dependent Optical Response of Grating-Coupled SPR

Next, we investigated how the grating modulation depth affects the optical response
of grating-coupled SPR using the transmission and reflection setup shown in Figure 1. This
configuration allowed the monitoring of the depth-dependent spectral response associated
with the grating-coupled excitation of surface plasmon modes at the Au/air interface.
Although the thin Au film supports two asymmetric resonance modes associated with the
Au/air and Au/azobenzene interfaces, this study examines the Au/air mode because the
Au/azobenzene mode is expected to lie outside the investigated spectral range. Previous
studies have similarly shown that asymmetric structures containing ultra-thin film Au films
can support distinct SPP modes predominantly associated with the two metal-dielectric
interfaces [30,31].

First, we measured the transmission spectra of the 806 nm pitch gratings with different
modulation depths. As shown in Figure 3, increasing the grating modulation depth
progressively changed the transmission spectra in the three depth-dependent regimes. In
the shallow regime, as the modulation depth increased from 50 to 90 nm, the transmission
intensity increased, and the SPR feature became slightly broader and redshifted slightly
by 0.7 nm, indicating that the shallow modulation depth only weakly perturbs the SPR
response. In the intermediate depth regime, when the modulation depth increased from
165 to 180 nm, the SPR response began to change significantly. For the 165 nm depth grating,
the SPR feature was already noticeably broader than those of the 50- and 90 nm depth
gratings. Furthermore, relative to the 50 nm depth grating, the SPR redshifted by 7.3 nm
for the 165 nm depth grating and by 41.9 nm for the 180 nm depth grating. This result
suggests a transition from weak depth perturbation to stronger grating—plasmon coupling.

E00R = 50nm = 90 nm
o~ 1= 165 nm = 180nm
S 20004/~ 210nm — 280nm jome
&
S 1500
0 .
L
£ 1000 -
(7]
=
£ 500 - \,Jp
P B

o . W

I Ly 1 o 1 b 1 b 1 ] I = I e

600 650 700 750 800 850 900 95
Wavelength (nm)

Figure 3. Effect of grating modulation depth on the optical spectra of grating-coupled SPR. Transmis-
sion spectra of grating-coupled SPR of the 806 nm pitch with various grating depths: 50 nm (black),
90 nm (red), 165 nm (blue), 180 nm (green), 210 nm (purple), and 280 nm (orange). The light pink
arrow indicates the red shift in the SPR peak with increasing grating depth. The spectra are vertically
offset by 0, 200, 400, 600, 1100, and 1600 counts, respectively, for clarity.
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In the deep-grating regime, the spectral changes became more pronounced. The SPR
feature continued to broaden and red-shift, relative to the 50 nm depth grating, with SPR
wavelength shifts of 87.9 nm for the 210 nm depth grating and 125.5 nm for the 280 nm
depth grating, as seen in Table 1. At these larger depths, a peak split appeared in the SPR
response, indicating a bandgap-like separation in the SPR coupling mode. Overall, these
results indicate that the SPR response is weakly affected by the grating modulation depth in
the shallow-grating regime, but becomes more sensitive in the intermediate depth regime,
and is strongly affected in the deep-grating regime. This observation is consistent with
stronger grating-induced coupling to the plasmon mode and a stronger influence of the
effective refractive indices of the metal and the dielectric on the SPR response, thus leading
to a modification of the plasmon dispersion curve [20,22,23]. Furthermore, AFM analysis
of the Au-coated grating surface roughness yielded Sq values of 4.9 £1.2,3.2 + 0.4, and
5.9 £ 1.8 nm for grating depths of 90, 165, and 235 nm, respectively, showing no systematic
increase in surface roughness with increasing modulation depth. Therefore, the broadening
is primarily attributed to enhanced grating-mediated radiative coupling associated with
the increased surface modulation depth rather than progressive surface roughness-induced
scattering. Nevertheless, a minor contribution from roughness-induced scattering cannot
be excluded, as surface imperfections can scatter energy away from the coherent surface
plasmon polaritons (SPPs) mode, thereby increasing damping and contributing to spectral
broadening [32].

Table 1. SPR wavelength and wavelength shift as a function of grating modulation depth for the
Au-coated 806 nm pitch gratings.

Grating Modulation Depth (nm) Aspr (nm) AAgpr Relative to 50 nm Grating Depth (nm)
50 818.3 -
90 819 0.7
165 825.6 7.3
180 860.2 41.9
210 906.2 87.9
280 943.8 125.5

To confirm that the effect of the grating modulation depth on the SPR response is not
specific to one grating pitch, the complementary reflectance spectra of the 806 nm pitch
grating are included in Figure S3. Furthermore, the transmission and reflectance spectra of
the 705 nm pitch gratings are also included in the Supplementary Information in Figure S3.
For each of these figures, it was also found that increasing the grating modulation depth
led to the same qualitative spectral evolution observed in the transmission measurements
of the 806 nm pitch grating (Figure 3).

3.2. The Effect of Grating Modulation Depth on SPR Dispersion Curve

Next, we examined the effect of the grating modulation depth on the plasmon dis-
persion curve using the transmission measurements in Figure 1. Figure 4a,b contain
representative angular transmission spectra for the shallow and the deep-grating regimes.
For the shallow grating with a modulation depth of 50 nm, the spectrum at normal inci-
dence has a single narrow SPR peak. As the light incident angle increased, this resonance
peak separated into two features that shifted in opposite directions (or two branches),
corresponding to the +1 and —1 diffraction orders coupling to the plasmon mode. At
normal incidence, the single peak is a result of a standing SPR wave since both the forward-
and backward-diffraction orders couple with the plasmon mode at the same time. As
the angle is varied from normal incidence, the forward-diffraction mode couples into the
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SPR mode first (at a lower wavelength), then the backward-diffraction order couples with
the plasmon mode at a higher wavelength. Both of these off-normal peaks correspond to
propagating plasmon waves. In contrast, at the normal incidence, the deep grating with
the modulation depth of 210 nm has a broader and redshifted SPR peak when compared to
the 50 nm depth grating. Although there is still a split in that peak, this corresponds to the
plasmonic bandgap, which is generated by the changes in the effective refractive indices
as the modulation depth increases. For the 210 nm depth grating, as the incidence angle
increases, the SPR peaks also split as the off-normal diffraction orders couple separately
into the plasmon mode. In Figure 4b, when increasing the incidence angle, it seems that the
SPR peaks move asymmetrically away from the band gap at the normal incidence angle.
To visualize the SPR peak movement, the dispersion curves were constructed using the
grating phase-matching condition given in Equations (1) and (2).

(@) - Depth 50 nm | (b)
~ {10deg/\_ A
s 4 U = -
= | s
c
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@ 2
- E -1
e @
c c
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Figure 4. Effect of grating modulation depth on dispersion curve of grating-coupled SPR. (a,b) Plot
of transmission spectrum measured from 0 degree to 10 degree of 806 nm pitch gratings with the
depths of 50 nm (a) and 210 nm (b). The spectra are vertically offset for clarity. (c,d) Experimental
(c) and Gsolver-simulated (d) dispersion curves for 806 nm pitch gratings with depths from 50 nm to
260 nm, and50 nm to 200 nm, respectively. The blue line represents the light line.

Figure 4c contains the experimental SPR dispersion curves extracted from the positive
angle transmission spectra for gratings with different modulation depths. For shallow
gratings, the dispersion curve is nearly linear, indicating that shallow surface modula-
tion only weakly couples into the SPR mode. As the grating depth increases into the
intermediate regime, a split is seen in the dispersion curve, particularly for depths above
~150 nm. For deeper gratings, the split in the dispersion curve becomes more pronounced
and increases further with increasing depth. This splitting is a result of the stronger Bragg
back-scattering /coupling of SPPs due to the deeper periodic corrugation of the Au/air
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interface [22]. At normal incidence, the periodic grating couples forward and backward
SPP modes. Deeper grating depth increases this SPR coupling, lifting the degeneracy of the
original SPP modes and forming two standing waves for the plasmon mode with different
field distributions relative to the grating peaks and valleys. This is ultimately related to the
changes in the effective refractive index at the interface between the metal and the dielectric.
As a result, the two modes have different energies, which is shown in the measurement
as plasmonic bandgap splitting. This interpretation is consistent with previous studies
showing that periodic metal gratings couple oppositely propagating SPP modes and that
the plasmonic bandgap width increases with grating groove depth [22,23].

To compare the experimental observation with the theoretical simulation of grating
modulation depths on SPR, we simulated the dispersion curves using Gsolver, which
uses rigorous coupled-wave analysis to solve Maxwell’s equations for periodic grating
structures [27]. By using a simplified one-layer grating model simulation, the simulated dis-
persion curves agree with the same qualitative trend observed experimentally (Figure 4d):
shallow gratings show linear dispersion lines, whereas deeper gratings produce a larger
bandgap. The same trend was also observed for the 705 nm pitch grating, as shown in
Figure 54, where both the experimental and the simulated dispersion curves have increased
split separation with increasing grating depth. These results suggest that grating modula-
tion depth strongly affects the plasmonic bandgap in grating-coupled SPR structures.

3.3. Depth-Dependent Effective Refractive Index of Grating-Coupled SPR

The effective refractive index of the dielectric can be a useful parameter for describing
how the grating modulation depth affects the grating-coupled plasmon response. The
effective refractive index can be obtained from the SPR wavenumber as follows [26]:

Negf = k% 3)

where j is the SPR propagation wavenumber and kg = 277/ A is the free-space light wave
vector. For grating-coupled SPR (B = kspp), Heff can be approximated using Equation
(1) and written as

A
Negf = Ngsin @ + m (S/\I’R) 4)

where n; is the refractive index of the incident medium, 6 is the incident angle, Agpr is the
SPR, A is the grating pitch, and m is the diffraction order.

To focus on the effect of the grating modulation depth and avoid ambiguity from
the angle-dependent splitting of the SPR peak, the apparent effective refractive index n
was obtained from the normal incidence SPR peak wavelength. Thus, at 6 = 0° and for a
positive first-order coupling (m = 1), Equation (4) simplifies to

Neff = (T) )

This effective refractive index was then used for both the experimental and simulated
SPR results to observe its change with the grating modulation depth.

To compare the experimental ¢ trend with simulations, the sinusoidal grating profile
was approximated in Gsolver using one-, three-, and five-layer models, as illustrated
in Figure 5a. The one-layer model represents the grating as a simple rectangular Au
structure, whereas the three- and five-layer models provide progressively closer stepped
approximations to the sinusoidal grating profile.
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Figure 5. Effect of the grating modulation depth on the effective refractive index of grating-coupled
SPR. (a) Schematic illustration of the one-, three-, and five-layer GSolver models used to approximate
the experimental grating geometry. Au and air regions are shown in yellow and blue, respectively.
The black dotted line represents the sinusoidal grating profile approximated of the rectangular layers
(b) Plot of effective refractive index as a function of grating modulation depth for experimental
data (black) and GSolver simulations using one-layer (dashed gray), three-layer (dotted blue), and
five-layer (red) Au grating models. The multilayer approximation was used to better represent the
sinusoidal Au-coated grating profile. The horizonal and vertical error bars represent the standard
deviation of grating depths and effective refractive index, respectively (n = 3 data point per group).

Next, we compared the 1.5 values from the experimental data to the simulated values
obtained. Since the grating pitch was fixed, the calculated n.¢ is directly proportional
to the normal incidence SPR wavelength. Figure 5b has the calculated values of n¢ for
both the experiments and the Gsolver simulations. Experimentally, n¢ changed only
weakly for shallow gratings but increased more noticeably for grating depths above 150 nm.
Interestingly, among the tested Gsolver models, the five-layer model gave the closest
agreement with the experimental data, indicating that the simulated resonance wavelength
is sensitive to how realistically the Au/air grating geometry is represented. This result
suggests that GSolver simulations not only align with the depth-dependent measurements,
but they are also affected by the similarity between the real and simulated grating profiles.
However, the five-layer model still does not completely reproduce the experimental values.
This remaining difference likely arises from the simplified stepped approximation of the
sinusoidal profile and uncertainty in the effective Au/air composition of the grating region.
Consistent with this interpretation, additional simulations with different Au/air ratios
indicate that the calculated n.¢ also depends on the ratio of the simulated Au/air interface
in the model (Figure S5).

3.4. Depth-Dependent Penetration Depth and Propagation Length of Grating-Coupled SPR

Since nqf is related to the plasmon wavevector and affects how the surface plasmon
field is distributed at the Au/air interface, we used the experimentally calculated 7 to
estimate how the grating modulation depth affects the SPR mode confinement, represented
by the SPR penetration depth and the SPR propagation length. Figure 6a illustrates the
penetration depth (J;) into the dielectric medium and the propagation length (L) along the
Au/air interface, which are key SPR-excitation parameters related to the interface geometry,
the field confinement, and the propagation loss. The SPR penetration depth and the SPR
propagation length were calculated using the experimental n¢¢ values to compare the
relative effect of grating depth on the plasmon mode.
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Figure 6. Effect of grating modulation depth on the penetration depth and propagation length of the
SPR mode. (a) Schematic illustration of the penetration depth (¢, ) into the dielectric medium and
the propagation length (Ly) along the Au/air interface. The black curved arrows depict the electric
field lines extending from positive to negative surface charges at the interface (b,c) Plot of calculated
penetration depth (b) and propagation length (c) of the SPR mode as a function of grating depth.
The horizontal and vertical error bars represent the standard deviation of grating modulation depths
(n = 3 data point per group).

The SPR penetration depth into the dielectric medium is calculated using the following
equation [26]:
A 8411 + &4

5 = -
d 77 Sdz (6)

The SPR propagation length along the Au/air interface is calculated using the follow-
ing equations [26,33]:

1

Ly = —& 7
K 2T _Ema g ®)
AN, ter)  2(,)?

where A is the SPR wavelength, ¢}, and ¢, are the real and imaginary parts of the Au
permittivity, respectively, and e; = ngff was used as the effective dielectric permittivity. The
optical constants of Au were taken from Johnson and Christy [34] at the wavelength used
for the calculation. The calculated é; and L, values were therefore used for comparing
depth-dependent trends.

Because Equations (6)-(8) are derived for a planar metal-dielectric interface, the calcu-
lated penetration and propagation lengths are interpreted here as effective comparative
quantities rather than direct measurements of the complete electromagnetic field distri-
bution in the corrugated gratings. As shown in Figure 6b,c, both parameters change
only slightly in the shallow-depth regime but decrease more rapidly when the grating
depth > 150 nm, consistent with the increase in n.¢ shown in Figure 5. The decrease in
penetration depth suggests that deeper gratings confine the plasmon field more strongly
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near the structured Au/air interface. At shallow depths, the weakly perturbed SPR mode
extends farther into the dielectric region. As the grating becomes deeper, the increased
effective plasmon momentum produces a more confined evanescent field, reducing the
penetration depth. Similarly, the decrease in propagation length indicates that deeper
gratings increase scattering and propagation loss, causing the plasmon to decay over a
shorter distance along the interface. This increased loss is consistent with the spectral
broadening observed in Figure 2, where deeper gratings exhibit broader SPR peaks than
the shallow 50 nm depth grating. A shorter propagation length corresponds to stronger
damping of plasmons; consequently, the resonance spreads over a wider wavelength range,
leading to a broader SPR peak. Therefore, increasing grating modulation depth augments
near-surface plasmon confinement, as shown by the reduced penetration depth into the
dielectric medium, but also shortens the propagation length along the interface. Deeper
gratings can localize the plasmonic field closer to the Au/air surface, which is advantageous
for detecting refractive-index changes or molecular binding near the interface. However,
the reduced propagation length leads to greater damping and SPR loss. Thus, grating
modulation depth provides a practical design parameter for balancing field confinement,
sensing volume, and propagation loss in grating-coupled SPR structures.

4. Conclusions

In this work, we investigated the effect of the grating modulation depth on the optical
response of grating-coupled SPR. By controlling the laser exposure time during the inter-
ference lithography, we fabricated azobenzene-based sinusoidal gratings with different
modulation depths while maintaining the same periodicity. Shallow gratings produced
only small SPR wavelength shifts and small changes in the effective refractive index at
the Au/air interface, whereas deeper gratings caused stronger SPR spectral broadening,
larger wavelength shifts, plasmonic bandgap-like features, and an increase in the effective
refractive index at the boundary. These changes suggest that the grating modulation depth
influences the plasmonic mode supported by the corrugated Au/air interface, rather than
simply changing the measured optical intensity. GSolver simulations further confirmed
the experimental observation that increasing grating modulation depth modifies the SPR
dispersion curve and increases the effective refractive index. Quantitative agreement de-
pended on how the grating morphology was represented in the model, indicating that
grating-coupled SPR simulations are sensitive to the simulated geometrical profile of the
grating. Therefore, realistic grating morphology should be included when using simula-
tions to design grating-coupled SPR structures. Overall, these results provide a practical
framework for designing grating-based SPR structures in which grating depth and profile
are used to tune resonance wavelength, coupling strength, and plasmonic mode properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/appliedphys2030008/s1, Figure S1: AFM morphology and
line-profile comparison of representative shallow-, intermediate-, and deep-modulation gratings;
Figure S2: AFM morphology and line-profile comparison of shallow-, intermediate-, and deep-
modulation gratings before and after Au sputtering; Figure S3: Reflectance spectra of grating-coupled
SPR of the 806 nm pitch with various grating depths; Figure S4: Effect of grating modulation depth
on optical responses of grating-coupled SPR for the 705 nm pitch gratings; Figure S5: SPR disper-
sion curves derived from transmission spectra of the Au-coated 705 nm pitch gratings; Figure Sé:
Effect of the Au:air ratio in the one-layer model of GSolver simulation on the effective refractive
index of grating-coupled SPR; Table S1: Modulation-depth variation measured by AFM at two
locations separated by approximately 1 mm; Table S2: Individual layer heights used in the five-layer
GSolver model.
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