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Abstract

Crystalline silicon (c-Si) solar cells currently dominate with commercial module efficiencies of 22-24% and laboratory
records~27% for single junction devices. These values are constrained by optical losses, including insufficient light
trapping within the device architecture. In this study we report a finite element analysis (FEA), carried out in COMSOL
Multiphysics RF Module (v.5.3a), of a one-dimensional porous silicon array (1D PSiA) with pores filled by silver (Ag),
gold (Au), and copper (Cu) in a c-Si substrate, targeting enhanced light trapping through surface plasmon polaritons
(SPPs) and localized surface plasmon resonance (LSPR). Pore width (w) was swept from 50 to 600 nm at a fixed period-
icity (A) of 700 nm under transverse-magnetic (TM) illumination. Far-field transmission spectra reveal a Fano-resonance
dip at 703—720 nm governed by the structural periodicity. Full-width at half-maximum (FWHM) and near-field electric-
field norm (E-Norm) analysis identify w=200 nm as the critical coupling width for Ag (E-Norm peak 0.0044 a.u.) and
w=200-250 nm for Au and Cu (0.0045 and 0.0040 a.u.). Coupling efficiencies (1) at w=200 nm reach 97.2%, 96.4%,
and 95.4% for Ag, Au, and Cu, respectively, saturating above 99% for w>250 nm; relative transmission (T,j) peaks near
0.029 a.u. at w=250 nm before declining sharply. A four-way correlation of FWHM, E-Norm, 1, and T, is consistent
with the optimum pore widths correspond to roughly one-third of the structural periodicity, offering a computationally
validated geometric design rule for pore-confined plasmonic solar cell fabrication.
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Introduction

Clean and renewable energy represents a pressing global
need. Research activity in this field has intensified signifi-
cantly, driven by efforts to advance solar cell technologies.
There are lots of options available but still crystalline sili-
con (c-Si) solar cells are dominating the photovoltaic mar-
ket with commercial module efficiencies of 22-24% and
laboratory records ~ 27% for single junction devices [1,
2]. These values are constrained by optical losses, includ-
ing insufficient light trapping within the device architecture.
These cells come with a thick active layer of 130-180 pm
that not only increases material consumption but also the
production cost [3—5]. Thin film solar cells have the poten-
tial to address these issues but they also have their own
challenges like, shorter absorption length and high bulk
recombination. These are the reasons why researchers these
days are looking for the hybrid engineered materials like
nanostructured light trapping architectures. In this category,
plasmonic metallic gratings and porous semiconductors
have emerged as promising architectural candidates [3, 5—
7]. Plasmonic nanostructures provide an effective approach
for manipulating light at the subwavelength scale through
the excitation of surface plasmon polaritons and localized
plasmonic modes. The strong electromagnetic-field confine-
ment associated with these modes can enhance light-matter
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interactions and improve optical absorption in nanoscale
structures. In particular, metallic nanostructures integrated
with silicon have attracted considerable interest because
they can facilitate efficient coupling of incident light into
confined optical modes and extend light interaction beyond
the conventional absorption limits of thin silicon layers [8].

In order to develop these architectures, it is necessary to
excite surface plasmon polaritons (SPPs). SPPs are the col-
lective oscillations of free electrons at the metal-dielectric
interface, arising when there is a resonance match between
the momentum of incident photons and the wave vector of
the electron plasma wave propagating along the metal sur-
face [9-12]. These SPPs provide an efficient mechanism for
concentrating optical energy within thin active layer: the
electromagnetic field is dramatically enhanced near the metal
surface. Momentum matching for SPP excitation cannot be
satisfied by a planar metal film under direct illumination;
therefore, periodic grating structures supply the necessary
reciprocal-lattice momentum via Bragg diffraction [13—15].
The coupling efficiency (1) and the nature of the dominant
plasmonic mode are determined by the slit width (w), film
thickness, and periodicity (A) of the grating [12]. A study
reports a maximum 1 of 88.5% in a one dimensional (1D)
sinusoidal gold (Au) grating on c-Si, simulated using the
finite elemental analysis (FEA) in COMSOL Multiphysics
RF Module at a slit width equal to half of the periodicity (w



Plasmonics

= A/2 =350 nm at A = 700 nm), considering the fact that
sinusoidal geometry favors only the fundamental harmonic,
and therefore produces no higher-order modes that would
scatter SPPs and reduce n [16]. A study on amorphous sili-
con (a-Si) with rectangular gratings of Au and silver (Ag)
optimized the slit width and slit thickness for a A of 720
nm, finding the optimal slit width to be one-third of the A
(w = 240 nm), which showed consistent minimum Full-
width at half-maximum (FWHM) for the resonance dip with
maximum constructive interference of co-propagating SPP
modes [17]. Both studies employed near-field and far-field
analysis, and their correlation, to confirm SPP excitation.

A broad variety of grating profiles have been studied for
solar cell absorption enhancement. Trapezoidal gratings on
c-Si improved optical efficiency by up to 32% relative to
flat-cell references [18], while diffractive Si rear gratings
boosted short-circuit current density by 76.5% in thin-film
polycrystalline silicon cells. Pyramid and nanosphere front-
surface gratings have achieved power conversion efficiency
(PCE) values of up to 26.06% in perovskite architectures,
and double-grating designs produced 65% light absorption
in organic active layers [19-21]. Triangular gratings gener-
ate sharper resonance peaks than several other profiles [17],
whereas sinusoidal gratings suppress higher-order plasmonic
harmonics, yielding the most efficient fundamental-mode
coupling [16, 22]. Au is selected for its near-infrared plas-
monic response and chemical stability; Ag is chosen for its
lower optical losses in the visible spectral region. Copper
(Cu) is an economically attractive plasmonic material hav-
ing plasmonic response similar to Au and it is particularly
less studied in pore-confined configurations, this is a motiva-
tion behind the inclusion of Cu in this study. As the grating
slit width approaches its optimal value, the FWHM of the
SPP resonance dip decreases, thereby increasing the cou-
pling efficiency, this is a design rule that links geometrical
parameters to device performance [16, 17]. When we inte-
grate the metals like Ag, Au and Cu into the porous silicon
(PSi), enhanced optical light trapping employing the local-
ized surface plasmon resonance (LSPR), which is a localized
field enhancement caused by oscillating electrons that cre-
ates highly amplified electromagnetic fields at the nanopar-
ticle surfaces and remain localized at sharp tips or within
nanoscale dimensions (hotspot) like edges of the metal [23].
Ag and Au offer superior field enhancement, complementing
or replacing them with earth-abundant Cu presents a highly
cost-effective path toward commercial scalability, optimiz-
ing light-trapping and carrier collection via gradient refrac-
tive-index (n) matching within the 1D porous architecture
[24, 25] PSi, with its high surface-to-volume ratio, tunable
n, and intrinsic broadband antireflection character arising
from its graded n profile, can serve as a versatile host for
plasmonic metals in enhanced optical light trapping [26, 27].

Fano-resonance line-shapes analogous to those reported
here have also been exploited in plasmonic sensing archi-
tectures, for example the multichannel refractive index and
temperature sensor of Chou Chao and Chou Chau [28],
which underscores that the asymmetric Fano line-shape
is a general signature of grating coupled plasmonic struc-
tures rather than a feature unique to the present geometry.
The periodic metal-shell rod array of Chao et al. [29] a
narrowband plasmonic absorber whose resonances are set
by geometry rather than by composition and which is ana-
lyzed with the same finite element approach adopted here,
offers a further point of comparison for the subwavelength
metal-filled pore walls of the present structure, whose opti-
cal response is governed by pore shape and not by porosity
alone [26].

Infiltrating noble or transition metals (Ag, Au, or Cu)
into the pore network creates hybrid nanocomposites that
combine effective antireflection with plasmonic light con-
centration [30]. For instance, hybrid PSi/Ag structures have
shown near-unity broadband optical absorption [23, 25].
Furthermore, incorporating these configurations into metal-
insulator-semiconductor (MIS) solar cells has substantially
increased short-circuit current density, open-circuit voltage,
and overall PCE [31-33]. In this study, a c-Si substrate with
periodic rectangular pores infiltrated with plasmonic metals
(Ag, Au, and Cu) was modelled and systematically inves-
tigated. This architecture, referred to hereafter as a one-
dimensional porous silicon array (1D PSiA), was selected
because its periodic geometry provides the reciprocal lat-
tice momentum necessary for efficient SPP excitation under
transverse magnetic (TM) illumination. Most prior simula-
tions address single-metal planar grating geometries, 3D
Finite-Difference Time-Domain (FDTD) analyses of iso-
lated nanoparticles in perovskite or organic devices or sur-
face-deposited rather than pore-confined metal fills [34, 35].

The studies cited above leave specific gaps that the pres-
ent work addresses. First, Saeed et al. [16] and Igbal et al.
[17], and Ahsan et al. [36] which are the most closely related
FEA studies, use sinusoidal and surface-deposited rectangu-
lar, and MoS,-Ag rectangular/triangular gratings, respec-
tively, and Chou Chau et al. [29] use a square-lattice array
of silver-shell dielectric-core nano-beads deposited onto a
crystalline silicon layer, whereas the present work consid-
ers metal fills confined within the pores of a ¢-Si host. This
pore-confined geometry is physically distinct in which the
metal is enclosed on all sides by the semiconductor, which
alters the modal structure, supports stronger LSPR at pore
corners, and changes the effective dielectric environment
relative to a surface-deposited metal layer. Second, Igbal
et al. [17] use a-Si as the substrate; the present work uses
c-Si, which has a markedly different permittivity disper-
sion (Palik [37]) and is the industry-standard photovoltaic
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material. Third, Cu is despite being an economically attrac-
tive plasmonic metal for large-scale fabrication has not been
included in any prior pore-confined 1D FEA study of this
type. Fourth, most prior simulations treat only a single metal
while the present side-by-side comparison of Ag, Au, and
Cu under identical simulation conditions provides a directly
comparable, geometry-resolved dataset that can guide mate-
rial selection for MIS plasmonic solar cell fabrication.

A unit cell of 1D PSiA with Ag, Au and Cu metal fillings
which is used for this investigation is mentioned in Fig. 1(a)
and Fig. 1(b) describes a periodic structure simulated with
different boundary constraints and subdomains describing
PSi host and metal fillings. Present study addresses this gap
by using FEA modelling in the COMSOL Multiphysics
RF Module (v. 5.3a) to simulate a 1D array of rectangular,
metal-filled pores in c-Si substrate with a fixed A of 700 nm.

The objectives of the present work are: (i) to conduct the
far field and near field analysis of Ag, Au & Cu filled 1D
PSiA, (ii) to study the 1 and T, of this array, (iii) to identify
the optimized w for enhanced light trapping for all the three
metals used hence providing a reliable simulation-backed
design for actual fabrication of metal filled PSi plasmonic
solar cell.

Theoretical Modelling Framework
When we excite the surface plasmons (SPs), the electro-
magnetic field attains its highest value at the metal-air/Si

boundaries hence creating LSPR, confined within the pore
geometry and SPPs, propagating along the metal wall owing

(@)

e o2
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Exponential decay

to the analogy between 1D PSiA and rectangular grating
[23, 38]. The formation of SPPs requires a strict momen-
tum matching this implies that the resonance is dependent
of the incident angle and wavelength of the light [39—41].
Considering the morphology of the PSiA, grating coupling
approach is employed that provides the necessary momen-
tum matching required for the excitation of SPPs. It should
be noted that real pore geometry is often random and irregu-
lar but utilizing PSiA provides us clean, predictable optical
trends.

When the incident light strikes this periodic array, it
generates a series of diffracted orders. Instead of scattering
away into free space, these specific modes remain bound
tightly to the boundary due to the exponential decay of their
electromagnetic fields, functioning as evanescent modes
[12, 42]. Crucially, this periodic setup does dual work:
while the overall grating profile bridges the momentum gap
for propagating SPPs along the top surfaces, the subwave-
length metal walls of the rectangular pores independently
trap light to trigger LSPR [23, 43].

The 1D porous grating design is well correlated with the
wavelength (1) of incidence electromagnetic waves. To
trigger SPPs, the incoming light must receive a momen-
tum increment Akx along the the interface to bridge the gap
between surface plasmon (SP) wavevector and incident
light wave vector [43]. The grating diffraction condition
governs this 1D coupling mechanism as:
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Fig. 1 (a) Schematic of 1D PSiA showing SPPs and LSPR excited at interfaces by coupling of incoming photons with metal SPs, (b) a simulated
unit cell in the COMSOL Multiphysics with boundary conditions and different subdomains
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Where 0y is the angle of N-th diffracted order and 6, is the
angles of incidence, n is order of diffraction (N = + 1, +
2,....), and A is the structural periodicity of our unit cell (700
nm) [44]. To derive an equation for the momentum match-

ing condition for exciting SPPs, we multiply both sides of
2m

Eq. (1) by free-space wave vector k, = 3

and we get:

kgpp = kosin 6; + nkg 2)

where, kspp is the SPPs wave vector at the metal-air/Si

. 27 . .
interface, and &, = T represents reciprocal lattice vector

provided by the lattice geometry. This resonance condition
can only be satisfied by p-polarized light which is trans-
vers magnetic (TM), because in this light the electric field
oscillates perpendicular to the metal walls that conveniently
make the surface charge to oscillate needed to excite SPPs.
Whereas in s-polarized light which is transverse electric
(TE), the electric field oscillate parallel to the metal wall
hence not able to make the surface charge oscillate, there-
fore, no SPPs excitation for TE light. Therefore, this rela-
tionship serves as our foundation framework for mapping
how plasmonic resonance wavelength (RW) varies across
Ag, Au, and Cu configurations by changing the geometry
and incident angle [14, 39, 45, 46].

Geometry Construction and Numerical Modeling

The geometry of the model was constructed using built-in
Computer-Aided Design (CAD) tools present within COM-
SOL Multiphysics (v. 5.3a) which solves the Maxwell’s
equations across the computational domain governing the
model. The computational domain is divided into subdo-
mains, each of these is assigned a material parameter and a
wavelength-dependent complex permittivity function. The
required optical constants and refractive index data were
assigned via the built-in materials library.

The schematic layout and the corresponding 1D plas-
monic crystal array are illustrated in Fig. 1(a, b). The Fig.
1(a) illustrates the excitation and confinement of plasmonic
modes within a metal filled 1D PSiA. E is the polarization
direction, k, and k; are the components of momentum vector
formed by the TM light incident at ;. This light receives
a momentum increment of + Nkgfrom the structural peri-
odicity, to satisfying momentum matching condition that
enables photon coupling into the propagating SPPs ( K;pp)
along the interface LSPR is excited at the sharp edges of
the metal-filled pores due to charge accumulation and the
resulting electromagnetic field is highly modulated along
x-axis due to periodic slits. The optical energy is tightly
bounded to the metal-dielectric interface because the field

(1Ey |2) exhibit evanescent behavior showing an exponential

decay ( % ) of its intensity peek at sub-wavelength distance.

To model an infinitely repeating 1D array while optimiz-
ing computational resources, appropriate boundary condi-
tions were enforced. Floquet periodic boundary conditions
(PBCs) (blue) were applied to the lateral boundaries of the
unit cell [47]. Plane-wave illumination was introduced from
the lower boundary via an optical Port (red). To prevent
unphysical back-reflections and simulate an open bound-
ary environment, a Scattering Boundary Condition (SBC)
(yellow) was implemented at the upper boundary of the
superstrate. Additionally, a Perfectly Matched Layer (PML)
was positioned beneath the c-Si substrate and above super-
strate (air) region to efficiently absorb highly confined, non-
radiative evanescent waves [48], and accommodate large
wave vectors along the lower calculation boundary thereby
extending the computational domain to A/2 [12, 16]. Hence,
PMLs ensure the directional flow by absorbing waves travel-
ling through certain wave directions by coordinate transfor-
mation [17, 49]. All the internal boundaries of sub-domains
are assigned with continuity boundary condition (green). In
the Fig. 1(b) the different boundary conditions employed at
the unit-cell boundaries and various subdomains used are
shown, each of these represents the different materials used
in the simulation.

The coarse mesh size was 20 nm and the minimum mesh
element size was kept at 5 nm near the interface. FEA was
implemented via the RF Module of COMSOL Multiphys-
ics (v. 5.3a) to simulate the optical response of the system.
The A was maintained at a constant 700 nm to provide the
necessary phase matching and the simulation subdomains
are assigned with optical functions and n of ¢-Si, Ag/Au/Cu
and air as per the requirement.

To confirm that the reported results are independent of spa-
tial discretization, a mesh convergence study was performed
for the Au-filled PSiA at the critical w=200 nm. Keeping the
other parameters constant, eleven mesh configurations were
evaluated, spanning the pre-defined COMSOL mesh sizes
(coarse through extremely fine) and five custom element
sizes (20, 15, 10, 5, and 2.5 nm), as summarized in Table 1.
The resonance wavelength was recorded for each configura-
tion as the convergence metric. The pre-defined mesh sizes
(coarse through finer) produce resonance wavelengths rang-
ing from 801 nm down to 715 nm, reflecting strong sensitiv-
ity to spatial discretization at these element sizes, where the
mesh is too coarse to resolve the intense near-field gradients
at the metal-dielectric interfaces. Convergence is achieved at
the Custom 20 nm level: the RW stabilizes at 716 nm and
deviates by no more than 1 nm across all finer configurations
(Custom 15 nm, 10 nm, 5 nm, and 2.5 nm), satisfying the
adopted convergence criterion of a shift below 1 nm between
successive mesh refinement levels. The Custom 20 nm mesh
(26,276 elements; 106,286 degrees of freedom) was therefore
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Table 1 Mesh convergence study for the Au-filled 1D PSiA at w=200 nm showing resonance (RW) stability across eleven successive mesh con-

figurations
Sr no. Mesh Size No. Degrees Solution RW
of Elements of Freedom Time (s) (nm)

1 Coarse 150 682 54.282 801
2 Normal 188 846 57.444 772
3 Fine 216 966 58.248 768
4 Finer 374 1038 70.418 715
5 Extra Fine 980 4158 125.472 714
6 Extremely Fine 3576 14,770 401.854 716
7 Custom (20 nm) 26,276 106,286 2824.747 716
8 Custom (15 nm) 36,434 147,322 3428.082 716
9 Custom (10 nm) 39,132 158,890 3717.828 716
10 Custom (5 nm) 61,428 250,434 4301.312 716
11 Custom (2.5 nm) 111,366 454,906 8424.268 716

retained for all subsequent simulations, as it provides an opti-
mal balance between numerical accuracy and computational
efficiency, with a solution time of approximately 47 min com-
pared to over 140 min for the Custom 2.5 nm configuration.

This study employs a computational approach; minor
quantitative deviations from experimental results are there-
fore expected. Nevertheless, the physical mechanisms
demonstrated here provide rigorous motivation for the fab-
rication of the proposed plasmonic solar cell.

The complex relative permittivity of the constituents is
mathematically expressed through its real and imaginary
parts as ?, = ? + i?"’, where the real component (?'
) shows the phase response and spatial scattering profile,
while the imaginary component (?'") represents the ohmic
absorption and thermal dissipative losses. These compo-
nents are related to the » and extinction coefficient (k) via
? = n?— k%and, ?’' = 2nk respectively [17, 50].

In this work, the wavelength-dependent complex opti-
cal constants for the noble metal fills Ag, Au, and Cu were
obtained from the foundational experimental frameworks
established by Johnson and Christy [51, 52]. For the host
semiconductor matrix, the dielectric functions of c¢-Si were
extracted from the standard compilations by Palik [37], and
their plots are shown in the Fig. 2(a-d). These optical param-
eters were integrated into the simulation materials library
and dynamically interpolated using the built-in solver of
COMSOL (v.5.3a), to precisely evaluate the spatial electric
field distributions within each computational sub-domain.

The selected noble metals (Ag, Au, Cu) exhibit high free-
electron densities and low optical dampening profiles within
the ultraviolet to near-infrared (UV-Vis-NIR) spectral
regimes [53]. At optical frequencies, these metals exhibit
a large negative real permittivity (e, < 0). To sustain a
bound, non-radiative SPP mode along the flat horizontal

Fig. 2 The plots of real and 25
rg. 2 p . 25 ——Ag_imag @i, Au_imag ),
imaginary parts of permittivity — —— Ag_real —_ = Au_real r —
. (=2} = = D 20 = =
values for (a) Ag, (b) Au, (c)c-Si g 20 w0 8 < g
and (d) Cu = = g 15 ta0 &
218 0 £ 2 2
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10 b= = =
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o 5 o
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boundaries of the array, the real parts of the permittivities at
the heterogeneous interface must possess opposite signs and
satisfy the foundational condition:

Re(em + €4) < 0 3)

Here, €, and €4 shows the complex permittivities of the
metal fill and the adjacent dielectric medium (c-Si or air)
[17, 54, 55]. In this way the electromagnetic field remains
tightly localized at the boundaries, depicting a sharp expo-
nential attenuation normal to the interface [56, 57].

The wave-matter interactions inside the 1D PSiA are
simulated in the frequency domain. First, Maxwell’s curl
equations are applied under periodic boundaries and port
illumination. Next, an adaptively refined, unstructured finite
element mesh splits the domain into small pieces to resolve
the intense near-field gradients at material borders from
where electric field is computed which is post processed
for the field enhancement spectra, reflectance and transmit-
tance. COMSOL Multiphysics is a well-established, versa-
tile finite element platform capable of simulating complex
electromagnetic problems with rigorous accuracy [58, 59].

There is another advantage here which is in the form of
employing the FEA. It is preferred over tools such as FDTD,
because, it breaks the simulation area down into an unstruc-
tured mesh of small, connected pieces called mesh elements
[60]. Whereas, FDTD uses a rigid, rectangular grid that cre-
ates jagged “staircasing” errors on sharp edges [61].

In this way we can pack the interface edges with a large
number of mesh elements that can capture captures intense,
localized plasmonic hotspots i.e. LSPR without expending
computational resources on regions of low field gradient.

Baseline Normalization and Model Validation

Before initiating the parametric simulations, a strict nor-
malization and calibration procedure was performed to
establish a reliable simulation baseline. At first, the n of all
subdomains was set to unity (n = 1), creating a homogeneous

vacuum environment after that the port was excited with TM-
polarized light, which produced an exponential transmission
curve, as shown in Fig. 3(a). The text file of this curve was
then exported and reintroduced into the global definitions as a
calibration interpolation function in order to remove system-
induced propagation effects. We then ran the simulation again
that leads to the normalized transmission spectrum which is
a constant, wavelength-independent horizontal line at unity
(Transmission = 1), as shown in Fig. 3(b). Now we compared
the spectral data for Reflection (R), Transmission (T), and
Absorption (A) with analytical results derived from the Fres-
nel equations. For structural validity and numerical accuracy
of the model the conservation of energy must be satisfied, i.e.,
R+ T+ A= 1. This confirms that all incident light is correctly
accounted for as transmitted, reflected, or absorbed energy.
The model is then operated under both p-polarized i.e. TM
and s-polarized i.e. TE modes. These Electromagnetic (EM)
fields are resolved into their respective components i.e. E,,
E., H_ for the TM and E|, H,, H. for the TE modes. The close
matching between these analytical Fresnel calculations and
the steady-state computational results confirms the rigor-
ous validation and mathematical reliability of the simulation
framework [12, 14, 17, 55].

As an additional quantitative benchmark, the present
COMSOL model was applied to a geometry closely match-
ing that reported by Igbal et al. [17]: a 240 nm Au grating
with 50 nm film thickness on a 720 nm unit cell, using iden-
tical materials, boundary conditions, and optical constants.
This reproduction gave a resonance wavelength of 747 nm
and a coupling efficiency of 93.331%, closely matching the
reference values of 745 nm and 83%. We then introduced
pore confinement into this same validated model, chang-
ing only the geometry: a metal-filled pore of 400 nm depth
and 40 nm width, with all other parameters held fixed. This
single change shifted the resonance to 737 nm and raised the
coupling efficiency to 99.93%. Because every other param-
eter was held constant between the two simulations, this
comparison isolates the observed improvement specifically
to pore confinement.

Fig. 3 (a) Transmission spectra 3.5x10* 20
when all subdomains have n — o {b) I: Norm_700
equal to unity (b) Transmission 3 35x10* - =
spectra after introducing the = i 15 4
reference data set as interpolation £ 35x10* -
function o o
[ [ -
2 35x10* - K] 10
5 :
5 3.5x10* - E 05 4
= 3.5x10* 4 |=
T T L] Ll 0.0 T T Ll
0 400 800 1200 1600 400 800 1200
Wavelength (nm) Wavelength (nm)

@ Springer



Plasmonics

The objective of our research work is the optimization of
monocrystalline PSi wafer filled with metals (Au, Ag, Cu)
for developing plasmonic based solar cells. The optimiza-
tion is carried out by varying the pore diameter and metal
type inside the pores like Au, Ag and Cu and then perform-
ing near field and far field analysis and calculating their T,
and n.

Results and Discussion
Optimization of Pore Width

The optimization of w is carried out by performing far-field
and near-field analysis of metal-silicon and metal-air inter-
faces by observing the dips corresponding to SPP excita-
tion in their transmission curves and their field enhancement
along the interfaces. The transmission spectrum is obtained
by illuminating the port of the model with TM light. Since
the E-field components are perpendicular and parallel to the
direction of propagation, TM light excites SPPs on the metal
(Au, Ag, Cu)-silicon and metal-air interfaces, correspond-
ing to the resonance dips in the transmission curves. TE
light, on the other hand, does not excite SPPs, as its electric
field is parallel to the surface [16, 62, 63]. The details of the
geometrical parameters used in the simulation are listed in
the Table 2.

Far-Field Transmission and Fano Resonance

It is the analysis of transmitted electromagnetic waves at a
distance significantly greater than the operating wavelength
(r>>2), where ‘r’ is distance from the plasmonic interface,
where the localized near-field chaos produced by non-
propagating evanescent modes decays completely, yielding
stable, outward-propagating wavefronts. The far-field trans-
mission spectra of the periodic 1D PSiA inside a thick c-Si
substrate is displayed in Fig. 4(a-f), the Figure shows the
transmission spectrum of Ag, Au and Cu for w ranging from
50 nm to 600 nm. The spectrum is a sharp asymmetric pro-
file instead of normal symmetric peaks, the curves show a
maximum transmission at A = 692—695 nm immediately fol-
lowed by a sharp drop in T at A = 703—720 nm and near-zero
T is observed beyond A = 710 nm, with residual Fabry-Pérot

Table 2 Geometrical parameters of one-dimensional porous silicon
array for the pore width optimization

w (nm) Pore thick- Pore-filling A (Unit Cell Wave-
ness (nm)  metals width) (nm) length
Spectrum
(nm)
50-600 400 Gold (Au) 700 2501200
50-600 400 Silver (Ag) 700 250-1200
50-600 400 Coppers (Cu) 700 250-1200
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(F-P) oscillations at longer wavelengths attributable to the
pore depth. This classic asymmetric shape is a Fano reso-
nance, which happens because the narrow plasmonic modes
inside the metal-filled pores interfere with the broad back-
ground light passing through the thick silicon substrate [64—
66]. Interestingly, changing the pore width from 50 nm to
600 nm changes the transmission intensity but does not shift
the absolute zero transmission dip (= 710 nm) positions.
This trend shows that the resonance frequency is strictly
followed by the fixed structural periodicity (A = 700 nm),
i.e. it is independent of the metal content present in the PSi.

To confirm the propagating character of the resonant
mode identified above, we swept the angle of incidence
for TM-polarized light from 0° to 6° for each metal and
tracked the shift in resonance wavelength (Fig. 4). For Ag,
the resonance shifted monotonically from 718 nm at nor-
mal incidence to 890 nm at 6°. Au and Cu showed a simi-
lar initial shift (710-712 nm to =~ 865 nm between 0° and
4°) but the resonance position saturated between 4° and 6°,
remaining near 865 nm for both angles. This systematic,
angle-dependent shift is the classical dispersion signature of
a grating-coupled, propagating SPP mode [67-69], and con-
firms the mode assignment used throughout Sect. "Results
and Discussion".

Linewidth Analysis and Critical Coupling

Magnified views of the transmission dips (Figs. 5b, d, f)
show the FWHM, which measures how efficiently light
couples into the surface plasmon polariton (SPP) modes.
A large FWHM indicate poor coupling, where uncoupled
light is lost to heat inside the metal or absorbed by the bulk
silicon substrate [17, 70]. Under bottom-up illumination,
this coupling depends heavily on the type of metal used i.e.
Ag has shown sharpest resonance for a wavelength range
between 600 and 900 nm. Thanks to its low internal losses,
Ag produces the sharpest resonance dip at w =200 nm, out-
performing Au and Cu in n (Fig. 5b) [71]. One thing must
be kept in mind that the selection of these w is not merely
restrict to dip sharpness rather their FWHM, E-Norm, n
and T, are also considered which are well described in the
incoming sections. For Au critical coupling happens at a
wider range of w i.e. between 200 nm and 250 nm, with
transmission peak at ~ 0.075 a.u. The broadening of dips
and hence FWHM for w > 300 nm is attributable to the
inter-band absorption [72, 73]. And in the case of Cu, the
optimal coupling shifts to w = 250 nm (Fig. 5f) with peak
transmission limited to 0.071 a.u. due to the internal damp-
ing. At longer wavelengths (750—-850 nm), Silver maintains
clear transmission oscillations, while Au and Cu flatten out
completely due to heavy material absorption. As the calcu-
lated absorption enhancement ratio stays above one across
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the spectrum, this grooved design provides a broad optical
response rather than working only at a single narrow peak
[74, 75]. The extra dips correspond to longitudinal F-P reso-
nances matching the depth of the channels (Figs. 6, 7 and 8).
In this regime, the metal-filled pores act as lossy plasmonic
waveguides that actively pull in and absorb a major fraction
of the incident light within the pillars, rather than just acting
as simple scattering centers [76—79].

Resonance Trapping and Waveguiding

The structural design consists of alternating domains of
metal and c-Si, where the metallic inclusion widths range
from 50 to 450 nm and the c-Si channel widths corre-
spondingly range from 650 to 250 nm. The two domains
are inversely coupled i.e. as the metallic inclusion width
increases, the c-Si channel width decreases proportionally.
This constitutes a hybrid nanocomposite geometry estab-
lishing a periodic array of metal-semiconductor-metal inter-
face. This structure strongly supports LSPR and SPPs at the
Ag/c-Si boundaries attributed to the high n of c-Si. At ¢-Si

width of 250 nm these SPPs hybridizes with the dielectric
waveguide modes of the silicon pillars due to the spatial
confinement, driving intense near-field concentration into
the semiconductor material [80—85]. It should be noted that
dips for w > 450 nm become too broad to be meaningfully
evaluated for FWHM, this is attributed to the high metal
content in the pore geometry. Therefore, further analysis is
only restricted to a maximum w of 450 nm. Widening the w
continuously from 50 nm to 450 nm causes a small, steady
red-shift in the RW from 703 nm to 716—720 nm across all
metals (Figs. 9a—c). This happens because expanding the
pore changes the effective n of PSiA (Tables 3, 4 and 5).
The FWHM behaviour differs across the three metals and
must be described individually. For Ag, FWHM remains
low and stable in the range 20-55 nm for pore widths up
to w = 250 nm, then rises gradually to 53, 64, and 65 nm
at w = 300, 350, and 400 nm, respectively, before spiking
sharply to 115 nm at w = 450 nm (Table 6). The broadening
in Ag is therefore progressive rather than abrupt, reflecting
the lower intrinsic damping of Ag that sustains efficient cou-
pling over a wider geometric range. For Au, the transition
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is more pronounced: FWHM remains below 65 nm up to
w = 250 nm but then rises steeply to 90 nm at w = 350 nm
and exceeds 110 nm at w = 400 nm (Table 7), consistent
with the onset of inter-band absorption losses in Au above
520 nm. Cu follows a similar trajectory to Au, with FWHM
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exceeding 85 nm at w = 350 nm and 108 nm at w = 400
nm (Table 8), reflecting its higher ohmic damping. In all
three metals, the FWHM exceeding approximately 100 nm
signals breakdown of critical coupling, at which point the
system transitions from a resonance-trapping regime to one
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Table 3 Coupling efficiency (1) and relative transmission (Trel) of TM-polarized light extracted from Fig. 12, for pore width optimization in the

Ag-filled 1D PSiA at a fixed periodicity A=700 nm

Sr. no. w (nm) RW AB AB/AC T, T, T, =T,T, n=(AB/AC)100%
(nm) (TE) (T™)

1 50 703 0.02989 039778 0.069817 0.074269 0.004452 39.7779681
2 100 705 0.03534 0.554526 0.05769 0.074539 0.016849 55.4526423
3 150 707 0.04654 0.794608 0.051369 0.072452 0.021084 79.4607916
4 200 710 0.050947 0.972423 0.044761 0.070333 0.025573 97.2423473
5 250 713 0.035557 0.997708 0.033543 0.06258 0.029037 99.7707568
6 300 713 0.029163 0.990997 0.026041 0.050521 0.024479 99.0997402
7 350 715 0.025806 0.999151 0.021688 0.038568 0.01688 99.9150943
8 400 716 0.032981 0.999354 0.022742 0.029815 0.007072 99.935361
9 450 716 0.019836 0.999798 0.017258 0.021159 0.003901 99.9797583

Table 4 Coupling efficiency (n) and relative transmission (Trel) of TM-polarized light extracted from Fig. 13, for pore width optimization in the

Au-filled 1D PSiA at a fixed periodicity A=700 nm

Sr. no. w RW AB AB/AC T, T, T.=T,-T, n=(AB/AC)100%
(nm) (nm) (TE) (TM)

1 50 704 0.0339 0.433497 0.071399 0.075908 0.004509 43.3496975
2 100 707 0.036764 0.558366 0.058014 0.075537 0.017523 55.8366152
3 150 711 0.049147 0.786872 0.051639 0.072011 0.020373 78.6871944
4 200 716 0.056212 0.96362 0.0453 0.071761 0.026461 96.3619779
5 250 718 0.038875 0.999267 0.034615 0.063784 0.029169 99.926717
6 300 719 0.032284 0.998191 0.025287 0.050083 0.024795 99.8190931
7 350 719 0.027067 0.999109 0.021504 0.043744 0.02224 99.9108943
8 400 720 0.035209 0.999516 0.022212 0.031362 0.009149 99.9516272
9 450 720 0.022494 0.999219 0.018726 0.021737 0.003011 99.9218622

dominated by radiative scattering leakage and conduction
losses [86]. The onset of this transition occurs at w> 300 nm
for Au and Cu and at w >400 nm for Ag, confirming that Ag
sustains tighter resonance control over a broader geometric
window.
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To isolate the effect of the metal itself, we compared the
transmission spectrum of the metal-filled structure against an
identical pore geometry without metal (Fig. 10a). The empty-
pore control transmits freely beyond 750 nm, exceeding 0.2 by
900 nm, while the Ag-, Au-, and Cu-filled structures suppress
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Table 5 Coupling efficiency (1) and relative transmission (Trel) of TM-polarized light extracted from Fig. 15, for pore width optimization in the

Cu-filled 1D PSiA at a fixed periodicity A=700 nm

Sr. no. W RW AB AB/AC T, T, T=T,-T, N=(AB/AC)100%
(nm) (nm) (TE) (T™)
1 50 704 0.0328 042145150 0.0711 0.0752 0.00412 42.1451509
2 100 706 0.0186 0.28712413 0.0576 0.0749 0.01728 28.7124132
3 150 710 0.0474 0.77283830 0.0515 0.0716 0.02008 77.2838300
4 200 715 0.0544 0.95378151 0.0451 0.0703 0.02523 95.3781512
5 250 717 0.0382 0.99736032 0.0338 0.0626 0.02877 99.7360328
6 300 718 0.0317 0.99936915 0.0253 0.0494 0.02418 99.9369158
7 350 718 0.0265 0.99803581 0.0210 0.0418 0.02087 99.8035815
8 400 719 0.0340 0.99898145 0.0226 0.03096 0.00831 99.8981459
9 450 719 0.0218 0.99842646 0.01838 0.0199 0.00152 99.8426459

Table 6 Statistical details of FWHM, peak E-Norm, T, and 71 pro-
files as a function of w for an Ag-filled 1D PSiA plotted in Fig. 14(a-b)

Table 8 Statistical details of FWHM, peak E-Norm, T, and 71 pro-
files as a function of w for a Cu-filled 1D PSiA plotted in Fig. 14(e-f)

Sr.no. w(nm) FWHM  E-Norm T =T,-T, n=(AB/ Sr.no. W FWHM E-Norm T, = n=(AB/
AC)100% (nm) T,-T, AC)100%

1 50 20 0.00234 0.004452  39.7779681 1 50 19.56224  0.0024 0.00412  42.14515093
2 100 31 0.00288 0.016849  55.4526423 2 100 29.3434 0.0029 0.01728  28.71241326
3 150 44 0.00345 0.021084  79.4607916 3 150 48.90561  0.0033 0.02008  77.28383

4 200 50 0.0044 0.025573  97.2423473 4 200 58.68673  0.0039 0.02523  95.37815126
5 250 55 0.00415 0.029037  99.7707568 5 250 65.20748  0.004 0.02877  99.73603282
6 300 53 0.003734  0.024479  99.0997402 6 300 61.9471 0.0034 0.02418  99.93691588
7 350 64 0.00289 0.01688 99.9150943 7 350 84.76972  0.0031 0.02087  99.80358152
8 400 65 0.0024 0.007072  99.935361 8 400 107.5923  0.0027 0.00831  99.89814591
9 450 115 0.00196 0.003901  99.9797583 9 450 138.9421  0.0021 0.00152  99.84264596

transmission to approximately 0.05-0.065 across the same
range. This confirms that the metal is responsible for intercepting
a substantial fraction of the incident light at these wavelengths,
consistent with the SPP-mediated absorption mechanism estab-
lished as beneficial for plasmon-enhanced photocatalysis.
Figure 10 (b) is the postprocessing of the model show-
ing the Poynting-vector energy-flow maps. The periodic
fringe pattern in the silicon region is consistent with a
Fabry-Pérot-type cavity contribution, since reflection- and
interference-based optical modes in thin-film silicon are
governed primarily by layer geometry and boundary condi-
tions [87]. The localized field reversal at the pore corner
further supports a dipolar plasmon interpretation, because
dipole plasmon resonances are expected to produce charac-
teristic local-field structure near the metal feature [88].

Near Field Trapping in Metal-Filled Nanopores

It is the analysis of electromagnetic fields close to the plas-
monic interfaces (r << ), which captures non-propagating
evanescent waves to evaluate highly localized energy dis-
tributions and hot-spots at the material boundaries. Figures
11a, ¢, and e show spatial line-scans across the periodic
domain, where the peaks represent the relative local electric
field with respect to the incident source field. The sharp peak
discontinuities correspond to localized field confinement at
the geometric boundaries of the metal/c-Si interfaces, while
the broader, smoother field distributions represent the spa-
tial profile of propagating SPP modes within the adjacent
semiconductor channels [§9-92]. To evaluate the light-trap-
ping mechanism within the metal-filled pores, the E-Norm

Table 7 Statistical details of FWHM, peak E-Norm, T,y and 7 profiles as a function of w for an Au-filled 1D PSiA plotted in Fig. 14(c-d)

Sr. no. W (nm) FWHM E-Norm T,=T,-T, n = (AB/AC)100%
1 50 21.21 0.00234 0.004509 43.3496975

2 100 30.93 0.00316 0.017523 55.8366152

3 150 47.88 0.00394 0.020373 78.6871944

4 200 59.47 0.00452 0.026461 96.3619779

5 250 64.09 0.00455 0.029169 99.926717

6 300 60.41 0.00345 0.024795 99.8190931

7 350 89.98 0.003 0.02224 99.9108943

8 400 111.54 0.00265 0.009149 99.9516272

9 450 141.35 0.00211 0.003011 99.9218622

@ Springer



Plasmonics

(@)

0.20
—— 250_without metal
——Ag_250
;-‘ Au_250
5.6, 0.15 ~ Cu_250
c
2
0
0 0.10
£
(2]
c
o
= 0.05-
0.00 T T T
500 600 700 800 900

wavelength (nm)

(b)

400 30 20 100 0 100 20 30

lanbd0 sfneh(314)=713
Suface: Eecric e, y component [V
Arow: Elchicfeld

lambda_rfweh(318)=717 :
03 Sufac: Elctic held, y cmponent (V)
Arrow: Electic field

o 167663
w0

.4\‘!--.,.““_

=7 | XL R

.ll‘"h.,“u.. wlhesttes . "

lﬂfl:-‘u",.

\\‘1"!.‘ wlhsttte,,

VIR wf Aatthte,

=|xtitts,

.....

3 15

0
4300 200 100 0 100 200 30

Au_250

300 200 -100 0 100 200 300
M -1,6783

Cu_250

bin: 325763 Mz 241363

Ag 250

Fig. 10 (a) Transmission spectra at w=250 nm for the empty pore array (no metal) versus Ag-, Au-, and Cu-filled pores (b) Poynting-vector energy

flow maps for Ag, Au, Cu at their respective resonance wavelengths

([E]) was collected via COMSOL Multiphysics. Figures
11(a, c, e) display the spatial field profiles across a 700 nm
sweep (from — 350 nm to + 350 nm) for Ag, Au, and Cu
across varying w. All profiles exhibit strict spatial symmetry
characterized by a distinct intensity minimum at the pore
center (0 nm). Narrow pores (50—150 nm) show low field
intensity. There are several design approaches to maximize
field confinement like Nanogap, Tip enhancement, Core-
shell, periodic array [23] and our geometry falls in the cat-
egory periodic arrays. As we know that LSPR occurs when
d<< A, that’s why as the width approaches critical coupling,
the LSPR create sharp hot-spots near the metal-dielectric
corners (= 100 nm to + 250 nm) across all the metals. For
Ag (Fig. 11a), this peaks at exactly w =200 nm with a maxi-
mum field value of 0.0044 a.u. due to its low imaginary per-
mittivity (g,) and minimal internal losses [93, 94]. A more
precise characterization of the LSPR peak position would
require Surface-enhanced Raman Spectroscopy (SERS)
measurements, which are beyond the scope of this compu-
tational study and are proposed as a future direction. Figure
11(b, d, f) shows the line plot of electric field with respect to
pore width for Ag, Au and Cu filled PSi. Figure 11(b) shows
the plot for Ag where we can see a monotonic increase
in electric field from 50 nm, establishing a single highly
resolved maxima at w =200 nm. Thanks to lower imaginary
permittivity of Ag in that spectral window that is the rea-
son for optimal impedance matching and minimal parasitic
damping. Beyond w = 200 nm, the peak field strength drops
sharply, which corresponds to the broadening of line width
that takes the structure into a radiation-dominant damp-
ing regime [95]. A flatter, broadened plateau can be seen
from Fig. 11(d) for Au shows w = 200 to 250 nm, reaching
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a maximum of relative field to approximately 0.0045 a.u.
This is the indication of a wider geometric coupling regime
that appears as secondary sharp field spikes close to + 100
nm for the 200 nm and 250 nm pore sweeps (Fig. 11c). This
is consistent with the known inter-band transitions in Au at
~2.4 eV (~ 520 nm), which perturb localized spatial charge
displacement [96]. Figure 11(f) shows the plot for Cu that
shows a peak at w = 250 nm with a somewhat lower value
of 0.0040 a.u. with respect to Ag and Au. This shift is an
explicit physical consequence of the elevated conduction
path losses and severe electronic damping characteristic of
Cu, that requires a larger slot volume to sustain comparable
gap-plasmon field confinement [97].When the pore width
exceeds 400 nm, the field profile flattens and drops heav-
ily across all metals. This decay supports that higher value
of metal content decouple the plasmonic walls, allowing
the electromagnetic energy to leak radiatively into the sur-
rounding environment rather than remaining trapped along
the active metallic walls [98].

Coupling Efficiency and Relative Transmission

When TM light illuminates the 1D PSiA through the c-Si
substrate, SPPs are excited at the metal/c-Si and metal/air
interfaces. These excited modes constructively interfere
with incident light, causing a sharp transmission dip fol-
lowed by enhanced resonant peaks [16]. TE light cannot
excite SPPs because its electric field lacks a component per-
pendicular to the metallic walls. We can express the phase-
matching condition for grating-coupled SPP excitation as:

kg = Akx (4)
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Here A represents, as before, the grating periodicity. This
should be considered that moving away from F-P resonances, 1)
increases for longer wavelengths [17, 99-102]. Far-field analysis
reveals that the resonance dip deepens significantly when the w
spans 2/7 to 1/3 of the A under normal incidence (6; = 0°), signal-
ing maximized light absorption and localized energy coupling.
There are two ways to quantify this plasmonic interaction:

i. Coupling Efficiency: We assess the magnitude of the
TM transmission dip relative to a baseline lacking SPP
excitation:

n= (42 ) x100% (5)

where B is the transmission minimum at the TM resonance dip,
A is the baseline TE transmission at the same wavelength, and
C is the unchanged transmission intensity reference [16, 17].
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directly as a function of w to identify the optimized geometric con-
straints for (b) Ag, (d) Au, and (f) Cu

ii. Relative Transmission: It accounts for the far-field
impact of SPP generation by calculating the difference
between the TM interference peak (T,) and baseline TE
transmission (T,) at the resonance RW [103, 104].

Tra=T;-T, (6)
Coupling Efficiency and Relative Transmission of Ag

To evaluate the performance of the Ag-filled PSiA, Fig. 12
plots the transmission curves for TM and TE polarization,
alongside their respective n and T, values calculated via Eq.
5 and Eq. 6. Sweeping the w from 50 to 450 nm reveals that
both metrics depend strongly and non-linearly on the sub-
wavelength channel geometry at each resonance wavelength
[16, 105], as detailed in Table 3. The 1 rises from 39.78%
at w = 50 nm to 97.24% at the critical coupling threshold
of w = 200 nm. This rise is consistent with the previously
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established far field and near-field behavior of PSiA at the
said w.

For the w = 250 nm, the n reaches into a distinct satura-
tion regime, hence, maintaining an elevated baseline of n
~ 99.10% to 99.98% through the upper limit of w = 450
nm. It should be noted that these are numerical results and
in a fabricated device, n would be somewhat lower attrib-
uted to geometric imperfections and additional loss mecha-
nisms. Thus a geometric saturation of 11 does not, however,
always produce a corresponding enhancement in optical

performance [61]. Tracking the relative transmission (T, =
T, —T,), a clear divergence from the n profile can be seen.
The T, increases steadily to a peak value 0of 0.0290 a.u. at w
=250 nm and then undergoes a continuous, severe degrada-
tion down to 0.0039 a.u. at w = 450 nm (Fig. 14 (b)).

This behaviour arises because at w > 250 nm the ideal
cavity configuration breaks down. Even though these wider
pores catch most of the incoming light momentum and cou-
ple with it almost perfectly, they cannot hold onto it. The

phase-matching conditions change, forcing the light to either

Fig. 12 Coupling efficiency and 0.3 0.28
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scatter away into the air or die out as heat inside the metal
[106]. Therefore, trapped electromagnetic energy inside the
oversized pores escapes via uncoupled radiative leakage or
is dissipated by severe ohmic conduction losses along the
extended metal boundaries rather than contributing to the
forward transmission. For photovoltaic and light-harvesting
applications, these trends indicate that maximizing perfor-
mance requires prioritizing the narrow w = 200 to 250 nm
window, where the ideal balance between energy trapping
and forward transmission is preserved [107, 108].

The surface plots of the E-Norm and the vertical field
y-component (E;) of Ag presents the F-P resonance as
shown in Fig. 6.

Coupling Efficiency and Relative Transmission of Au

A similar sweep of w, along with the calculation of n and
T, was carried out for Au as well shown in Fig. 13, reveal-
ing that, this Au filling present inside the PSi support LSPR
fields whose strength and RW depend on the pore size and
morphology [109—111]. Table 4 details the calculated values
of n and T,,;, which exhibit a trend similar to that of Ag i.e.
both n and T, rise simultaneously until critical coupling is
achieved. Beyond this point, 1| saturates near unity while
T, drops abruptly. Notably, Au demonstrates a high initial
n of 43.35% at w = 50 nm, outperforming Ag despite the
intrinsic d-band transitions present in Au within the visible
spectrum (Fig. 14 (d)). This again demonstrates that high n
does not guarantee high performance.

At an optimal width of w = 250 nm, the system bal-
ances light trapping and transmission. Beyond w > 300 nm,
despite near-perfect coupling (= 99.9%), T, collapses as
disrupted waveguide conditions redirect energy into radia-
tive scattering and parasitic gold inter-band absorption [111,
112]. Consequently, a 200-250 nm width is recommended
for light-harvesting applications.

The Surface plots of the E-Norm and E, of Au illustrate
an F-P resonance as shown in Fig. 7.

Coupling Efficiency and Relative Transmission of Cu

Analogous parametric sweeps and calculations of nj and T,
were performed for Cu as shown in Fig. 15. The coupling
efficiency follows a nearly linearly increasing trend that is
enhanced coupling with 1 reaching 95.38% for w=200 nm
and attaining saturation at w=250 nm (Table 5).

Cu also shows a trend analogous to Ag and Au in T, i.e. it
rises simultaneously until critical coupling is achieved. Beyond
this point, 1 saturates near unity while T,; drops abruptly till
450 nm slit width. And this drop in T, is attributed to EM
energy absorption occurring in non-radiative inter-band tran-
sitions and parasitic ohmic losses along the metal boundaries

[113]. Hybrid metal-semiconductor-metal designs can reduce
ohmic loss while keeping strong confinement [81, 113, 114].
Cu plasmonic waveguide can show unexpectedly low propa-
gation losses and efficient coupling when geometries are
engineered carefully, even outperforming Au in some CMOS-
compatible slot configurations [115, 116]. For practical light-
harvesting devices, these results prove that the w =200 to 250
nm window is essential to overcome Cu’s high material damp-
ing and ensure maximum forward optical transfer.

The F-P resonance of the Cu can be seen from the surface
plots of the E-Norm and E, as shown in Fig. 8.

Correlation of Near-Field and Far-Field Patterns,
Coupling Efficiency, and Relative Transmission

A correlation is established between near-field and far-field
analyses, which is standard practice for validating simulation
results, since far-field outputs should be consistent with near-
field observations. This correlation is characterized as a curve
plotted with w along the horizontal axis and FWHM (far-field)
and E-Norm, near-field along the vertical axes, as shown in
Fig. 14 (a, c, e) for all three metals investigated, namely Ag,
Au, and Cu and their respective tables are also listed below as
Tables (6, 7, 8). The selection criterion is that only those w are
chosen for which the highest value of the E-Norm corresponds
to a FWHM that falls within its minimum values.

For the Ag-filled PSiA, the highest value of E-Field Norm
is observed at w=200 nm (Fig. 14(a)). For the Au-filled PSiA,
a plateau is witnessed for the highest value of E-Field Norm in
the w range of 200 nm to 250 nm, and both these values of w
correspond to marginally similar FWHM values from the lower
regime (Fig. 14(c)). Similarly, for Cu-filled PSiA, the E-Field
Norm attains its highest value at w=250 nm, with another
closely comparable value at w=200 nm. Both these pore widths
exhibit corresponding FWHM values from their minimum
range (Fig. 14(e)). Therefore, this near-field and far-field cor-
relation across all three metals isconsistent with w=200 nm
for Ag, w=200-250 nm for Au, and w=200-250 nm for Cu
are the optimized w and ranges for enhanced coupling and
energy storage for light harvesting applications. This property
of metal-filled PSi structures can be exploited in the fabrication
of plasmonic solar cells. A second correlation can be established
to further verify and validate these optimization parameters,
namely the correlation between n and T,;. This correlation is

el
plotted with w along the horizontal axis and both n and T,
along the vertical axis, as seen in Fig. 14 (b, d, f). These plots
further support the correlation results obtained from the FWHM
and E-Field Norm analysis. Specifically, both  and T, increase
quasi-linearly with pore width up to a critical coupling thresh-
old, i.e., w=200 nm for Ag and w=250 nm for both Au and Cu.

The T, starts to decrease after these critical values and

this is consistent with the trend observed in the E-Norm
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in the near-field analysis. These correlations is consistent
with the optimized pore widths and ranges for enhanced
field trapping and light harvesting are w=200 nm for Ag,
w=200-250 nm for Au, and w=200-250 nm for Cu. These
tailored PSi architectures hold significant potential for inte-
gration into high efficiency plasmonic solar cells.

@ Springer

The reported n and Trel quantify grating-coupled SPP
excitation efficiency and do not distinguish useful absorp-
tion in c-Si from parasitic ohmic loss in the metal; con-
sequently, the present results should be interpreted as an
optical light-trapping design rule rather than a direct predic-
tion of solar-cell efficiency.
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Fig. 14 The four-way correlation of E-Norm (Near field) and FWHM (Far-field) Patterns with respect to pore width for Ag (a), Au (c), and Cu (e);
in comparison with their coupling efficiency and relative transmission of Ag (b), Au (d), and Cu (f)

Conclusion

The present study, performed using COMSOL Multiphys-
ics RF Module (v.5.3a), presents a systematic FEA inves-
tigation of 1D PSiA for plasmonic light trapping. The
simulations are performed for the Ag, Au and Cu filled c-Si
(substrate) for w range of 50—-600 nm at a fixed A=700 nm.
To the authors’ knowledge, this pore-confined, side-by-side
FEA comparison of Ag, Au and Cu in c-Si substrate has not
been previously reported.

Far-field transmission spectra show a Fano-resonance in
the range 703—720 nm across all the metals investigated,
arising from the A. Due to the progressive change in effec-
tive n of PSiA, there is a redshift of approximately 13—17 nm
with w changing from 50 to 450 nm.

Near-field spectra (E-Norm) is consistent with the local-
ized field enhancement at the MIS edges of the pores indicat-
ing the excitation of LSPR. For Ag E-Norm peaked (0.0044
a.u.) at w=200 nm and for Au and Cu peaked (0.0045a.u.

& 0.0040 a.u.) at w=200 nm and 250 nm respectively. This
lower value for Cu is a consequence of its interband transi-
tion and ohmic damping.

n and T, are correlated with FWHM and E-Norm exhib-
iting; m > 95% (97.2% for Ag, 96.4% for Au, and 95.4% for
Cu) at w=200 nm for all three metals used and saturates to
99% for w>250 nm. Whereas, T, peaked (~0.029 a.u.) at
w =250 nm, before, sharp decrease across the metals show-
ing that highest 1 does not mean highest optical throughput.
This divergence of 1 and T,, demonstrate that oversized
pore cannot confine the trapped energy despite momentum
matching, hence, dissipating it in ohmic losses and radiative
leakage.

A four-way correlation of FWHM, E-Norm, n, and T,
shows that the optimized w for the Ag is 200 nm and for Au
and Cu range from 200 to 250 nm, approximately one-third of
A. This ratio matches the design rule reported for a surface-
deposited grating on a-Si [17], despite the present structure dif-
fering in host substrate (c-Si vs. a-Si), confinement geometry
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Fig. 15 Coupling efficiency and
Relative transmission of Cu-filled
1D PSiA as a function of w rang-
ing from 50 nm to 450 nm at a
fixed periodicity A=700 nm

(pore-confined vs. surface deposited), and metal (Ag/Au/Cu
vs. Au/Ag only). The persistence of this ratio across these
simultaneous changes indicates that w/ A = 1/3 is set primar-
ily by grating diffraction condition (Eqgs. 1-2) rather than by
material-specific parameters, extending the rule’s applicabil-
ity rather than merely reproducing it. Distinct to the pore-
confined geometry, however, is the excitation of propagating
SPPs along the metal walls and LSPR at the pore corners.
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Present results provide a computationally validated
design framework for the fabrication of metal-filled PSi
plasmonic solar cells. We express that the optimized pore
widths of 200-250 nm are compatible with standard elec-
trochemical etching and metal deposition processes, making
the proposed architecture practically configurable. We want
to extend that the future work should focus on potential
directions like:
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o The extension of the FEA model to two-dimensional
pore arrays and oblique-incidence illumination to assess
angular robustness and polarization sensitivity.

e The experimental fabrication and optical characteriza-
tion of Ag-, Au-, and Cu-filled 1D PSiA structures at the
optimum w to validate the simulation predictions.

e The integration of these structures into MIS solar cell
architectures to quantify PCE enhancement.
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