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Abstract. The study aimed to determine the optimal waveguide configurations in terms of electromagnetic field
localisation, propagation length and loss minimisation. The methodology included two- and three-dimensional modelling
in the Lumerical Finite-Difference Time-Domain Solutions environment with a spatial resolution of 2 nm, using Perfectly
Matched Layer boundary conditions and varying the parameters of the metal layer (Ag, Au, Al), the type of substrate
and the waveguide geometry. The source of the disturbance was Gaussian pulses with wavelengths of 1,310 nm and
1,550 nm. The results showed that V-shaped and ribbed waveguides coated with silver or gold provided the best plasmon
localisation and minimal losses. The maximum electric field intensity reached 1.78 x 106 V/m in V-shaped waveguides
with 100 nm thick gold at a localisation width of less than 100 nm. The ribbed silver structures with a thickness of
60 nm demonstrated good localisation and low losses (0.32 dB/micron). The longest LSPP propagation length (28.3 um)
was found in the Ag/sapphire configuration at neff 1.87-1.91. Monte Carlo simulation (1,000 iterations) showed high
resistance of these structures to geometric fluctuations (¢ <0.035 dB/mcm at #5%). Experimental verification confirmed a
deviation of less than 8%. The data obtained indicate that asymmetric waveguides made of noble metals at the optimum
thickness (40-60 nm) provide stable plasmon propagation with minimal losses. The practical significance of the results
is determined by the possibility of using the proposed configurations in optical interfaces, photonic integrated circuits
and high-speed communication modules developed in nanophotonics laboratories and telecommunications companies
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Introduction

The development of information and communication tech-
nologies requires a radical improvement in the speed, re-
liability and miniaturisation of transmission components.
In this context, surface plasmons, as collective electron os-
cillations at the metal-dielectric interface, exhibit unique
properties that can be used for deep localisation of the
electromagnetic field at the nanoscale. This creates pros-
pects for the creation of plasmonic waveguides capable of
ensuring the efficient integration of optical components
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into next-generation telecommunications systems. How-
ever, the introduction of such technologies requires de-
tailed research of the behaviour of plasmons in complex
nanostructures, which makes the task of numerical mod-
elling of the relevant physical processes more challenging.

A significant challenge in the field of nanophoton-
ics is the problem of propagation losses of surface plas-
mons. Dissipative processes in metals and geometric in-
homogeneities of waveguides can significantly reduce the
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efficiency of signal transmission. M. Andriychuk et al. (2021)
investigated the effect of waveguide geometry on plasmon
losses using rectangular structures with different combi-
nations of materials. The study demonstrated that when
the thickness of the metal layer increases above a certain
threshold, the losses increase, while when the thickness is
too small, the localisation effect decreases. However, the
study did not cover asymmetric and complex waveguides,
which limits its applicability to practical configurations.

The instability of plasmon characteristics arising from
fluctuations in geometric parameters during nanofabri-
cation also complicates the practical implementation of
such systems. I. Gorbov et al. (2025) analysed the sensi-
tivity of the plasmonic field to random fluctuations in the
waveguide shape, identifying critical thresholds at which
a significant increase in losses is observed. Although the
work covered a variety of materials, the modelling was con-
ducted in one- and two-dimensional formulations, with-
out addressing the three-dimensional complexity of real
structures. This creates a need for a more comprehensive
approach using three-dimensional modelling.

The optimal choice of material is crucial to ensure a
balance between field localisation and plasmon propaga-
tion length. A comparative analysis of silver, gold, and alu-
minium as the main materials for waveguides by L. Illyas-
henko (2024) revealed the advantages of silver in terms of
minimal losses. However, the objects of study were mainly
symmetrical planar structures, without considering com-
plex profiles that are of practical importance in high-den-
sity photonics. The efficiency of plasmon propagation is
significantly affected by the dielectric properties of the sub-
strate and its geometrical characteristics. Having studied
the dependence of these characteristics on the dielectric
properties of the substrate and its thickness, W. Shneen &
S. Ameen (2024) determined that the use of sapphire helps
to reduce losses due to its high optical transparency. At the
same time, their model did not address the interaction be-
tween the substrate and complex waveguide geometries,
which limits the generality of their findings.

In real telecommunication systems, the stability of
characteristics under changing operating conditions is sub-
stantial. According to the numerical analysis of the temper-
ature sensitivity of plasmonic waveguides by M. Maleki &
M. Soroosh (2023), the losses in silver waveguides increase
significantly when the temperature rises above 50°C. How-
ever, the study did not address variations in geometric pa-
rameters and their interaction with temperature effects,
which reduces the applied value of the results. Current
trends in the development of nano-optics prioritise the
integration of plasmonic elements into photonic chips.
C. Huang et al. (2021) developed a model of the behaviour
of surface plasmons in combined metal-dielectric struc-
tures suitable for integration into chips. The results showed
a high field localisation in the transition zones. However,
the modelling was conducted without real sources of per-
turbation, such as Gaussian pulses with telecommunication
wavelengths, which is critical for practical applications.

An additional problem is the difficulty of verifying
numerical models due to the limited experimental meth-
ods at the nanoscale. To solve this problem, M. Idrees &
H. Li (2024) proposed a hybrid technique for comparing
simulated results with experimental data using near-field
interferometry. Although this technique demonstrates
high accuracy, it requires specialised equipment, which
limits its widespread use. Adaptation of numerical models
to the needs of the telecommunications industry is an im-
portant direction for further research on plasmonic wave-
guides. R. Din et al. (2024) assessed the potential of their
implementation in optical interfaces for high-speed data
transmission, emphasising the need to optimise their char-
acteristics for industrial conditions. However, the study did
not conduct a detailed analysis of geometric variations that
may occur during mass production.

Thus, despite the existing advances in modelling and
analysis of plasmonic structures, questions on the influ-
ence of geometry, materials, and excitation conditions on
the stability and efficiency of surface plasmon propagation
remain relevant. In view of this, the study aimed to numer-
ically investigate the conditions for the effective propaga-
tion of plasmonic modes in nanoscale waveguides used in
optical components of telecommunication systems. The
objectives of the study included analysis of the influence
of the waveguide material on the propagation character-
istics of surface plasmons; investigation of the role of the
substrate type in changing the effective refractive index
and propagation length; and assessing the influence of
geometric parameters and fluctuations on the stability of
plasmon propagation.

Materials and Methods

The study was conducted during December 2024 — March
2025 at the National Technical University of Ukraine “Igor
Sikorsky Kyiv Polytechnic Institute” (Kyiv, Ukraine). The
object of analysis was planar and ribbed nanophotonic
waveguides with a metal coating formed on silicon and sap-
phire substrates with a SiO, dielectric layer. The geometri-
cal parameters varied in the following range: thickness of
the metal layer (Au, Ag) from 20 nm to 100 nm, width of
the waveguide channel from 100 nm to 500 nm, and thick-
ness of the substrate up to 1 um. A Gaussian pulse with
central wavelengths of 1,310 nm and 1,550 nm was used as
a source of electromagnetic disturbance to cover the main
telecommunication windows.

Numerical modelling was conducted by the finite dif-
ference method in the time domain using the software
package Lumerical FDTD Solutions, manufactured by An-
sys, Inc. The spatial resolution was 2 nm in all coordinates,
and the time step was determined according to the Kurant-
Friedrichs-Levy stability criterion and K. Abe et al. (2014).
Two-dimensional and three-dimensional models were
used, incorporating inhomogeneities in the waveguide
shape, structural defects, and layer thickness variations. At
the boundaries of the region, the conditions of a perfect-
ly consistent layer with a thickness of 200 nm were used.

Information Technologies and Computer Engineering, 2025, 22(2) 75



Numerical modelling of surface plasmons propagation...

In addition to the traditional rectangular cross-sections,
V- and U-shaped configurations were modelled to optimise
the mode directivity.

For the quantitative assessment, spatial distributions
of electric and magnetic fields, energy flux density (Poyn-
ting vector), plasmonic mode propagation length, their
effective refractive index, transmission and reflection
spectra were calculated. Absorption and scattering losses
were also modelled for each sample. Comparative model-
ling was conducted for different metals (gold, silver, alu-
minium) and substrates (sapphire, quartz, silicon), and the
results were processed in MATLAB R2023a (MathWorks
Inc., USA) using numerical integration, approximation,
and discrete Fourier transform functions. To analyse the
plasmonic modes, the study numerically solved developed
problems using the MODE Solutions software environ-
ment, addressing the complex refractive index in the range
of 1.2-3.5. The propagation length of the Lg,, surface plas-
mons was calculated by estimating the degree of atten-
uation in the propagation direction using the dispersion
analysis of the mode solutions.

Additionally, the numerical models were verified by
experimental measurement of the propagation character-
istics in the laboratory, using ready-made waveguide sam-
ples manufactured by the method of electron beam lithog-
raphy at the Institute of Physics of the National Academy
of Sciences of Ukraine. The data on the effective refractive
index and the attenuation length obtained by scanning
near-field optical microscopy (NSOM, manufactured by NT-
MDT, Slovenia) were compared with the simulation results.

Statistical processing covered the results for 36 differ-
ent waveguide configurations in three repeated simulation
runs each, followed by averaging and calculating the stand-
ard deviation. The Monte Carlo method with 1,000 iterations

was used to assess the impact of stochastic variations in
the thickness and width of the waveguide layer (deviations
of up to = 5%). To determine the statistical significance of
the differences between the groups, a one-sided Student’s
t-test with a level of a=0.05 was used. Correlation analysis
between geometric parameters, waveguide material, and
signal transmission efficiency was performed using Pear-
son’s coefficient with a significance threshold of p <0.01.
The numerical model was validated by comparing the re-
sults with analytical solutions of Maxwell’s equations for
metal-dielectric-air layer structures.

Results

As a result of numerical modelling of the spatial distri-
butions of the electromagnetic field, characteristic dif-
ferences between different types of nanostructured wave-
guides were revealed. In planar waveguides with a metal
coating, a symmetrical localisation of the electric field at
the metal-dielectric interface was observed with a clear-
ly defined maximum in the SiO, contact layer zone. The
ribbed configurations showed a more complex field struc-
ture with the formation of several local maxima, especially
in cases where the metal thickness exceeded 60 nm. The
configurations with V- and U-shaped cross-sections cre-
ated additional focusing effects, which were manifested in
narrowing the main plasmonic localisation zone to a width
of less than 100 nm. The magnetic field exhibited a typi-
cal transverse distribution, with maxima shifted relative
to the electric field, in accordance with the vector nature
of the solutions to Maxwell’s equations. The most effi-
cient energy retention was observed in waveguides with a
metal layer thickness of 40-60 nm and a channel width of
200-300 nm, which provided the lowest losses and the best
mode localisation (Table 1).

Table 1. Spatial characteristics of the electromagnetic field in different waveguide configurations

Waveguide configuration of m:’g'%t;zs(i\t,y/m) Localisation width (nm) of tw:)lsli-l?ﬁt;r(;s(iky/m) E;thn::a?(?;‘v;e(?\?ng
Planar (Au, 40 nm) 1.25x10¢ 180 3.4x103 60
Ribbed (Ag, 60 nm) 1.62x10° 140 4.1x10°3 45
U-shaped (Al, 80 nm) 1.11x10° 120 2.9x103 50
V-shaped (Au, 100 nm) 1.78x10° 95 4.6x10° 40

Source: compiled by the authors based on numeric modelling

The results of numerical modelling, summarised in
Table 1, demonstrate a dependence of the spatial char-
acteristics of the electromagnetic field on the geometric
configuration of the waveguides and the properties of the
metal layer. Firstly, the study determined that the degree
of localisation of surface plasmons is directly related to
the cross-sectional profile of the waveguide. The dens-
est electric field concentration was observed in V-shaped
configurations with a 100 nm thick gold layer, where the
localisation width reached only 95 nm. This result indi-
cates a geometric focusing of energy in the channel apex,
which forms the effect of an optical wave “spire” with a
local increase in the dielectric constant gradient. This, in

turn, contributes to the high energy density at the inter-
face, which is typical for surface plasmons excited in met-
al-dielectric structures.

Fibrous waveguides with a 60 nm silver layer, which
are usually characterised by high conductivity and low-
er absorption losses, showed a high maximum electric
field intensity of 1.62 x 10° V/m at a localisation width of
140 nm. This combination is technically attractive, as it
provides both good localisation and an acceptable level of
spatial stability of the modes, which is important for inte-
gration into optical chips. At the same time, planar wave-
guides, which are structurally the simplest, demonstrated a
symmetrical and more stretched electric field distribution
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with reduced maxima, which confirms the relatively weak
ability to focus plasmonic energy without additional ge-
ometric inhomogeneities. The magnetic field intensity also
varied with geometry. In all cases, a characteristic shift of
the magnetic field maxima relative to the electric field was
observed, which is due to the nature of vector solutions
of Maxwell’s equations. The smallest offset of 40 nm was
recorded in the V-shaped configuration, which indicates
a high degree of mode conjugation and contributes to the
efficient energy storage in the waveguide channel. This is
especially relevant for telecommunication systems, where
signal transmission losses must be minimised.

Aluminium structures, despite their technological
availability and low cost, demonstrated inferior perfor-
mance: the maximum electric field intensity did not exceed
1.11x10°V/m, and the localisation was limited. This can be
explained by the higher absorption coefficient inherent in
aluminium and the presence of an oxide layer that distorts
plasma modes. In addition, an increase in the thickness of
the metal layer above 80 nm, regardless of the material, led
to blurred localisation due to internal absorption and par-
tial shielding of the field. Thus, the most efficient propa-
gation of surface plasmons is achieved in structures with a
pronounced asymmetry (ribbed or V-shaped waveguides),
medium layer thickness (60-80 nm), and the use of noble
metals with high conductivity (Ag or Au). Such configu-
rations create favourable conditions for deep localisation
of electromagnetic energy while maintaining its spatial

integrity, which is critical for miniaturisation of photonic
integrated circuit elements.

The analysis of plasmonic modes conducted by nu-
merical modelling determined the surface plasmon propa-
gation length (Lg,,) and effective refractive index (n,,) for
a wide range of waveguide configurations and materials.
The results showed that the highest L ,, values were ob-
served in silver-coated waveguides on sapphire substrates,
especially at a metal layer thickness of 40-60 nm. In such
cases, the propagation length reached 28.3 um at the cen-
tral wavelength of 1,310 nm and decreased to 19.7 ym at
1,550 nm. At the same time, the effective refractive index
for such structures remained stable in the range of 1.87-
1.91,indicating good agreement between plasmonic modes
and the dielectric medium. Gold waveguides, although
demonstrating somewhat shorter propagation lengths (in
the range of 22-25 ym), provided n_, stability at the level of
1.92-2.01, which is acceptable for the telecommunications
range. The least effective were aluminium waveguides,
where the Lg,, did not exceed 14.5 um, and the refractive
index varied significantly depending on the substrate and
metal thickness. In addition, the ribbed structures were
more sensitive to wavelength changes, which affected
the stability of the n_; in the long-wavelength part of the
spectrum. In general, the study confirmed that the use of
silver in combination with a sapphire or quartz substrate
helps to achieve the best plasmonic mode propagation
characteristics (Table 2).

Table 2. Propagation length and effective refractive index of surface plasmons in different waveguide configurations

Metal/substrate Metal thickness (nm) | L

'SPP (

pm)at 1,310 nm | L

pm) at 1,550 nm (1,310 nm) | n_, (1,550 nm)

'SPP. ( neff

Source: compiled by the authors

The results of numerical modelling, summarised in
Table 2, confirm that the choice of metal layer materi-
al and substrate type is crucial for the propagation effi-
ciency of surface plasmonic polaritons. The best longest
propagation lengths (L,,) were achieved in waveguides
with a 40 nm thick silver layer on sapphire substrates. At a
wavelength of 1,310 nm, the L ,, was 28.3 um, indicating
extremely low absorption and scattering losses, as well as
high-quality mode localisation. This is due to the unique
optical properties of silver, particularly its lowest inte-
grated absorption index among traditional metals in the
telecommunications spectrum.

When the wavelength was changed to 1,550 nm, the
propagation length slightly decreased to 19.7 um, which is
an expected consequence of the increase in dispersion loss-
es in the near infrared range. At the same time, the effective
refractive index n g for the silver structures remained sta-
ble in the range of 1.87-1.91, providing a good phase match
between the mode and the propagation medium. A similar

pattern was observed in silver-based configurations with a
silicon substrate, but the propagation length was slightly
shorter (up to 18.3 um), which is explained by the high-
er optical density of silicon. Gold as a waveguide material
demonstrated a shorter propagation length in the range of
22-25 pym but was characterised by the stability of the n
index, which varied between 1.92 and 2.01. Despite higher
losses compared to silver, gold has better chemical stability
and compatibility with modern nanophotonics technol-
ogies. In addition, its optical properties are less sensitive
to changes in wavelength, making it an optimal choice for
systems operating under variable optical parameters.
Aluminium waveguides, on the contrary, demon-
strated the shortest propagation length of no more than
14.5 pm at 1,310 nm and 11.8 pym at 1,550 nm. This is
due to the high losses associated with absorption and the
presence of a passive Al,O, layer that forms naturally even
under environmental conditions. The effective refractive
index for aluminium structures exceeded 2.1, indicating
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strong mode localisation, but this localisation was ac-
companied by excessive losses that significantly reduced
signal transmission efficiency. The type of substrate was
secondary but significant. Comparison of structures with
the same metal but different substrates showed that the
transition from sapphire to silicon or quartz causes a
decrease in Lg,, by an average of 2-4 ym. This is due to
the higher refractive indices of silicon and quartz, which
change the phase matching conditions and lead to an in-
crease in radiation losses. Thus, to achieve the maximum
efficiency of surface plasmon propagation in telecommu-
nication systems, it is advisable to use silver on sapphire
substrates with a layer thickness of 40-60 nm, or gold as
a universal and technologically convenient material for
hybrid photonic systems.

The absorption and scattering losses for different
waveguide configurations were determined by integrating
the vector Poynting field over the cross-section of the struc-
ture. The results quantified the internal energy losses dur-
ing surface plasmon propagation depending on the channel
geometry and the thickness of the metal layer (Table 3). In

general, the lowest average losses were recorded in ribbed
waveguides with silver (Ag) at a layer thickness of 40-
60 nm, where the total losses did not exceed 0.32 dB/mcm
at a wavelength of 1,310 nm. Gold was slightly less effec-
tive in planar structures with a thickness of 60 nm, with
losses of approximately 0.45 dB/micron, which is also con-
sidered acceptable for photonic integrated circuits. At the
same time, aluminium configurations showed significant-
ly higher losses, reaching 0.88 dB/mcm even in the most
optimised models. The cross-sectional geometry was also
significant. The lowest losses were observed in V-shaped
structures due to the effect of spatial mode focusing, which
minimised contact with lossy metal regions. The U-shaped
and planar configurations had higher loss values, especial-
ly when the metal thickness exceeded 80 nm. Additionally,
the study determined that increasing the channel width
above 400 nm leads to mode separation and increased
losses due to edge scattering. The general trend indicates
the existence of an optimal range of geometric parameters
within which losses remain minimal, which ensures effi-
cient signal propagation.

Table 3. Absorption and scattering losses in nanophotonic waveguides as a function of material and geometry

Configuration/material Metal thickness (nm) Geometry Losses (dBlﬁ ﬂ,‘m) at1,310 | Losses (dBl{l ﬁ1m) at1,550
Ribbed/Ag 60 V-shaped 0.32 0.41
Planar/Au 60 Straight 0.45 0.53
U-shaped/Al 80 U-shaped 0.88 0.95
Planar/Ag 40 Straight 0.36 0.44
V-shaped/Au 100 V-shaped 0.39 0.47

Source: compiled by the authors based on numeric modelling

To determine the sensitivity of nanophotonic wave-
guides to technological deviations in the manufacturing
process, a statistical approach based on Monte Carlo sim-
ulation was used. Stochastic variations of the geometrical
parameters were modelled, considering the normal distri-
bution of deviations within # 5% for the metal layer thick-
ness and channel width. A total of 1,000 simulations were
performed for each of the main configurations, including
planar, ribbed, V- and U-shaped geometries with three
metals (Ag, Au, Al) and different substrates. Statistical pro-
cessing included the calculation of mean values, standard
deviation, correlation coefficients, and hypothesis testing
for the significance of differences. The analysis results
showed that ribbed and V-shaped waveguides with silver
(Ag) have the highest tolerance to geometric variations, es-
pecially at a layer thickness of 60 nm and a channel width
of 250-300 nm. In these configurations, the standard devi-
ation of losses did not exceed 0.035 dB/mcm, while the loss
distribution approached a symmetrical normal distribu-
tion, without a noticeable tail effect. Such structures main-
tained the stability of the mode characteristics even with
parameter variations, which confirms their high reliability
in the mass production of photonic chips.

For gold (Au) waveguides, especially in planar geom-
etry, the level of variability was moderate. The standard

deviation of losses ranged from 0.05 dB/mcm to 0.06 dB/mcm,
but a clear dependence of sensitivity on the waveguide
width was found. At a width of more than 400 nm, an
increase in the loss deviation to 0.08 dB/mcm was ob-
served, which is associated with the emergence of higher
transverse modes and an increase in interaction with the
metal surface. At the same time, at a channel width of
200-300 nm, the results remained stable, and the nature of
the loss distribution corresponded to a slightly asymmetric
gamma distribution. Aluminium waveguides were the most
vulnerable to geometric variations. In configurations with
a layer thickness of more than 70 nm and a width of more
than 350 nm, the standard deviation exceeded 0.1 dB/mcm,
and the loss distribution itself had a pronounced positive
asymmetry with a long “tail” in the direction of high losses.
This indicates the presence of configurations in which even
minor changes in geometry lead to a resonant increase in
losses due to a violation of the mode matching. A key factor
in this context is the instability of the Al,O, surface layer,
which is inevitable when aluminium comes into contact
with air or dielectrics, changing the effective refractive in-
dex at the boundary.

Pearson’s coefficients confirmed a strong positive
correlation between the channel width and the loss value
(r=0.82, p<0.01), as well as a moderate negative correla-
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tion with the thickness of the metal layer in the range of
40-60 nm (r=-0.54, p<0.01). This means that channel ex-
pansion leads to edge losses and mode directionality, while
a metal layer that is too thin is unable to effectively sup-
port the surface plasmon mode. Testing the hypothesis of
differences in average losses in planar and V-shaped wave-
guides using Student’s t-test (a«=0.05) showed a statistically
significant difference (t=9.27, p<0.001), which further con-
firmed the advantages of asymmetric structures. Based on
the results obtained, it is possible to conclude that V-shaped
waveguides made of Ag or Au are the most promising in
terms of not only signal transmission efficiency but also
production stability. Such structures exhibit minimal loss-
es, low variability, and relative insensitivity to technological
fluctuations, which makes them suitable for use in next-gen-
eration high-frequency photonic communication systems.

To assess the accuracy of the numerical modelling, the
results were compared with experimental data obtained
by scanning near-field optical microscopy (NSOM). The

verification was conducted for a set of samples of wave-
guides fabricated by electron beam lithography with geome-
tries that exactly corresponded to the numerically modelled
configurations: planar and ribbed Au-, Ag-, and Al-wave-
guides on sapphire and silicon substrates. The main param-
eters compared were the effective refractive index (n,,) and
the surface plasmon extinction length (Lg,) measured by
phase reconstruction of the near-field profiles at 1,310 nm
and 1,550 nm. The results showed a high degree of agree-
ment between the numerical and experimental values. For
silver waveguides on a sapphire substrate, the n_, deviation
did not exceed 0.03 units, while the relative difference in L,
was less than 8%. The largest discrepancies were observed
in aluminium structures, where the error in the propaga-
tion length estimate reached 13% due to the instability of
the oxide layer. At the same time, in the case of gold pla-
nar waveguides on silicon, the discrepancy between the nu-
merical and experimental data was on average 5%, which
confirms the high accuracy of the applied model (Table 4).

Table 4. Comparison of numerical and experimental values of n_; and L,

Configuration n, (model) n . (NSOM) An L., (model, pm) | L, (NSOM, pm) | Deviation (%)

Ag/sapphire 1.89 1.92 0.03 28.3 26.1 7.8
Au/silicon 1.95 1.93 0.02 24.5 23.2 5.3
Al/quartz 2.11 2.07 0.04 14.5 12.6 13.1
Ag/silicon 1.91 1.94 0.03 26.8 24.6 8.2

Au/sapphire 1.97 1.96 0.01 22.3 21.4 4

Source: compiled by the authors based on numeric modelling

The analysis of the results of numerical simulation
verification by comparing them with the NSOM experi-
mental data concluded that the applied FDTD model is
generally reliable and predictive. The difference between
the numerically calculated and experimentally determined
parameters of the effective refractive index (n) in all cases
did not exceed 0.04 units. This indicates a high accuracy in
considering material constants, boundary conditions, and
the resolution of the spatial grid, which was 2 nm, which
made it possible to maintain the physical accuracy of the
description of the metal-dielectric interface. In particular,
the smallest deviation was recorded in the Au/sapphire
configuration, only 0.01 units for n_; and 4% for Lg,,. This
confirms that when using noble metals with well-known
optical properties and substrates with low dispersion, the
results of numerical modelling are in almost complete
agreement with experimental data. A similar correspond-
ence was observed in gold-based waveguides with a silicon
substrate, where the relative difference for the propagation
length was only 5.3%. Such accuracy is exceptional for na-
nophotonics objects, where even minor structural defects
can significantly change the field pattern.

For silver waveguides, in particular Ag/sapphire, the dis-
crepancies were slightly larger, up to 7.8% for L. This is ex-
plained by both the sensitivity of silver to surface oxidation
and the limitations of NSOM accuracy in phase reconstruc-
tion on long waveguide structures. Nevertheless, the error
remained within the acceptable engineering tolerance for

estimating signal transmission parameters. More noticeable
differences were observed in the case of aluminium-based
waveguides: the difference in n ; reached 0.04 units, and in
Lg,, — 13.1%. This is due to the inhomogeneity of the Al,O,
oxide layer, which is difficult to accurately model within the
standard dispersion model, as well as to the technological
instability of the aluminium layer application process.

Despite the above deviations, all the differences be-
tween the numerical and experimental results did not
exceed 15%, which confirms the correctness of the phys-
ical assumptions and mathematical implementation of
the model. It is worth noting that even for structures
with significant material complexities (e.g. Ag/silicon or
Al/quartz), the numerical calculations remained in agree-
ment with the results of independent measurements. The
high accuracy of the model was achieved through a com-
bination of spatial discretisation, correct setting of the
boundary conditions of a perfect matching layer, consid-
eration of the complex refractive index in the range of
1.2-3.5, and multi-level model validation based on MODE
Solutions of the study. The verification proved that numer-
ical modelling by the finite difference method in the time
domain provides reliable results in the simulation of sur-
face plasmons in complex nanophotonic structures. Such a
model can be used to optimise the design of waveguides in
photonic modules of telecommunication systems to devel-
op structures with increased integration density and mini-
mal losses per unit length.
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Discussion

In this study, the spatial distributions of the electro-
magnetic field obtained from numerical modelling of
nanowaveguides identified the key regularities of the
influence of geometry and material on the properties of
surface plasmons. For example, in configurations with
V-shaped cross-sections, a significant geometric focus-
ing was found, which reduces the localisation width to
<100 nm and provides maximum E-field intensities. Ana-
Iytical comparison with the data of P. Yan et al. (2025) and
Z.Han et al. (2024), also noting the effect of field concen-
tration in narrow channels, confirms the consistency of
the results, although the data presented demonstrate an
even smaller localisation size. Where P. Yan et al. record-
ed a width of ~120 nm, in the V bank, it is 95 nm. Thus,
this study clarifies the limits of focusing on efficiency, ex-
panding knowledge in this area.

Further analysis has shown that ribbed Ag (60 nm)
waveguides combine high intensity and good localisation,
which is relevant for integration into optical circuits. The
results are consistent with studies by J. Shi et al. (2021) and
R. Gupta et al. (2024), also noting the attractiveness of Ag-
based ribbed structures. However, J. Shi et al. emphasised
that the localisation was less distinct (~160 nm), while the
present study shows an improvement down to 140 nm. This
indicates the effectiveness of using a thinner layer (60 nm),
which provides a more concentrated field.

In planar waveguides, a symmetric and somewhat
stretched field distribution is observed, which was once
described by J. Liaw et al. (2021) and Y. Li et al. (2022). De-
spite their claim of the stability of such modes, the results
presented show a less distinct focusing, which reduces the
energy storage efficiency. This is due to the absence of ge-
ometric inhomogeneities that contribute to the formation
of high dielectric constant gradients. As a result, planar
waveguides provide a uniform but weak field intensity dis-
tribution, which makes them less suitable for applications
involving high energy concentration. Accordingly, the pla-
nar structure is only appropriate in cases where high field
localisation is not required, such as in systems with a prior-
ity on phase stability or large coverage radius.

The study of the propagation length (Lg,,) and the ef-
fective refractive index (n,,) confirmed the leadership of
Ag/sapphire configurations. R. Téllez-Limdn et al. (2020)
and H. Wei et al. (2021) have already highlighted the effec-
tiveness of the sapphire substrate, but their L. SPP values
were lower (~25 um). In the present study, improved results
of up to 28.3 um at 1,310 nm were obtained, indicating a re-
duction in losses and high quality of mode localisation. The
increase in Lg,, compared to previous work is due to the op-
timised geometry and more accurate treatment of the met-
al-dielectric interface in numerical modelling. This level
of performance provides the prospect of implementing
Ag/sapphire configurations in high-speed photonic plat-
forms with minimal signal loss.

The magnetic component of the mode in all cases
shows a shift relative to the electric field in accordance

with the vector nature of Maxwell’s equations. The smallest
displacement (40 nm) is recorded in the V configuration,
which contradicts the data of F. Kakepoto et al. (2024) and
Y. Long et al. (2020), who reported a shift of up to ~60 nm.
This indicates a high degree of conjugation between the
E- and H-components, which is achieved due to the effec-
tive focusing of the field in a geometrically limited space.
The explanation for this difference is the conjugation of
modes in a narrow channel, which is enhanced by boundary
effects and reduced side-wall losses. This effect is especial-
ly relevant for applications that require maximum energy
density in a minimum amount of space.

Optimal energy retention is observed at a metal thick-
ness of 40-60 nm and a channel width of 200-300 nm, espe-
cially in configurations with Ag and Au. X. Gao et al. (2023)
and G. Kim & M. Lee (2021) indicated an optimum at 50-
70 nm, while the present results clarified this limit: the
most effective characteristics are achieved in the range of
40-60 nm. This is because this range strikes a balance be-
tween sufficient conductivity and minimising absorption
losses. Too thick metal layers lead to internal absorption,
while thinner layers do not provide the necessary reflection
to maintain the surface mode. This optimisation is neces-
sary for the creation of waveguides suitable for scalable
production without loss of functionality.

In the case of Au/Si, a slightly shorter propagation
length is observed (~22.3-24.5 um), but n_, remains sta-
ble (1.92-2.01). This correlates with the data of L. Yu et
al. (2024) and L. Wang et al. (2023), although in their work
the refractive index was slightly lower (~1.9), which con-
firms the accuracy of the current calculations. The stability
of n, in such structures indicates a substantial phase cor-
relation between the surface plasmon mode and the dielec-
tric medium. It is worth noting that the use of gold provides
high chemical stability, which is relevant for long-term
operation in difficult operating conditions. In addition, its
less pronounced dispersion in the infrared range makes it a
versatile choice for a wide range of photonic applications.

Al structures were the least effective: L,, does not ex-
ceed 14.5 um with significant fluctuations in n. . Wang
et al. (2022) and S. Dong et al. (2020) also noted the limi-
tations of using aluminium but did not address the influ-
ence of the unstable Al O, oxide layer, which significant-
ly affects the results. The modelling of the present study
covered these factors, providing a more accurate picture
of the passive layer’s impact on modulus efficiency. The
oxide forms a barrier that distorts the field profile and re-
duces the localisation efficiency, while increasing losses.
This makes it impossible to use aluminium structures in
high-frequency photonics components without additional
surface stabilisation or passivation.

The lowest absorption and scattering losses were
recorded in ribbed Ag configurations (0.32 dB/mcm at
1,310 nm). S. Verma et al. (2024) reported a similar value
(~0.35 dB/mcm), which is confirmed by the statistical sta-
bility established by the Monte Carlo method with an error
of no more than 0.035 dB/mcm. This stability indicates a
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high tolerance of the configuration to technological fluctu-
ations. In addition, the ribbed structures provide increased
energy density in the central region of the channel, reduc-
ing edge losses and effectively trapping the mode. This is
relevant for photonic chips, where it is critical to maintain
signal integrity with minimal lossy processes.

The planar gold-based waveguides demonstrated loss-
es of ~0.45 dB/mcm, which is consistent with the data of
Y.He et al. (2021) and C. Yang et al. (2025). This level of loss
is acceptable for most photonic applications, but only if the
channel geometry is stable. At the same time, the model-
ling results indicate an increase in the variability of losses
at a channel width of more than 400 nm, which has not
been recorded before in such limits (~0.08 dB/mcm). This
indicates that exceeding the critical value of the channel
width leads to a violation of the mode homogeneity and
the appearance of parasitic losses associated with the ex-
citation of higher modes and uneven field distribution at
the metal-dielectric interface. Thus, to ensure the stabil-
ity of optical characteristics in planar Au waveguides, it is
necessary to limit the channel width to 200-300 nm, where
losses remain predictable and minimal.

The Al configurations showed the highest losses of
up to 0.95 dB/um, which is higher than the values re-
ported by S. Shukla et al. (2020) and D. Kim et al. (2024)
(~0.7 dB/um). The reason for this is the significant vari-
ability of the oxide layer and the instability of the mode
parameters under technological deviations. An addi-
tional factor that increases the losses is the violation of
the mode symmetry due to the uneven formation of the
passive Al O, layer, which not only affects the effective
refractive index but also creates additional absorption
paths. Given the sensitivity of aluminium to environmen-
tal conditions and its high reactivity, even minor process
errors can cause significant changes in field characteris-
tics. This is a substantial limitation on the use of Al wave-
guides in critical photonic applications.

The correlation analysis revealed a close relationship
between channel width and losses (r=0.82), which is con-
firmed by the findings of L. Singh et al. (2022). Additional-
ly, a negative correlation was found with the metal thick-
ness (r=-0.54), which explains the increase in losses with
too thin layers. This indicates the existence of critical ge-
ometry parameters beyond which losses due to mode sep-
aration or insufficient field support increase significantly.
Such analytical dependencies determined the optimal de-
sign limits and avoided deterioration in device efficiency
when scaling or changing production conditions. The re-
sults confirmed the high potential of V- and ribbed con-
figurations with silver or gold in photonic integrated cir-
cuits. Field focusing, minimal losses, stable characteristics
under technological variations, and high agreement with
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experiments provide a reliable basis for implementation in
practical telecommunication systems.

Conclusions

Numerical modelling of the spatial distributions of the
electromagnetic field in nanophotonic waveguides with
different geometries has shown that the cross-section-
al shape and the choice of the metal layer material criti-
cally affect the efficiency of surface plasmon localisation.
The highest electric field intensity (1.78 x 10° V/m) and
the smallest localisation width (95 nm) were achieved in
V-shaped configurations with a 100 nm gold coating, indi-
cating a high degree of energy focusing in the tip zone. The
ribbed waveguides with 60 nm silver showed high field in-
tensity (1.62 x 10° V/m) with a substantial balance of losses
and mode stability, making them effective for integration
into microsystems. Planar and U-shaped structures exhib-
it reduced localisation and higher losses, while aluminium
waveguides proved to be the least efficient due to high ab-
sorption and surface layer instability.

The maximum propagation length of surface plas-
mons (Lg,, up to 28.3 um) was achieved in Ag/sapphire
configurations due to low dispersion losses. Gold provided
acceptable parameters (up to 25 pym) along with the sta-
bility of the effective refractive index. The lowest losses
(0.32 dB/um) were observed in V- and ribbed waveguides
with silver, while aluminium configurations had losses up
to 0.88 dB/um. Statistical Monte Carlo analysis showed
that the silver waveguides were the least sensitive to pro-
cess variations, with loss deviations of less than 0.035 dB/
um. Gold structures demonstrated moderate stability, and
aluminium structures showed high loss variability, which
limits their practical application.

The limitations of the study were a simplified model
that does not consider thermal fluctuations, surface de-
fects, layer heterogeneity, and real operating conditions.
Prospects for further development of the study are the im-
plementation of the most efficient configurations V-shaped
and ribbed waveguides with silver or gold in miniaturised
photonic integrated circuits. Such structures can be used
in next-generation telecommunication systems, high-res-
olution optical sensors, quantum photonics elements, and
optoelectronic processors.
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AHoTauig. MeTow mOCTifsKeHHST GYJI0 BM3HAYMTM ONTMMAaIbHI KOH}Iirypaimii XBWIeBOAiB 3 TMOIISAY JOKasisarii
€IeKTPOMAarHiTHOrO TOJsl, JOBXMHM MOUIMPEHHS Ta MiHiMisalii BTpaT. MeTozmonorisi BKIOYaaa 1BO- Ta TPUBUMipHE
MojenoBaHHSI B cepemoBuili Lumerical Finite-Difference Time-Domain Solutions i3 mpocTOpoBOW0 AMCKpPeTHU3aIli€lo
2 HM, BUKOPUCTaHHSM rpaHuuHux ymoB Perfectly Matched Layer Ta BapiloBaHHSIM MapaMeTpiB METajeBOro mapy (Ag,
Au, Al), Tumny migknaagku Ta reomeTpii xBuieBoxdy. xkepenoM 30ypeHHS! CIYyTYBaayu IaycoBi iMITYJIbCU 3 IOBXKMHAMU
xBub 1310 i 1550 HM. Pe3ymbTaTyt 1okasasm, 1o V-1oaibHi Ta pebpucTi XBUIeBOaAM 3 TTIOKPUTTSIM 3i cpibia abo 3osoTa
3abe3mevyBaaM HajKpally JoKaji3allilo MIa3MOHiB i MiHiManbHi BTpaTi. MakCMMa/ibHA iHTEHCUBHICTb €JIEKTPUYHOTO
rosist gocsirasia 1,78 x 106 B/m y V-nopi6HMX XBujieBomax i3 30i0TOM 3aBTOBHIKKM 100 HM Mpy MIMPHMHI JoKamizaiii
meniie 100 HM. Pe6pucti cpibHi CTPYKTYpH 3 TOBIIMHOK 60 HM IeMOHCTPYBaIM XOPOIIY JIOKa/Ii3allilo Ta HU3bKi BTPaTU
(0,32 nb/mxm). Hait6inpima momskuMHa momupeHHs LSPP (28,3 mMxm) BusBieHa y KoHdirypauii Ag/candip mpu neff
1,87-1,91. MopentoBaHHs meTonoM MonTte-Kapio (1000 iTepawiit) 3acBifumio BUCOKY CTiliKiCTh 3a3HaY€HUX CTPYKTYP
10 reoMeTpuYHUX Qykryaniii (o< 0,035 gb/Mxm pu£5 %). EkciepumeHTanbHa Bepudikallis migTBepamnia BiIxyieHHS
meHIIe 8 %. OTpuMaHi JaHi CBiguaTh, IO aCMMETPUYHI XBWIEBOAM 3 61aTOPOIHMUX METaTiB 3@ ONTUMAIbHOI TOBIIMHMI
(40-60 HM) 3abe3meuyioTh CTabilibHe MOUIMPEHHS MJIAa3MOHIB 3 MiHIMaabHMMM BTpaTamu. IIpakTMYHA 3HAYMMICTD
pe3y/bTaTiB MOJSrae B MOSK/IMBOCTI BUKOPUCTAHHS 3aIIPONIOHOBaHMX KOHbIrypalliii B onTuuHmx iHTepdeiicax, GOTOHHUX
iHTerpaabHMX cxeMax i MOAY/SIX BMCOKOIIBUIKICHOTO 3B’SI3KY, 110 PO3POO/SIOTHCS B 1a6opaTopisix HAaHOOTOHIKM Ta B
KOMIIaHisIX TeJIeKOMYHiKalliifHOro mpodiato

KniouoBi cnoBa: morivHaHHS [1a3MOHIB; G1aropofiHi MeTasu; ONTMYHI BTPaTH; CyOXBWIbOBI CTPYKTYpHU; METOL
MouTe-Kapio; HaHO(OTOHIKa; eleKTpoMarHiTHe 36ypeHHSI
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