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A B S T R A C T S  A R T I C L E   I N F O 

Nanoscale resonant optical antennas are highly regarded for 
their capacity to enhance electric fields in localized volumes 
smaller than the diffraction limit. This makes them 
particularly attractive for coupling with quantum emitters. 
However, a significant challenge in applications involving 
spectral shifts is fabricate nanoantennas that provide two 
distinct resonances—one at the excitation frequency and 
another at the emission frequency. To address this, we 
propose a coupled T-shaped nanoantenna design that allows 
for independent control of the resonances, while sharing a 
common electromagnetic hot spot within the antenna gap. We 
present the fabrication of such structures and evaluate their 
spatial, time-integrated, spectral, and polarization-dependent 
electromagnetic field characteristics, both experimentally and 
theoretically. The nanoantennas display two separate 
resonances, each with distinct spectral and polarization 
behaviours. These resonance wavelengths can be 
independently adjusted by changing the geometry of the 
individual T-shaped antennas.  
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1. INTRODUCTION 

In the last ten years, resonant optical 
antennas have gained significant 
attention due to their exceptional ability 
to manipulate light at subwavelength 
dimensions (Babicheva, 2023). These 
nanostructures effectively bridge the gap 
between freely propagating 
electromagnetic waves and highly 
concentrated near-fields (Smirnov, et al., 
2021; Tsurimaki, et al., 2024; Hu, et al., 
2022; Singh, et al., 2025). The particle 
plasmon resonances (PPRs) of optical 
antennas are strongly influenced by 
factors such as the material properties, 
the dielectric characteristics of the 
surrounding medium, and the interaction 
between the antenna and adjacent 
nanoparticles, including both near-field, 
and far-field effects (Xiao, et al., 2024). 
Coupled nanoantennas, where the 
antenna arms are separated by a 
nanometer-scale gap, exhibit several 
advantageous features, including 
significantly enhanced fields within the 
hotspot (Mahdi, et al., 2023; Zotev, et al., 
2024; Moghaddam, et al., 2014; Qian.  Et 
al., 2023).  

  Antenna applications extend across 
diverse areas, such as optical sensing, and 
energy collection (Sethi, 2018; Jana, et al., 
2024). Fluorescence manipulation of 
single emitters, super-resolution analysis 
of microscopy, and plasmonic of 
nonlinear (Adamczyk, et al., 2024; Zhang, 
et al., 2018; Kimmitt & Wertz, 2018; 
Schust, et al., 2023; Wang, et al., 2023; 
Zhang, et al., 2024). Certain applications 
necessitate antenna designs that exhibit 
multiple spectral modes (Meier, et al., 
2023; Jeong, et al., 2023; Mathew, et al., 
2025). These include nonlinear optical 
processes, such as harmonic of higher 
generation and frequency of different 

generation, which rely on such dual-
mode or multimodal properties 
(Mathew, et al., 2025; Abir, et al., 2024; 
Qing, et al., 2024). An additional area of 
interest is the manipulation of 
polarization characteristics in both near-
field and far-field regions. Dual-mode 
optical antennas have been introduced to 
control the polarization state within the 
near-field of a nanoantenna (Chahshouri 
& Talebi, 2023; Yang, et al., 2023; Choi, et 
al., 2023; Kim, et al., 2025). In this regard, 
plasmonic waveplates have been 
achieved (Li, et al., 2024). For applications 
in polarization control, it is also possible 
for the two resonance wavelengths to 
coincide. These antenna configurations 
can effectively preserve far-field 
polarization characteristics within the 
near-field (Wang, et al., 2023; Chen, et al., 
2024). Multi-resonant antenna structures 
have further been proposed for colour 
sorting applications (Park, et al., 2021; 
Miyata, 2024; Ma, et al., 2024). 
Additionally, there is increasing interest 
in research in the excitation of Fano 
resonances, which can be leveraged using 
bimodal antenna structures (Xie, et al., 
2025; Lin, et al., 2024; Liang, et al., 2024; 
Zhao, et al., 2024; Lee, et al., 2023). 
Ultimately, multi-resonant or broadband 
nanoantenna arrays have been explored 
for light trapping, such as in solar cell 
technology (Kumar, et al., 2024; Wu, et al., 
2024; Qarony, et al., 2023; Wang, et al., 
2022). The proposed structure in this 
work holds significant promises for 
similar applications. 

The applications previously 
discussed different multi-resonant nano-
antenna designs have been utilized 
(Zhao, et al., 2021; Wagner, et al., 2022). 
These designs encompass gap dipole 
antennas with varying arm lengths, log-
periodic arrays (Abir, et al., 2024; Ullah, et 
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al., 2020). L-shaped nanostructures in 
various configurations (Khoshdel & 
Shokooh, 2021; Yu, et al., 2024). Antennas 
of asymmetric bowtie (Kim, et al., 2025; 
Chen, et al., 2024; Abertavi, et al., 2024). 
Standalone T-shaped antennas (Abir, et 
al., 2024; Tanwar, et al., 2024). bimetallic 
antennas, Coupling V-shaped antennas 
with nanorods, and optical gap antennas 
in cross-shaped (Zhang, et al., 2018; 
Bralović, et al., 2024; Chamorro, 2024).  

This research concentrates on a 
design for dual-mode antenna structures 
that exhibit improved excitation 
capabilities and allow for independently 
tunable emission characteristics for 
quantum emitters (QEs) positioned 
within a single antenna hotspot. The 
advantages of hybrid coupled 
nanoantenna–QE systems have been 
widely explored, demonstrating 
enhanced performance compared to 
standalone QEs (Ahamad & Faraz, 2024). 
The antenna's influence on the emitter 
includes increased scattering or 
absorption cross-sections and improved 
directionality (Dahiya & Pandian, 2023; 
Cruciano, et al., 2025). By adjusting the 
particle plasmon resonance (PPR) of the 
antenna, the desired channel can be 
optimized, and the coupling effects can 
be effectively utilized and analysed. 
Compared to traditional radio antennas, 
which are typically electrically coupled, 
optical antennas are primarily optical 
excitation. As a result, antenna–quantum 
emitter (QE) systems are excited 
optically, and the emitted signal is also 
detected optically. Given the significant 
Stokes shift observed between absorption 
and emission in QEs, nanoantennas 
designed for coupling with QE systems 
should ideally support two distinct 
resonances (Wagner, et al., 2025; 
Chamorro, 2024; Ahamad & Faraz, 2024). 
To gain a deeper understanding of the 

underlying effects, it is beneficial to 
separate the absorption and emission 
processes—an approach that has not been 
explored in prior studies. In addition to 
plasmonic materials, dielectric materials 
like AlGaAs have shown strong potential 
for enhancing electric and magnetic 
Purcell factors. These materials can 
effectively shape the emission directivity 
of single quantum dots, offering a 
promising alternative to traditional 
plasmonic designs for optimizing 
quantum emitter coupling (Kim, et al., 
2025). 

While various antenna geometries 
have been designed for specific 
applications, only a few prior studies 
have concentrated on double-resonant 
structures to improve absorption and 
emission. To address this gap, we have 
developed a novel coupled T-shaped 
nanoantenna that meets the following 
criteria:  

1. Structure: The antenna consists of two 
identical gold (Au) nanoblocks 
separated by a 50 nm gap. Each block 
is designed to support two resonance 
modes, leveraging gold’s strong 
plasmonic properties for enhanced 
field confinement. 

2. Field Enhancement: Both resonance 
modes experience significant field 
enhancement within a shared 
nanometer-scale hotspot, maximizing 
light-matter interactions. 

3. Tuning of Resonance Wavelengths: 
The resonance wavelengths can be 
independently tuned by adjusting the 
geometry of the gold nanoblocks, 
providing flexibility for various 
optical applications. 

https://doi.org/10.34010/injiiscom.v8i1.15995
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4. Polarization and Wavelength 
Differentiation: The design allows for 
the differentiation of the resonance 
modes based on polarization and 
wavelength, enabling precise control 
over the antenna’s optical response. 

 Given that the various antenna 
geometries mentioned above are 
designed for various applications, they 
do not completely fulfill all the required 
criteria. The cross-shaped antenna, 
consisting of four arms sharing a 
common nanogap, is the closest in design 
to the structure presented here. However, 
a major challenge with this design is 
creating a nanogap that achieves high 
field enhancement while preventing 
coupling between neighboring arms 
(Zhao, et al., 2021; Lumerical, 2025).  

Furthermore, the design combines 
the control of two resonances involved in 
second-harmonic generation with the 
required asymmetry (Jeong, et al., 2023). 
The proposed coupled T-shaped optical 
antenna overcomes the limitations of 
previous designs and enhances the 
capabilities of alternative solutions. It 
offers a highly promising solution for 
applications requiring dual resonance. 

2. METHOD 

2.1. Experiments 

The coupled T-shaped gold 
nanoantennas were consistently 
fabricated using electron beam 
lithography (EBL) on a 600 nm thick 
silicon dioxide (SiO2)-coated glass 
coverslip. A diluted PMMA 950k resist, 
yielding a layer thickness of 667 nm, was 
employed, and the exposure was carried 
out using a 40 kV high voltage. After 
exposure and development, a 200 nm 
thick gold layer was thermally 

evaporated, followed by a lift-off process 
in acetone. Scattering electron 
microscopy (SEM) was employed to 
confirm the success of the lithography 
process and to determine the optimal 
fabrication parameters, including 
exposure dose and development time. A 
representative set of nano-antennas was 
used for the SEM analysis to prevent 
contamination of the antennas intended 
for subsequent optical characterization. 
Both the nanoantennas used for SEM 
analysis and those for optical 
characterization were fabricated on the 
same substrate using the same electron 
beam lithography process. 

To investigate the optical properties 
of the fabricated T-shaped antennas, we 
conducted single-particle dark-field 
scattering spectroscopy in transmission 
mode. We employed an inverted 
microscope (Zeiss, Axio Observer) 
coupled with a spectrometer (Spectra Pro 
2500i, Princeton Instruments) and an 
electron multiplying charge-coupled 
device (EMCCD) camera (Andor 
Technologies, Andor iXon) to capture the 
scattering spectra of individual 
nanoantennas. A linear polarization filter 
in the detection path enabled the 
selection of specific polarization angles. 
The filter ensures an extinction ratio 
between 106 and 108 across the operating 
bandwidth. A halogen lamp with a broad 
spectrum and a colour temperature of 
3200 K served as the excitation source, 
and the sample was illuminated using a 
dark-field condenser (NA = 1.2, Leitz 
Wetzlar). The scattered light spectra at 
the nanoparticles were normalized by 
subtracting the background near the 
antenna from the detected signal and 
then dividing by the system’s optical 
transfer function and the excitation 
source spectrum for each polarization. 

https://doi.org/10.34010/injiiscom.v8i1.15995
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The peak resonances were identified by 
fitting a Lorentzian curve to the 
measured resonance spectra.  

2.2. Simulation 

The antenna structures were 
analyzed theoretically using numerical 
simulations based on the FDTD (Finite-
Difference Time-Domain) method. In this 
model, a plane wave was directed at a 
single gold antenna structure placed on a 
SiO2-coated glass substrate. The 
polarization angle φ of the plane wave 
was adjusted as specified in the paper. 
The wave was introduced from the side 
of the glass substrate, which was 
assumed to be infinitely large and thick 
for the purposes of these simulations. The 
SiO2 layer had a thickness of 600 nm. The 
optical properties of the gold antenna 
structures (from the Johnson and Christy 
paper) and the SiO2 layer were 
dependent on frequency. In contrast, the 
glass substrate was represented with a 
fixed refractive index of n=1.45. To 
prevent unrealistically high field 
enhancements at sharp edges in the 
simulation results, the corners and edges 
of the gold nanostructure were rounded 
with a radius of 9 nm. A fine mesh with a 
spatial resolution of 2 nm was employed 
for each dimension of the nanostructure 
and its surrounding area. The mesh was 
made progressively coarser as it 
approached the outer boundaries of the 
simulation area. A 1500 nm × 1500 nm × 
1150 nm region, enclosed by 8 perfectly 
matched layers (PML), was used to 
ensure that the finite size of the 
simulation area did not influence the 
results. The scattered power passing 
through a closed box surrounding the 
antenna was integrated and then 
normalized by the incident intensity to 

obtain the scattering cross sections. As 
near-field parameters, we examined the 
electric field distributions in the plane at 
half the antenna height for the resonance 
wavelengths. As a final step, the current 
density distribution at half the antenna 
height for wavelengths was also 
calculated. 

3. RESULTS AND DISCUSSION 

3.1. T-Shaped Antenna Design 

We propose an antenna design 
featuring coupled T-shaped gold 
antennas, separated by a gap at the 
nanoscale. As illustrated in Fig. 1, the 
coupled nanoantenna consists of two 
identical T-shaped gold nanostructures, 
positioned 50 nm apart by a nanoscale 
gap. Each structure features a short 
nanoblock with dimensions: length w = 
180 nm, width t = 300 nm, and height h = 
200 nm, coupled with a long nanoblock 
perpendicularly: length w = 800 nm, 
width t = 300 nm, height h = 200 nm. The 
design supports two nanoblocks within 
the visible wavelength range at 
orthogonal polarization angles. 
Arranging two dipole gap antennas 
perpendicular to each other (cross-
shaped antennas) provides a clear 
approach to achieving two resonant 
modes. We modify this design by 
connecting the two nanoscale gap 
antennas, enhancing the gap coupling 
properties.  

The T-shaped antenna can be 
considered a conventional dipole gap 
antenna, with an extra bar added to each 
arm of the antenna, creating a "T" shape. 
The two bars of the "T" are referred to as 
the Short nanoblock (t) and the Long 
nanoblock (b), as shown in Fig. 1. 

https://doi.org/10.34010/injiiscom.v8i1.15995
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Fig. 1. (A) Schematic of the coupled T-shaped Gold (Au) nanoantenna on a glass 
substrate. The nanoantenna is illuminated two identical T-shaped gold 

nanostructures with a 50 nm Gap (B, C) Electric field Reflectivity at φ = 0° and φ = 
90°. (D, E) Electric filed. 

The first resonance can be adjusted 

by modifying the short nanoblock length 

t, like how a dipole antenna is tuned. The 

second resonance is predominantly 

determined by the dimensions of the long 

nanoblock b. The second resonance of the 

antenna is primarily determined by the 

length of the attached long nanoblock b. 

Unlike the dual mode T-shaped antenna 

presented here, a similar structure was 

demonstrated where the long nanoblock 

(more long) is not used to define a second 

mode, but rather to electrically connect 

the dipole gap antenna without 

interfering with the optical performance 

of the dipole (Abir, et al., 2024). In our 

design, both optically active resonances 

are supported within a single optical 

antenna and share the same nanogap. 

Considering fabrication limitations, the 

attainable resonance wavelengths are 

chiefly controlled by the geometric 

parameters. For a functional short 

resonance, the short length must be much 

greater than the width of the antenna's 

long nanoblock base. The minimum short 

nanoblock length determines the smallest 

achievable resonance wavelength, while 

there is no corresponding upper limit for 

the long resonance wavelength. A major 

advantage of the T-shaped gap antenna is 

the ability to independently control two 

distinct eigenmodes within the same 

structure, with polarization controlling 

their separation at the antenna's hot spot. 

Although coupling two individual "T" 

structures results in both optically active 

and inactive (dark) plasmon eigenmodes, 

we focused limited on the optically active 

antenna modes. 

3.2. Rapid mixing and neutralization 

basin (physicochemical treatment) 

The effective principle of the coupled 
T-shaped structure is demonstrated here 
for an antenna with short and long 
nanoblock lengths of 180 nm and 800 nm, 
respectively, with both separated by a 
precise 50 nm gap. Far-field scattering 
measurements, combined with near-field 

https://doi.org/10.34010/injiiscom.v8i1.15995
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simulations at the two resonance 
wavelengths, provide a deep 
understanding of the antenna's 
characteristics. Fig. 2(A) shows the 
observed dark-field scattering spectra for 
the T-shaped nanoantenna indicate two 
distinct resonances. The first resonance 
observed when light is polarized parallel 
to the long nanoblock (φ = 0°), peak at 
λlong = 751 nm. Conversely, the second 
resonance, associated with polarization 
along the short nanoblock (φ = 90°), peak 
at λshort = 844 nm. Thus, two resonances 
with different wavelengths and 
polarizations satisfy the design condition. 
This outcome successfully meets the 
design objectives of achieving 
nanoblocks that differ not only in 
wavelength but also in polarization 
orientation.  

To gain a deeper understanding of 
the two resonance modes, we conducted 
finite-difference time-domain (FDTD) 
simulations to analyze the near-field 
enhancements and current density across 
the nanoantenna. The simulations 
pinpointed the peak resonance 
wavelengths within the central gap of the 
antenna, revealing λlong,near = 795 nm 
for light polarized along the long 
nanoblock (φ = 0°), and λshort,near = 616 
nm for polarization along the short 
nanoblock (φ = 90°). 

First, there is a small variation in the 
resonance wavelength between the 
(simulated) far-field and (simulated) 

near-field, which is well-known and has 
been thoroughly investigated. Second, 
the predicted scattering resonance 
wavelength and the measured far-field 
scattering signal's resonance wavelength 
are different. The inability to create sharp 
inner edges with electron beam 
lithography is undoubtedly the primary 
cause of the peak resonance wavelength 
discrepancy between simulation and 
experiment. The paper's conclusion 
displays corresponding simulation 
results with modified geometry. 

To address these differences, we have 
adjusted the nanoantenna geometries in 
the simulations. The simulated electric 
fields and current densities at half the 
antenna's height are shown in Fig. 2 (B) 
and (C). As expected, the electric field 
enhancements in the gap (Fig. 2 (B)) are 
incredibly high for both antenna modes. 
This confirms that our structure satisfies 
the design requirement of a shared hot 
spot for both nanoblock frequencies. 
While modifications to the design are 
feasible, we would increase the 
complexity of the fabrication process. 
Notably, the near-field polarization 
within the 50 nm nanoscale gap is aligned 
with the antenna's long direction for both 
modes, even though the far-field 
polarizations are oriented in long 
nanoblock perpendicular to each other. 
This characteristic sets the structure apart 
from other bimodal configurations, like 
the cross-shaped antennas, and can offer 
advantages for certain applications.

https://doi.org/10.34010/injiiscom.v8i1.15995
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Fig. 2. The T-shaped antenna's far-field and near-field characteristics with a short 
nanoblock length of t = 180 nm and a long nanoblock length of b = 800 nm with a 
50 nm nanoscale Gap. (A) Polarization measurements using dark-field scattering 
along a single T-shaped gap antenna's short (φ = 0°) and base (φ = 90°). (B and C) 
Polarization along the top (λlong,near = 751 nm, φ = 0°) (left images) and along the 
base (λshort,near = 844 nm, φ = 90°) (right images) are simulated using near-field 

FDTD (B) electric field enhancement Egap /Eincident and (C) current density 
distribution of half the antenna height.

For instance, if the dipole emitter's 

orientation can be precisely controlled, it 

can couple efficiently for both absorption 

and emission, assuming that the dipole 

moments of the quantum emitters are 

aligned. In addition to the significant 

field enhancement within the 50 nm 

nanoscale gap, a smaller enhancement is 

observed at the ends of the antenna that 

are not directly facing the gap. This 

suggests the location of the plasmon 

mode. For the first antenna mode, at an 

angle of φ = 0°, the electric fields are 

primarily enhanced near the ends of the 

antenna, while for the second mode, at φ 

= 90°, the fields are enhanced closer to the 

antenna’s bases. The current density 

distribution (Fig. 2C) in the arms of the 

antenna further clarifies the plasmonic 

oscillation modes. The current 

distribution on the short antenna arms for 

the short resonance resembles that of a 

pure dipole gap antenna, apart from a 

slight base-induced disturbance in the 

centre of each individual arm. 

Approximately negligible current flows 

along the long nanoblock base. A lesser 

current flow can be seen at the top toward 

the ends that are not facing the gap, but 

for the second antenna mode, the current 

mode distribution indicates that the 

particle plasmon oscillation primarily 

arises along the long nanoblock and turns 

around the corner toward the antenna 

gap. 

3.3. Polarization Control in Coupled T-

Shaped Nanoantennas Eigenmodes 

Determine the weighting of the two 

modes, we also examined the scattering 

signal at the two far-field resonance 

wavelengths depending on the 

polarization angle.  

In Fig. 3, we display the scattering 

based on polarization. For the simulation 

https://doi.org/10.34010/injiiscom.v8i1.15995
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(λshort = 712 nm and λlong = 795 nm) and 

experiment (λshort = 677 nm and λlong = 

792 nm) of the short and long base 

resonance at various angles (T-shaped 

antenna with t = 180 nm and b = 800 nm). 

To evaluate the outcomes qualitatively, 

the resonances were normalized to the 

long wavelength mode's maximum. A 

cos2 dependence on the polarization 

angle is evident in the scattering signals. 

The two modes, ideal polarization 

angles are not precisely at 0° and 90°. For 

this specific antenna geometry, the short 

resonance is most effectively excited with 

an incident wave polarized at an angle of 

6°, while the second mode, associated 

with the long nanoblock of the T-shaped 

antenna, reaches its optimal polarization 

angle at 95°. The minor shift in the angle 

is due to the coupling between the two T-

shaped antenna arms. At these specific 

angles, there is no interference between 

the modes, allowing for optimal 

separation. Alternatively, instead of 

modifying the polarization angle, the 

long nanoblock attachment point can be 

moved slightly from the center of the top 

arm toward the gap. The two modes are 

most stimulated at polarization angles of 

0° and 90° at the ideal long nanoblock 

location. Depending on the exact 

geometry (i.e., short and long length), 

there may be a modest deviation from the 

ideal polarization angle or long 

nanoblock position, but this is negligible. 

As we compare T-shaped antennas with 

varying top and base lengths, we focus 

solely on the resonances at φ = 0° and φ = 

90°, without altering the base position. 

The resonances still display a single-

mode spectrum at these angles, which are 

ideal for comparing various geometries. 

In this way, we preserve the simplicity 

and intuitiveness of our design without 

compromising its quality. 

3.4. Resonance at Short Nanoblock 

Wavelengths (Far-Field Scattering) 

Modifying the two geometry 

parameters, short nanoblock length t and 

long nanoblock length b, makes it simple 

to customize both peak resonance 

wavelengths, which is a major advantage 

of the T-shaped nanoantenna. Therefore, 

it is important to start with the short-

wavelength resonance, which is 

controlled by the short nanoblock length, 

as this resonance will remain largely 

unaffected by subsequent changes to the 

long nanoblock length. Through FDTD 

simulations, we determined the 

resonances of gold dipole gap antennas 

(T-shaped antennas without the base) 

and fully completed T-shaped antennas 

with an 800 nm long base length, each 

with different top lengths t. In both cases, 

the light was polarized along the antenna 

short φ = 0°. The resonance wavelength is 

displayed in Fig. 4(A) as a function of 

long short nanoblock length (t) which 

ranges from 150 to 190. The resonance 

wavelength for both antenna geometries 

increases in a linear fashion with the short 

length, ranging from 650 to 800 nm.   The 

resonance wavelength experiences only a 

slight blue shift between the two antenna 

geometries, with the slope remaining 

nearly identical. Resonance wavelengths 

for a set of T-shaped antennas and a pure 

dipole antenna that were measured 

experimentally are also displayed. 

https://doi.org/10.34010/injiiscom.v8i1.15995


Mahmud, et al. Optimized Resonance Control in Gold T-Shaped...| 10 

 

 
DOI: https://doi.org/10.34010/injiiscom.v8i1.15995  
p-ISSN 2810-0670 e-ISSN 2775-5584 

 

Fig. 3. Normalized scattering depending on the polarization angle φ for the two 

modes at λshort = 712 nm and λlong = 795 nm for the simulation and λshort = 677 

nm and λlong = 792 nm for the experiment.

As previously mentioned, the flaws 

of the inner edges in actual created 

structures are the source of the resonance 

wavelength shift between simulation and 

experiment. However, there are a lot of 

similarities between the trends. In Fig. 4 

(B) and 4(C) shows the determined and 

measured scattering spectra for the full T-

shaped antenna and the pure dipole. 

Considering the fabrication limitation, 

the simulation and experimental align 

closely. As shown in the simulation (Fig. 

4), the peak scattering cross-section for 

the T-shaped structure is slightly smaller. 

The resonance’s spectral width, and thus 

the quality factor of the plasmon 

resonator, is barely influenced. Thus, we 

have a highly flexible method to set the 

first resonance wavelength, leveraging 

the extensive knowledge gained from 

coupled dipole antennas. In all further 

experiments, we kept the short nanoblock 

length t constant at 180 nm and focused 

on adjusting the long base length b. 
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Fig. 4. (A) Resonance wavelengths of dipole nanoantennas (green) and T-shaped 

antennas with a long base length of b=800 nm (blue), as obtained experimentally 

(solid line) and through simulations (dashed line), highlighting the influence of 

the long nanoblock on the short resonance as the short nanoblock length t varies. 

(B) The scattering cross section and (C) Normalized scattering response of a pure 

dipole antenna and the short nanoblock resonance of a coupled T-shaped antenna, 

both with a short and long length of 180 and 800 nm. Introducing the long 

nanoblock leads to a blue shift in the resonance wavelength, while the overall 

scattering cross section and the shape of the resonance experience minimal 

change.

3.5. Resonance at Long Nanoblock 

Wavelengths (Far-Field Scattering) 

When light polarized opposite the 

long antenna axis is used to excite a pure 

dipole antenna, the scattering signal is 

very low for the wavelength range under 

investigation, as seen by the magenta 

lines in Fig. 5. Therefore, we have not 

detected any transversal dipole antenna 

modes experimentally under the 

conditions described here. However, a 

second eigenmode shows up in the 

scattering spectra when the long 

nanoblock length gets large. 

We also show scattering spectra for 

T-shaped antennas with long nanoblock 

that are 650, 700, 750, 800, and 850 nm in 

Fig. 5. For these long nanoblock lengths, 

the long mode occurs at longer 

wavelengths than the short mode. Both 
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the simulation and experimental spectra 

are presented for polarization along the 

short axis (φ = 0°, blue lines) and 

polarization along the long nanoblock (φ 

= 90°, magenta lines). The short-

wavelength resonances (φ = 0°) show 

minimal dependence on the long length   

in both the measurements and 

simulations (Fig. 5, blue lines). The 

simulation results allow a direct 

comparison of the resonance amplitudes 

by showing the absolute scattering cross 

sections. When we compared the short-

wavelength resonance amplitudes for 

various long nanoblock lengths, we 

observed that they were almost identical 

at roughly 0.04 μm2. This result provides 

additional confirmation that modifying 

the long nanoblock length does not affect 

the short nanoblock mode. Therefore, we 

set the maximum value of the φ = 0° 

spectrum as the normalization value for 

each pair of observed spectra (φ = 0°, φ = 

90°). The two distinct resonances for each 

configuration between simulation and 

experiment could then be compared in 

terms of shape and relative magnitude. 

As long nanoblock length increases, the 

amplitude ratio between long and short 

nanoblock length increases linearly. The 

polarization angle effectively separates 

the two resonances. The short-

wavelength mode’s resonance 

wavelength is consistently λshort = 707 

nm for simulations and approximately 

λshort = 677 nm for experiment. 

The long-wavelength mode of the T-

shaped antennas is visible when the light 

is polarized along the antenna long 

nanoblock (φ = 90°, magenta lines). This 

resonance changes from 784 nm to 892 

nm for the calculations and from 709 nm 

to 844 nm for the measurements for long 

nanoblock lengths between 750 and 850 

nm. As base length increases, so do the 

resonance wavelength and the relative 

scattered power. Therefore, Fig. 6 shows 

that by adjusting the long nanoblock 

length without significantly changing the 

first mode, the second mode can be 

tailored to a desired wavelength for a 

given first eigenmode and a fixed short 

nanoblock length. The design of the long-

wavelength resonance without affecting 

the short-wavelength resonance is 

summarized. In this case, a wider variety 

of long nanoblock lengths (650–850 nm) 

are covered by the simulations. It is 

evident that there are combinations in 

which the long nanoblock mode (b = 600 

nm to b = 700 nm) has shorter 

wavelengths than the short nanoblock 

mode. 
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Fig. 5. (A) Scattering cross-sections obtained from FDTD simulations, (B) 

Measured normalized scattering through dark-field microscopy for T-shaped 

antennas with a fixed short length of t=180 nm and varying long nanoblock long 

lengths of b= 650,700,750,800, and 850 nm. The blue color represents the short-

wavelength short nanoblock resonance, while the magenta color indicates the 

long-wavelength long nanoblock resonance. Only a single mode is observed for 

the dipole. When the long nanoblock is added, a second mode emerges, shifting to 

longer wavelengths as the long length increases. The simulated and experimental 

spectra match closely, with semitransparent lines used as guides to the eye.

However, the long nanoblock mode 
scattering signal is extremely weak for 
these arrangements, thus we advise using 
the long nanoblock mode as the long-
wavelength mode. For a few applications, 
it is also possible to construct an antenna 

with similar resonance wavelengths. The 
short-wavelength resonance remains 
constant for both simulation and 
experiment, but the long-wavelength 
resonance shifts linearly as shown in fig. 
6. 
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Fig. 6. The two polarization angles φ = 0° and φ = 90° resonance wavelengths of T-
shaped antennas with short nanoblock length t = 180 nm and varying long 

nanoblock lengths b were taken from simulations (dashed and dotted lines) and 
experiments (solid lines). The simulation results were divided into two sets: one 
for chamfered inner edges (right sketch and dotted lines) and one for rounded 

inner edges (left sketch and dashed lines).

For all the simulations executed, we 
rounded all inner and outer edges with a 
9 nm radius, as shown in the left diagram 
of Fig. 6. The experimental scattering 
resonances (Fig. 6, solid lines) are 
observed at shorter wavelengths 
compared to the simulated values (Fig. 6, 
dashed lines). This difference can 
primarily be attributed to the actual 
shape of the inner edges of the T-
structure in the fabricated antennas. The 
chamfered inner edges result from the 
partially unavoidable proximity effect 
during electron beam lithography. These 
effects cause a blue shift in the plasmon 
mode compared to a structure with 
rounded edges. In Fig. 6 (dotted lines), we 
also present the results from simulations 
of antennas with chamfered inner edges, 
as shown in the right diagram of Fig. 6. 

These specific simulation results align 
closely with the experimental data. 
Therefore, we can attribute most of the 
discrepancies between the simulated and 
measured results to the difficulty in 
fabricating sharp inner edges. It can also 
be observed that this change in geometry 
does not negatively affect the overall 
performance of the coupled T-shaped 
antenna design or the principles of this 
work. Even the field enhancement in the 
gap is only slightly reduced in electric 
near-field enhancement of the chamfered 
T-shaped antenna. As the primary aim of 
our simulations is to understand the T-
shaped antennas working principle 
rather than matching them to 
experimental results, other simulations 
shown in this paper do not include 
chamfered inner edges. 
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4. CONCLUSION 

In this paper, coupled T-shaped 
optical antennas introduce a novel class 
of nanoantennas suited for applications 
involving two resonant modes. Through 
numerical simulations, fabrication, and 
dark-field scattering measurements, we 
demonstrated that these structures 
support two distinct eigenmodes within 
the visible wavelength range. Both modes 
exhibit strong field enhancements in the 
subwavelength nanogap. By adjusting 
the polarization angle, we can selectively 
simulate either the first, second, or both 
eigenmodes. Additionally, the length of 
the short and long nanoblocks of the T-
shaped antenna can be fine-tuned to 

independently modify the resonance 
modes, offering a simple way to achieve 
desired wavelengths. This approach 
provides a promising method for 
controlling single-photon sources, 
especially when working in conjunction 
with quantum emitters (QEs) at the 
antenna’s electromagnetic hot spot.  
Beyond that, the coupled T-shaped 
antenna configuration holds great 
potential for various other dual-mode 
applications, gain to its ability to 
precisely control and design the resonant 
modes for a wide range of optical 
systems.  
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