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Abstract There have been extensive researches on terahertz (THz) plasmonic structures supporting
resonant modes to demonstrate nano andmicroscale devices with high efficiency and responsivity as
wellas frequencyselectivity.Here,usingantisymmetricplasmonic fractalY-shaped(FYS)structuresas
buildingblocks,we introduceahighly tunable four-member fractal assembly to support charge transfer
plasmons (CTPs) and classical dipolar resonant modeswith significant absorption cross section in the
THzdomain.We first present that the unique geometrical nature of theFYSsystemand corresponding
spectral response allow for supporting intensified dipolar plasmonic modes under polarised light
exposure in a standalone structure. In addition to classical dipolar mode, for the very first time, we
demonstrated CTPs in the THz domain due to the direct shuttling of the charges across the metallic
fractal microantenna which led to sharp resonant absorption peaks. Using both numerical and exper-
imentalstudies,wehaveinvestigatedandconfirmedtheexcitationoftheCTPmodesandhighlytunable
spectral response of the proposed plasmonic fractal structure. This understanding opens new and
promising horizons for tightly integrated THz deviceswith high efficiency and functionality.

Keywords THz plasmonics . Fractal Y-shaped structures . Plasmonic fractal assembly .

Multiresonant feature

1 Introduction

The use of tunable nanoscale plasmonic structures for electromagnetic (EM) wave manipula-
tion in tightly compact systems has enabled several advanced photonic devices for various
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applications across the optical spectrum to the terahertz (THz) frequencies [1–5]. In the THz
range spanning between 0.1 and 10 THz, numerous plasmonic devices such as biological
sensors with high precision [6, 7], low-loss superconductors [8, 9], tunable detectors [10, 11],
emitters [12], transistors [13, 14], superfocusing of distributed waves [15], metamaterial
perfect absorbers [16–18] and high-order harmonic generation based on nonlinear materials
[19–21] have been presented. Despite the ongoing research in the field of THz plasmonics,
achieving frequency selective THz devices is still a challenge partially due to poor spectral
response of plasmonic components along the THz band and weak EM field enhancement [22].
To overcome these obstacles, well-engineered structures need to be developed. Recently,
several methods have been offered to enhance the spectral response of THz devices by
increasing the absorption of incident beam, such as using graphene cut-wires and nanotubes
(based on interband and intra-band absorptions) for tailoring broadband metamaterials and
photodetectors [23–26]. Besides, broadband absorptive metasurfaces have been introduced
based on plasmons in fully metallic [17, 27, 28] and magnetoplasmons in semiconductor
structures [28, 29]. For the latter case, the ability of having spatial dispersion at the THz band
analogous to the metals by varying the free carrier density via excitation or direct injection of
carriers have made THz semiconductor technology become attractive [17, 28]. However,
metallic structures still have significant and irrefutable role in designing plasmonic THz
devices. On the other hand, diffraction limit and inherent properties of THz-compatible
structures restrict the possibility of tailoring plasmonic components with extra degree of
freedom in geometrical characteristics [17, 27–30]. More recent studies have shown that
plasmonic microstructures with multiband feature are able to provide multiresonant character-
istics with three to five and even more resonant modes via capacitive coupling between blocks
(e.g., core-shell units and cross-shape structures) [31–33]. It should be underlined that due to
the low energy of photoexcited electrons in the THz regime, strong capacitive coupling cannot
be performed in the offset spots or gaps between structures in a similar method for optical
systems and hybridised structures [34–36]. Thus, designing tunable and tightly integrated
plasmonic structures based on transfer of charges across the unified geometries can help
overcome inherent limitations correlating with THz devices.

Considering the fact that the optical properties of strongly confined plasmon resonant modes
rely on the shape and geometry of metallic components supporting them [37–39], a highly
tunable design can help us to control and confine plasmons at low energies efficiently. In this
article, we present a systematic investigation of a plasmonic fractal Y-shape (FYS) structure that
has been used for microwave frequencies [40, 41], and near-infrared domain [42] in the
previous studies to utilize in the THz domain. Fractal plasmonic nanostructures with different
orders are well-known for excellent geometrical tunability and also for supporting significant
electromagnetically induced transmission windows across the near- to mid-infrared spectra
[40–42]. Here, utilizing isosceles FYS metallic blocks (antisymmetric regime), we designed an
assembly of FYS structures consisting of four fractal structures jointed back-to-back, forming
an integrated THz plasmonic assembly. Numerical studies followed by experimental analysis
are used to study the spectral response of the proposed plasmonic antenna. We show that the
proposed plasmonic multiresonant structure can be tailored to support highly tunable ultrasharp
transmissionminimum across the THz domainwith significant absorption cross section through
transfer of charges across the assembly and confining of them at the outermost tips. More
particularly, for the first time, we demonstrate that the direct shuttling of the charges across the
metallic fractal microantenna leads to excitation of charge transfer plasmons (CTPs) in the THz
domain which manifest themselves as sharp resonant absorption peaks.
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2 Materials and Methods

For the experimental realization, we used a high-resistivity silicon (HR-Si <100>) wafer
(>10 kΩ cm) that was sonicated in acetone for 10 min, and rinsed with isopropyl alcohol
(IPA), deionised (DI) water, and dried by nitrogen prior to the fabrication process. The HR-Si
substrate was selected to provide the required fine transparency in the THz spectra [43, 44].
Using the conventional photolithography techniques, we deposited two layers of positive
photoresists (LOR 3B and S1805) with the total thickness of 2.8 μm and patterned. Employing
e-beam evaporation, we then deposited 1 μm of titanium (Ti) layer with the rate of 5 Å/s
(99.99% purity, pressure 7.6 × 10−7 Torr). The lift-off was performed using acetone for 5 min.
Finally, the samples were immersed in remover PG for 120 min at 70 °C heat followed by IPA
and DI water rinse. We fabricated periodic arrays in the area of 1500 × 1500 μm2

(750 × 750 μm2) with the periodicity 120 μm (40 μm) for plasmonic assemblies (FYS
structures). The SEM pictures shown in the manuscript were obtained using JEOL 7000 tool.
Figure 1a(i), b(i) illustrates the schematic renderings of the metallic FYS structure and the
proposed assembly, respectively (not to scale). Figure 1a(ii), b(ii) shows the SEM images of
the same plasmonic structures in periodic arrays on the HR-Si host. To characterize and extract
the plasmon response of arrays, a THz time-domain spectrometer (THz-TDS) setup was
utilised, as the schematic top-view is shown in Fig. 1c. We used an ultrashort laser pulse to
generate both THz radiation and detection pulses. The pulse duration of the produced THz
wave by photoconductive switch (GaAs) is around 100 ps with modulation of 160 V square-
wave voltage. Figure 1d shows the applied electro-optical signal amplitude as a function of
time delay for the experimental characterization process. We used the following equation to
experimentally estimate the absorption cross sections [45, 46]: Cabs = d2(1 − T), where d is the
intercentre distance between neighbour structures (pitch), and T is the experimentally mea-
sured transmittance. Numerical modelling was performed using the three-dimensional (3D)
finite-difference time-domain (FDTD) method (Lumerical package 2016). Perfectly matched
layers (PMLs) were used as the boundaries, and the light source was a linear electrical plane
wave with the pulse length of 3.5 ps. The 3D grid sizes in all three axes were set to 25 nm. For
both titanium (Ti) fractal structures and the silicon (Si) substrate, we used the dielectric
functions experimentally determined by Palik [47].

3 Results and Discussion

Figure 2a, b shows numerically and experimentally obtained normalised transmission amplitude
(NTA) profiles for the metallic FYS structures with different geometrical dimensions under
longitudinal polarization beam (φ = 90°), respectively. The geometry of the proposed structure
does not allow for significant plasmonic excitations under transverse polarization mode (φ = 0°),
which is in contrast with the spectral response of the equilateral FYS systems [42, 44]. Details of
the physical mechanism behind this difference are explained in the Supporting Information along
with the spectral response, E-field enhancement and polarization dependence of both FYS
structures. It should be noted that for the isosceles FYS blocks, due to the difference in the angles
between the arms and also the presence of an interface beneath the structure, a drastic symmetry
reduction is introduced. Conventionally, in plasmonic systems, reducing or breaking the symmetry
of structures gives rise to antisymmetric lineshapes in the transmission profile such as Fano
resonances [48, 49], and electromagnetically induced transparency (EIT) [50–52]. The inset in
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Fig. 2a demonstrates corresponding geometrical parameters for a sample isosceles FYS structure
using a top-view profile, where the length and width of the arms are indicated by La and Lb, with
the homogenous thickness of 1 μm. In addition, the angle between the arms along the x-axis is
fixed to β = 135°, while the angle between two-angled arms is α = 90°. Adopting different
geometries for the FYS structure, we used three different sizes that are indicated by FYS1, FYS2
and FYS3 (see the caption of Fig. 2).

For the longitudinal polarised beam, we observed a very narrow and sharp transmission dip
around 1.15 THz for FYS1. In the linear regime, by increasing the size of the structure
consistently, the transmission dip red-shifts to the lower THz frequencies, which is validated
by the experimental measurements (Fig. 2b). For FYS2 and FYS3, the dips are red-shifted to
~0.86 and ~0.75 THz, respectively, with appreciable enhancement in their depth. Both
numerical and experimental absorption profiles for the examined FYS samples are plotted in
Fig. 2c, d. In all examined regimes, we observed a single absorption peak corresponding to the
dipolar transmission dips’ frequencies under longitudinal polarization excitation. When the
size of the structure is increased, the absorption spectra red-shifts to lower frequencies with
perceptible decay in the absorption amplitude. In addition, for the isosceles FYS, the asym-
metry feature plays a significant role in the lineshape of transmission dip and absorption curve,
while for the symmetric equilateral FYS, the absorption cross section is trivial (see Supple-
mentary Information). Figure 3a(i–iii) illustrates the SEM images of the isolated plasmonic
FYS structures with three specific dimensions. The corresponding near-field profiles at the
transmission dip frequency (obtained by the FDTD analysis) are plotted in Fig. 3b(i–iii),
showing the plasmonic modes at the outermost edges under THz beam exposure. Under the
longitudinally polarised THz radiation, the FYS block with reduced symmetry allows for three
distinguished spots correlating with the E-fields that are confined strongly at the tips. Com-
paring to the equilateral Y-shape structures, the unique geometrical nature of the examined
isosceles allows for confinement of strong dipolar resonant modes in a standalone system with
different energies. However, due to the drastic decay of the plasmons caused by the applied
asymmetry, we observed only one distinct absorption line in the transmission spectra which is
in agreement with the charge conservation principle in plasmonic fractal nanoantennas

Fig. 1 a, b i Schematic profiles for the plasmonic FYS structure and fractal microantenna assembly, respectively.
ii SEM images for the FYS structure and fractal assembly, respectively. c A top-view profile of the TDS setup
that is used to characterize the spectral response of the fabricated plasmonic structures. d The applied electro-
optical signal (mV) as a function of delay time (fs) for TDS setup
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(Fig. S1) [53]. The physical mechanism behind the excitation of these modes can be further
understood by the degeneracy of plasmons that was discussed comprehensively by Gottheim
et al. [42] Accordingly, the number of fractal order plays a fundamental role in the number and
spectral density of the observed plasmonic modes. The charge distribution profile of the
sample FYS shown in Fig. 3c presents strong dipole mode induced by the longitudinally
polarised beam which appears as a distinct dip in the transmission spectra. Here, at the
resonance frequency, charges are split between the upper tilted arms and the lower arm.
Figure 3d depicts the vectorial plot of the motion of the charges that are shuttling through
the FYS structure between the arms and concentrated at the edges, while the energy of the
plasmons at the centre part is negligible and close to zero. Considering the plasmonic response

Fig. 2 a,bNumericallyandexperimentallyobtainednormalisedtransmissionamplitude(NTA)profilesfor theisosceles
FYS structures with the following dimensions: FYS1 (La = 15μm, Lb = 7.5μm), FYS2 (La = 20μm, Lb = 10μm) and
FYS3(La=25μm,Lb=15μm).The inset isatop-viewofthegeneralFYSstructures.c,dNumericallyandexperimentally
obtained absorption cross section (Cabs) for the FYS structure with different geometries
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and behaviour of the induced resonant modes in analogous fractal antennas with different
shapes such as fractal H-shaped [54], bowtie Sierpiński antenna [55] and high-order Hilbert
curves [56], the unique behaviour of the proposed FYS structure is clear. The fundamental
advantages of the FYS design are having an integrated structure that supports strong resonant
modes in the THz band in a standalone unit including significant absorption cross section
across low energies.

To continue, we used the numerically and experimentally studied isosceles FYS blocks as a
connected system to fabricate a highly tunable and symmetric plasmonic assembly with the
ability to support multiple resonant modes including conventional dipolar mode and charge
transfer plasmon (CTP) dip (see Fig. 1b(i)). The SEM images of the isolated plasmonic
assemblies are presented in Fig. 4a(i–iii) for three different geometries that were discussed
earlier (see the caption for Fig. 4). The corresponding numerically (solid) and experimentally
(dashed) obtained NTA spectra for different sizes are shown in Fig. 4b(i–iii). For the smallest
integrated assembly which is based on FYS1 geometry, a sharp transmission dip correlating
with the dipole mode [29, 44] is induced around 1.17 THz, while an additional small

Fig. 3 a SEM images for FYS structures. b xy-view E-field maps for different FYS particles under longitudinal
polarization beam excitation for the transmission dips frequencies. c, d Charge distribution and vectorial plot for
the charge profiles across a FYS structure sample
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absorption line is also observed around 0.8 THz. Here, a distinct dipolar mode emerges due to
the strong coupling between the jointed FYSs arms parallel to the incident THz radiation
polarization in a standalone fractal assembly. The second dip is originated due to the transfer of
the charges across the jointed arms (Fig. 4c(i–iii)). It should be noted that this additional dip is
not related to the multipolar resonances such as quadrupole and high-order modes (see Section.
3 in Supplementary Information). We have shown that for the case of FYSs are disconnected,
dipolar dips and quadrupolar transmission minima can be induced efficiently via capacitive
coupling between dipolar and multipolar plasmonic modes (Figs. S3 and S4). Figure 4c(iv)
exhibits the charge distribution map at the dipolar resonant mode, showing how charge density
at the centre of the fractal structure is not zero at the dipole frequency (for more details, see
Section. 4 in Supplementary Information). Increasing the size of the plasmonic antenna (using
FYS2 and FYS3 geometries) gives rise to formation of deeper minima, including significant
enhancement in the quality and depth of the second (smaller) dip. In other words, increasing
the width of the arms (Lb) homogenously leads to significant increases in the corresponding
AC conductance of the pathway allowing for passing more charges and accumulation of them
at the Y-shape arms. This effect can be described by considering the effect of geometrical
variations in the frequency-dependent conductance of the structure [57]:

G fð Þ ¼ σ fð Þt Lb
La

� �
ð1Þ

Fig. 4 a SEM images for the studied plasmonic fractal micro-antennas with three different sizes. b Numerically
(solid) and experimentally (dashed) determined NTA profiles for assemblies based on three different geometries:
FYS1 (i), FYS2 (ii) and FYS3 (iii). c E-field snapshots for the micro-antennas under transverse (i) and
longitudinal (ii) polarization excitation at the frequency of the dipolar modes. iii and iv near-field maps of the
charge distributions for transfer of electrons across the antenna under transverse polarised beam at the CTP and
dipolar dips frequencies, respectively
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where σ (f) is the frequency-dependent AC conductivity of the metallic FYS blocks, and t is
the thickness (here, it is 1 μm). This dip enhancement includes a subtle red-shift to the lower
energies (sub-THz region) due to the increased charge separation distance and therefore longer
electron transit time. It should be underlined that we increased the width (Lb) homogenously in
all FYS arms to keep the structure symmetric. The effect of the other geometrical parameters
such as length and width of the arms are analysed numerically and provided in the Supple-
mentary Information file. Numerical studies show that increasing the length of the conductive
junction leads to a red-shift of the CTP mode to the lower energies while its depth remained
unchanged. On the other hand, the dipolar dip decayed drastically due to significant distance
between Y-shaped arms in both sides (see Fig. S5(b)). In contrast, increasing the width (Lb)
while keeping the length of the Y-shaped arms (La) fixed, which increases the AC conductance
of the pathway, leads to a significant blue-shift in the position of both CTP and dipolar minima
to the higher energies including substantial enhancement in the CTP mode (Fig. S5(c)). To
show how the geometrical dimensions of the plasmonic system can influence the transfer of
charges across the fractal antenna, we plotted the conductivity of the pathway as a function of
the geometrical parameters in Fig. 5a. According to microscopic interpretation of Ohm’s law
(σ = ne2τ/m, where n is the electron’s number density, e is the elementary charge, τ is the mean
free time between collisions and m is the mass) [58, 59]. For Ti, n = 4.44×1028 m−3 and
τ = 2.7×1014 s are used. Figure 5b exhibits the position of CTP dip as a function of pathway
conductance, while the La is fixed at 15 μm and Lb is varied, verifying the blue-shift of the
THz CTP mode that is observed in Fig. S5b. We can conclude that increasing the conductance
of the antenna facilitates transfer of charges across the structure easily and leads to formation
of high-quality and much sharper resonant dipoles at the opposite arms of a fractal
microantenna. Moreover, the quality-factor (Q-factor) of the excited dipolar and CTP dips as
a function of pathway conductance helps to understand the effect of conductance on the quality
of modes. The obtained results are in agreement with the charge transfer plasmon resonance
distribution and formation theory [57], and also our predictions and analysis in the Supple-
mentary Information. The effect of the dipolar and CTP resonant modes on the corresponding
absorption spectra is also discussed and shown in the Supplementary Information (see
Section 5 and Fig. S7).

To understand the spectral features of the plasmonic assemblies, retardation effect in
metallic systems is typically considered. In the quasi-static limit, for nanoscale particles, the

Fig. 5 a Pathway conductance (S or Ω-1) as a function of La and Lb variations (ΔLa andΔLb) for the plasmonic
fractal antenna. b The position of THz CTP mode as a function of pathway conductance while La is fixed at
15 μm and Lb is varied. c Quantified Q-factor for both CTP and dipolar peaks as a function of pathway
conductance, showing the effective role of charge transfer on the sharpness of dips. The thickness of the antenna
is t = 1 μm
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plasmon response of metallic systems strongly depends on the aspect ratio of the longer to the
shorter scales [57, 60–62]. However, in the investigated assembly system, due to the micro-
scale size of the structure, aforementioned scaling principle does not apply, which leads to
dominant retardation effect including corresponding plasmon response having no geometrical
aspect ratio dependence.

The spectral response and effect of the resonant modes can also be analysed by plotting the
E-field enhancement (|Ez|/|E0|), where Ez and E0 are the amplitudes of the monitored electric-
field in the z-direction and the incident electric-field, respectively. The corresponding field
enhancements as a function of the incident beam frequency for different geometries are shown
in Fig. 6a. By increasing the overall size of the antenna, a significant enhancement in the
intensity of the excited CTP resonant mode is observed. This profile also includes the E-field
enhancement for a sample plasmonic FYS structure to compare the intensified modes with the
ones in the fractal assemblies. The corresponding E-field enhancement for different equilateral
and isosceles FYS structures are presented and discussed in the Supporting Information
(Fig. S2). The significant difference is manifest in Fig. 6b–d), which includes 3D E-field
maps correlating with the enhanced plasmonic resonant modes across the plasmonic antennas.
For the smallest integrated micro-assembly (Fig. 6b) around 1 THz, under longitudinal
polarization mode excitation along y-axis, the excited E-fields at the parallel tips are highly
localised, while the confined modes at the perpendicular arms are weak. Noticing in Fig. 6c, d
(around 0.85 and 0.68 THz, respectively), the energy of the confined resonant modes are
enhanced for the parallel arms of the microantenna at the outermost tips under longitudinal
polarizations. As we discussed earlier, increasing the entire size of the assembly helps charges
shuttle across the plasmonic antenna and enhances concentration of intensified resonant modes
at the tips of perpendicular arms.

Fig. 6 a Simulated E-field amplitude enhancement (|Ez|/|E0|) across the plasmonic antenna, specifically at the
outermost tips for different fractal assemblies and a FYS structure (FYS1) at the CTP frequency. b, c and d Near-
field maps for the E-field enhancement across the fractal antenna based on different geometries: b FYS1, c FYS2
and d FYS3 obtained at the following CTP frequencies: b 0.8 THz, c 0.75 THz and d 0.55 THz
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4 Conclusions

To conclude, in this study, we numerically and experimentally demonstrated that charge
transfer plasmons (CTPs) along with dipolar modes in THz frequencies can be efficiently
excited in metallic fractal antenna structures. Using FDTD simulations and experimental
measurements, we studied the polarization dependency and spectral responses for both
equilateral and isosceles FYS blocks. Employing isosceles FYS structure with antisymmetric
behaviour and confirming its unique plasmonic response across the THz band, we designed
and fabricated a symmetric and multifrequency fractal plasmonic antenna with geometrical
tunability and polarization independency. We observed a significant dipole resonance as a
result of direct excitation of assembly, while shuttling of plasmonic charges across the antenna
and their concentration at the Y-shape tips resulted a second absorption peak (CTP resonance).
We expect that the strong THz spectral response of the studied integrated plasmonic antenna
will make it a reliable platform for various applications including THz spectroscopy, biochem-
ical sensing and medical and security imaging.
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