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Abstract Herein, we numerically investigate terahertz photoconductive antennas (PCAs)
based on optimized plasmonic nanostructures and absorption enhancement in nanocylinders.
Plasmonic behavior in the visible to near-infrared light spectrum is achievable due to the
metallic nanostructure employment. Herein, we study the absorption enhancement of silver
and transparent-conducting oxides (TCO) nanocylinders with different diameters by means of
effective medium approximation. This study also reports on the stronger enhancement in the
case of TCO nanocylinders. The results show that resonant absorption amplitude and wave-
length are dramatically affected by the thickness of the nanostructure as well as by the
distances between nanocylinders. The outputs reported here provide a fertile ground for precise
control of the nanowire structures for sensing and other enhanced optical applications. It is
worthwhile noting that in case of TCO nanocylinders, absorption enhancement for NIR
wavelengths, being relevant for present terahertz generation setup, reaches up to fivefold
leading to 25-fold increase in terahertz radiation.
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1 Introduction

In the last decade, the fast-growing interest in (THz) spectrum played an important role
allowing for potential applications in security and medical imaging, spectroscopy, and indoor
communication [1–7]. Because of compact structure, simple fabrication and room temperature
operation [8], photoconductive antennas (PCAs) provide terahertz wave generation and
detection. Moreover, PCAs are widely used in time domain terahertz imaging and spectros-
copy systems for generating pulsed terahertz radiation [4, 9].

Metallic nanostructures playing an important role in nanophotonic applications are a hot
topic nowadays. Such applications are possible due to their capability to focus or intensify
electromagnetic fields close to the metal by employing excitation approach of surface plasmon
polaritons (SPPs) [10–12]. Plasmonic composites for instance nanoparticle pairs or dimers
have been recently proposed for surface-enhanced Raman spectroscopy (SERS) application
[13, 14] because of the electromagnetic Bhotspots^ generated between nanoparticles. Doing so,
the Raman enhancement phenomenon takes place enabling the detection of single molecules
[15]. Though, pure control of stability of the hotspots associated with nanoparticle collections
achieved using ordinary approaches stands for as the significant problem.

A type of extremely reproducible and stable composites is named as
Bmetamaterials.^ Moreover, metamaterials can be utilized for the electromagnetic
environment with homogeneously located hotspots, opening the wide avenues for
SERS-based applications [16, 17] besides their possible applications in negative
refractive index materials and perfect lensing [18, 19]. Aiming to obtain effective
negative permeability [20], split-ring resonators (SRRs) usually serve as main com-
ponents for metamaterials. An asymmetric double split ring (ADSR) possesses two
splits with a pair of arcs of different lengths on the contrary to the basic SRR with a
single split. It should be mentioned that a trapped mode in ADSR might serve as a
basis for frequency-selective thin-film sensors [21]. Though, it is impossible to use
this mode for SERS applications. Above and beyond, field enhancement and hotspot
pattern in ADSR providing a fertile ground for SERS applications have not been
studied. In recent years, a lot of research has been done towards application of
plasmonic optical nanoantennas for terahertz generation enhancement. It has been
concluded that the former approach offers high fs-laser pump absorption, shorter
photocarrier lifetimes, and exceptional thermal efficiency [22]. Thus, one may realize
terahertz modulation with metamaterials [23]. Moreover, it has been recently reported
that it is possible to modulate the transmission of a terahertz pulse through
metamaterial [23] and plasmonic structures by means of optical pumping around the
resonance frequencies of these structures. Besides the fact that using techniques such
as electron beam lithography [24] has provided some advantages, improvements are
needed in high-throughput fabrication techniques.

Here, we deal with the concept of hybrid terahertz-optical PCAs similar to [25] by
comprehensive numerical optimization of a log-periodic terahertz photoconductive
antenna coupled to a silver (Ag) [26] or transparent conducting oxide (TCO) nano-
antenna array arranged in the gap of the terahertz antenna. The light is shed on the
operation principles of the resulting hybrid terahertz antenna. Doing so, an approach
to significantly boost the antenna performance is provided. Tuning the dimensions of
nanoantennas and the distance between them allows to achieve an enhancement of
optical-to- terahertz conversion efficiency.
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2 Basic Concept

The structure of a nanowire composite is outlined in Fig. 1. The nanowire radius is denoted as
R. In order to see the effect of absorption enhancement, we have chosen Ag and/or TCO as the
nanowire material. Figure 1 shows the phenomenon of the embedded nanoantennas in the
semiconductor host which have permittivities εn and εGaAs, respectively. Moreover, the fill
ratio of nanocylinders (ρ) in the host material can be defined as follows:

ρ ¼ nanowire area

unit cell area
ð1Þ

The dielectric function of the doped GaAs layer is calculated by means of the Drude
dielectric function εGaAs ωð Þ ¼ ε∞−ω2

p= ω2 þ iω=τð Þ, where ε∞ = 12.96, ω2
p ¼ ne2=ε0meff with

meff = 0.067me, and τ = 0.1 psis the scattering time. The electron concentration in the GaAs
layer is typically n = 5 × 1018 cm−3 [27]. The dielectric function of the nanocylinders deserves
special attention due to the fact that two cases, i.e., silver and TCO nanocylinders, have been
considered. A phenomenon of high-conducting metal-doped semiconducting oxides being
transparent has given rise to potential applications recently. Due to a metal being opaque for
light, the issue is of unprecedented interest for the community. From the application view
point, transparent conducting metals characterized by high DC conductivity (σDC) are antic-
ipated for optoelectronic devices, ranging from solar cells to electronic paper, touch screens,
and displays. However, since σDC = nee

2τ/m of a metal is associated with plasmon frequency
ω2
p ¼ nee2=ε0m through the free-electron density ne, a high-conducting metal (with a high

ne) is naturally opaque for light due to its permittivity ε being usually very negative caused by
its high ωp. Typical approaches to fabricate transparent conducting metal-doped semiconduct-
ing oxides are to increase the ne, by means of transparent conducting oxides (TCOs). Table 1
presents the parameters of Drude-Lorentz approach for AZO, GZO, and ITO obtained from
experimental data [28].

Aiming to study the light-induced photoconductivity in metal and TCO nanowire-enhanced
semiconductor, we need to look into a nanowire as a waveguide for the pump light.

Fig. 1 A schematic view of an
anisotropic nanowire composite
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3 Wave Propagation on Anisotropic Cylindrical Waveguides

The components of εeff may be dramatically influenced by the dispersion as it has been found
for gigahertz systems in [29–32]. Aiming to classify the modes propagating in a planar
waveguide having a composite core made of a rectangular arrangement of Ag/TCO
nanocylinders in GaAs host and to clarify these effects, we used MATLAB package. Waves
propagate in a cylindrical waveguide. The axis of the waveguide is along z-direction as
displayed in Fig. 2. The waveguide is nonmagnetic and possesses an anisotropic optical feature

εx ¼ εy ¼ εt≠εz ð2Þ

Table 1 Drude-Lorentz parameters of plasmonic materials based on experimental data. One may approximate

the material dielectric function by the equation: εTCO ¼ εb−
ω2
p

ω ωþiγpð Þ þ
f 1ω

2
1

ω2
1−ω

2−iωγ1ð Þ, with the values of the

parameters outlined in the table [28]

AZO GZO ITO TiN (deposited at 800 °C) TiN (deposited at 500 °C) ZrN

εb 3.5402 3.2257 3.528 4.855 2.485 3.4656
ωp [eV] 1.7473 1.9895 1.78 7.9308 5.953 8.018
γp [eV] 0.04486 0.1229 0.155 0.1795 0.5142 0.5192
f1 0.5095 0.3859 0.3884 3.2907 2.0376 2.4509
ω1 [eV] 4.2942 4.050 4.210 4.2196 3.9545 5.48
γ1 [eV] 0.1017 0.0924 0.0919 2.0341 2.4852 1.7369

Fig. 2 A view of an anisotropic
cylindrical waveguide
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Awaveguide with a radius a will be studied making an assumption for the permittivity as
follows:

εt ¼ ρεn þ 1−ρð ÞεGaAs ð3Þ

εz ¼ 1þ ρð ÞεnεGaAs þ 1−ρð Þε2GaAs
1þ ρð ÞεGaAs þ 1−ρð Þεn ð4Þ

It is worthwhile noting that the propagation of TE and TM modes in a waveguide with
anisotropic core is defined as follows

π2

εyd2
þ k TEð Þ2

εy
¼ ω2

c2
;
π2

εxd2
þ k TMð Þ2

εz
¼ ω2

c2
ð5Þ

where k, c, and d are being the wave vector, speed of light in the vacuum, and the waveguide
thickness, correspondingly [33]. One may calculate Im(k(TE)) aiming to evaluate the
absorption.

One may define the total scattering cross-section (SCS) as a ratio of the total scattered
power to the intensity of the incident plane wave. Doing so, it can be calculated as [34]:

SCS ¼ 2λ

π
ffiffiffiffiffiffiffiffiffiffiffiffiffi

εn þ 1
p ∑þ∞

m¼−∞ ρmj j2 ð6Þ

where ρm are the mth mode expansion coefficients [34]. We will follow [35] and introduce
normalized scattering cross-section (NSCS) by normalizing all SCS values to 2λ/π.

4 Results and Discussion

The terahertz photoconductive switches or PCAs [36] stand for as the most widely used source
of coherent pulsed terahertz radiation. Figure 3 displays a typical realization of such terahertz
antenna in log-periodic design. At this point, two conductive electrodes separated by a gap are
placed onto a semiconductor. Optical nanoantennas are resonant nanostructures being able to
transform incident optical waves into a strongly localized near-field [26, 37]. One may call the
nanoantenna-based PCAs as hybrid terahertz-optical PCAs. The schematic presentation of
such antenna is illustrated in Fig. 3. Here, the minor radius of the nanocylinder has been fixed

Fig. 3 Conventional (a) and silver nanoantenna-loaded hybrid (b) photoconductive terahertz antenna
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to 50 nm. Such nanocylinders are typical for our fabrication facilities [38]. One may calculate
the absorption enhancement as the power absorbed in GaAs surface film with silver nanoan-
tenna array normalized to the power absorbed in the GaAs film without nanoantennas.

Figures 4 and 5 display the calculated absorption enhancement at the wavelength of 800 nm
as a dependence of the nanoantenna radius R and distance between nanoantenna centers. The
absorption enhancement has been calculated as the absorption in the nanostructure-enhanced
structure normalized by the absorption in plain GaAs substrate.

Figure 4 presents absorption enhancement calculated for our design with silver defined by a
Drude approach εAg ωð Þ ¼ 5−ω2

p=ω ωþ iΓð Þwith ωp = 1.37 × 10
16 hertz and Γ = 2.73 × 1013

hertz according to [39]. Moreover, the examples of the stronger enhancement are demonstrated
for the TCO nanocylinder case in Fig. 5. Thus, in Fig. 5(d–f), it is clearly seen that there are
strong local maxima of the absorption enhancement in the simulation map accompanied by
few Bhot spots^ in the map. For instance, the maximum in case of TiN (deposited at 800 °C)
nanocylinders is in the range of the diameter 140–200 nm and in range of distances 200–
300 nm. The absorption maximum in case of TiN (deposited at 500 °C) is at the distances of
200–250 nm for the particles with diameter ranging between 160 and 200 nm. Thus, from
these numerical calculations, we may expect significant enhancement of the terahertz PCA
performance with such optimized plasmonic nanostructures. Fivefold pump absorption en-
hancement can potentially lead to 25-fold increase in terahertz spectral intensity enhancement
[40]; however, due to high conductivity of silver, and to a far lesser degree in oxides, overall
PCA dark resistance could rise, thus leading to lower yet reasonable terahertz conversion
efficiency enhancement [22]. Tailoring the size of silver nanoantennas and their arrangement
allows for an obtained experimental enhancement of optical-to- terahertz conversion efficiency
[38]. Moreover, a cost-effective fabrication technique to realize such hybrid terahertz antennas
with optimized plasmonic nanostructures via thermal dewetting process has been proposed.
Doing so, no post-processing is required ending up with the proposed solution being very
attractive for applications.

We have also calculated absorption enhancement inside the InGaAs substrate on the
distance between TCO nanoantennas and their diameter in Fig. 6. It is worthwhile noting,
that the dielectric function of the doped InGaAs layer (doping 2 × 1019 cm−3) is calculated by

Fig. 4 Dependence of the 800-nm
pump absorption enhancement in-
side the GaAs substrate on the
distance between silver
nanoantennas and their diameter
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means of the Drude dielectric function εInGaAs ωð Þ ¼ 1−ω2
p= ω2 þ iωγð Þ, where ωp = 0.8eVand

γ = 0.014eV [41]. It is worthwhile noting, that GaAs substrate allows for a better enhancement
(Fig. 5).

The absorption spectra of the nanocylinders were computed for each distance and are
presented in Fig. 7 for both silver (a) and TiN (deposited at 800 °C) cases, making an
assumption that nanowire diameter is 150 nm. The plot demonstrates that the absorption peak
shifts towards lower frequencies as the distance increases for Ag case. For a given distance, the
large peak in the spectrum matches the dipolar resonant plasmonic mode, and the smaller
peaks at the higher frequencies are due to higher order modes. Comparison of the cases of two

Fig. 5 Dependence of the 800-nm pump absorption enhancement inside the GaAs substrate on the distance
between TCO nanoantennas and their diameter: (a)—AZO (ZnO:Al); (b)—GZO (ZnO:Ga); (c)—ITO (Sn-doped
In2O3); (d)—TiN (deposited at 800 °C); (e)—TiN (deposited at 500 °C); (f)—ZrN
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materials for the same geometrical parameters leads to the conclusion that the resonance peak
value has different positions. Whereas in silver embedded nanocylinders 150 nm in diameter,
the peak gradually shifts to lower frequencies from 1800 THz (165 nm) towards 645 THz
(465 nm) for nanocylinders spacing from 300 to 800 nm, correspondingly, embedded TiN
nanocylinders of the same size demonstrate unchanged absorption peak position at 1070 THz
(280 nm) with only absorption amplitude being dependent on nanowire spacing and moder-
ately shifted broad stronger absorption peak between 315 THz (950 nm) and 103 THz
(2910 nm) for nanowire spacing from 200 to 800 nm, correspondingly. Different behavior
in silver and oxide nanocylinders can be associated with decoupling of the charge dipoles.

Fig. 6 Dependence of the 800-nm pump absorption enhancement inside the InGaAs substrate on the distance
between TCO nanoantennas and their diameter: (a)—AZO (ZnO:Al); (b)—GZO (ZnO:Ga); (c)—ITO (Sn-doped
In2O3); (d)—TiN (deposited at 800 °C); (e)—TiN (deposited at 500 °C); (f)—ZrN
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The calculated NSCS in case of the GaAs substrate is shown in Fig. 8 as a function of
frequency and wavelength. The suppressed scattering is related to the cloaking phenomenon,
where the scattering of all the modes is simultaneously and significantly reduced [42, 43]. All
together, at the frequency of enhanced scattering, modes are at resonance.

5 Conclusion

To sum up, an approach to the PCA operation efficiency enhancement by optimized TCO
plasmonic nanocylinders placed in its gap has been proposed. We believe that our results may
be beneficial for many relevant applications, requiring compact and effective room-
temperature terahertz sources, including spectroscopy, security imaging, and ultrafast data
transmission. In other words, in this study, plasmonic properties of different TCO
nanocylinders were computationally analyzed. Comparison between silver and TiN
nanocylinders as absorption-enhancing plasmonic structures reveals fundamentally different
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behavior of the resonant peak position dependence on nanowire spacing: In silver nanowire-
enhanced substrates, resonant peak in absorption spectrum shifts towards the lower frequencies
for the sparser nanowire spacing, whereas embedded TiN nanocylinders of the same size
barely demonstrate change in absorption peak frequency, due to decoupling of the charge
dipoles. The results presented here are important for plasmonic composites fabricated with
electron beam lithography since we deal with the key fabrication parameters including
distances between nanocylinders. Proper theoretical estimation of the optimal structure pa-
rameters is essential for further successful sample manufacturing. It is worthwhile noting that
in case of TCO nanocylinders, absorption enhancement for NIR wavelengths, being relevant
for present terahertz generation setup, reaches up to fivefold leading to 25-fold increase in
terahertz radiation.
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