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Abstract: The electric-field enhancement in terahertz (THz) antennas designed for nonlinear
THz spectroscopy of soft matter is characterized by spatially resolved electrooptic sampling. To
mimic the relevant interaction geometry, metallic, resonant bow-tie antennas are deposited on a
thin zinc telluride crystal of 10 um thickness. The THz electric field transmitted through the
antenna gap is recorded by electrooptic sampling. By focusing the 800 nm, sub-20 fs sampling
pulses, we achieve a spatial resolution of some 3 um, which is 1/3 to 1/8 of the antenna-gap width.
The THz field in the gap displays an enhancement by a factor of up to 4.5 with a pronounced
spectral variation, depending sensitively on the antenna-arm length and the gap width. By
scanning the 800 nm probe spot laterally through the antenna gap, the spatial variation of the
enhancement is determined, reaching the highest values at the edges of the gap. The results are
in agreement with simulations of the electric-field distributions by finite-element calculations.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Antennas transform electromagnetic waves into oscillating electric currents and vice versa. While
traditional antenna research and development has mainly focused on their far-field behavior [1],
antenna properties at length scales shorter than the radiation wavelength have raised substantial
recent interest in the context of electric field enhancement and/or localization. Electric field
distributions in the terahertz (THz) range, i.e., for wavelengths on the order of 100 ym, have
been studied in detail with metallic electrodes, striplines, antennas, and resonator structures on
solid substrates and semiconductor samples. Early studies have addressed such properties of
electrically biased structures with gap sizes of up to 100 um [2—4]. Motivated by applications in
surface-enhanced Raman spectroscopy [5], THz imaging [6], THz high-field interactions [7],
and generation of nanoscale photocurrents [8], subsequent work has focused on near-field effects
at the sub-wavelength scale [7,9-19].

A quantitative investigation of near-field effects in THz antennas poses an experimental
challenge due to the small length scales and the need for detection schemes with a high spatial
resolution. In transmission geometries, the thickness of the substrate and/or sample underneath
the antenna structures limits the spatial resolution as well. Near-field signatures have been studied
by measuring the THz transmission through gaps in metallic structures [11,15,20] or by applying
imaging techniques with a spatial resolution of up to a few micrometers [10,14,16,17]. Recent
experimental work based on time-resolved imaging has addressed near-field properties in the
gap of individual metallic dipole antennas [7,9]. In a variety of structures, pronounced local
enhancements of the THz electric field by a factor of up to 50 have been observed at the surface
of the structures and/or in transmission through sample layers of sub-micrometer thickness. THz
electric-field distributions have also been a subject of simulations [12,18,19]. However, a direct
comparison of theory and experiments has remained difficult.
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In this paper, we study the near-field properties and electric-field enhancement of wide-gap
bow-tie THz antennas (Figs. 1(a) and (b)) . The antennas with gap widths between 11 to 27
um are designed for applications in nonlinear THz spectroscopy of soft matter, in particular
liquids, in the femtosecond time domain. The antenna structure is typically located on the front
window of a liquid-sample cell (Fig. 1(d)) and experiments are performed in transmission though
the sample of some 10 um thickness. In a pump-probe approach, the nonlinear response of
the sample to the enhanced THz field is mapped by transmitting a femtosecond probe pulse
through the antenna gap and the sample volume behind. In contrast to most antenna applications
reported so far, the sample thickness and the spot diameter of the femtosecond probe pulses
define particular experimental issues and call for an accurate characterization of the spatial and
temporal properties of the THz field.
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Fig. 1. (a) Schematic of a bow-tie antenna on a substrate consisting of a 10 um thin ZnTe
(110) crystal and a 500 pum thick ZnTe (100) substrate. (b) Structure and dimensions of
the bow-tie antenna. The antenna consists of two arms of length L separated by the gap
width g. The arms have a width W at the gap edges and an opening angle a. (c¢) Detection
scheme for the enhanced THz electric field via EO sampling. The THz beam (green) and
near-infrared probe beam (red) are focused by a parabolic mirror (effective focal length 25.4
mm) onto the antenna structure deposited on the ZnTe crystal. The THz electric field is read
out by a detection system consisting of a quarterwave plate, a Wollaston prism (WP) and a
pair of balanced photodetectors (PD1 and PD2). (d) Interaction geometry for pump-probe
experiments on liquid samples with antenna-enhanced THz excitation. The THz electric
field is enhanced by an antenna structure on the thin front window (FW) of the sample cell,
e.g., a (sub-)micrometer thick silicon nitride membrane. The thickness of the liquid layer is
on the order of 10 um. The transmission change induced by the THz electric field is probed
with a femtosecond pulse at higher frequency (RW: rear window).

For a quantitative spatially resolved measurement of electric field enhancements, antenna
structures are deposited directly on a zinc telluride (ZnTe) crystal of approximately 10 ym
thickness, thus mimicking the thickness of typical liquid samples. In this geometry, the THz
near-field is detected in a temporally and spatially resolved way via electrooptic (EO) sampling
(Fig. 1(c), [21]). This technique supports a high spatial resolution, only limited by the spot size
of the probe beam and the thickness of the EO crystal. We first investigate the impact of varying
gap widths and arm lengths on the electric-field enhancement and the resonance frequency of the
antennas. Second, the lateral enhancement distribution across the antenna gap is studied with a
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spatial resolution of Aty,/100. The experimental results are reproduced by numerical solutions
of the Maxwell equations for the particular antenna geometries.

2. Experimental

2.1. Design and fabrication

The resonant bow-tie antennas, schematically displayed in Fig. 1(a), were prepared by electron-
beam lithography and deposited by thermal metal evaporation on a ZnTe crystal. The antennas
consist of a 200 nm thick gold layer and a 3 nm thick layer of chromium to provide sufficient
cohesion on the substrate.

Figure 1(b) shows the specific antenna design. The bow-tie antennas possess a fixed opening
angle of @ = 28° and a width W of 15 um at the gap edges. Two sets of antennas were prepared.
In the first set, the arm length L is varied between 50 and 65 um, and the gap width g is fixed at
11 ym. In the second set, the gap width is varied between 12 and 27 um, and the arm length is
fixed at 53 um. Studying these wide-gap antennas allows for a precise characterization of the
antenna properties, including their resonance frequency, the electric-field enhancement at the
center of the gap, and the enhancement distribution across the gap.

2.2. THz experiments and analysis

THz pulses were generated by difference frequency mixing in a GaSe crystal (thickness 500 pm)
of broadband 25-fs near-infrared pulses from a Ti:sapphire oscillator/amplifier system working
at a 1 kHz repetition rate [22]. The energy of the amplified 800-nm pulses was 0.5 mJ, their
bandwidth (FWHM) approximately 45 nm. Before amplification, the optical phase and amplitude
of part of the oscillator output is tailored with the help of an acoustooptic modulator (DAZZLER)
to generate THz pulses with a spectrum centered at 0.7 THz. As schematically shown in Fig. 1(c),
the generated THz beam is focused onto the antenna by an off-axis parabolic mirror of an effective
focal length of 25.4 mm. The THz spot on the antenna structure has a diameter of some 500 ym,
i.e., large compared to the antenna dimensions.

The THz field transmitted through the antenna gap is determined in amplitude and phase by
EO sampling in the (110) ZnTe crystal [21,23], mounted on the passive 500 um thick (100) ZnTe
substrate with the same refractive index to avoid undesired reflections from the backside [24].
For sampling the THz waveform, a small fraction of the Ti:sapphire oscillator output serves
as a linearly polarized probe pulse. To provide a high lateral resolution, the spot size of the
probe beam is reduced to 3 um (intensity decreased to 1/¢*) by implementing a beam expander
before focusing. The polarization change of the probe beam by the THz-driven EO effect in
the thin (110) ZnTe crystal is measured with a detection scheme consisting of a quarter-wave
plate, a Wollaston polarizer and two balanced Si photodiodes. The spatial resolution along the
THz propagation direction is limited by the thickness of the ZnTe crystal of 10 um whereas the
lateral resolution of 3 um is set by the spot size of the focused probe beam. The EO signal was
calibrated in terms of the absolute THz field strength by measuring the energy of the THz pulses
with a power meter and calculating the field strength. All measurements were performed in a
nitrogen-purged chamber to avoid undesired interactions between the THz radiation and water
Vapor.

The experimental results were compared to numerical solutions of the Maxwell equations
with the boundary conditions set by the metallic antenna structures and the ZnTe substrate. In a
finite-element approach, we consider a geometry consisting of an upper domain representing
the free space above the structure, a workplane containing the antenna, and a bottom domain
representing the ZnTe crystal. The Maxwell equations were then solved with the COMSOL
multiphysics software.
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2.3. Electric-field enhancement

The electric-field enhancement in the antenna gap is derived from the comparison of two
measurements (Fig. 2(c)); a reference measurement (black) with the spot of the probe beam far
away from the antenna and a second equivalent measurement in the antenna gap (red). Figure 2(b)
shows exemplary time traces of the transmitted THz field at the two positions. Figure 2(c)
displays the corresponding frequency spectra obtained by a Fourier transform of the time-domain
transients. Finally, the local-field enhancement in the frequency domain is obtained from the
ratio of signal to reference spectrum, as presented in Fig. 2(d).

1 " 1 v I v I
(@ Reference e _ (C)_' ::
@
- - )
©
2
Signall B T TE"
I ] g
1 M 1
40 —— T T
E @44 _
> . 7 S
3 Experiment 4 3 £
® - = Damped 3
e oscillator 12 §
Q 1 <
= N 1 0
o L .
W 40 P DR B B [P TP BRI | 0
0 1 2 3 4 05 1.0 1.5 2.0
Time (ps) Frequency (THz)

Fig. 2. (a) Schematic of spatially resolved EO sampling, showing the antenna structure
(gap width 11 ym, arm length 65 um) and two positions where signals and the reference
THz transients are measured. (b) THz transients of signal (green line) and reference (black
line) measured by electrooptic sampling. The electric field is plotted as a function of time.
(¢) Frequency spectra of the signal (green line) and reference (black line) transients from a
Fourier transform of the time-domain signals. (d) Electric-field enhancement as a function
of THz frequency. The enhancement (blue line, cf. Fig. 2(c)) is given by the ratio of signal to
reference spectrum. The orange dashed line was calculated from a damped driven harmonic
oscillator.

The enhancement spectrum possesses a distinct peak at the resonance frequency in the near
field. Interestingly, the electric-field enhancement decreases below unity for frequencies larger
than this resonance frequency and decays relatively slowly towards lower frequencies. These
features of the line shape can be qualitatively accounted for by a damped driven oscillator model,
presented as a dashed line in Fig. 2(d). This model was first used by Werley et al. [7].

3. Results

3.1. Impact of varying arm lengths and gap widths

Enhancement spectra for a spatial position at the center of the antenna gap were determined for
bow-tie structures of varying gap widths and arm lengths. Figure 3 summarizes the experimental
and calculated enhancement spectra. The calculated spectra are based on solutions of the Maxwell
equations for the particular antenna geometry, using the dielectric functions of gold [25] and of
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ZnTe [26]. The calculated enhancement spectra display a good agreement with the experimental
results, possessing similar quality factors.

The resonance frequency and the maximum enhancement are extracted from the results.
Figure 4(a) shows the resonance frequency as a function of the arm length. Both experiment
(black rectangles) and calculation (red circles) indicate a distinct red-shift with increasing arm
length. In Fig. 4(b), the resonance frequency is plotted as a function of the gap width, revealing
a constant value of the resonance frequency. According to microwave theory [1], maximum
scattering occurs if the arm length L is an integer multiple m of half the wavelength 24, i.e.,
m-A/2 =L, m € N. Thus, the resonance frequency is given by

_ C
h 2Lneg’

Vo ey
where c is the vacuum speed of light and n.g is an effective refractive index of the complex
sample structure. The dash-dotted line in Fig. 4(a) represents a 1/L fit of the experimental result.
We derive an effective refractive index of n.g = 4, which is somewhat higher than the refractive
index of the ZnTe crystal underneath (nzyre = 2.85 [27]) [7]. This discrepancy suggests that the
effective refractive index depends on the antenna dimensions, particularly the arm length, and
points to a more complicated length dependence of the resonance frequency than assumed in
Eq. (1). It should be emphasized that the results in Figs. 3 and 4 represent the near-field behavior
of the THz antennas, in contrast to Ref. [10] where spectral shifts between resonance frequencies
of the near- and the far-field have been analyzed.
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Fig. 3. (a) and (b) Frequency dependence of the electric-field enhancement in the antenna
gap of bow-tie antennas with varying arm lengths and a gap width fixed at g = 11 um. (c)
and (d) Frequency dependence of the electric-field enhancement of antennas with varying
gap widths and an arm length fixed at L = 53 um. The results in Figs. 3(a) and (c) were
obtained by experimentally imaging the near field of the antennas with EO sampling, the
results in Figs. 3(b) and (d) by finite-element calculations.
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Fig. 4. Impact of bow-tie antenna dimensions on the THz resonance frequency and the
maximum electric-field enhancement. (a) Resonance frequency as a function of the arm
length. The gap width is fixed at 11 um. The experimental results are represented by black
rectangles and the corresponding simulation averaged over the thickness of the EO crystal
by red circles. The dash-dotted line represents the 1/L behavior of a A/2 dipole antenna.
(b) Resonance frequency as a function of the gap width. The arm length is kept constant
at 53 um. (¢) Maximum enhancement in the center of the gap as a function of the arm
length (black symbols, gap width 11 um). The blue triangles represent a simulation at
the surface between the antenna arms, and the dashed line represents an L/g dependence.
(d) Maximum enhancement as a function of the gap width. (e) Calculated decay of the
electric-field enhancement in the center of the gap when penetrating into the substrate. The
enhancement factors are normalized. The arm length is fixed at 53 um.
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Figure 4(c) shows the maximum enhancement as a function of the arm length. The data points
(black symbols) represent the enhancement averaged over the thickness of the EO crystal of 10
pm. We observe a maximum enhancement of 4.5 for a bow-tie antenna with L = 65 ym and
g = 11 um. To analyze the impact of field averaging in the EO crystal, two types of simulations
are performed. First, the calculated field enhancement is averaged over a thickness of 10 ym
below the antenna gap (red circles), matching the experimental findings well. Second, the
enhancement in an infinitesimally thin surface layer is calculated (blue triangles), revealing the
electric-field enhancement before penetrating into the substrate. Such enhancement factors are
significantly larger than the averaged values. The electric field enhancement calculated as a
function of the penetration depth is displayed in Fig. 4(e). The spectra are normalized to their
maxima, rendering a comparison for different gap widths possible. For small gap widths, the
enhancement clearly decreases faster than for larger gaps. As a rule of thumb, the enhancement
decreases by some 50% after penetrating a depth similar to the gap width.

Figure 4(d) displays the maximum enhancement as a function of the gap width. The electric-
field enhancement increases with smaller gaps. The maximum enhancement at the center of the
gap in Figs. 4(c) and 4(d) agrees with a basic capacitor-like model. The incoming THz electric
field Ety, drives charge carriers to the ends of the antenna arms and induces an opposing electric
field —ETy, = Ur/L along the antenna arms. Hence, the potential drop along an antenna arm
equals the potential drop along the gap U; = —U,, resulting in an enhancement of

E,/Etys = UL =L/ )

g/ LTHz — ULg - 8-
This L/g dependence is plotted as a dashed line in Figs. 4(c) and 4(d). Further reduction of the
gap width should result in stronger electric-field enhancement factors at the center of the antenna

gap.

3.2. Lateral enhancement distribution along the antenna gap

Several studies, primarily of theoretical nature, have investigated the electric-field distribution
across the gap of antenna structures and predict enhancement maxima at the antenna edges
[12,18,19]. In most experiments, however, the antenna gap widths are chosen in the low
micrometer or nanometer range, which has made an experimental verification of the calculated
lateral variation of enhancement nearly impossible. Here, we determine the electric-field
distribution across the gap of a wide-gap bow-tie antenna with an arm length of L = 60 um and a
gap width of g = 22 um by spatially resolved EO sampling and compare the results to simulations.
To spatially resolve the electric-field enhancement distribution, the probe beam with a spot size
of 1/7 of the gap width is scanned laterally through the gap (cf. white dotted line in Fig. 5(b)). At
the antenna edges one expects longitudinal polarization components of the THz field [28]. In the
present EO sampling detection-scheme such components are absent in the measured signal. It
should be noted that diffraction or clipping of the 800 nm probe occurs at positions closer than 3
pm from the antenna edges. Measurements at such positions are not included here.

Figure 5(a) shows a finite-element simulation of the two dimensional (2D) enhancement
distribution of the antenna. The 2D map reveals various regions of enhancement, most prominently
the gap. The experimental result in Fig. 5(c) (black symbols) demonstrates a moderate increase of
enhancement towards the edges of the gap. This behavior is well reproduced by the calculations
(red symbols). In absolute numbers, the maximum enhancement decreases from a value of
approximately 3.5 at the edges of the gap to 2.3 in the center, the latter value being in good
agreement with the gap width dependence presented in Fig. 4(d). A measurement of field
enhancements in the regions of the antenna arms was impossible because of the very low
transmission of the 800 nm probe beam through the gold layers. The simulations suggest
enhancement factors on the order of one for the flat regions away from the edges.
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Fig. 5. (a) Simulated spatial distribution of the enhancement of the total THz electric
field in a bow-tie antenna structure with L = 53 ym and g = 22 ym. (b) Simulated spatial
distribution of the enhancement of the in-plane component of the THz electric field. The data
and simulation results in Figs. 5(c) and (d) represent cuts along the white dashed line. (c)
Electric-field enhancement at different lateral positions along the antenna gap at a frequency
of 0.7 THz from experiment (black rectangles) and simulation (red circles). (d) Comparison
of the results of Fig. 5(c) with the calculated enhancement at the surface (blue triangles) and
a simple line-charge model (dash-dotted line).
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In Fig. 5(d), the averaged field enhancement (black and red symbols) is compared to the
calculated field enhancement at the surface (blue triangles). In the center, the calculated surface
enhancement lies just slightly above the experimental value. This behavior is in line with the
fact that the effect of field averaging over the 10 um thickness of the EO crystal is minor for
the 22 um gap width investigated here. Towards the antenna edges, the calculated electric-field
enhancement at the surface rises steeply and exhibits a divergent behavior at the edges. To
comprehend the underlying mechanisms, a simple model of two oppositely charged wires in a
distance of the gap width is considered. In this geometry, the charge density in the wires, assumed
identical to the charge density of gold, determines the extremely high field enhancement close to
the wires (dash-dotted line). At the gap center, this model gives an enhancement similar to the
full simulation.

4. Conclusions

In conclusion, spatially resolved electrooptic sampling has provided detailed insight in the
electric-field enhancement in THz bow-tie antennas designed for high-field THz experiments
with soft-matter samples. Enhancement factors of up to 4.5, resonance frequencies in the 0.5 to
0.8 THz range, and spatial profiles of field enhancement within the antenna gaps were measured.
Such results are fully accounted for by numerical solutions of the Maxwell equations by a
finite-element approach. The results indicate that the antennas qualitatively behave like damped
driven oscillators. Their resonance frequency is close to that of a 1/2 dipole antenna, while the
electric-field enhancement factor at the center of the gap is essentially given by the ratio of the
antenna arm length to the gap width. Within the antenna gap, the field enhancement displays a
pronounced increase towards the edges. For a gap width of 22 um, one finds a variation by a
factor of approximately two.

The antenna structures studied here can be implemented on sample surfaces and/or thin sample
windows and, thus, allow for optical experiments in a transmission geometry. In this way, the
optical response of a micrometer-thick solid or liquid sample under the action of an enhanced
THz field becomes accessible. Work along those lines is currently underway.
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