THz near-field enhancement by means of
isolated dipolar antennas: the effect of
finite sample size

Matteo Savoini,}?* Sebastian Griibel,}? Salvatore Bagiante, >4 Hans
Sigg,® Thomas Feurer,* Paul Beaud,>° and Steven L. Johnson'-2

LInstitute for Quantum Electronics, Eidgendssische Technische Hochschule (ETH) Zirrich,
Auguste-Piccard-Hof 1, 8093 Zirich, Switzerland
23iss Light Source, Paul Scherrer Institute, 5232 Villigen PSI, Switzerland
3Laboratory of Micro- and Nanotechnology, Paul Scherrer Institute, Villigen 5232,
Switzerland
“4Institute of Applied Physics, University of Bern, Bern 3012, Sidlerstrasse 5, Switzerland
5SwissFEL, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

*savoinim@phys.ethz.ch

Abstract:  Generation of high intensity terahertz radiation in the low
frequency region (f < 5 THz) is still a challenging task and only few
experimental demonstrations exceeding 1 MV/cm have been reported so
far. One viable option is the use of resonant metallic structures which
act as amplifiers for the impinging radiation. Here with the aid of finite
difference time domain simulations, we design and realize a set of isolated
resonant elements which allow us to reach a 28-fold enhancement of freely
propagating THz radiation at f ~ 1 THz. These elements are deposited on
a GaP sample alowing the direct measurement of the field enhancement
using electro-optical sampling. Interestingly, we experimentally show
strong modifications of the antennas resonance which isinterpreted in terms
of interference effects. These are particularly important in samples thinner
than half the spatial pulse length.
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1. Introduction

THz radiation has received increasing attention in the last decades, thanks in part
to the availability of high efficiency optical rectification materials such as LiNbOs,
and/or the most common organic crystals, i.e. (2-(3-(4-Hydroxystyryl)-5,5-dimethylcyclohex-
2-enylidene)malononitrile) [OH1], 4-N,N-dimethylamino-4'-N’-methyl-stilbazolium 2,4,6-
trimethylbenzenesulfonate [DSTMS], and 4-N,N-dimethylamino-4’-N’-methyl-stilbazolium
tosylate [DAST] [1-4].

Although these improved THz sources have enabled first investigations of coherent control
of various materia properties using THz-radiation [5-11], they have also shown that in order to
achieve a persistent switching of a ferroelectric or (anti)ferromagnetic orientations as desired
for many potential applications, peak field strengths exceeding 5-15 MV/cm at frequencies of
1-2 THz are generally required [5, 6, 10]. One promising approach to achieve such high peak
THz-fields as well as effective frequency tunability is the application of metamaterial metallic
structures incorporated into the material that are specifically designed to enhance the incoming
THz-field [5]. The primary drawback of this approach is the extremely complex machining of
the surface, requiring a coverage of large areas with features smaller than 1 umin size [5, 12,
13]. Moreover they rely on the excitation of localized carrier which resonate and amplify the
impinging radiation. These structures are therefore most efficient for enhancing the incoming
THz-radiation into insulating samplesin the wavel ength range under investigation.

Other approaches for high field enhancements involve the use of tapered metalic or even
semiconducting plates, which can enhance fields for materials placed within the gap between
the plates or in very close proximity. With thistype of design, THz fieldsashigh as1-2 MV/cm
have been reported [14-16]. Moreover acareful optimization of the focusing apparatus can also
help; very recently extremely large peak electric fields exceeding 50 MV/cm have been reported
for source parameters that normally would lead to only afew MV/cm fields[17]. Both methods
achieve high field amplitude without complex machining of the sample surface for frequency
f < 5 THz, but pose strong limitations on the sample geometry and/or rely on an extremely
precise positioning of sample and optical elements which is not always practical, together with
the use of extremely powerful lasers.

Still another approach is the use of the near-field (NF) enhancement of THz fields from
isolated metallic elements deposited on the sample surface. This would allow for localized
strong field enhancements, without the requirement to functionalize the entire sample surface.
This enhancement method has been generally explored in only a few geometries, namely in
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Fig. 1. (a) Sketch of the antenna geometry: L is the arm length, g the gap size, and W the
antenna width. Gap center is the origin of the reference system. (b) Typical THz-radiation
pulse shape in time domain [left] and its relative Fourier spectrum [right].

split-ring resonator [18-20], nano-slits [21-24] and dipolar antennas [25, 26, 28-31].

Here we present arelatively simple experimental setup able to directly measure the NF en-
hancement generated by Au-dipolar antennas deposited directly on an active thin layer of GaP.
We focus our attention on dipolar antennas because they are (i) extremely easy to fabricate,
being made up by two rods with a common feedgap, (ii) present strong field enhancements,
easily tunable by changing the arm length, and (iii) are readily modeled in an approximate way
using simple methods. Interestingly we measure strong modulations of the NF enhancement.
With the aid of computer simulations, we are able to explain these in terms of interference ef-
fects of the propagating THz-field within a sample with athickness comparable to the radiation
wavelength. By taking advantage of these effects, we are able to achieve enhancements larger
than 28 times, resulting in peak fields of more than 5 MV/cm at a frequency around 1 THz and
at arepetition rate of 1 KHz for externally coupled THz pulses.

2. Antennadesign and simulations

We consider Au antenna structures as depicted in Fig. 1(a), consisting of two aligned gold
nanorods separated by a small gap. As the length of the two arms is increased, the antenna
resonanceisred-shifted, accordingly with the behavior of the resonances supported by nanorods
when their aspect ratio is varied [32]. We have deposited these structures directly on a GaP
sample, which is a standard dielectric material (roughly no absorption below 11 THz, thus
Im(n) =~ 0) to measure the amplitude of the impinging THz radiation though Electro-Optic
(EO) sampling. The THz radiation is generated by an OH1 organic crystal, as described in
more detail in the following. A typical time trace and spectrum of the THz pulse is represented
inFig. 1(b).

To evaluate the effects of the antenna parameters on the THz field in the vicinity of the gap,
we employed acommercial-grade simulator based on the finite-difference time-domain method
to simulate the NF dynamics [33]. In particular we study a dipole Au antenna with volume of
asingle arm of L x 10x0.1 um? and gap size of 4 um. A non-uniform three-dimensional dis-
cretization mesh of 0.5x0.5x0.01 umq is used. We consider a broadband plane-wave illumina-
tion at frequenciesin therange 0.4-2.3 THz with a spectrum similar to the one of Fig. 1(b). The
radiation is linearly polarized along x, with direction of incidence perpendicular to the sample
surface. The GaP layer is modeled with a dielectric constant € = 11.16 [34], while the upper
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half space is vacuum. The permittivity of gold in is approximated by a smple Drude model,
gold being very close to a perfect metal in this frequency range [35].

We calculate the field amplitudes as a function of the antenna arm length L over a range
from 40 to 65 um, in steps of 5 um. For each L, we determine the field in the center of the
feed gap [position (x,y,z) = (0,0,0.05) um, medium = air] and calculate its rel ative frequency-
dependent amplitude with respect to the field simulated in the absence of the antenna. The
resultsare displayed in Fig. 2. Two features are clearly apparent: with increasing antennalength
the resonance peak frequency shifts towards lower frequencies and the resonance amplitude
increases. Both aspects can be readily explained by a simple model. The common feed gap can
be considered as a capacitive element [36], which determines the coupling strength between
the two antenna arms. As a matter of fact, the resonance wavelength of along antennais larger
than that of a short antenna. Hence, there is an increase in the interaction cross-section with
the impinging radiation. Moreover the gap has a smaller effective length for the larger antenna,
which results in astronger coupling between both arms, leading to alinear increase in the field
enhancement with the antennalength [26].

Regarding the shift in frequency, microwave theory predicts that antennas in free space will
have a maximum efficiency when the arm length is an odd-integer multiple m of half wave-
lengths [27—30]: therefore we expect a simple 1/L-model could reasonably fit the resonance
frequency position fes. In the THz frequency range no corrections are needed to account for
non-ideal behavior of metallic surfaces, as required in the visible range [37]. Moreover, in
case of high-index surfaces, such as GaP, the antenna response can be considered to be de-
pendent solely on the higher index material, as if it would completely be embedded in the
sample [28,29]. The Inset of Fig. 2 shows the peak positions (points) in good agreement with
the 1/L-model (solid line), computed using the tabulated value n = 3.34 for GaP [1, 34].

It isworth noting that if the linear polarization of the illuminating beam is not parallel to the
antennaaxis, only the field projection along the main axis will be enhanced [38]. This argument
isvalid aslong the antenna aspect ratio (Ilength/width) islarge enough to have a clear separation
between the resonances parallel and perpendicular to the main axis.
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In this section we have evaluated the antenna behavior in the assumption of a semi-infinite
substrate. Simulated field enhancements in the antenna plane can be as high as a factor of 30
even in the presence of relatively large antenna gaps (4 um in this case). Larger field ampli-
tudes could be obtained tuning the antenna length to resonate at lower frequencies and/or by
decreasing the gap size [28, 36]. As discussed above, the presence and optical properties of the
substrate strongly influence the antenna resonance behavior even more in the case of a finite
substrate thickness, which will be discussed in the next section.

3. Finitesamplethickness

The freguency range 0.1-10 THz is characterized by afree space wavelength in the range 30 to
3000 pum. If these dimensions are comparable to or less than the thickness of the substrate, the
antenna response can be dramatically modified.

As an example we consider a 100-um thick slab of GaP. The finite thickness of the slab will
produce two sets of reflected and transmitted beams at both interfaces. Depending on the exact
optical path length, these reflections can interfere destructively or constructively. The overall
reflection of a layer structure is thus the sum of an infinite number of reflections, and can be
computed for example via the transfer-matrix method [39].

The transfer-matrix element for athin slab of non-absorbing material is:

cos(k'd)  sin(k'd)/K
M:<—k/sin(k’d) cos(kd) > )

wherek’ = nk, withk =27/ being the radiation wavenumber in free-space at normal incidence
on the slab, A the free-space wavelength, n and d the slab refractive index and thickness. From
the matrix element we can calculate the field reflection coefficient r:

. (1/n—n)sin(k'd) 2
~ (n+1/n)sin(k'd) + 2icos(k'd)’

The intensity reflection coefficient R = rr* is effectively zero for k'd = 0, , 27, ..., which
translates for n = 3.34 and d = 100 um to nodes in the reflectivity at the frequencies
freo & M0.469 THz, withm=1,2,3,... Thusfor al fr_o nodes, the impinging THz radiation
is transmitted unaltered into the GaP dlab. In between these nodes we find a high reflectivity
point (R~ 70%), strongly limiting the transmitted amount of radiation. The modulation of the
incoming THz pulseis presented in Fig. 3(a) [Dashed red line]. The modulation of the imping-
ing radiation has indeed an enormous effect also on the antenna enhancement, as presented in
Fig. 3(8). Rather than observing a single Laurentian shape, as shown in Fig. 2, a three-lobed
field distribution is simulated. The relative amplitude of these three maxima changes signifi-
cantly with antenna length. For example for the L = 40 um case, we observe arather symmet-
ric distribution with a larger central peak; on the other hand, the electric field amplitude in the
65 um-antenna gap shows a clear predominance of the low frequency components. Notably,
even the peak frequencies present a different behavior for the different lobes as a function of
the antennalength. The low- and high-frequency maxima, in fact, do not significantly shift with
L, while the central peak amplitude does. Thisis easily explained by the design of the antennas
under investigation: at the simulated lengths the resonance peak travel through the frequency
selected by the central modulation (see Fig. 2), only changing the amplitude of the maximum
enhancement in the two other frequency ranges.

Figure 3(b) shows the calculated enhancement in the spectral range, obtained by dividing
the E-field amplitude curves [Solid linesin Fig. 3(a)] by the reference with no antenna present
[Dashed red ling]. It is apparent how the frequency modulation induced by the etalon effect
from the finite GaP thickness produces a significant distortion in the antenna enhancement
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Fig. 3. (a) Frequency-dependent field amplitude as a function of the antenna arm length L
in the case of a finite substrate thickness. Red dashed line: Electric-field amplitude mod-
ulation (x5) for a perpendicular THz pulse impinging on a bare GaP slab (in absence of
antenna structures). (b) Frequency-dependent field amplitude as a function of the antenna
arm length L. Inset: Frequency position of the maximum enhancement, compared with the
model used in Fig. 2.

factor. In particular, the maximum enhancement frequency-position strongly deviates from the
one computed with the simple half-wave antenna model for a semi-infinite substrate [Inset of
Fig. 3(b)].

This last point implies that the finite thickness of the sample should be taken into account
for a precise design of the antenna geometry, because it could significantly shift the expected
resonance peak position. In particular, by a clever matching of resonance frequency and the
modulation one, amuch larger enhancement can be achieved in thin samples compared to semi-
infinite ones. This holds particularly true for any thin samples with a complex refractive index
fi when the following conditions are satisfied: Re|fi]-d ~ A and a - d < 1/Relfi], where a =
2r /- Im[fi] is the attenuation constant of the radiation in the material, d the sample thickness
and A the free-space radiation wavelength.

4. Experimental verification

In order to verify that the antennas indeed produce a large enhancement of the incoming THz
radiation, we have assembled a simple THz setup, represented in Fig. 4(a).
To generate the THz radiation incident on the antenna structure, we employ a 2 step process:
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first the output of a Ti:sapphire amplifier (A =800 nm, rep. rate f = 1 kHz, average pul se energy
E = 1.8 mJ) is sent into an optical parametric amplifier (OPA) to generate longer wavelength
light pulses (Aopa = 1350 nm, typical average pulse energy E = 0.25-0.3 mJ). In the second
step we generate intense THz pump pulses via optical rectification of the infrared output of
the OPA in an OH1 organic crystal. After filtering out the residual infrared beam, two off-axis
parabolic mirror (PM) are used to collimate, and then focus the THz beam onto the sample. A
small amount of the 800 nm (< 1%) light is picked off before the OPA to be the probe beam. It
isfocused with a f = 150 mm-lensto a spot size of d ~ 22 um FWHM at the sample position.
The focal length of this lens is determined by the minimum distance available in our setup:
we employ a collinear illumination between THz -pump and IR-probe, with the latter passing
through a small (5 mm) aperture within the focusing PM, as depicted in Fig. 4(a). With this
arrangement we can routinely achieve field strengths at focus exceeding 200 kV/cm (zero to
peak) in an ambient atmosphere. The probe beam experiences a transformation of its polariza-
tion state from linear to elliptical by interacting with the GaP substrate due to the THz-induced
electro-optic (EO) effect. A Wollaston prism together with a balanced amplifier photodetector
collect the signal and its polarization changes as a function of the relative delay between pump
and probe. A thorough description of an equivalent setup and signal interpretation is described
in [40,41].

The sample consists of a 100 um-thick GaP substrate on top of which sets of isolated dipolar
antenna with different sizes (arm length ranging between L = 40 umto 65 um, step size5 um)
with a common gap of 4 um and 10 um width are deposited. In [19], Bagiante et al. describe
the fabrication procedure. In brief, a thin layer Chromium (Cr), about 6 nm, was sputtered
on the GaP and a double layer of resist (PMMA) was spinned on the Cr layer. The planar
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Fig. 5. Thickness integrated enhancement as a function of the antenna arm length L. (a)
Simulated profiles, assuming plane wave illumination. (b) Extracted profiles from measure-
ments. Inset: Extracted profiles from measurements in case of THz-polarization perpendic-
ular to antennas axes.

structures were imprinted using el ectron-beam lithography. After the resist develop step, 1 nm
of Cr and 100 nm of gold were deposited by an electron-beam evaporation. The Cr layer is
essential to promote adhesion with the substrate. Finally, all excess metal was removed with
lift-off technique and the remaining Cr on the GaP surface was removed by chloride reactive
ion etching (RIE).

We image the antennas on the sample with a high-resolution camera equipped with a 20x
magnification objective. A typical antennaimage isrepresented in Fig. 4(b). The antennain the
image is the L = 45x 10 um? one. As described above, the probe beam size is limited to d ~
22 um FWHM, thus a significant transmission is expected even from the sides of the antenna.
The two dashed green circles in Fig. 4(b), represent the probe beam size (FWHM) compared
with the antenna width. We have aso collected the total intensity transmitted to the detection
scheme as a function of the antenna position [Blue line overlay in Fig. 4(b)]. In position (1)
[Fig. 4(b)] we have the minimum transmission, about 50% of the total radiation transmitted by
the bare substrate (in very good agreement with the expected value of T = 48.5% considering the
antennaand beam dimensions), whilst at the gap position (2) asmall increment A ismeasurable.

The EO signal coming from the position (2) highlighted in Fig. 4 isthe sum of the sides' [as
at position (1)] plus gap’s contributions. Therefore we can extrapolate the EO signal (EOgap)
coming from the gap by the following considerations. The light transmitted to the detector is:

l(1) = lo(Taufau1 + Taun faub), ©)
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l(2) = lo(fgap Tgap + Taufauz + Tsub fsun) 4

where lg is the impinging light intensity, fgapsup) is the fraction of light impinging on the gap
(directly on the substrate), fau(2) is the fraction of light impinging on the gold antenna at
position 1(2), and Tay(gap,suby are the amounts of light transmitted by the gold antenna, through
the gap and at the air/substrate interface respectively. Since the antenna gap is considerably
larger than the probe beam wavelength, diffraction effects from the gap itself can be neglected
to leading order. Thus, in first approximation the transmission through the gap and the substrate
isequivalent: Tyap ~ Taip = T. We can also compute the transmission through the gold layer, as
presented elsawhere [42,43], and we find it negligible (Ta, < 0.1%), therefore Egs. (3) and (4)
become:

Iy = loT faub, )
|(2) = |0T( fgap + fsub)- (6)
Since the signal measured due to the electro-optic effect (EO(;) and EOy)) is proportional to

the probe intensity, the measured polarization rotation is a weighted average of contributions
from different parts of the probed area:

EO(1) = loT fsaurEOsun/loT fsup = EOsub, (7
EO(Z) - (|0T fgapEOgap +lofapT Eosub)/(loT fgap +1loT fsub)- (8)
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From Egs. (7) and (8), we can extract the EO signal contribution coming directly from the gap:

EOgap = EO() (1 + ff"‘“b )~ ]fs“b EOu ©)
gap gap

where EQgyy, (1,2) ISthe EO signal coming from the gap [area (1),(2) in Fig. 4]. By knowing the
relative ratio of beam profile interacting with the gap and sample and performing two measure-
ments, it is therefore possible to exactly reconstruct the EO sampling signal in the gap, thus the
antenna enhancement effect. Moreover we must consider that the enhancements presented in
Fig. 2 and Fig. 3 are smulated in the antenna plane. These NF effects exponentially decay with
alength scale typically well within the first 10 um.

Figure 5(a) shows the computed enhancement integrating the E-field amplitude throughout
the full substrate thickness. We limit the frequency range between 0.6 - 1.7 THz, thus where
the emission of OH1 is more efficient. It is apparent how the integration throughout the whole
sample thickness is reducing the maximum expected enhancement to about 5.

Figure 5(b) shows the measured trends for the different antennalength in the frequency range
under consideration. The traces compare reasonably well with the equivalent simulated ones.
In particular, the position of the two peaks (scattered points), and its frequency dispersionisin
good agreement with the simulated one (solid lines), as presented in Fig. 6. Also considering
the maximum enhancement, measured dataand simulated trends show compatible behavior. For
example, for the lower frequency maximum, a field enhancement of about 5 times is expected
for an antennaarm length of 60 um, this being the largest effect. Accordingly, we measured the
largest effect for the same antenna length. The maximum measured enhancement, integrated
throughout the whole thickness is 4.6 times, which would correspond on a 28-fold increase at
the sample surface. This translates to a THz field strength exceeding 5 MV/cm, for our smple
experimental setup. Also the trend for the second maximum is well reproduced, although the
measured length-dependence variation is smaller than the simulated one.

We have moreover investigated the enhancement in the case when the incoming THz polar-
ization is set perpendicular to the main antenna axis. In the Inset of Fig. 5, afew of the resulting
trends are presented. Within the experimental uncertainty no enhancement is observed, as ex-
pected [38].

5. Conclusion

Exploiting the resonant behavior of metallic structures, and their ability to confine and enhance
the impinging radiation, we have designed isolated dipolar structure resonating at frequency of
f ~ 1 THz. With arelatively simple experimental setup based on the electro-optical effect we
can directly measure enhancement factors as high as 28 times of afreely propagating weak THz
pulse (<200 kV/cm), resulting in afield strength exceeding 5 MV/cm at the sample surface.
Moreover we find that the resulting near fields are strongly modulated in their frequency com-
ponents. Based on computer simulations, we can explain thisin terms of interference effects of
the THz-radiation within the thin sample, which actsasavertical cavity. Our investigationsthus
point out that in case of sample thinner than half the spatial pulse length, the sample thickness
become an essential design parameter, which could be used to selectively amplify a specific

frequency.
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