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Impact of sub-wavelength-size dielectric particles on Zenneck surface waves on planar metallic

antennas is investigated at terahertz (THz) frequencies with THz near-field probe microscopy.

Perturbations of the surface waves show the particle presence, despite its sub-wavelength size.

The experimental configuration, which utilizes excitation of surface waves at metallic edges, is

suitable for THz imaging of dielectric sub-wavelength size objects. As a proof of concept, the

effects of a small strontium titanate rectangular particle and a titanium dioxide sphere on the

surface field of a bow-tie antenna are experimentally detected and verified using full-wave

simulations. VC 2013 Author(s). All article content, except where otherwise noted, is licensed under
a Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4836195]

Antennas are extensively used to enhance the coupling

between free-space propagating waves and electronic devi-

ces.1 Recently, the use of antennas has been extended toward

higher frequencies where they have found applications in

other fields, such as energy harvesting, nonlinear optics, and

quantum physics.2 Upon high frequency excitation (typically

beyond microwaves), metallic antennas cannot be described

by electric currents only. In the terahertz (THz) range,

Zenneck THz surface waves (Z-TSWs), which produce the

main contribution in the near-field region of the antenna,

also need to be considered. In this description, antennas con-

vert the incident free-space electromagnetic wave into sur-

face waves.

The effect of Z-TSW excitation on THz bow-tie anten-

nas has been recently discussed and observed experimentally

with an integrated sub-wavelength aperture THz near-field

(NF) probe.3,4 In this THz microscopy system, a flat metallic

surface with a small aperture is interacting with the antenna.

It was found that placing the metallic plane of the probe

close to a surface, which supports a Z-TSW, enhances the

field of this wave (by of factor of 10 for a 3 lm separation

between antenna and the probe) whereas the wave properties

(the angular distribution of wave vectors) remain determined

by the supporting surface geometry and stay practically unaf-

fected by the metallic plane of the probe.4 This configura-

tion, consisting of a planar antenna and the metallic plane of

the NF probe placed parallel to the antenna plane, offers a

possibility for THz imaging and spectroscopy of small (sub-

wavelength size) dielectric objects.

Consider a sub-wavelength size dielectric particle posi-

tioned between the metallic antenna surface and the probe sur-

face. The enhancement of the Z-TSW produced in this

configuration causes stronger coupling of the THz wave to the

particle. The particle, in its turn, distorts the Z-TSW field pat-

tern on the bow-tie antenna. The distortion reflects the geomet-

rical properties of the particle and its polarizability. The effect

can be understood as Mie scattering by a single particle.5 On

the other hand, the field distortion is the underlying reason for

a change in the antenna frequency response due to the particle.

The NF probe allows mapping the field distortion caused

by the particle. Consequently, geometrical properties of the

particle, its location, polarizability, and even its ability to con-

fine the electromagnetic field can be determined in this config-

uration. Note that the field enhancement between the surfaces

of the antenna and the probe helps detecting particles, which

otherwise would be almost invisible to THz radiation.

Surface-confined waves have already been proposed and

exploited for THz spectroscopic analysis.6–14 Parallel plate

waveguides filled with dielectrics were shown to increase the

technique’s sensitivity by confining THz waves only to the

sub-wavelength size region between the plates.6 The sensi-

tivity to small objects can be increased further by inserting a

resonant cavity7 or by adiabatic tapering of the waveguide

plates.8–10 THz field confinement to extremely small vol-

umes can be achieved by a twin-needle probe,11 by planar

transmission lines, which can be used for on-chip THz spec-

troscopy,12,13 and by long narrow slits.14

More traditional THz spectroscopy with focused

(diffraction-limited) THz beams has also been applied to

sub-wavelength size objects. The spatial selectivity was

achieved by attaching the sample under test to a metallic

screen with a sub-wavelength aperture (as small as 10 lm)15

or by placing the sample on an electro-optic crystal
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directly.16,17 The spatial resolution in the latter case is of the

order of several tens of lm, determined by the electro-optics

crystal thickness.16,17

Here we investigate the interaction of Z-TSWs with

sub-wavelength size dielectric particles placed between a

THz planar antenna and a metallic plane. We demonstrate

that near-field mapping of the surface field enables direct

detection of the particles. The experimental configuration

discussed here can enable high-resolution THz imaging of

sub-wavelength size objects in addition to the spectroscopic

analysis. Our experimental results are supported by three-

dimensional full-wave numerical calculations.

We consider particles made of two materials: strontium

titanate SrTiO3 (STO) used in electrically tuneable struc-

tures,18,19 which exhibits a strong polar soft mode at THz

frequencies, and titanium dioxide (TiO2), which exhibits a

large value of the dielectric constant.20,21 Both kinds of par-

ticles were shown to exhibit Mie resonances in the THz

range with a strong effective magnetic response.21,22 Such

high-permittivity dielectric particles of sub-wavelength size

are building blocks for THz dielectric metamaterials.22

Direct measurements of near-field interaction of the electro-

magnetic field with single particles can provide essential

characteristics of the particles, crucial for validation of nu-

merical simulations.

The time-domain NF microscopy system used is shown

in Fig. 1 (details are described in Refs. 3, 23, and 24). For the

excitation of surface waves on the antenna, THz pulses gener-

ated via optical rectification in ZnTe are directed on the

bow-tie sample using 80 mm long cylindrical metallic wave-

guides of diameter Ø1 or 1.6 mm.25 The bow-tie antenna is

fabricated by optical lithography using a 300 nm thick gold

(Au) layer deposited on a GaAs substrate. The bow-tie has

300 lm long arms with an angle of 90�. The THz beam is

comparable to the bow-tie size as it is shown in Fig. 2. A sub-

wavelength size particle is attached to the surface of one of

the bow-tie arms and the sample is scanned (together with the

output end of the waveguide) with respect to an integrated

sub-wavelength aperture THz NF probe.3,4,26,27 The THz NF

probe has an aperture of d¼ 10 lm and an integrated photo-

conductive antenna detector.23,27 The overall spatial resolu-

tion of this NF probe is determined by the aperture size and

the distance to the sample. When the NF probe-sample sepa-

ration is less than d/3 and thus the evanescent fields of high

spatial frequency can be collected by the NF probe, the spa-

tial resolution equals approximately the aperture size d.23 The

probe can detect THz surface waves as well as the incident

THz wave, producing a sum of two signals: one is propor-

tional to the temporal derivative of the horizontally polarized

electric field (Ex) of the incoming THz pulse28 and the other

is proportional to the spatial derivative of the out-of-plane

electric field (dEz/dx) of the Z-TSW.3,4,26 In the area of the

bow-tie antenna, where the incident THz wave is blocked by

the metal, only the contribution of the Z-TSW, dEz/dx,

remains. Typical detected surface wave patterns on plain

bow-tie antennas can be found in Refs. 3 and 4.

In our first experiment, a rectangular dielectric particle,

made of STO with approximate dimensions of 55 lm

� 95 lm� 25 lm (width� length� height), is positioned on

the right-hand side of the bow-tie, covering �1/10 of the

arm area (top inset in Fig. 2(a)). The electric permittivity of

STO (at T¼ 300 K) is er� 300 at THz frequencies,29 result-

ing in the fundamental resonance within the particle at

fr� 0.4 THz when it is illuminated by a plane-wave polar-

ized along the height of the particle.

FIG. 1. (top) Photograph of the experimental setup. The green arrow indi-

cates the region magnified in the bottom sketch. (bottom) Sketch of the sam-

ple and NF probe. The origin of the coordinate system is considered the

centre of the bow-tie antenna.

FIG. 2. (a) Measured temporal evolution of the detected signal along the

horizontal line outlined in the diagram at z� 25 lm. (b)-(d) THz near-field

images for selected time delays indicated on the xt-map. The bow-tie and

the STO particle are outlined with dotted lines.
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Spatial xy-maps of the field in the vicinity of the sample

are measured at different distances z of the probe from the

bow-tie surface to ensure that the field mapping is done at

the closest sample-probe separation. Space-time maps3 are

recorded to confirm surface wave excitation at the bow-tie

edges. Fig. 2(a) shows an xt-map along the horizontal line

scan passing through the middle of the STO particle for

z� 25 lm (the STO particle is within �1–3 lm from the

probe surface). The temporal evolution of the field in the

area of the bow-tie shows excitation of Z-TSWs. In this map,

the incident THz pulse is also present at jxj> 300 lm and at

jxj< 50, in the regions where the bow-tie does not block the

wave, for t within the interval 0.5–2.0 ps.

At t� 0.5 ps, the Z-TSWs only start to develop at the

edges of the bow-tie and there is still no signal detected

within the bow-tie arms. At t� 0.75 ps, the Z-TSWs become

noticeable and the corresponding xy-map shows a symmetric

pattern within the bow-tie (Fig. 2(b)). As time progresses,

the Z-TSWs propagate away from the antenna edges towards

the centre of each arm, generating a characteristic pattern in

the xt-map: the wavefronts become tilted in the space-time

maps corresponding the wave propagation along the metallic

surfaces. The Z-TSWs reach the STO particle (outlined in

Fig. 2) at t� 0.75 ps initiating the interaction with the STO

particle.

The interaction between the surface wave and the STO

particle is illustrated in Figs. 2(b)–2(d). At t� 0.75 ps

(Fig. 2(b)), the particle shows practically no effect on the Z-

TSWs and the field pattern is symmetric.3,4 The surface

wave fully develops within the bow-tie in the following pico-

second. At t� 1.25 ps (Fig. 2(c)), the symmetry of the bow-

tie pattern is broken. The left arm retains the pattern similar

to field observed on a clean bow-tie,3,4 but the pattern on the

right arm is largely affected. At t� 2.1 ps the field perturba-

tion becomes very clear (Fig. 2(d)) as the field inside the

bow-tie region is noticeably larger than outside. At this

moment, the incident pulse has passed and the detected field

is mainly the surface waves trapped on the bow-tie.

The dimensions and dielectric permittivity of the STO

particle allow it to behave as a resonator, storing energy, and

forming field oscillation inside the particle. These oscilla-

tions are manifested in the asymmetry with respect to the

particle center at x� 200 lm. The resonant nature of the

STO particle causes the local large field observed in the par-

ticle region Figs. 2(c) and 2(d). However, one should not

misleadingly quantify the enhancement by comparing the

fields right on top and outside the STO particle. The strength

of the detected field (alternatively, the detection sensitivity)

depends on the position of the NF probe. For the fixed

z� 25 lm, the sub-wavelength aperture is at different distan-

ces from the surface of the STO particle and the bow-tie

antenna.

Based on the experimental observations, the main

effects of the particle are (1) the destruction of the antenna

field pattern symmetry and (2) the local modification of the

electric field distribution near the particle. Note that even

though the illumination is not completely symmetric (Fig.

2(b)) and, thus, it may induce some asymmetry in the

antenna field pattern, the energy stays within the particle,

causing the asymmetry to be more pronounced after t� 1 ps.

Therefore, we conclude that the particle is the major contrib-

utor to the asymmetry. We also note that the effects of the

particle become weaker as the distance between the antenna

surface and the probe surface is increased, corresponding to

the evanescent nature of the field induced by the sub-

wavelength particle and reduction of the field concentration.

In our second experiment, the physical dimensions of

the particle are reduced further to explore the effect of a par-

ticle with physical cross-section much smaller than the bow-

tie arm area (�1/100). A TiO2 sphere of radius r� 15 lm

and the relative permittivity er¼ 94þ 2.35i (Refs. 20 and 21)

is placed on another sample with the same bow-tie dimen-

sions. The fundamental Mie resonance of this particle is

expected at �1.02 THz with a full width at half maximum of

�50 GHz for the power spectral line. The incident THz

beam size in this experiment is slightly larger (formed by a

waveguide with diameter Ø1.6 mm) to minimize the effect

of misalignment of the incident field with the bow-tie center.

The incident pulse, measured by the probe in the area outside

the bow-tie (x¼ 0, y¼ 150 lm) is shown in Fig. 3. An optical

image of the sample and an example of the local THz field

distribution in the region of the TiO2 sphere are shown in the

inset of Fig. 4.

The arrival time of the fundamental waveguide mode,

which triggers the excitation of the Z-TSWs on the antenna

edges, occurs at t� 0.2 ps and the incident pulse peaks at

t� 1.6 ps. Spatial field distribution (xy-maps) measured at

different time delays show that the particle becomes noticea-

ble after the Z-TSWs have been formed on the bow-tie sur-

face. In Fig. 4(a) (t¼ 2.2 ps) some perturbation of the field

due to the particle is shown in the horizontal and vertical line

scans taken at the position of the particle. The localized field

perturbation is more pronounced at t¼ 3.6 ps (Fig. 4(c)). It

agrees remarkably well with the dimensions of the TiO2

particle, confirming that the particle is responsible for the

localized disturbance of the field on the sub-wavelength

scale. This conclusion is also supported by examining the

xy-map of the same area of the bow-tie for the case of no par-

ticle present (Fig. 4(e)).

To evaluate the effect of the particle on the time-domain

waveforms of the detected field, 23 ps long waveforms were

recorded at three locations near another TiO2 sphere of

FIG. 3. Incident pulse waveform detected by the probe (red) outside the

antenna area (x,y)¼ (0, þ150 lm). Note: (0,0) corresponds to the centre of

the bow-tie. The black solid line shows a waveform of the pulse used in nu-

merical calculations.
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similar size placed at the same position on the same bow-tie

(Fig. 4, top inset).24 The sphere noticeably affects the ampli-

tude of the detected field; see Fig. 4, top inset. The effect of

the sphere on the time-domain waveform is more complex

(see supplementary material24), as the waveforms and the

corresponding spectra represent a superposition of several

modes of the bow-tie. We note however, that in this configu-

ration we cannot identify long-lasting oscillations of the field

expected for the Mie resonance of the particle, which in

theory, should persist for �7 ps.

To confirm our findings and to explore the nature of the

observed effects, we model this experiment using the finite-

integration-method-based CST Microwave StudioTM and its

transient solver akin to our previous work.4 The dimensions

of the substrate, the bow-tie and TiO2 particle are determined

from the optical microscope images (top left inset of Fig. 4)

and used in the calculations.24 The incident field in the calcu-

lations is matched to the experimentally measured waveform

in Fig. 3 to ensure that modelled results corresponds the

experimental conditions.3,4 The front part of the waveform

corresponds to the dominant waveguide mode. Note that at

later times (beyond 2.5 ps), there is a contribution due to a

higher order waveguide mode and scattering from the sample

edges, which arrive delayed.

The numerical calculations, shown in the right column

of Fig. 4, reproduce the localized field near the particle,

detected at the time corresponding to the peak of the incident

pulse (at t¼ 2.20 ps) and just after the pulse (t¼ 3.18 ps).

When the particle is not present, the localized field distribu-

tion disappears in Fig. 4(f), as it happens in the experiment

(Fig. 4(e)). This corroborates that the sub-wavelength parti-

cle is indeed responsible for the measured field distortion.

Given the negligible amplitude of the horizontal compo-

nents, Ex,y, developed near the particle compared to the nor-

mal component, Ez (according to the modelling they are at

least one order of magnitude lower), Fig. 4(b), 4(d), 4(f)

show only the effect of the Ez component. Notice, however,

that the numerical calculations can resolve very small features

displayed within the particle that the NF probe cannot distin-

guish given its aperture-size-governed resolution; see Figs.

4(c) and 4(d). Also, the simulations can quantify directly the

field strength at inaccessible position for the NF probe like

inside the particle. Therefore, a combined experimental and

computation approach can become a powerful analytical tool.

From the experimental point of view, the optimal shape

of the Z-TSW supporting metallic pattern is subject to fur-

ther discussion. As it is discussed in the supplementary mate-

rial,24 the present configuration involves the interaction of

multiple Z-TSWs induced by the fundamental waveguide

mode and higher-order modes. The complex spectrum

obtained is difficult to interpret. We envision that a tapered

metallic strip could ease the experiment and facilitate the

spectroscopy analysis by simplifying the Z-TSW distribu-

tion. By illuminating the wider end of the strip (with a spot

smaller than the width of the strip, but partially blocked by

the strip), only Z-TSWs propagating in one direction along

the strip will be induced, eliminating the interference pat-

terns seen for instance in the bow-ties.3,4,26 On the other

hand, a resonant antenna can improve sensitivity of this

method for THz spectroscopy, albeit at the expense of the

bandwidth.

Particles with a flat surface (such as the first sample

used here) are likely to produce a stronger signal compared

to rounded particles (such as the second sample) due to the

fact that only the apex of the rounded particle can be in close

proximity to the probe. This is especially critical when the

particle is much smaller than the wavelength and the induced

polarization of the particle decays quickly with the distance

from the particle. As a final remark, particles with lower er

than those studied here (which are already challenging for

competing methods) can potentially be investigated with our

proposed method, since it is sensitive to the impedance mis-

match generated in the path of the Z-TSWs by the particle,

rather than to the excitation of Mie resonances. However, the

interaction between the particle and the interrogating Z-TSW

would be reduced, deteriorating inevitably the sensitivity.

In conclusion, we have investigated the potential of

Z-TSWs for imaging of sub-wavelength particles. As a

proof of principle, we have demonstrated the effect of

FIG. 4. Top insets: photograph of the sample (left), experimental, dEx/dt and

dEz/dx, xy-map (instantaneous field, normalized) for z¼ 31 lm at t¼ 3.60 ps,

and sketch of the simulated structure (right). (a)-(f) Experimental, dEx/dt
and dEz/dx (left column) and simulated, dEz/dx (right column) xy-maps (in-

stantaneous field, normalized) for z¼ 31 lm at t¼ 2.20 ps (a), (b), 3.18 ps

(d), (f), and 3.60 ps (c), (e). Notice that within the bow-tie region, the experi-

mental data are simplified to dEz/dx, and thus it can be compared with the

simulations. Vertical green and horizontal black dotted arrows indicate the

position of line scans plotted on the right-hand side and above each xy-map.

The bow-tie geometry and the TiO2 particle are outlined by black dotted

lines and circles. (e), (f) Show maps of the same area for the bow-tie without

the particle.
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sub-wavelength particles with large er (STO and TiO2) on

Z-TSWs supported by a bow-tie antenna. In this NF probe

configuration, a single particle as small as 30 lm noticeably

distorts the detected THz field. We anticipate that this exper-

imental configuration can be utilized for THz imaging of

sub-wavelength objects, including those with low er, whose

physical cross-sections are not smaller than the NF aperture,

and for spectroscopy analysis of these particles when a dif-

ferent Z-TSW-supporting geometry is used.
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