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Abstract

We report on a study of the near-field sensitivity of a metal-dielectric near-field terahertz probe
by time-domain terahertz spectroscopy. The obtained experimental data were analysed using
principal component analysis. Principal components corresponding to the changes in the
output terahertz pulse upon varying the probe—sample distance and reflecting the local
anisotropy in a ferroelectric BaTiO; crystal were extracted and identified. Simulations of the
pulse propagation within a model of the probe revealed very similar independent components.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent years, different terahertz (THz) and microwave
imaging techniques have gained importance as promising
tools for various applications [1-3], including imaging
in pathological diagnosis [4-6], dentistry, tomography [7]
and material inspection [8,9]. Many of these tasks
can be accomplished using far-field imaging, though the
spatial resolution is then limited by the wavelength used
(300 um at 1THz), both in time-domain and continuous
wave experiments. Near-field imaging techniques need to
be employed to overcome this limitation and to resolve
subwavelength features. The concept of THz spectral imaging
with high spatial resolution offers the potential for investigation
of objects with dimensions down to tens of nanometres [10].
Various approaches were developed with this aim, e.g.
using transmission through a subwavelength aperture [11] or
scattering from a metallic tip [12] placed near the surface
of the investigated object [10]. These techniques commonly
make use of a subwavelength structure which disturbs the
electromagnetic field or limits its spatial distribution in the
vicinity of the sample. The reflected or scattered radiation
is detected and, as a result, a sensitivity to local sample
properties is achieved. Consequently, only a small part of
the incident radiation can be used to retrieve the near-field
information. The tip—sample interaction in the time domain
may be non-trivial and was recently the subject of other
studies [13].

0022-3727/09/155501+06$30.00

A broadband measurement method with a waveguiding
pyramidal tip developed earlier [14] enables us to concentrate
THz pulses into a small (subwavelength) volume at the tip end
near the sample surface. However, the time-domain profile
of the output THz pulses is influenced by the waveguide
dispersion and by irregularities of the tip. Also, a rather
small fraction of the output THz pulse reflected at the tip—
sample interface carries the information about the sample local
properties due to a high impedance mismatch between the
partially metallized tip end and the adjacent sample medium.
These features often prevent a straightforward evaluation of
the raw experimental data.

Multi-dimensional data sets are usually generated during
broadband THz imaging experiments using THz-TDS.
Principal component analysis (PCA) [15] appears as one
solution for decreasing the dimensionality of the time-domain
THz data and for a simultaneous optimizing of their sensitivity
with respect to the studied properties. Also, artificial feature
definition and visualization of these features were proposed
and applied successfully [16]. In this work, we use a
variant of PCA [17,15] to identify principal components
(PCs) in the detected field and their frequency distribution,
which is a prerequisite for performing near-field imaging with
spectral resolution. By using a simple linear transformation
to reduce the dimensionality of the problem we are able to
detect PCs linked to very weak changes in the frequency
spectra. This enables us to evaluate the responsiveness of the
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Figure 1. A schematic picture of an asymmetric sapphire probe
with two neighbouring sides tapered and with metallization on two
narrower sides.
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Figure 2. A schematic drawing of the THz near-field imaging setup.
Optical pulses with an energy of 12 nJ (solid line) are converted to
THz pulses (grey beam and arrows) at the emitter and a small
fraction of these optical pulses (dashed line) deflected by a
beam-splitter is used for electro-optic detection. The generated THz
pulses are directed by plastic lenses and wire-grid polarizers onto
the near-field probe.

method [14] with respect to spatial position, permittivity and
local anisotropy of a sample.

2. Experimental setup

The measurement method is based on a near-field probe which
consists of a rectangular-shaped block of a low-loss dielectric
material (sapphire was used in our case) sharpened to an
asymmetric pyramidal tip terminated by a subwavelength-
sized plane facet, see figure 1. Two opposite sides of the
probe were metallized—the coating consisted of a 10nm
titanium adhesive layer, 1 um of silver and 30 nm of gold as
a protective layer. The dimensions of the end facets of our
probes were in the range from 80 x 120 to 90 x 140 um?.
The tapering focuses the incident wave onto the end facet,
giving rise to a highly localized electromagnetic field. This
field is thus sensitive to the permittivity (conductivity) in the
close vicinity of the end facet and it is suitable for broadband
applications [14].

The frequency range 0.1-1.4 THz was investigated in a
setup for the time-domain THz spectroscopy. A schematic
drawing of the setup is shown in figure 2. Free-space
propagating THz pulses are generated using Ti: sapphire
50fs long laser pulses and a Tera-SED large-area biased
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Figure 3. A typical THz waveform reflected from the input facet of
the probe (a) and profile of the THz pulse reflected off the tip,
multiplied by 5 (b). The strong after-ringing in the input waveform
is due to absorption by water vapour. The mean frequency of the
output pulse frequency range (inset) was evaluated to

v, ~ 0.60 THz.

photoconductive emitter [18]. The THz pulses are focused
by a pair of plastic lenses onto the input facet of the probe
so that the polarization of the radiation is perpendicular to the
metallized surface of the probe. The radiation travels along
the probe and the focusing in the pyramidal part is enabled
by the metallization on two opposite sides. In this way, the
electromagnetic field is guided and concentrated around the
end facet. The focused field pattern interacts with the close
environment of the tip, and a substantial part of the radiation
is reflected back. These back-reflected pulses are directed by
the wire-grid polarizers and plastic lenses onto a 1 mm thick
ZnTe crystal. The orientation of the wire-grid polarizers is
such that it is possible to deflect the back-reflected pulses to
the detection system: the first polarizer (WGP1) is oriented
along the polarization of the incident THz radiation, while
the second one (WGP2) is turned by m/4 against the first
one. The temporal profiles of the electric intensity of the THz
pulses E(¢), also called waveforms, are detected by means
of electro-optic sampling [19] in the ZnTe crystal. Typical
examples of an incident THz pulse (input waveform) and of a
back-reflected pulse from the tip (output waveform) are shown
in figure 3. Different materials placed into the proximity of
the tip leave different fingerprints in the shape of the output
waveforms.

Although the concept of the probe is simple, it was
experienced that small deviations in the adjustment of the
probe with respect to the incident THz beam, irregularities
in its geometry caused by fabrication (mainly the shape of
the end facet), and also dynamic perturbations like air density
fluctuations in the free-air THz beam path, influence the
shape of the reflected pulses. Changes in the waveforms
caused by the dynamic deviations are often comparable to
the level of the useful signal. It therefore appears difficult
to extract the information relevant to the sample properties
without applying a mathematical post-processing method on
the experimental data.
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3. Data analysis and simulations

PCA is a kind of linear transformation which was
applied to analyse the raw experimental data obtained at
different experimental configurations and to separate the PCs
corresponding to experimental parameters. This multivariate
method [17] was used to reduce the dimensionality of the
problem. The R environment [20] for statistical computing was
used to decompose the data by singular value decomposition.
A set of experimentally obtained waveforms E (¢, ) were
collected where o is a parameter varied in the experiment.
The decomposition is aimed at identifying the influence of
the parameter o on the measurements or, possibly, also at
increasing the experimental sensitivity with respect to this
parameter. First, the Fourier transform is calculated for each
of the waveforms to obtain spectra E(v); then the data matrix
is written as a sum of N PCs [17,21]:

N
E(v,a) =) CiAj@)f;(v); (1)

j=1

here only the amplitudes of the spectra E(v) are taken into
consideration. The jth independent PC is factorized and
consists of a product of three terms: a weight coefficient C; and
the normalized amplitudes A ; (@) and f;(v). The total number
of the PCs, N, is equal to the number of the experimental values
of the parameter «. The PCs are ordered in decreasing order:
Cj.1 < Cj. The first PC (j = 1, the component with C; and
amplitudes A;(«) and f;(v)) is the main component and is
very close to the average of the spectra. Only components up
to a certain index j have physical meaning. The scree test [22]
was used to select the significant components and to reject the
so-called noise components—those creating the noise floor.
An example of the applied scree test is in the inset of figure 4.

The behaviour of the output spectrum was analysed at
three measurement configurations. First, the performance of
the experiment was characterized in a situation when no sample
was present in front of the tip and no additional changes
during the experiments were made. The analysis of this
first configuration revealed PCs originating from time-varying
disturbances, such as thermal oscillations (within 1 °C) and air
flow irregularities. Thus, it was possible to identify these PCs
in further experiments and configurations.

In the second experimental configuration, we placed a
single-domain BaTiO; sample close to the 80 x 120 um?
end facet of the sapphire probe. We then varied the tip—
sample distance d and PCA characterization of the output
waveforms of the near-field pattern was accomplished. The
PCA revealed distance dependences of various PCs; their
examples are depicted in figure 4. Apart from the main PC
(j = 1), four other significant PCs can be distinguished. All
of them appear to exhibit universal behaviour which was also
observed when other tips were used. The amplitudes of the
PCs with j > 2 extend up to d ~ 100 um, while the second
PC vanishes much earlier. Further, with the growing j, the
number of oscillations over the measured distance for all A ;(d)
increases, too.

PCA of simulations obtained by using CST MicroWave
Studio®2008 software tool [23] also revealed several PCs
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Figure 4. Characteristic examples of amplitudes A;(d) of the
experimentally obtained output THz pulse depending upon the
tip—sample distance d, for j < 5. Inset: example of a scree test for
determining the noise floor.

depending on the tip—sample distance. A model of a shorter
probe with a 50 x 100 um? end facet was created and fed with a
Gaussian excitation pulse in the frequency range 10-300 GHz.
This lower frequency range was required by the software tool
capabilities with respect to model proportions and extended
meshing. The distance d between the tip and the sample (with
a permittivity ¢ = 56) was then varied across an interval of
100 pem with a step of 4 um. The output pulses yielded by the
simulations were analysed by PCA and five significant PCs
were identified; for comparison with the amplitudes A;(d)
extracted from the experiment, see figure 5. The abscissae were
rescaled to d /vy, where the mean frequency vy, takes on the
values of 0.155 THz and 0.60 THz in the case of simulations
and for the experimental data, respectively. The ratio d/vy,
seems to represent a scale-invariant quantity which would be
independent of the frequency range of the incident pulse. The
explanation of this form of rescaling does not seem to be
straightforward, and it is still a subject of our investigation.
However, in this particular case, its validity appears justified
in view of the similarity of the amplitude curves after rescaling,
see figure 5. One can see that despite the different frequency
ranges and the shapes of the input and output pulses, the
simulations and the experiments give similar results with
respect to the extracted amplitudes A ;(d). Higher-order PCs
withlower C; were observed; however, in simulations, they are
affected by the changing meshing conditions as d was varied,
and they constitute the noise floor. The number of steps made
in the vicinity of the sample is low due to a limitation of the
meshing density and the computational time, but it is sufficient
for comparing the results of simulations with the experimental
data, see figure 5. We can observe that there is a good overall
agreement between amplitude dependences A;(d) extracted
from the simulations and from the experiments.

Finally, it was demonstrated that the output THz pulses
exhibit features related to the anisotropy of the probed samples.
To check the sensitivity of the tip to the anisotropy of a
sample, sample-orientation dependent measurements were
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Figure 5. Comparison of the amplitudes A ;(d) extracted from the experimental and the simulated data sets. The amplitudes are plotted
against the ratio d /vy, where d is the distance between the sample and the end facet of the probe and v,, is the mean frequency of the

frequency range of the output pulse.

performed. In this third configuration, a flat as-grown BaTiO3
single-domain crystal platelet was used, which exhibits a high
anisotropy; its refractive indices are n, = 45, n. = 7.5 in
the THz and microwave frequency ranges [24]. The sample
surface was placed in touch with the probe, perpendicular to
its axis and rotated around this axis by an angle ¢. The output
waveforms were recorded at each orientation. Analysis of
the data revealed a PC which is orientation dependent. A
sinusoidal fit of the amplitude of this PC (j = 3) is shown in
figure 6. The response is m-periodical which means that this
component reflects chiefly the sample anisotropy itself and it is
not related to other raw measurement errors due to, e.g. tilted
sample surface. The PC with j = 2 showed an uncorrelated
behaviour and was assigned to air density fluctuations. Finally,
PCs of j = 4 and j = 5 showed a 2w -periodical behaviour
which is probably due to a small misorientation between the
sample normal and the probe axis.

4. Discussion

The presented results illustrate the typical performance of
the employed near-field THz time-domain imaging method.

While time-dependent perturbations of the measurement
apparatus are undesirable, they can be difficult to avoid
and they will manifest themselves, to some extent, in the
experimental data. Furthermore, although a substantial part
of the generated THz radiation is propagating through the
imaging probe near the location where the sample is placed,
only a small part of it, corresponding to the evanescent
field, depends on the presence and properties of the sample.
Employing the PCA appears to be an efficient approach
for identifying the small individual contributions to the
experimentally obtained waveforms, namely the parts of the
signal due to deliberately varied parameters, systematic and
random errors (i.e. instability of experimental setup and noise,
respectively).

The dependence of the PCs on the probe—sample distance
d shows unexpected behaviour. In the observed tip—sample
distance window of 140 um, the amplitudes A;(d) display
a number of oscillations (no oscillation for A;(d), one
oscillation for A,(d), and so on); they become denser in
d as their order j increases. This result was not only
obtained from the experimental data but also confirmed by
our computer simulations. The good agreement between the
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Figure 6. A sinusoidal fit (solid line) to the amplitude A;(¢p)
(symbols) describing the angular dependence of the output THz
pulses when BaTiO; sample was turned by 2 x 360° (4r). Inset:
scree test showing the five significant PCs.

shapes of the A ; (d) amplitudes obtained from experiments and
simulations shows clearly that this distribution of amplitudes
is a property of the near-field probe itself, and it is not
significantly influenced by its deviations from ideal shape
and electromagnetic characteristics. The second PC A,(d)
appears to have a decay similar to what was shown in recent
absorption measurements using a microstrip-line near-field
THz waveguiding technique [25]. In that work, the evanescent
electric field above THz on-chip waveguides was used to
measure dielectric samples.

Also, we observe that it is difficult to find a correlation
among amplitudes in frequency f;(v) in a given set of
measurements. In view of this observation, it appears that one
can gain information about the complex space and frequency
distribution of the field at the end facet of the probe, butimaging
of a sample surface with a spectral resolution seems a hard task
using this experimental technique.

The results evidencing the sensitivity of the near-field
probe with respect to local anisotropy are, to our knowledge,
the first of this kind. Although the amplitude A3(¢) is not much
higher than the components corresponding to the noise floor
in the experiment, we show that it is possible to distinguish
the orientation of the BaTiO; crystallographic axes from the
output waveforms. This observation also brings the method a
step closer to imaging applications with high spatial resolution
where the contrast among various parts of the samples is
lower than that between a metal and a common dielectric.
Thus, imaging of ferroelectric domains at the scale of tens of
micrometres should become feasible with convenient samples
and probe tip dimensions.

5. Conclusion

We have presented experimental results obtained with our
metal-dielectric near-field probe. These results were further
processed using PCA and components sensitive to the sample
dielectric properties and to the distance between the sample

and the probe were identified. The frequency dependence
of these components is yet unpredictable and this can be a
substantial obstacle for performing spectroscopy connected
with two-dimensional imaging employing this technique. To
improve the sensitivity of the experimental setup, we have
also distinguished and subtracted components originating from
systematic and random errors. The electromagnetic field
localized in the vicinity of the probe tip is well polarized,
therefore characterization of local anisotropy is also possible.
We have investigated a highly anisotropic BaTiO3 crystal and
demonstrated that the probe is sensitive to the orientation of its
domains. The study thus suggests that the probe is potentially
useful for visualization of orientation of ferroelectric domains
with a spatial resolution of tens of micrometres.
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