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Using near-field, terahertz time-domain spectroscopy �THz-TDS�, we investigate how the addition
of a dielectric material into a subwavelength-diameter, cylindrical waveguide affects its
transmission properties. The THz electric near-field is imaged with deep subwavelength resolution
as it emerges from filled and unfilled waveguides. Spectroscopic data measured for waveguides
filled with polycrystalline D-tartaric acid, and with polyethylene and silicon powders, illustrate the
feasibility of this approach for obtaining spectroscopic information from a tiny sample volume.
© 2010 American Institute of Physics. �doi:10.1063/1.3467192�

Terahertz time-domain spectroscopy �THz-TDS�1 has
emerged as an important spectroscopic tool for investigations
of, for example, molecular crystals.2,3 These measurements
are commonly performed on macroscopic samples in the far
field, meaning that their lateral dimensions are typically
much larger than the THz wavelength. The samples must be
this large because the classical diffraction limit restricts the
lateral sample dimensions to values larger than �� /2, which
translates into a value of 150 �m at a typical frequency of
1.0 THz. In practice, these samples must be considerably
larger than this to avoid diffraction/edge effects. It can be
advantageous to perform spectroscopic measurements on a
microscopic scale, as one could measure a very small quan-
tity of material and ensure greater sample homogeneity. To
do so, however, is not trivial. One must satisfy two condi-
tions: high spatial confinement of the field at the point of
measurement and reasonably large signal-to-noise ratio in
the detected signal. One way to achieve confinement of the
field is by using a waveguide.4–8 For example, a parallel
plate waveguide, partially filled with a thin film has been
shown to be very effective for thin film far-field measure-
ments of various systems,9,10 though additional lenses are
required for in- and out-coupling of the THz light.

In this work, we demonstrate a different approach to
waveguide THz-TDS. Free-space THz radiation is focused
onto truncated, �sub�wavelength-diameter, cylindrical
waveguides, which are completely filled with different di-
electric materials. Only THz light that emerges from the
guides and thus must have interacted with the sample is mea-
sured in the near field. We show how the waveguides can be
used to resolve molecular resonances as well as the effective
refractive index from a small volume of a sample, such as
D-tartaric acid �DTA�. Near-field spectroscopic measure-
ments allow for an extremely high, subwavelength spatial
resolution and high sensitivity for measurements of micro-
scopic volumes.

Using near-field, terahertz time-domain spectro-
scopy,11–16 we acquire time- and frequency-domain images,
along with corresponding spectral information for filled and
unfilled waveguides �single, isolated guides, and arrays�. A
schematic drawing that illustrates our near-field measure-
ment technique is shown in Fig. 1. Linearly polarized THz

light is focused onto the waveguide array, while the array
itself is placed in contact with a �110�-oriented GaP electro-
optic detection crystal. The THz light that emerges from the
waveguides is measured in a plane immediately behind the
array, pixel-by-pixel, using a counter-propagating, near-
infrared probe pulse ��=800 nm�.15,16

A microscope image of a filled and unfilled waveguide
within an array is shown in the inset of Fig. 1. The array and
the single waveguide are comprised of �150 �m diameter,
cylindrical holes which were milled in an aluminum plate
having a thickness of �180 �m �waveguide volume
�3.2 nl�. The period of the array is 600 �m. Part of the
array was filled with two different samples: polyethylene
powder �davg=30 �m; Mipelon XM-220, Mitsui Chemicals
America, Inc.� and polycrystalline DTA �T206; Sigma-
Aldrich Co.�, a food additive. The single waveguide was
filled with silicon powder �dmax=45 �m; SI006015, Good-
fellow Cambridge Ltd�. The samples are preground using a
mortar and pestle �excluding polyethylene� in order to reduce
the particle size. To fill the waveguides, they are first closed
on one side with Parafilm® M. The sample is then worked
into the waveguides using a spatula. Samples made in this
way appeared uniformly filled upon inspection with an opti-
cal microscope.

In Fig. 2, we show three images of the x-component of
the THz electric near field for a DTA-filled and unfilled
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FIG. 1. �Color online� Near-field imaging and spectroscopy setup. The SiO2

and Ge layers form a high-reflection coating on the GaP detection crystal for
the counter-propagating probe beam. Inset shows dielectric-filled and un-
filled waveguides �left and right, respectively� within an array.
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waveguide �left and right, respectively� at three different fre-
quencies. The two waveguides are next to each other in a
4�4 waveguide array �period=600 �m�; all data were re-
corded in a single measurement. The incident THz field is
linearly polarized in the plane of the sample, vertical relative
to the image shown. This image shows the canonical TE11
waveguide mode emerging from both waveguides. This is
the dominant mode for a cylindrical waveguide,8 where the
metal that comprises the guide is assumed to behave like a
perfect conductor at THz frequencies. At the lower two fre-
quencies, 0.73 and 0.95 THz, there is significantly more field
emerging from the filled waveguide relative to the unfilled
waveguide, while at the higher frequency, the field distribu-
tions are approximately the same. This is also illustrated in
Fig. 3�a�, which shows the THz electric field as a function of
time from a single pixel in the middle of a polyethylene �PE�
powder-filled waveguide and an adjacent, unfilled waveguide
within an array. These data have been windowed to remove
the etalon reflection from the 300 �m thick detection
crystal.

It may seem counterintuitive that filling a waveguide
with a dielectric medium should increase the transmission.
However, the presence of a dielectric material within a wave-
guide effectively reduces its cutoff frequency according to:
�c�=�c /��R, where �R is the real part of the dielectric permit-
tivity and �c is the cutoff frequency.17–19 This allows more
low-frequency light to be squeezed through the waveguide.
In Fig. 3�b�, we plot the frequency-dependent magnitude of
Ex, calculated from the single-pixel data shown in Fig. 3�a�,
for PE, and for silicon powder in a single, isolated wave-
guide. In each case, the measured THz field was normalized
to the incident field. The oscillations in the spectra originate
from etalon reflections within the dielectric-filled guide. We
note that the two low-frequency oscillations in the PE data
��0.7 and �0.85 THz� are likely artifacts caused by the
application of a temporal window in the time domain, which
is used to remove the etalon reflection from the 300 �m
thick GaP detection crystal. For a high index material like
silicon, the reflections, and thus the oscillations in the
frequency-domain, are much more pronounced. This was
verified with simulations for a single waveguide using CST

Microwave Studio®; a comparison of a simulation for a
single, silicon-filled guide and the measured data is shown in
the inset of Fig. 3�b�. The cutoff frequency ��1.20 THz for
the empty waveguide� clearly shifts to lower frequencies as
the permittivity of the filling medium increases ��R_silicon
�11.7; �R_PE�2.25�, thus substantially improving transmis-
sion at these frequencies. The shift in the spectrum is consis-
tent with earlier work.17 Note that the presence of a dielectric
will change the impedance of the waveguide modes. This
will result in reflections at the input and output of the guide,8

reducing transmission above the cutoff frequency.
The shift in the transmission spectrum for a filled wave-

guide relative to an empty guide is inversely proportional to
the refractive index, n, of the filling medium �n=��R�. The
spectral shifts for silicon and PE powders imply refractive
indices of 1.81 and 1.28, respectively. These values are con-
siderably lower than the bulk values of nSi�3.42 and nPE
�1.5, presumably because the powder samples within the
waveguides are effective media, comprised of air and the
sample powders. Though the Maxwell Garnett model20 only
applies to spherical particles and low filling fractions, using
this approximation, we obtain a rough estimate for the filling
fraction of the PE- and silicon-filled guides: �0.6 and
�0.55, respectively.

The frequency-dependent transmission spectrum for a
waveguide filled with polycrystalline DTA is shown Fig.
4�a�. The spectrum of an empty, adjacent guide within the
array was recorded in the same measurement and is shown
for comparison. Both spectra are normalized to the incident
spectrum. The DTA spectrum represents an average of sev-
eral pixels near the middle of the waveguide. Several dips in

FIG. 2. �Color online� THz electric near-field, �Ex�, normalized to the in-
coming field, as it emerges from two adjacent waveguides within an array
�P=600 �m�. The waveguide on the left is filled with DTA while the one
on the right is empty. Scan area: 1200�400 �m2. Bright �dark� color cor-
responds to high �low� electric field amplitude. Data were acquired in a
nitrogen-purged environment.

FIG. 3. �Color online� �a� Ex, measured in the near field, as it emerges from
PE-filled and unfilled waveguides within a 4�4 array �P=600 �m;
d=150 m�. �b� Ex spectrum, normalized to incoming field, for silicon-filled,
PE-filled and empty waveguides. Inset compares spectrum for silicon-filled
waveguide with simulation. Silicon data are from a single waveguide
�d=150 �m�. All data were acquired in a nitrogen-purged environment.
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the spectrum are indicated, the strongest being at 1.10 THz.
These are not water lines, as the measurement was performed
in a nitrogen-purged environment. In fact, these spectral fea-
tures are resonances corresponding to intermolecular vibra-
tional modes.2 This is shown in Fig. 4�b�, where we plot the
frequency-dependent absorption for a pressed pellet, com-
prised of 70% PE and 30% DTA, measured in a “quasi near
field” setup.3 The positions of the four resonances in the
waveguide data show very good agreement with these data,
as well as with those previously reported in the literature.2

An important distinction between the DTA data shown in
Fig. 4 and previous works is that here, these resonances are
clearly resolved in a pure sample, which has not been mixed
with a binding agent �i.e., PE powder� or otherwise manipu-
lated. The fact that we can clearly observe resonances in
such a tiny amount of material, as well as a shift in the
waveguide cutoff which is proportional to the refractive in-
dex of the material, illustrates the possibility of using this
technique to perform near-field, spectroscopic measure-
ments. Using a waveguide can be advantageous because it is
relatively easy to fill and one can immediately determine the
refractive index. We note that for spectroscopic measure-
ments, it is not necessary to record an entire two-dimensional
image, though doing so is useful for verifying sample homo-
geneity. The fact that we use a truncated waveguide mini-
mizes loss and ensures relatively high transmission. Measur-

ing in the near field also provides us with the sensitivity
required to measure the nonpropagating evanescent fields be-
low the cutoff frequency. A comparable measurement in the
far field, on such a tiny volume, would be almost impossible.
Placing the sample into a waveguide and measuring in the
near field ensures that the entire measured THz field has
interacted with the sample.

Our preliminary results establish proof of principle for a
near-field approach to waveguide TDS. Though we have
only considered cylindrical waveguides in this work, differ-
ent waveguide geometries, such as squares or slits, could be
more advantageous. Since these are near-field measurements,
the volume of the guides and thus, the sample volume, can
be significantly reduced. Shorter waveguides, for example,
would allow more transmission below the cutoff frequency,
allowing us to decrease the waveguide diameter, and thus the
sample volume, even further.21
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FIG. 4. �a� Near-field Ex spectrum for DTA-filled and unfilled waveguides,
which are adjacent to one another within a 4�4 array �P=600 �m;
d=150 �m�. Data were acquired in a nitrogen-purged environment. �b�
Absorption spectrum for DTA+PE pressed pellet �30:70 mass ratio�, re-
corded in quasi near field setup �see Ref. 3�. The uncertainty in the position
of the absorption lines in �a� and �b� is approximately + /−50 GHz.
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