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Abstract. We report the propagation characteristics of
THz pulses on micro-strip-lines and coplanar strip-lines, in
which low permittivity polymer materials are used as the
dielectric layer or the substrate. As a result of the low
attenuation and small dispersion in the devices, the spec-
tral width up to 3 THz can be achieved even after the 1 mm
propagation. Spectroscopic characterizations of liquid or
powder specimens are demonstrated using the devices. We
also show a possibility of realizing a very low attenuation
using a quadrupole mode in three strip coplanar lines on
the polymer substrate.
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1. Introduction

Time domain spectroscopy (TDS) is one of the impor-
tant applications of THz electromagnetic waves generated
and detected using femtosecond (fs) laser pulses. Though
the present THz TDS systems utilizing THz waves propa-
gating in free space work quite well, it is desired to
integrate it in a solid state chip to make the system more
compact and functional. Waveguides suitable for such high
frequency electromagnetic waves are the printed strip lines
such as micro-strip-lines (MSLs), and coplanar-strip-line
(CPSs).

Generation of ultrafast electrical pulses by fs laser
pulses in semiconductor strip-lines has a history since 80's
[1-5]. Though MSL structures were considered originally
[2], [3], the efforts soon shifted to CPSs, mostly because of
the easiness of fabrication keeping the quasi-single mode
propagation and the characteristic impedance close to
50 Q [4], [5]. Then, numerous investigations have been
carried out to characterize and improve the performance of
the CPSs. A spectroscopy of powder specimen was also
demonstrated, though the frequency was limited below
1 THz [6]. In most of the experiments, the CPSs were
formed on ion-dosed silicon or low-temperature-grown
(LTG) GaAs substrates, which themselves serve as the

photoconductive (PC) material having sub-ps response
time used for the generation and detection of THz pulses.
Semiconductor-based CPSs, however, suffer from a large
attenuation and dispersion. The dominant loss mechanism
in THz range is the radiation of energy as a shock wave [7].
Since they come from the difference in the permittivity
between the substrate and the air, it is desired to use low
permittivity substrate. Though a silica-based membrane
was presented in the previous work [8], it is not simple in
fabrication and not very robust mechanically. On the other
hand, in 1997, a low loss and small dispersion propagation
was reported using the MSLs with 10 um-thickness dielec-
tric layer based on low permittivity polymer materials [9].
It was also demonstrated that the MSLs can be used as
a sensitive label-free detector of DNA molecules, by using
a resonator structure in the MSL, though the spectral range
of the devices was still in sub-THz range [10].

In this paper we report the propagation characteristics
of THz pulses on MSLs and CPSs, investigated computa-
tionally and experimentally. In particular, we show that, by
the use of low-permittivity dielectric materials, they can
support the propagation of electrical pulses whose spectra
reaching 3 THz for a distance as long as 1 mm. As an
application of these devices, also we demonstrate the THz
spectroscopic characterization of liquid and powder speci-
mens [11-13]. In addition, we show that even lower
attenuation can be realized in quadrupole mode in three-
strip CPS (TSCPS) on low permittivity substrate.

2. Devices, Measurement, and
Simulation

2.1 Device Structures and Fabrication
Procedures

Fig. 1(a) shows the cross-sectional birds-eye view of
the MSL devices [11]. On an Au-deposited glass substrate,
a polyimide film (TORAY; SP483, ¢ ~3.2) of 10~20 pum
thickness was formed by spin-coating and curing the
precursor. On the dielectric, a piece of LTG-GaAs of
800 nm thickness was Van der Walls bonded, and mesa
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etched to 40x100 um? rectangles used as the PC switches
for the generation and detection of THz pulses. The dis-
tance between the generation and the detection PC switches
is 1 mm. Then a 20 um wide and 200 nm thick Au line was
defined by a conventional lift-off technique to form a MSL
structure, with biasing and probing lines at the positions of
the PC switches. To enhance the adhesion, a 5 nm thick Ti
was inserted between the polyimide and Au. One of the
ends of the line is electrically opened so as to serve as
a reflector used for the evaluation of the propagation con-
stants. In the devices used in the measurement of liquids,
the line was covered by an additional polyimide layer of
10 um thickness and a vessel made of polyethylene was
formed on it. Also, for the optical excitation of the PC
switches from the substrate side, small holes were prepared
in the Au ground plane at the position of the PC switches.
The dielectric constant and the loss of the polyimide film
were measured with a conventional THz TDS system and
shown in Fig. 2(a). For the measurement, a polyimide film
of about 300 um thickness was separately prepared simply
by dipping the precursor to a frame and curing it. Hence,
the quality of the film could be different from that used in
the MSL devices. However, as shown later, the experimen-
tal results are consistently explained.
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Fig. 1. Structure of the MSL (a), CPS (b), and TSCPS (c)
devices used in this work.

The fabrication of CPSs or TSCPSs is even simpler [13].
On a dielectric substrate, a pallarel-line pattern made of
Ti/Au (same thickness as MSLs) was fabricated with PC
switches made of LTG GaAs in the same way as the MSLs.
The CPS and TSCPS patterns used in this work are de-

picted in Fig. 1(b) and 1(c), respectively. Both the line
width and the space between the lines are 20 um. As the
low permittivity substrates, we used commercial polyer
plates (PAX; Tsurupica, or ZEON; ZEONEX, & ~2.3). In
our experiments, no difference was found between the two
products. We also tested the CPSs and TSCPSs made on
quartz and sapphire substrates for comparison. In the sap-
phire CPS, the distance between the generation and the
detection CPS is 0.5 mm and that in the quartz and polymer
CPSs is 1 mm. The properties of the substrates are shown
in Fig. 2(b).
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Fig. 2. Properties of the (a) polyimide film and (b) substrates

used in this work. The filled and open symbols are the
real part of the permittivity and tand, respectively. In (b),
the squares, diamonds, and circles correspond to the
sapphire, quartz, and polymer substrates, respectively.

2.2 Measurement and Simulation

The setup for the measurement of THz pulses on the
strip-lines is basically the same as that of conventional THz
TDS systems. The THz pulses were generated by exciting
the dc-biased PC switch with fs optical pulses, which was
delivered from a mode-locked Ti-Sapphire laser. The pulse
width, the center wavelength, and the repetition rate are
about 200 fs, 800 nm, and 76 MHz, respectively. The sig-
nals propagating along the lines were lock-in detected as
the average current in the detector PC switch, which was
excited by the laser pulses with various delay time from the
THz generation. A fiber laser whose pulse width is about
60 fs was also used as the light source with a second har-
monic generator. The experimental results shown below
were obtained using the Ti-Sapphire laser, unless otherwise
specified.
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The propagation constants (attenuation and effective
index of refraction) were evaluated experimentally in the
following way [13]. A THz pulse generated at the PC
switch propagates along the line, passes by the detector,
and arrives at the open end, where it is reflected and
propagates backward passing by the detector again. Hence
we can observe the pulse twice. From the two peaks curved
out from the time-domain trace the amplitude and the phase
spectra were calculated by the Fourier transformation.
Then we can evaluate the change of the spectra due to the
propagation and reflection. Using such spectra obtained
with the devices of different length L between the detector
and the open end, we can eliminate the effect of the
reflection and calculate the propagation constants, as far as
the reflection properties are not different between the
devices of the same type, which may be justified as they
are determined by the well-controlled lithographic process.
In this method, possible variations of the generation and
detection characteristics can be canceled out.

The propagation of THz pulses was simulated using
a finite-difference time-domain (FDTD) software (Mizuho
RI; Emerge). In the simulation, the conductance of Au was
assumed to be 4.5 x10” Q'm™!, which is close to the meas-
ured value, ~3 x10” Q'm™ of a film deposited on the poly-
mer. The polymer, quartz, and sapphire substrates and the
polyimide film were assumed to have a constant permit-
tivity, 2.3, 4.5, 10.8, and 3.2, respectively. They were also
assumed to be loss-free so that the diclectric loss was not
considered in the simulation.

3. Micro-strip Lines

3.1 Propagation Characteristics

Shown in Fig. 3 is an example of the time domain
traces observed in the MSL device of L =2 mm. In this
experiment, the fiber laser was used as the light source. As
mentioned above, the pulse was detected twice. Note that
the two peaks are well resolved, indicating the small distor-
tion during the 4 mm-propagation and reflection. In this
particular case, two peaks were carved out from the trace
as the one from 0 to 35 ps for the first peak and that from
35 to 70 ps for the second peak. Depicted in the inset is the
amplitude spectrum of the first pulse, demonstrating that
the spectral range reaches 3 THz. The attenuation constant
and the effective index of refraction were evaluated using
the devices of L =1 and 2 mm, and plotted as functions of
frequency by the filled circles in Fig. 4. In the figures, the
results of the FDTD simulation were also plotted by the
open squares.

The attenuation evaluated experimentally increases
with frequency and exceeds 1 mm™ at 1.2 THz. The experi-
mental values are obviously higher than those of the FDTD
simulation and the deviation increases with frequency.
Shown by the solid line is the prediction of the attenuation
due to the conductor loss based on the analytical formula

used in microwave regime [8], [14]. The formula repro-
duces well the FDTD result. Hence, as a possible cause of
the additional attenuation, we estimated the attenuation due
to the dielectric loss also with a formula used in microwave
regime [14] using the values of tand shown in Fig. 2(a).
The results were plotted by the open circles. Though the
estimated values undulate due to the influence of the
interference in the measurement of tano, they can account
for the experimental results. Hence, the additional attenua-
tion is most likely to stem from the dielectric loss of the
polyimide film. However, further investigation may be
necessary since the variation of polymer thickness can also
cause the attenuation.
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Fig.3 An example of the time-domain trace observed in the
MSL device of L =2 mm. The inset shows the amplitude
spectrum of the first peak.
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Fig. 4 (a) Attenuation constant and (b) effective index of refrac-
tion associated with the propagation of the THz pulses
along the MSL. The filled circles and open squares repre-
sent the experimental and FDTD results, respectively.
The solid line and the open circles in (a) are the values
estimated using the analytical expressions used in micro-
wave regime with the measured conductance of the metal
line and the tand of the polyimide film. The solid line in
(b) is the prediction based on the model used in micro-
wave regime.
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In contrast, the experimental result of the effective in-
dex of refraction is consistent with the FDTD simulation.
The slight decrease with frequency in the experimental
result comes from that in the dielectric constant shown in
Fig. 2(a). It should be noted that the dispersion is very
small in the range up to 1.2 THz. A formula for the disper-
sion used in microwave regime [15] was also compared as
shown by the solid line and found to reproduce well the
experimental and FDTD results within the frequency range
shown here. However, though not shown here, we also
found that a small but apparent deviation from the FDTD
values shows up in the range higher than 1 THz.

3.2 Spectroscopy of Liquid Specimen

One of the weak points in the THz TDS is the large
attenuation of the THz waves in polar liquids, while the
important phenomena such as the libration of liquid mole-
cules and the hydration dynamics in aqueous solution
appear in THz regime. As one of the way to solve the
problem, we tested the use of the MSL device for the
spectroscopy of polar liquids [11]. For such purpose, to
control the interaction between the THz waves and the
specimen, we used the MSL in which the signal line was
covered by a 10 um-thick spacer layer.

Depicted in Fig. 5(a) are the time domain traces and
the amplitude spectra of the signals with and without water
on the MSL. The narrower spectral width in comparison
with Fig. 3 is likely to be due to the difference of the pulse
width of the laser. In Fig. 5(b), the attenuation constant of
the water was plotted as a function of frequency. Since the
attenuation constant of the bulk specimen can not be
measured directly in the MSL, the values were converted
through a comparison with the results obtained in
an attenuated total reflection (ATR) method. Details of the
conversion procedure have been reported elsewhere [16].
In the figure, reported values [17] were also plotted for
comparison. The good correspondence suggests merely
that the ATR measurement was successful. However,
an important fact is that, in the MSL, the attenuation can be
measured continuously from microwave to THz range,
without the discontinuity seen around 0.5 THz in the report
which merges the results obtained in the separate experi-
ments. In addition, it is possible to extend the present de-
vice as a remote sensor head by using optical fibers for the
delivery of excitation pulses, enabling, for example,
a measurement in a liquid.

Shown in Fig. 6 is the change in the attenuation with
the immersion of bovine-serum-albumin (BSA) molecules
at various densities [12]. With the increase of the density,
the attenuation decreases because of the capturing of the
free water molecules due to the hydration of albumin mole-
cules. The change is almost linear with density. Further
analysis may give us an insight into the dynamics of the
hydration.
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Fig.5 (a) Amplitude spectra with and without water on the
MSL. The inset shows the observed time-domain traces.
(b) The filled circles are the attenuation constant of water
evaluated from the spectra shown in (a) after acon-
version to the bulk values. The open circles are the
reported values.
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Fig.6 Change in the attenuation with an immersion of albumin

molecules in the water. The attenuation was not
converted to the bulk values.

4. Coplanar Strip Lines

4.1 Propagation Characteristics

Fig. 7 shows the time-domain traces observed in the
CPSs of L =1 mm on the sapphire, quartz, and polymer
substrates [13]. Each trace was normalized by its peak
value. Similarly to the case of the MSL shown in Fig. 3,
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ell-resolved two peaks corresponding to the first and
second passage of the THz pulses at the detector were
observed in all the devices. However, the decrease in the
peak height and the distortion of the pulse shape are
obviously larger in the sapphire CPS in comparison with
the polymer CPS, indicating the higher attenuation and
larger dispersion in the CPS on the substrate of high
permittivity.
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/\,\quartz ]

sapphire

Signal [a.u.]
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Fig. 7 Examples of the time-domain trace observed in the CPSs

made on the polymer, quartz, and sapphire substrates.
The distance L between the detector and the end of the
line is 1 mm. Each trace was normalized by its peak
value and shifted vertically for clarity.

The attenuation and the effective index of refraction were
plotted as functions of frequency by the filled symbols in
Fig. 8. In comparison with the sapphire CPS, of which the
permittivity of the substrate is close to that of the semicon-
ductors such as GaAs and Si widely used in the previous
experiments, the attenuation in the polymer CPS is an order
of magnitude smaller. The experimental results are qualita-
tively consistent with the predictions by the FDTD simula-
tion shown by the open symbols. In particular, the agree-
ment is very good in the polymer CPS. The reason for the
rather large discrepancy in the quartz CPS is not clear at
present. Depicted by the lines are the prediction based on
the formulas for the attenuation due to the conductor [18]
and radiation [19] losses. The attenuation in the high fre-
quency regime, f > 0.3, 0.5, and 1 THz in the sapphire,
quarts, and polymer CPSs, respectively, is dominated by
the radiation loss, while it is done by the conductor loss in
the low frequency regime. It is obvious that the radiation
loss is suppressed by the use of low permittivity substrate.
In addition, the conductor loss is also low in the low
permittivity CPS, which is because of the high characteris-
tic impedance of the transmission line. As a result of these,
the attenuation as low as 0.2 mm™' was realized in the poly-
mer CPS, and the spectral range reaching 3 THz was
achieved as shown in Fig. 9. Another important informa-
tion may be that the analytical formulas used in microwave
regime can predict the attenuation, particularly for the CPS
on the low permittivity substrate. The deviation of the
prediction based on the analytical model from the FDTD
results comes mostly from that in the characteristic im-
pedance, or equivalently the effective dielectric constant as
seen in Fig. 8(b).
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Fig.8 (a) Attenuation constant and (b) effective index of

refraction associated with the propagation of the THz
pulses along the CPS. The filled and open symbols
represent the experimental and the FDTD results,
respectively. The solid lines are the prediction based on
the analytical formulae used in microwave regime.

In the effective index of refraction shown in Fig. 8(b),
a very small dispersion is observed in the polymer CPS.
The FDTD simulation also explains rather well the experi-
mental results, particularly in the polymer CPS. Also noted
is that both the FDTD and experimental results are well
predicted by the analytical formula [20] for the low-permit-
tivity CPS. The deviation tends to be large in the CPS on
the high permittivity substrates, indicating that the analyti-
cal model is not suitable. One of the big differences
between the model and the present case is the type of the
excitation, i.e. continuous wave or very short pulse. Indeed,
for example, the propagation characteristics are dependent
on the substrate thickness in the model, while no clear
difference was found in the FDTD simulation on the
present experiments.

4.2 Spectroscopy of Powder Specimen

As a test of a spectroscopic application of the polymer
CPS, we measured the attenuation due to the presence of
powder specimens. In the measurement, a powder speci-
men was placed on the lines and covered by another poly-
mer plate, which was pressed by a screw to enhance and
stabilize the interaction between the specimen and the THz
field. Examples of the amplitude spectra were shown in
Fig. 9 for the case of biotin. The absorption lines are
clearly observed up to 2 THz at the frequencies which
agree quite well with a reported [21], indicating that the
low permittivity polymer CPS can be used as a compact
head in THz TDS systems.
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4.3 Three Strip Coplanar Lines

As shown in Fig. 8(a), the attenuation in the high
frequency regime f >1 THz increases rapidly due to the
radiation loss even in the polymer CPS. To expand the
usable frequency range, a further effort to reduce the
radiation loss is necessary. One of a possible way is to use
the quadrupole field mode on TSCPSs originally proposed
in 1997 [22]. In their work, though the suppression of the
radiation was clearly demonstrated, the attenuation was not
very low since a silicon substrate was used. Hence, it may
be promising to use the quadrupole mode with our low
permittivity substrate.
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Fig. 9 Amplitude spectra observed in the polymer CPS with and

without the biotin powder on the lines. The arrows
indicate the positions of the absorption lines reported in
the literature.

In the TSCPS device as shown in Fig. 1(c), by changing
the polarity of the bias applied to the three lines, both the
dipole and quadrupole modes can be excited [14]. Shown
in Fig. 10 are the attenuation constant and the effective
index of refraction evaluated experimentally. In the dipole
mode both on the polymer and quartz TSCPS (open sym-
bols), the frequency dependence is nearly the same as in
the two-line CPS, shown in Fig. 8(a). The attenuation is
dominated by the conductor loss in the low frequency re-
gime and by the radiation loss in the high frequency regime,
with the values higher in the quartz TSCPS than in the
polymer one. Obviously the attenuation is lower in the
quadrupole mode both in the polymer and quartz TSCPSs
in the frequency range where the radiation is the dominant
loss in the dipole mode. As expected, both the radiation
and conductor losses are suppressed by the use of the low
permittivity substrate also in the quadupole mode. How-
ever, the experimental values are higher than those of the
FDTD simulation shown by the triangles. Though the rea-
son of the discrepancy is not clear at present, it could be
due to the asymmetry of the quadrupolar field distribution
caused by the imbalance between in the photo-excitation of
the two PC switches of the THz generator. In comparison
with the results shown in Fig. 8, the attenuation due to the
radiation in the dipole mode is higher in the TSCPS. This
is because the total width of the lines corresponding to the
dipole length is larger (100 um) in the TSCPS than in the
CPS (60 pum). The same effect can be expected also in the
TSCPSs.

Attenuation [/mm]

0.1 o
Frequency [THz]
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Effective index of refraction

T —
Frequency [THz]

Fig. 10 (a) Attenuation constant and (b) effective index of
refraction associated with the propagation of the THz
pulses along the TSCPSs. The filled and open circles are
the results of the quadrupole and dipole modes on the
polymer TSCPS, and the filled and open squares are
those of the quadrupole and dipole modes on the quartz
TSCPS, respectively. In (a), the solid and broken lines
represent the /> and £ dependencies respectively, and
the filled triangles denote the result of the FDTD
simulation.

Hence, optimizations of the device design as well as the
proper excitation are expected to lead to a very low at-
tenuation in the THz range. The dispersion is also smaller
in the quadrupole modes both in the quartz and polymer
TSCPSs. In particular, no variation was observed within
the experimental precision in the measured frequency
range.

5. Summary

We have investigated the propagation of THz electri-
cal pulses on the micro-strip lines (MSLs) and coplanar
strip-lines (CPSs) utilizing low permittivity polymer mate-
rials as the insulator or the substrate. In both types of the
devices, THz pulses whose spectra reach 3 THz can be
guided in the propagation as long as 1 mm. It was demon-
strated that the devices can be used as compact spectro-
scopic sensor heads for liquid or powder specimens. In the
present MSLs, the attenuation was found to be larger than
the predictions taking only the conductor loss into account,
most likely due to the dielectric loss in the polymer insula-
tor. In contrast, the attenuation in the CPSs was explained
quite well by the conductor loss in the low frequency
regime, and by the radiation loss in the high frequency
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regime. The dispersion is very small in both types of the
devices. The attenuation can be reduced by a use of the
materials of lower loss in the MSLs and by the use of
quadrupole modes in the CPSs, as partly shown in this
work. With such improvements, the strip-line devices are
expected to be a powerful tool in the future THz
technology.
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In the above-mentioned paper in Radioengineering Journal, vol. 17, no. 1, April 2008, page 36, an error occurred.

The correct reference to [1] is the following:

[1] CIAIS, P., STARAIJ, R., KOSSIAVAS, G., LUXEY, C. Design of an internal quad-band antenna for mobile phones. /EEE Microwave and Wireless

Components Letters, April 2004, Vol. 14, no. 4, p. 148 - 150.

Thanks to all who have notified the authors of errors in the text.



