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Micro-strip-line-based sensing chips for characterization

of polar liquids in terahertz regime
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We have developed embedded thin-film micro-strip-line-based sensor chips working in terahertz
regime. In the chip, terahertz waves are generated and detected with femtosecond optical pulses
accessed from the back side of the chips. Moreover, the spectroscopic sensitivity can be freely
adjusted by changing the thickness of a polyimide cover layer. They make it easy to measure polar
liquids. The measurement of water is demonstrated with spectral range from 30 GHz to 1-1.5 THz,
where the upper limit depends on the thickness of the cover layer. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2207989]

Recent remarkable progress in the technologies for emit-
ting and detecting terahertz waves has enabled us to charac-
terize various materials in terahertz range. As a sensing tech-
nique with terahertz waves, the transmission free-space
terahertz spectroscopy has widely spread. However, it is in
general difficult to characterize polar liquids because of their
strong absorption, while the reflection geometry needs a
rather complicated specimen cell.' To overcome the diffi-
culty, the attenuated-total-reflection method has been devel-
oped recently.2

Waveguide-based sensor chips which are used in giga-
hertz range3’4 are also promising way to detect polar liquids.
To realize the sensing method in terahertz range, solid state
transmission lines are desired, which justly conduct down-
sizing and functionalization being obviously important is-
sues in terahertz technologies. A few pioneer works of such a
technique have been reported.G’7 In particular, Nagel er al.
have proposed a thin-film micro-strip-line (MSL)-based
sensing technique with a resonator which would be excellent
to detect a DNA hybridization at femotomolar levels.’

In this letter, we propose embedded MSLs where MSLs
are covered with a polymer thin film, possessing a further
significant merit: the controllability of the interaction be-
tween specimens and the terahertz waves. It is particularly
effective for the measurement of polar liquids as will be
demonstrated. In addition, our device is designed so as to
allow optical access from the back side of chips. Such a chip
would open a new door to more general-purpose sensing
with terahertz waves applicable to various polar materials.
We demonstrate the terahertz spectroscopic performance of
developed embedded thin-film MSL-based sensor chips by
measuring the water.

The basic structure of the embedded MSL is schemati-
cally depicted in Figs. 1(a) and 1(b). As the ground plane, a
0.2-um-thick Au film was deposited on a glass substrate. In
the film, small holes were opened to allow the optical access
from the back side of the chip. The commercial polyimide
(PT) precursor (TORAY Semicofine, SP-483) was spin coated
and thermally cured to form a transmission layer with 20 um
thickness. Then, small pieces of low-temperature-grown
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GaAs thin films, which are used as the photoconductive (PC)
switches, were placed on the PI layer by the van der Waals
bonding technique. The distance between the PC switches is
1 mm. A 20-um-wide signal line made of Au was formed
using conventional photolithography and lift-off method. Fi-
nally, as a cover layer, PI is again coated. We have prepared
four kinds of chips where the thicknesses, d’s, of the PI cover
layers are 3, 7, 10, and 12 um, respectively. The d’s are
determined by measuring the thicknesses of PI films formed
on GaAs substrates with the same condition as those for the
present chips after the cleavage of the GaAs substrates. But
we notice that a deviation from the true thickness might oc-
cur. For the measurement of water, a polyethylene vessel
with an inner diameter of 6 mm (capacity of 0.14 cm™) was
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FIG. 1. (a) Schematic view of the MSL structure in the developed chip.
Polyethylene vessel is not drawn. (b) Cross section of the MSL. (c) Photo-
graph of the sensor chip.
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FIG. 2. Time evolution of terahertz pulses with and without water.

glued on the chip in a way that it involves the whole sensing
region including the PC gaps as shown in the photograph
[Fig. 1(c)].

Terahertz pulses were generated at a PC switch biased
with 40 V and excited from the back side of the chip by
optical pulses from a mode-locked Ti-sapphire laser with a
central wavelength of 810 nm and duration of 200 fs at a
pulse repetition rate of 76 MHz. Terahertz pulses propagat-
ing along the transmission line were then detected by another
PC switch triggered by time-delayed pulses of the laser.

In Fig. 2, terahertz wave forms with and without water
(denoted as reference) are shown. The peak intensities of all
reference signals are normalized to 1. In each reference sig-
nal, parasitic peaks are observed about 12 ps after the arrival
of the main pulses. By using roughly estimated effective re-
fractive index negef(1.6—1.7) of an unloaded transmission
line as mentioned below, the retardation corresponds to a
2 mm length propagation. Therefore this anomaly can be as-
cribed to an extra terahertz pulse reflection between the PC
switches. Terahertz wave signal is attenuated heavily by the
water and becomes broader compared to reference one. The
wave form of the chip with d=7 wm for the water is almost
identical to that with d=10 um. This indeed indicates that
the thicknesses of the PI cover layer for both chips are closer
than the designed value albeit our careful fabrications, and
that a more sophisticated technique for the stable thickness
control is needed. Considering that the terahertz pulses in
Figs. 2(b) and 2(c) are representing that of a chip with d
ranging from 7 to 10 um, the peak intensity is successively
reduced with decreasing d. It is accompanied by the more
delayed time from the reference signal and the more broad-
ened wave form. These facts strongly suggest that the inter-
action between the water and the terahertz waves can be
certainly controlled by slightly changing the d: the thinner
the PI cover layer is, the stronger the water induced absorp-
tion of terahertz waves is.

The frequency dependencies of the variation of n.g due
to the water An.g,, and the amplitude absorption coefficient

Qfr,, Of the water are determined as
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FIG. 3. (a) Angg,,(p and (b) acg,,(f) for chips with d=3,7~ 10, and 12 um.
Symbols are the experimental results. Solid and broken curves are numerical
estimations using two simple methods.
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where E, (f) [E.(f)] means the complex terahertz electric
field in the frequency domain with water (reference), A¢ the
phase shift of E,, from E ., L is the sensing length of 1 mm,
and c the speed of light. The symbols shown in Fig. 3 are
thus obtained Ancg, (f)’s and e, (f)’s. The spectral range
is from 30 GHz up to about 1.5 THz where the upper fre-
quency is limited down to 1 THz in the chip with d=3 um
as demonstrated by the downward deviation of a.,, above
1 THz. The deviation can be ascribed to the Fourier trans-
formed spectra for f>1 THz being near to the noise floor
(not shown). The Aneg,,(f) and g, (f) for d=7-10 pum are
represented by those with d=10 um, as the almost identical
terahertz signals of water between the chip with d=7 um
and that with d=10 um lead to the same Angg,(f) and
et (f). The small upturn occurs in Ang,,(f) with decreas-
ing frequency, which is conspicuous with decreasing d and
reflects the dispersion of the refractive index of the water.
Going from the chip with d=12 um to that with d=3 um,

@t (f) evolves over the measured frequency range. The
Angy,’s and agg,,’s being smaller than the reported Values
(~1.15=n,,e;— 1y, and ~110 cm™'at 1 THz, for example)'
for the water, result from the reduced interaction with tera-
hertz waves in the present chip. Furthermore, d dependencies
of Ang,, and a.g,, significantly imply the controlled inter-
action between the water and the terahertz waves.

Although no fully satisfied analytical expressions for
terahertz transmission properties of MSLs exist, the
Anege,(f)’s and e, (f)’s have been evaluated by two simple
methods: the adjusting of values determined by terahertz
spectroscopy with a constant multiplication factor, A, and
the utilization of formulas applicable to gigahertz range. The
values calculated by the first method are represented by solid
curves in Fig. 3 for A=1/3.3, 1/5.5, and 1/9 that are chosen
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1
L

Downloaded 14 Jun 2007 to 133.41.149.126. Redistribution subject to AIP license or copyright, see http //apl aip.org/apl/copyright.jsp



212511-3 Ohkubo et al.

to reproduce the g, (f)’s well. The A’s are consistent with
those obtained from a result by a finite-difference time-
domain calculation. For Angg ., the refractive index of the air
is subtracted before the multiplication. According to the
second method, for a multilayer MSL containing a transmis-
sion layer (complex dielectric permittivity:ssi, thickness: h
=20 um), cover one (e:;i, d) and specimen one (e:, ),
Aneg,(f) and e, (f) caused by the dielectric loss can be
calculated as follows:™

Aneff,w(f )=\ E:ff ) = neff,ref(f)’ (3)
=Re €dicq — iﬂﬁ —Negrre(f)s (4
1,eq 1 + P(f) eI, re:
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where ngg . (f) is \ e (f) with €.=1, P(f) represents the
structgral dispersion, ~ € q and € are the real part of e;i’eq
and e, respectively, N is the wavelength in free space, g is
the filling factor,® € is the vacuum permittivity, Cj, is calcu-
lated by substituting €, =€, =1 to Eq. (8), and F(8) is given
by Yamashita."' These equations are derived by reducing
multilayer structures to an equivalent single layer MSL com-
bined with the structural dispersion and applicable up to
100 GHz.*’ The unit of a,,(f) is dB/unit length. The €j; of
PI was tentatively fixed as a dispersionless and absorption-
less (measured tan & is only about 0.03) constant value of
2.89 which is preliminary determined by our free-space tera-

hertz spectroscopic system. The broken curves in Fig. 3 are
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thus calculated Angg,,’s and ag,,’s for each chip. In the case
of the chip with d—7~ 10 um, the averaged value of 8.5 um
is used. As shown in Fig. 3, both methods semiquantitatively
explain the experimental Ang,’s and a.,,’s. Especially
@efr,(f) can be reproduced rather well including the fre-
quency dependence, while the deviations in Anyg,(f)’s re-
main large even if other A’s have forced a smaller residual in
the first method. Although the origin of the deviations in
Angy’s is not clear at present, we note that a.g(f) would
give sufficient guidelines in the characterization of polar
materials.

In conclusion, we have developed embedded thin-film
MSL-based sensor chips working in terahertz regime and the
demonstration was performed by measuring the water. The
sensitivity can be easily controlled by adjusting the thickness
of the PI cover layer. In our developed sensors, the optical
access from the back side of chips is achieved. Since in
principle the light pulses can be delivered with optical fibers
for emitting and detecting terahertz waves, these kinds of
chips may be a good candidate for remote sensor heads of
the terahertz spectroscopy systems.
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