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Abstract—We demonstrate ‘through-substrate’ sensing of
fluids for application in the terahertz spectroscopy of biological
materials. This technique employs planar Goubau lines with
integrated photoconductive material, formed on a flexible, thin
polyimide substrate, and bonded to a microfluidic channel. Few-
picosecond pulses are used to probe liquid samples confined
within the channel, over a total interaction length of 4 mm,
overcoming water-absorption limitations of free-space terahertz
transmission measurements.

I. INTRODUCTION AND BACKGROUND

IN recent years, free-space terahertz time-domain spec-
troscopy (THz-TDS) has become a well-established spec-

troscopic research tool. One particular application of increas-
ing interest is the study of bio-molecular dynamics that occur
on nanosecond to femtosecond timescales [1]. However, the
strong absorption of THz signals in aqueous solutions imposes
restrictions on the maximum sample thickness which may be
measured, and limits correspondingly the interaction length
between the sample and the probing THz radiation. On-chip
THz devices, integrated with microfluidic systems, offer a
potential solution [2]. Here, a THz pulse is generated at
a substrate surface via laser excitation of embedded biased
photoconductive switches (PCS). The pulse then couples
into, and propagates along, a lithographically defined planar
waveguide. The electric field associated with the THz pulse,
which is confined to within 10’s of microns of the substrate
surface [3], can interact with the liquid under test (LUT) over
long (mm) distances, whilst experiencing significantly reduced
attenuation.

Microfluidic systems allow liquid manipulation on a sub-
millimetre scale, thereby reducing the volume and cost of an-
alytes [4]. At these length scales, interfacial forces, surface ten-
sion, and capillary forces dominate over gravitational forces,
resulting in predictable laminar flows that allow spectroscopic
information to be obtained, without turbulence and bubble
formation interfering with measurements [5]. However, when
integrated into on-chip THz devices, microfluidic channels can
introduce time-domain reflection of a THz signal — from
locations at which the channel crosses the transmission line
— owing to abrupt changes in the local effective impedance.
In this work, we introduce an alternative arrangement in which
the fluidic channel is positioned on the other side of the
substrate relative to the waveguide position. This removes
restriction on the positioning of the microfluidic channel,
which would otherwise be limited by the location of the
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Fig. 1. (a) Schematic of a 2-mm-long reflection device showing the Ti:Au
PGL aligned parallel to the microfluidic channel. The dark square shows the
position of the LT-GaAs. (b) The cross-section of the device in (a), the dark
circle represents the radial THz-field.

PCS and electrical connections, and while also removing
the interfacial reflections which can complicate subsequent
analysis.

II. RESULTS

Here, reflection geometry PGL waveguides (as illustrated
in Fig. 1) were fabricated by a procedure modified from that
given in Ref. [6]. Briefly, 350-nm-thick low temperature (LT)
GaAs was grown at 205 ◦C, using molecular beam epitaxy,
on a 100-nm-thick AlAs layer, itself grown on a 500-µm-
thick semi-insulating (SI) GaAs wafer. A layer of wax (Wax
W, Apiezon) was deposited on the LT-GaAs, and the AlAs
layer selectively etched in a HF:H2O solution (1:9). Supported
by the wax, the released LT-GaAs layer was aligned on
the polyimide (Kapton) substrate and left for five days to
allow the formation of van der Waals bonds [7]. PCS were
defined by etching 70 µm×70 µm squares into the LT-GaAs for
10 minutes in a dilute H2SO4:H2O2:H2O solution (1:8:950).
A lithographically patterned layer of Ti:Au (10:150 nm) was
deposited to define the PGL and bias arms.

Microfluidic channels were constructed from polydimethyl-
siloxane (PDMS) (Sylgard 184, Dow Corning) mixed in a
1:10 (curing agent to base) ratio, and poured over a mould
formed from SU-8 50 photoresist, designed to produce a
channel depth of 400 µm — this depth selected to be
greater than the maximum extent (∼100 µm) of the evanes-
cent field about the PGL [8] to ensure saturation. The cast
PDMS was bonded to the underside of the Kapton substrate
by forming a chemical bond between the two materials
[9]. The surfaces to be bonded were exposed to an O2-
plasma (50 W, 1 minute), forming hydroxyl groups. A 2 %
(v/v) aqueous solution of 3-aminopropyltriethoxysilane was
poured over the polyimide film, and a 2 % (v/v) solution
of 3-glycidoxypropyltriethoxysilane in isopropanol (IPA) was
poured over the PDMS channel. Each solution was left for



20 minutes, after which the amine and epoxy-fuctionalised
surfaces were washed in deionised (DI) H2O and dried with
N2. The surfaces were brought into contact, such that the
channel was aligned with the PGL sensing region, and bonded
at room temperature for one hour. A strong amine–epoxy
bond was formed, which has been shown to withstand channel
pressures of 5 bar [9]. Inlet and outlet ports were formed using
silicone tubing. The inlet was connected to a syringe pump to
provide control over the flow rate of the LUT.

THz signals were generated when optical pulses from a
Ti:sapphire laser (100 fs duration, 800 nm centre wavelength,
80 MHz repetition rate, and 10 mW average power) were
focused onto PCS 1 (see Fig. 1a), to which a 20 V DC bias
was applied. The pulses propagated along the PGL and were
detected at PCS 2, which was illuminated by an optically de-
layed, mechanically chopped laser beam, allowing the resultant
picosecond pulse to be measured using lock-in detection. The
time-domain response was recorded by measuring the transient
photocurrent of this PCS as the arrival time of the excitation
pulse was varied with respect to the probing pulse.

The extent of evanescent field about the PGL used here
is approximately 100 µm [8]. It is therefore necessary for
the substrate thickness to be less than this value in order
to perform THz-TDS of sample liquids in a channel bonded
beneath the substrate. This criteria was satisfied by fabricating
the device on a 50-µm-thick Kapton film as per Fig. 1. Pulses
which are excited at PCS 1 propagate along the PGL, and are
reflected off the open-circuit stub before detection at PCS 2.
As the generated and reflected THz signals are both measured
in a single time-domain response (Fig. 2a), it is critical that
there is sufficient time delay — controlled by the length of
the sensing region — to allow isolation of each feature for
analysis. Yet, longer propagation distances increase waveguide
losses, and so a 2-mm-long sensing region was chosen for
these measurements. For analysis, the transition between the
input and output pulses was chosen to be 14 ps, as illustrated
in Fig. 2a.

The channel was filled with mixtures of IPA and DI-H2O
in which the volume fraction of IPA was increased from 0–
100 % in 10 % increments. The measured responses are shown
in Fig. 2a and b. The time-domain responses comprised two
main features: an ‘input’ pulse centred at 0 ps, and a time-
delayed pulse reflected from the open circuit stub with a
total round trip of 4 mm. The frequency responses shown in
Fig. 2b, with a resolution of 7 GHz, were found by performing
a Fourier transform on the input and output pulses from the
data in Fig. 2a. The bandwidth of the generated input pulse
was approximately 1.2 THz, and the strong attenuation by the
LUTs limited the output bandwidth to less than 350 GHz. The
broadening of the input pulse as the IPA fraction was increased
is thought to be a result of heating effects owing to the thermal
conductivities of the LUTs (0.15 and 0.6 W m−1 K−1 for IPA
and DI-H2O respectively [10]). Despite this, the change in
frequency response was less than the standard deviation of
repeated measurements, and therefore negligible.

The results given in Fig. 2a can be used to approximate the
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Fig. 2. (a) Normalised TDS response of a 2-mm-long reflection PGL when
the channel was empty (dashed), and filled with mixtures of IPA and DI-H2O
(greyscale). The dotted line indicates the input pulse cut-off. (b) The Fourier
transform of an input pulse (dotted), and the reflected data (black).

permittivity contribution of the LUT across the measured fre-
quency band. The effective permittivity, εeff of the transmission
line was calculated using the time delay of the reflected pulse
tg for a given propagation length l, such that

εeff =
(ctg

l

)2
, (1)

where c is the speed of light.
Assuming a circular THz field of radius r, with area ATHz,

the areas of intersection between the components of the three-
layer system illustrated in Fig. 1b and the THz field can be
used to calculate the permittivity contribution of the LUT, εsam,
as follows [8]:

εsam =
εeffATHz − εsupAsup − εsubAsub

Asam
, (2)

where Asup, Asub, and Asam are the areas of intersection
between the evanescent THz field and the superstrate εsup, sub-
strate εsub, and LUT respectively. For a substrate of thickness
d, the areas of intersection can be defined as

Asup =
πr2

2
, (3)

Asub = θr2 + rd sin
(

π

2
−θ

)
, (4)

and
Asam =

π −2θ

2
r2 − rd sin

(
π

2
−θ

)
, (5)

where
θ =

π

2
− cos−1

(
d
r

)
. (6)

For example, the time-of-flight of pulses when the channel
was filled with IPA was 19.6 ps which, according to Eq. (1),
equates to an εeff of 2.16. Given an air superstrate and
Kapton substrate, εsup and εsub were equal to 1 and 3.6 [11]
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Fig. 3. The calculated permittivity contribution of IPA:DI-H2O solutions
measured with a microfluidic PGL device (×) and a freespace THz-TDS sys-
tem at 100 GHz (+). Note that the data points overlap at an IPA concentration
of 100 %.

respectively. The permittivity of IPA in this frequency band
was therefore calculated to be 2.87, which is in agreement
with data published in this range [12]. These calculations were
repeated across the range of IPA:DI-H2O mixtures, and the
results are shown in Fig. 3.

Data collected from the microfluidic PGL device were
verified by measuring the same solutions in a freespace THz-
TDS system with a bandwidth of 0.1 to 2.5 THz, similar
to that described in Ref. [13]. The LUTs were held in a
variable pathlength flowcell fitted with two 2-mm-thick quartz
windows separated by a 100-µm-thick PTFE spacer. The LUTs
were measured, and their frequency-dependent permittivity
calculated at 100 GHz (the center of the PGL device’s usable
bandwidth), using the method described in Ref. [13].

As shown in Fig. 3, the results from the two systems are
in agreement, yet the permittivities calculated from the PGL
device are consistently greater than those from the freespace
system, suggesting a systematic error as a result of the model
used. This is consistent with previous work showing the
asymmetric THz field distribution found in PGL devices where
the substrate permittivity is greater than the superstrate [14].
Therefore, the area of interaction between the LUT and the
THz field is greater than that given by Eq. (5), resulting in
an overestimate of εsam by Eq. (2). To reduce the effects of
this discrepancy for high-permittivity samples, a more accurate
model of the field distribution about the PGL transmission
line is required. However, analytically solving PGL systems
is a non-trivial task owing to the lack of identifiable boundary
conditions which are required to determine the electric and
magnetic fields in other transmission line geometries, such as
coplanar or microstrip [15].

III. CONCLUSION

A technique for the measurement of microfluidic systems,
using on-chip terahertz time-domain spectroscopy with planar
Goubau lines was reported. It has been demonstrated that
PGL devices with overlaid microfluidic channels can support
an evanescent field with frequency components in the THz
range across a 4-mm-long interaction-length. The reflection
geometry adopted here allowed both the input and output
pulses to be recorded in a single measurement. Time-of-
flight measurements allowed the permittivity contribution of
the LUT to be calculated from a model of the microfluidic

device structure. In further work, the output bandwidth of these
devices can be improved by reducing the interaction length,
hence reducing the absorption and dispersion of propagating
fields. However, it will be necessary to use a transmission
geometry in which the input and output pulses are measured
independently, given the requirement for them to be temporally
distinct.

Results were verified by measurements from a flowcell
placed in a freespace THz-TDS system. We found that LUT
permittivities calculated from microfluidic PGL data were
greater than those measured in a freespace system. We at-
tribute this discrepancy to the asymmetric field distribution
arising from a substrate permittivity greater than that of the
superstrate. Future development of this technique will require
a more comprehensive PGL model that accounts for field
distribution to improve accuracy for high-permittivity samples.
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