IEEE Journal of

@ Microwaves

MHz to THz Community

Received 12 June 2023; revised 2 October 2023; accepted 20 October 2023. Date of publication 22 November 2023;
date of current version 8 January 2024.

Digital Object Identifier 10.1109/JMW.2023.3327521

Microwave Resonators Enhanced With 3D
Liquid-Metal Electrodes for Microparticle
Sensing in Microfluidic Applications

YAGMUR CEREN ALATAS © 1.2, UZAY TEFEK ©1-2, BURAK SARI ©3,
AND MEHMET SELIM HANAY ©1.2 (Member, IEEE)

(Regular Paper)

! Department of Mechanical Engineering, Bilkent University, 06800 Ankara, Turkey
2National Nanotechnology Research Center (UNAM), 06800 Ankara, Turkey
3Department of Electrical Engineering, Sabanct University, 34956 Istanbul, Turkey

CORRESPONDING AUTHOR: Mehmet Selim Hanay (e-mail: selimhanay@bilkent.edu.tr).

This work was supported by Horizon 2020, the European Research Council Starting Grant Program, under Grant 758769.

ABSTRACT In electrical sensing applications, achieving a uniform electric field at the sensing region is
required to eliminate the compounding effect of particle location on the signal magnitude. To generate
a uniform electric field in a microfluidic platform, 3D electrodes based on conductive electrolyte liquids
have been developed before, where the ionic conductivity of the electrolyte was sufficient for impedance
measurements at low frequencies (typically lower than 50 MHz). However, electrolyte liquids cannot be
used as electrodes at microwave frequencies (>1 GHz) due to the low mobility of ions. Here, we used
Galinstan, a room-temperature liquid metal, to microfabricate 3D liquid electrodes connected to a microwave
resonator — and all integrated within a microfluidic system. By generating a highly uniform electric field,
a mixture of 20 um and 30 um diameter polystyrene particles were measured and analyzed without any
calibration for particle position. The results demonstrate the utility of liquid electrodes in enhancing the
electrical characteristics of microwave resonant sensors.

INDEX TERMS Liquid metal, microfluidics, microwave devices, microwave measurements, split ring res-

onators.

I. INTRODUCTION

Electronic sensors in microfluidic systems offer a compact
and low-cost platform for the label-free analysis of micropar-
ticles and single cells, enabling high throughput and operating
at single-particle resolution [1], [2], [3]. In a typical sensing
scenario, an analyte particle passing through the active sens-
ing region changes the impedance of the electronic system
as it disturbs the electric field distribution. In resistive pulse
sensing technique, which operates at low AC frequencies, an
insulating microparticle partially blocks the ionic current be-
tween the electrodes and increases the resistance across them.
For capacitive sensors which operate at low ion concentrations
and/or high frequencies, e.g., microwave band [4], [5], [6], [7],
(81, [9], (101, [111, [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], the particle modifies the capacitance of the sensor

in proportion to the square of the electric field it experiences
in the sensing region. For capacitive sensors, changes induced
by particles can be measured with high precision if the sensor
is configured as a resonator: this way an impedance change
translates into a shift in the resonator’s phase, amplitude or
frequency, which can then be measured by phase-sensitive
detection.

For electronic sensors working in microfluidic systems,
there are three commonly used arrangements for the place-
ment of sensing electrodes: coplanar configuration, parallel
plate arrangement and 3D electrodes (Fig. 1). In the coplanar
configuration (Fig. 1(a)-(b)), thin-film electrodes are fabri-
cated on the same layer—for instance on top of a glass
substrate, upon which a microfluidic channel is bonded. The
second approach (parallel plate arrangement, Fig. 1(c)—(d))
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FIGURE 1. Three types of electrode configurations commonly used in microfluidic sensing (top panels, yellow regions denote the electrodes) and their
electric field simulations (bottom panels, black regions denote the electrodes) (a) Coplanar arrangement and (b) its electric field distribution, the
magnitude of which varies significantly through the sensing region. (c) Parallel-plate configuration and, (d) its electric field distribution, which is uniform
in the central region, (e) 3D electrode approach and, (f) its electric field distribution which is uniform in the central region. Colormap shows the
magnitude of electric field (V/m) in the sensing region for a test voltage of 1 V applied across the electrodes which are separated by a 30 xm in coplanar
electrode geometry (a), (b) and 20 xm in parallel-plate (c), (d) and 3D electrode (e), (f) geometries.

involves the placement of thin electrodes at two opposite
walls (such as the top and bottom portions) of a microfluidic
channel to create a uniform electric field in between. Towards
the same goal of producing a uniform electric field, the third
approach involves the production of prismatic, 3D vertical
electrodes which are positioned along the two opposite sides
of a microfluidic channel (Fig. 1(e)—(f)). While the first two
approaches employ thin metal films which are convenient
to fabricate, the third approach by contrast requires a three-
dimensional volume to be filled by the electrode material.
This electrode material could be a solid metal or a liquid that
conducts electricity.

Among the three common approaches, the coplanar con-
figuration has the advantage of simplicity in the fabrication
process especially since no extra step is required between
the metal and substrate. However, coplanar sensors suffer
significantly from the non-uniform electric field and accord-
ingly give rise to a position-dependent sensitivity. As can
be seen from Fig. 1(b), the electric field magnitude be-
tween two coplanar electrodes varies along the height of
the microfluidic channel. Due to this non-uniformity along
the channel, the electrical signal induced by a particle de-
pends not only on its size or dielectric properties as desired,
but also on its trajectory inside the channel which intro-
duces additional complexity. Position-dependent sensitivity
poses a challenge regarding the use of electrical sensors for
particle characterization applications. To address position-
dependent response [22], [23], several techniques have been
developed in recent years. One such technique is using
multiple coplanar electrodes to calculate trajectory height
[24], [25], [26]. Another technique involves focusing the
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particles to certain positions inside the channel using iner-
tial [27] or viscoelastic focusing to achieve fixed trajectory
height [28].

Compared to the coplanar configuration, the other two
electrode arrangements require extra steps in fabrication and
wafer bonding. The parallel-plate arrangement —electrodes
on top and bottom of the microfluidic channel— can be
fabricated using photolithography and deposition techniques,
yet sensor fabrication includes different layers which
must be bonded together through either adhesive [29],
thermal [30], or vacuum-induced [3] bonding. For adhesive
bonding, Han & Han (2015) built an electrical impedance
cytometer: electrodes were patterned on separate substrates
by photolithography and metal deposition, a microchannel
was formed by patterning SU8 and substrates were bonded
by UV curable adhesive [29]. Adhesive bonding can be
applicable regardless of the material type; metal/nonmetal or
metal/plastic bonding can be achieved. On the other hand,
extensive surface cleaning and preparation might be necessary
for bonding. A recent example of thermal bonding is the work
of McGrath et al. (2019). They fabricated a microfluidic
sensor for cell profiling using parallel plate electrode
configuration: thin Cr/Au electrodes were patterned on two
glass substrates through photolithography and evaporation,
substrates were thermally bonded under high temperature and
pressure [30]. Spencer & Morgan (2020) patterned electrodes
on glass substrate through lithography and metal deposition,
and then bonded glasses in a vacuum bonder for single-cell
dielectric spectroscopy studies [3]. Thermal fusion bonding
and vacuum bonding techniques provide hermetic sealing
and protection to fabricated chips however, high temperature
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might damage temperature sensitive metals on a microchip or
microchannels in the structure might be deformed.

In the third approach of building 3D vertical electrodes,
structures filled with either solid or liquid electrode materials
can be used. For solid structures, the deposition of metal
electrodes with a thickness on the order of tens of micrometers
typically requires the use of non-standard or technically de-
manding metallization processes. Electroplating can be used
for the deposition of thick electrodes at channel side walls
[31]. Yet, electrodes deposited by electroplating may not be
as uniform as evaporation or sputtering. Another route is
to drill a microfluidic channel inside the substrate with a
femtosecond laser and deposit electrodes on the sidewalls
by “electroless” plating. [32] Electrical conductivity can be
introduced to polymers (such as PDMS or SU8) that are fre-
quently used for microfabrication of microfluidic devices so
that they can be used as thick electrodes. For example, Wei
et al. (2016) mixed silver nanoparticles inside PDMS to obtain
3D electrodes around a microfluidic channel for single-cell
electrical impedance spectroscopy [33]. In addition, Renaud
et al. demonstrated carbonization (pyrolysis) of SU8 and
obtained conductive electrodes for dielectrophoresis (DEP)
applications [34]. Kilchenmann et al. (2016) also fabricated
thick SU8 pillars around the microfluidic channel and de-
posited metal using sputtering [35]. In this case, the thickness
of the metal sputtered on the SUS pillars can be on the order
of nanometers, yet conformal coating is necessary to deposit
metal on channel sidewalls as well. Another recent technique
used ‘wrap-around sensors’ where the PDMS channel con-
tains blanket-deposited metal to serve as a counter-electrode
to achieve a uniform electric field in a robust manner [36].

For liquid-filled 3D electrodes, either conductive solutions
or metals with a low melting point can be used at low fre-
quencies. Conductive solutions have been used extensively for
impedance cytometry which operates at low frequencies (typ-
ically smaller than a few MHz) [37]. Access channels, placed
perpendicular to the microfluidic channel to be probed, are
filled with conductive salt solutions to make them electrically
conductive —but only for frequencies below the microwave
band where ions can still follow the applied frequency. The
conductive solution in these channels is electrically accessed
by thin metal electrodes deposited at the bottom of the chan-
nel. The voltages applied to the metal electrodes at the bottom
of the channel are transmitted to the conductive liquid occu-
pying the access channel: as a result, a uniform electric field
is generated across access channels facing each other, and
through the portion of the microfluidic channel in between.

Liquid electrode access channels filled with conductive
liquids have been used for various microfluidic applications.
For instance, Tang et al. (2017) built electrodes by inserting
Ag/AgCl wires into electrode channels filled with highly con-
ductive PBS solution for microfluidic impedance cytometry
[38]. A mixture of conductive adhesive and carbon powder
was filled into electrode channels to demonstrate particle
switching applications with DEP [39]. Moreover, Rao et al.
(2015) injected silver paste inside their electrode channels
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for droplet based cell sorting [40]. Sciambi & Abate (2014)
filled salt water (NaCl) solution into electrode channel for
droplet microfluidics applications [41]. An ionic liquid based
on organic molecules was used in electrode channels for DEP
applications [42]. Liquid electrodes were used for DEP and
impedance spectroscopy applications at MHz frequencies of
conventional impedance cytometry, yet they are not suitable
for microwave range due to the decrease in ion mobility of
salt solutions at high frequencies.

Due to the unsuitability of solute-based conductive solu-
tions (electrolytes) for microwave sensors, we developed an
approach based on metals that are liquid at or close to room
temperature. Since the conductivity of metals is higher than
that of electrolytes, they are more suitable for microwave
spectrum measurements (GHz). In the literature, there are few
examples of the use of liquid metals in microfluidic appli-
cations. For instance, Li et al. (2012) placed bismuth alloy
microspheres near microchannel sidewalls inside PDMS [43].
The melting point of bismuth is 46.5 °C, so as the device
is heated on the hot plate bismuth melts and fills electrode
gaps. Galinstan (a gallium-indium alloy) also has a very low
melting point (15.7 °C), causing it to remain in a liquid state
at room temperature and can be injected into cavities near
microfluidic channel. In addition, it has high conductivity, and
it is nontoxic for humans. Galinstan can also be used to tune
the resonance of microwave structures [44]. Galinstan has
been used to obtain metallic electrodes for DEP, sensing and
cell stimulation applications [45], [46].

Motivated by the need to develop a uniform electric field
across electrodes at the microwave band, we used Galinstan
to fill liquid reservoirs in contact with the sensing regions
of a Split-Ring Resonator (SRR) [47], [48], [49], [50]. This
way the electric field which develops across the gap in the
SRR is expected to attain a more uniform distribution. Com-
pared to sensors with parallel plate or 3D vertical electrode
configurations, fabrication of this sensor is relatively simple:
It mainly relies on standard soft lithography processes. In
addition, Galinstan —a liquid metal with high conductivity—
is injected into empty microfluidic chambers which are par-
tially tiled with the solid metallic regions at the end of a
microwave resonator. This way the liquid region extends
the electrical conductivity of the 2D metallic regions into
a 3D arrangement and serves as 3D electrodes. The main
advantage of incorporating Galinstan in this work is the sim-
plicity of fabrication: forming 3D electrodes with another
material such as gold or copper would require a much more
complex fabrication procedure. The main disadvantages of
the use of Galinstan compared to solid 3D metal electrodes
are the smaller electrical conductivity of Galinstan (approx-
imately an order-of-magnitude smaller than gold or copper),
and the need to use a spacer material (such as PDMS) be-
tween the liquid metal and the microfluidic channel which
decreases sensitivity. We used this architecture for size clas-
sification of 20 and 30 um polystyrene microparticles with-
out any post-processing correction for particle’s position in
the channel.
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FIGURE 2. Device schematics and micrograph. Schematic drawing of Galinstan integrated split ring resonator: (a) overall sensor structure, (b) close-up
view, (c) top view. (d) A micrograph showing the sensing region with the main microfluidic channel and liquid metal access channel. A corner portion of
the planar gold electrode on the underlying SRR structure is visible.

1. SENSOR DESIGN AND FABRICATION

The sensor architecture consists of three sub-structures: a
planar SRR, a main microfluidic channel which carries the
analyte particles, and access channels —in the form of closed
chambers— to contain the liquid metal (Fig. 2(a)). The dead-
end access channels are designed to stand perpendicular to the
main microfluidic channel. Once they are filled with the liquid
metal Galinstan, the electric field inside the main channel is
expected to be uniform as depicted earlier in Fig. 1(e)—(f).

The SRR device was fabricated through photolithography
and metal deposition processes: a 4-inch fused silica wafer
(500 pum thickness) was diced into two equal pieces by a
dicing saw. Afterwards, substrates were cleaned with ace-
tone, IPA and DI water in order, and spin-coated with AZ
5214E positive photoresist for a final thickness of 1.6 pm.
The substrate was patterned using UV illumination under a
lithography mask, and subsequently developed with AZ400K
solution. Later, 10 nm chromium adhesion layer and 120 nm
gold metallization layers were coated using thermal evapo-
ration. Planar SRR structure was obtained after lift-off with
acetone.

On top of this planar SRR layer, a PDMS layer which
contains both the microfluidic channels for the transportation
of analytes, and reservoir regions to hold the liquid metal
was placed. Microchannel mold for the PDMS casting was
prepared using SU8-2050 photoresist. Initially, the resist was
spin coated on a 4-inch silicon wafer for a final thickness of
50 um. The wafer was further patterned under UV illumina-
tion after consecutive soft baking at 65 °C and 95 °C. After
photolithography, the wafer was subjected to a post-exposure
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bake at 65 °C and 95 °C, developed with the SU8 developer
solution, and hard baked at 150 °C to increase the adhesion of
the resist to the wafer. Once the SU8 mold was hard baked,
PDMS (Sylgard 184) mixture (10:1, elastomer:curing agent)
was prepared and degassed in a vacuum desiccator. Later,
liquid PDMS was cast on the mold and cured at 100 °C. Solid-
ified PDMS block was peeled off from the mold and bonded
on SRR after oxygen plasma treatment. Access channels con-
tained in the PDMS layer were aligned under microscope
to sandwich the sensing gap. As the last step of cleanroom
fabrication process, liquid Galinstan was injected into access
channels using an injector. Fig. 2(c) and (d) depict the place-
ment and orientation of liquid metal channels, microfluidic
channel, and planar electrodes once the fabrication is com-
pleted. An SMA connector was soldered between the two
external electrodes of the outer SRR ring to provide electrical
excitation.

IIl. MEASUREMENT PROCEDURE

The experimental setup for polystyrene particle size classifi-
cation experiments consists of three parts: (1) Phase sensitive
detection circuit for tracking the microwave resonator (2) a
pressure control system (Fluigent MFCS-EZ) and fluid reser-
voir for introducing samples into the microfluidic channel, and
(3) optical microscope to independently observe the passage
of single particles through the microfluidic channel and to
verify their correlation with electrical signals. The resonance
characteristics (resonance frequency and quality factor) of the
SRR are measured with a vector network analyzer (VNA)
before and after filling the Galinstan (Fig. 3). As Galinstan is
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FIGURE 3. Effect of liquid metal on the frequency response of the SRR
device. The response was read through S, reflection measurements. DUT
was connected to port 1 of VNA, and reflection coefficient is measured.

filled, the frequencies shifted significantly due to the increased
capacitance in the gap region, and the quality factor of the
resonance was enhanced. Each resonator had sensitive reso-
nance frequency between 6-6.5 GHz, so experiments were
conducted at this frequency. Quality factor was calculated
using the 3-dB bandwidth method. Polystyrene particles in
water were pumped through the microfluidic channel during
the experiments. The sample solution contained 20 um and
30 um diameter polystyrene particles. A 15 pl volume of
each commercial sample (Sigma Aldrich, 20 um PS part
number: 74491; 30 um PS part number: 84135) was diluted
with 10 mL of distilled water. A surfactant (Tween 20) at
a concentration of 0.1% was added to avoid microchannel
clogging. Particle passage events from the sensing region were
also recorded with an optical microscope so that microwave
shift signals could be verified and correlated to particles with
different size. In addition, the passages of multiple particles
and clusters were detected through an optical microscope and
excluded from the analysis of single particle events.

For particle sensing experiments, the microwave resonator
was connected to a custom-built electronic circuitry [4], [5],
[71, [20]. Phase and amplitude of the microwave resonator
were tracked with a custom-built detection circuitry composed
of a signal generator and two lock-in amplifiers configured
to achieve single side band modulation [50]. The circuitry
is configured to track relative changes in the phase and am-
plitude values as a microparticle passes rapidly through the
sensing region: for these reasons, additional calibration steps
were not employed for the custom measurement circuitry. The
signal generator frequency is set to the resonance frequency of
the microwave resonator (~6.40 GHz) when the microfluidic
channel is filled with water (between air-filled and water-
filled configurations, a frequency difference of 80 MHz was
observed). A lock-in time constant of 5 ms and a sampling
rate of 1.6 kSa/s were used. These parameters were chosen to
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increase the signal to noise ratio of the signals. The maximum
frequency range of lock-in amplifiers was below resonance
frequency of the resonator, so a heterodyne mixing scheme
was employed where the reference signal from the lock-in
amplifier is up-converted before entering resonator, and signal
output from resonator is down-converted before phase and
amplitude signals are digitally processed [4], [5].

Using this circuit, the response of each prospective res-
onance frequency was checked by passing several 30 um
particles back and forth, and simultaneously measuring the
induced phase and amplitude shifts. Within the 4-8 GHz band
of the circulator available in the setup, we identified the res-
onance mode at 6.4 GHz as the most responsive mode and
we employed this frequency for conducting particle sensing
experiments. During the experiments, the phase and ampli-
tude response of the microwave resonator were measured in
an open loop configuration as particles passed through the
microfluidic channel. Single particles caused instantaneous
changes in the capacitance between liquid electrodes, pro-
portional to their volume and Clausius-Mossotti factor. The
capacitance change, in turn, was reflected as a spike-shaped
event in phase and amplitude signals. Fig. 4 shows the simul-
taneous microwave signals, in amplitude and phase response
of the resonator, due to 30 pm and 20 pwm particles. Snapshots
from simultaneous microscopy imaging are annotated with
corresponding microwave signals. The amplitude and phase
shift signals induced by 20 um and 30 pum particles are ap-
proximately proportional to their size as suggested by Fig. 4.

IV. DATA ANALYSIS

Analyte particles induced shifts in both the amplitude and
phase response of the microwave resonator. The out-of-phase
component, Y-quadrature (Y = R sin(0)), of the reflected
voltage wave is proportional to the capacitance change due
to a particle [50].

AY o« —

To relate the change in the Y-quadrature to measurements,
we can take the derivative of the constitutive equation to
express the Y-quadrature in terms of amplitude and phase
changes:

AY = ARsin (0) + Rcos (0) A6

We used a MATLAB script to analyze the magnitude of
phase and amplitude shifts in the raw data and calculate Y-
quadrature shifts. The first step of data analysis is the removal
of long-term drift in raw signals by baseline reduction (since
we did not employ a control loop to compensate for the effect
of drift). The detection of event locations and the analysis of
event heights were conducted by a built-in function of a com-
mercial software (MATLAB, findpeaks function). A height
threshold (based on the noise levels in blank experiments)
was assigned as one of the function parameters to distinguish
between signal and noise. Shifts in amplitude and phase data
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FIGURE 4. Data showing the simultaneous shifts in phase and amplitude of the resonator induced by particles passing through sensing region with their
optical microscopy images. The trace with dark orange color shows the change in the phase, and the blue color shows the change in the amplitude of the
resonator. Insets show the passage of a 30 um (top) and 20 xm (bottom) particles through the sensing region. The peaks neart =364 sand t = 364.6 s
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FIGURE 5. The histogram shows the Y-quadrature shift signals induced by
the mixture of individual 20 and 30 xm polystyrene particles Y-quadrature
shift (dY) indicates normalized capacitance shift induced by particles. The
blue and orange curves are Gaussian fittings for the two regions. Through
the experiment, 887 single particle events were recorded.

occur simultaneously. The location of particle passage was in-
ferred using the phase shifts, which are stronger. Based on the
located events, the magnitudes of phase and amplitude shifts
were determined. Later, Y-quadrature shifts were calculated
using the measured values of amplitude and phase shifts.

V. RESULTS

Fig. 5 shows the Y-quadrature shift histogram for the mixture
of 30 um and 20 pum particles. Y quadrature shift arrays
have bimodal distribution: there are two peaks due to particles
with different sizes. We transformed bimodal distributions to
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TABLE 1. Statistical Parameters of Bimodal Fittings in the Y-Quadrature
Data Sets

20-MICROMETER 30-MICROMETER

PARTICLES PARTICLES
MEAN  0.93 x 10 2.6 x 10°
STD. 2.7x 107 5.7x 107
DEYV.
COEF. 029 0.21
VAR.

unimodal distributions using k-means model and calculated
the mean, standard deviation and coefficient of variation for
each particle set.

The main feature of liquid electrodes is to mitigate posi-
tional dependency; electrical signals due to different particles
are expected to be only proportional to their permittivity and
size. Mean, standard deviation and coefficient of variation ob-
tained from unimodal 20 and 30 um particle AY distributions
are presented in Table 1. In this case, since both particles are
polystyrene, their signals are expected to be proportional to a
volume ratio of 30 to 20 pum particles. The ratio of the mean
values for Y-quadrature shifts for 30 um vs. 20 wm particles
was obtained as 2.8, whereas volume ratio of particles is 3.4.

VII. CONCLUSION

Size classification of polystyrene particles was demonstrated
using microwave resonators with 3D liquid metal electrodes
filling reservoirs on the PDMS. Due to the low melting point
of Galinstan, thick electrodes can be formed by injecting
metal into dead-end access channels near the microfluidic
channel. By positioning the liquid metal electrodes near the
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sidewalls of the microfluidic channel, uniform electric field is
obtained inside the channel; hence positional dependency of
microwave signal is eliminated. As a result of the uniform
electric field, the signal ratio between the 30 pum and 20
um microparticles approached to the expected ratio of their
corresponding volumes. With this architecture, microwave
sensing signals depend only to the particle size; the trajectory
of particle inside the microfluidic channel does not obscure
the determination of particle size ratios.
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