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Abstract—A long-standing challenge in lab-on-chip and bio-
microfluidic sensing modes is the formation of reliable, leak-
free bonding on the surface of wafers or CMOS chips having
sensing electrodes typically formed by thin film metal depo-
sition. This challenge is particularly evident in the design of
polydimethylsiloxane (PDMS) flow channels for electrochemical
analysis where the need for high-density electrodes increases the
number of metal-PDMS interface points. This work presents a
fabrication method for creating leak free bonding of PDMS on Au
electrodes by coating the substrate in a low-temperature plasma
enhanced chemical vapor deposited dielectric material, thereby
exposing only the sensing area within the channel. Furthermore,
this fabrication process was used to create the first-known impact
electrochemistry flow cell capable of continuous measurement of
air-borne particulate matter using microfluidics over a surface
containing microfabricated gold electrodes. Functionality of the
device for air pollution monitoring was validated by detecting
black carbon particles using impact electrochemistry at 0.8V.

Index Terms—Microfluidics, Continuous Flow Sensing, Mi-
crofluidic Impact Electrochemical Measurement, Air Pollution
Monitoring

I. INTRODUCTION

Exposure to air pollution consistently ranks among the lead-
ing global causes of illness and death, a majority of which can
be attributed to airborne particulate matter (PM). In 2019, 99%
of the world’s population lived in places that did not meet the
World Health Organization air quality guidelines [1]. Exposure
to air pollution from indoor and outdoor sources is attributed
to 6.7 million premature deaths each year, and 88% of these
deaths are directly attributable to particulate matter (PM),
primarily from particles less than 2.5 pum in diameter (PM2.5)
[1]. Individual exposure levels to PM vary significantly with
geographical location, especially with proximity to pollution
emission sources. Additionally, exposure levels fluctuate over
time, often peaking during the midday hours when people are
more likely to be outdoors. [2]. Thus, the spatial and temporal
variability of pollution exposures along with an individual’s
time-activity patterns are key elements of accurate personal
exposure assessment [3].

Due to the spatiotemporal variations in PM exposure, a
portable instrument capable of tracking personal exposures
over space and time is essential to comprehensively assess and
manage individual health risks associated with environmental
factors. Classic PM monitoring involves the use of instruments
including mass spectrometers [4], or instruments relying on
properties such as incandescence and fluorescence [5]. These

instruments are typically very large, weigh hundreds of kilo-
grams, require high power loads, employ complicated pumping
schemes, do not monitor in real-time, and present a high cost
barrier. All of these factors limit their widespread deployment,
which, in turn, hinder achieving the spatiotemporal resolution
necessary for individual PM monitoring. Emerging state-of-
the-art technologies for low-cost stationary site air quality
monitoring, including commercial products from Clarity and
PurpleAir, employ continuous optical measurement and can be
widely deployed to increase temporal and spatial resolution.
However, these technologies still fail to meet the portability
and miniaturization required for a wearable PM monitor, capa-
ble of traveling with individuals throughout their various PM
exposure environments. Furthermore, because these existing
sensors use optical measurement methods, they are limited
to 300 nm detection thresholds and lack the capability for
prospective chemical analysis of PM.

To overcome the limitations of existing technologies, our
team is exploring a microfluidic platform that integrates the
inertial capture of PM from the atmosphere into liquid with the
detection of PM using an electrochemical flow cell, as shown
in Figure 1. The use of microfluidics enables miniaturization,
making it feasible to create a personal PM monitor. Addition-
ally, utilizing electrochemical methods for PM detection opens
the potential for inline analysis of PM chemical composition
in the future [6] [7]. The capture block in Figure 1 builds
upon previous work demonstrating continuous inertial capture
of particles into liquid using microfluidic devices [8]. Addi-
tionally, detection of black carbon PM suspended in a beaker

Fig. 1: Real-time PM detection microfluidic platform, compris-
ing a device for particle capture into liquid and a microfluidic
flow cell for continuous electrochemical detection.
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of electrolyte solution using impact electrochemistry has been
shown [6]. Furthermore, examples of impact electrochemistry
in flow have also been shown in the form of single use,
paper based microfluidics for the detection of SARs-CoV-2
antigens [9] and detection of silver nanoparticles [7]. While
all of these individual achievements support the microfluidic
concept depicted in Figure 1, further work is needed to enable
continuous use devices for portable PM monitoring.

To overcome the limitations of single use devices, poly-
dimethylsiloxane (PDMS) based microfluidic flow channels
are preferred as they permit continuous measurement. How-
ever, a long-standing challenge in microfluidics is the forma-
tion of leak-free bonding between soft-lithography fabricated
PDMS substrates and the surface of metalized wafers contain-
ing thin film sensing electrodes[10]. The device fabrication
methods presented herein introduce a CMOS-compatible so-
lution for creating leak-free bonding of PDMS flow channels
to microfabricated planar Au electrodes. In addition, the fabri-
cation method also increases the signal-to-noise ratio of impact
electrochemical measurements in microfluidics, by defining
the surface area of the sensing electrode independent of and
smaller than the width of the microfluidic channel. Our device
advances upon past works in electrochemical analysis in a flow
channel, and the miniaturization provided by this innovation
enables the develop a wearable real-time and personal PM
exposure measurement system.

II. DEVICE DESIGN AND FABRICATION
A. Device Overview

One method for forming a microfluidic electrochemical
sensing platform begins with an oxidized silicon wafer sub-
strate that has been patterned with metal for sensing electrodes.
The substrate is then capped with a microfluidic channel
molded in PDMS. PDMS is often bonded to the base substrate
using either O, plasma or liquid/solid adhesive layers. O,
plasma bonding is strongly preferred because the adhesive
alternatives have less tensile strength and are limited to lower
pressure thresholds, and they can flow into and consume fine
features in the PDMS during curing[10]. However, plasma
bonding effectiveness is severely limited by leaks around the
metal/PDMS interface and the peeling of metal traces away
from the substrate. As a result, traditional O, plasma bonded
devices typically must limit the number of electrochemical
sensing electrodes defined within the channel to reduce the
number of metal traces leading away from the channel.

To overcome this challenge and enable an electrochemical
flow cell with a large number of sensing electrodes, this paper
introduces a new fabrication procedure that allows the vast
majority of the substrate to be covered in a dielectric to
enhance plasma bonding, without the need for adhesive based
solutions. The cross-sectional view in Figure 2 illustrates the
structure resulting from this new fabrication process, wherein
the metallization layer is completely covered by an SiO,
layer and only the sensing electrodes are exposed. This new
approach also allows the exposed area of the sensing electrodes

to be precisely defined and permits formation of electrodes
down to ~ 1 um with standard photolithography.

B. Micro-Electrode Array Fabrication

To begin the electrochemical flow cell fabrication, a Ti/Au
(10 nm/100 nm) thin film was deposited on a silicon wafer
(with SiO, thermally grown on the surface) using thermal
vapor deposition and patterned using lift-off to form 7 um
electrode traces. The pattern of metal traces was judiciously
designed to fulfill the requirements for both three-electrode
electrochemical measurements and alignment of microfluidic
channels in subsequent steps. After metallization and lift-
off, a significant portion of the surface was covered with
metal electrode and connecting traces that would inhibit
plasma bonding, invite leaks at the metal/PDMS interface,
and permit metal traces to be peeled off by subsequently
applied microfluidic layer. In order to overcome all of these
challenges for the later stage of plasma-activated bonding of
the PDMS, a 450 nm SiO, thin film was deposited across the
substrate using PECVD. This deposition was carried out at
290 °C to protect the Au from reflowing and forming an alloy
with the Ti adhesion layer. The deposition was done in 1-
minute increments, with 30 second passivation steps between
depositions to protect against pinholes, at a rate of 500 /min.

After the SiO, deposition was complete, the sample was
annealed under vacuum at 290 °C for an hour. At this stage
of the fabrication process, all previously patterned Ti/Au
layers are now encased beneath SiO,. To restore access to
the electrodes and peripheral pads for interfacing with test
instruments, selective etching of SiO, is required to create
windows that expose the Au. This etching was done using
a dry-etch method with a Tricon Reactive Ion Etch (RIE)/
Inductive Couple Plasma (ICP) system. An important design
consideration in SiO, patterning is to minimize the area of ex-
posed Au traces, especially near critical PDMS sealing points
around the channel. To minimize exposed metal, 7 um wide
windows, which are much narrower than the channel width,
were etched in the PECVD SiO, layer, with each window
exposing a set of sensing electrodes. This procedure resulted in
an effective surface area of 49 um? for each electrode exposed
within the flow channel. The chamber parameters for the SiO,

Fig. 2: Cross section illustration of assembled electrochemical
flow cell, demonstrating stack up of multi-layer fabrication
process.
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etching were as follows: base pressure of 100 u7, 300 W ICP,
100 W RIE, 40 sccm of SFg, 10 scem O,, process pressure
of 20 mT, an etch time average of 9 minutes and 30 seconds.

C. PDMS Fabrication and Bonding to Substrate

After fabricating the electrode substrates for the electro-
chemical flow cell, molds for the microfluidic channels were
created by spinning SU8-2007 photoresist onto a silicon wafer
at 1500 rpm for 30 seconds, resulting in a 14 um thick
layer of resist. Standard PDMS replication procedures were
then employed for molding the channels [11]. To bond the
microfluidic channel structure to the substrate, O, plasma
activation was utilized. Initially, the PDMS bonding surface
was prepared through mechanical cleaning using Scotch tape
followed by an IPA rinse for a chemical cleaning. Next,
1.5 mm inlet and outlet holes were punched through the
PDMS for later insertion of interface tubing. To prepare the
electrode substrate for bonding, it was first chemically cleaned
with acetone, IPA, and DI water. Next, the wafer surface
hydrophilicity was changed to hydrophilic by exposing the
substrate to O, plasma with an ICP/RIE for 300 seconds, with
100 W of RIE and ICP. The ICP/RIE chamber parameters
were as follows: base pressure of 120 uT, 30 sccm of O,,
and process pressure of 250 mT. After both substrates were
prepared for bonding, the PDMS and the electrode substrate
were both loaded into the RIE/ICP and exposed to 40 W ICP
for 85 seconds with the same chamber parameters as above.
Once the exposure was completed, the substrates were quickly
brought into contact to create a reliable bond between the two
components. After contact, the assembled device was annealed
on a 110 °C hotplate for a five minutes to increase the bonding
strength. To verify the reliability of bonding of the substrates,
water was flowed through the channel at 65 yL/min using a
syringe pump to check for leaks and bursting.

As illustrated in Figure 3, each assembled electrochemical
flow cell incorporates multiple electrode measurement sites
and several SiO, windows. This intentional design aims to sim-
plify the manual alignment process, even for narrow channels,
over the electrodes. This further reinforces the enhancements
made with the fabrication flow, as the process does not rely
on reducing traces leading away from the channel to minimize
metal/PDMS interfaces during bonding.

III. EXPERIMENTAL TEST SET-UP
A. Test Bench

To validate the functionality of the electrochemical flow
cell for PM detection, impact electrochemical measurements
were collected by running chronoamperty (CA) on an elec-
trolyte/PM solution. A CH Instruments Electrochemical Work-
station (CHI) was used for testing, along with a Picoamp
Booster (Farady Cage) to contain the experiment. The ground
of the picoamp booster was tied to the analog ground produced
by the electrochemical workstation. The testing system was
also placed on 2 inch thick foam pads to provide isolation
from any external vibrations. CA was performed with a bias
voltage of 0.8 V based on results shown in [6]. To introduce the

electrolyte and particle solution into the microfluidic system, a
Harvard Apparatus PicoPlus Elite syringe pump was utilized
with a 10 mL syringe. It was connected to the microfluidic
system via 1.5 mm tubing using luer lock fittings and needles.

B. Sample Preparation

One of the most concerning PMs in the atmosphere is black
carbon, because of its prominence and high rate of production
from combustion sources [12]. Thus, to validate the fabricated
device for the detection of PM, black carbon particulates were
chosen. 10 uM of black carbon was added to a 0.05 M
phosphate buffered electrolyte solution, and suspend using me-
chanical stirring and ultrasonic agitation[6]. Previously, studies
of black carbon concentration in the New York City subway
system showed a mean black carbon concentration ranging
from 5-23 ug/m? varying across different stations, with peaks
of concentrations of 111 pg/m> when trains passed the station
[13]. The 10 uM concentration in the test solution corresponds
to 0.12011 g/m?3, which equates to the concentrations reported
in [13], assuming a pre-concentration factor of around 10,000
in capture block reported in Figure 1.

Prior to introduction into the microfluidic device, the test
solution was placed in an ultrasonic cleaner for 2 hours to limit
aggregation of the particles. Using a Dynamic Light Scattering
instrument, it was found that the test solution had an average
particle size of 0.5 um, with a standard deviation of 73.67 nm.

IV. RESULTS AND DISCUSSION

Solutions with and without black carbon suspended in the
electrolyte were flowed through the microfluidic channel for
three separate tests of each solution, all at a rate 65 uL/min.
Raw data collected using the CHI was exported from the in-
strument control software, and plotted using a data processing
application.

Data from three separate baseline tests without black carbon
particles suspended in the electrolyte solution can be seen in
Figure 4. These results show a baseline average current density
of -2.5 mA/cm?, -3.2 mA/cm?, and -2.5 mA/cm? for test 1,
2, and 3 respectively. Highlighted in Figure 4 are the spikes in

Fig. 3: Detailed top view of resulting device following fabri-
cation process flow.
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current density ranging from 0.1-0.56 mA /cm?, corresponding
to 0.049-0.27 nA of background current spikes due to changes
in noise levels. Data collected while testing the device with
black carbon suspended in the electrolyte are shown in Figure
5, where the highlighted peaks represent black carbon particles
impacting the fabricated electrodes on the bottom of the
microfluidic channel. Here, the peaks in current density range
between 0.9 to 1.4 mA/cmz, which is consistently 2-10x
higher than the background spikes. Variance in peak amplitude
can largely be attributed to non-uniform distribution of particle
diameter. Importantly, the signal peaks can only be observed in
samples containing black carbon. While further analysis of the
measurements to quantify PM concentration are ongoing, these
results clearly demonstrate that our device properly detects
particles using impact electrochemistry in a continuous flow
cell.

When compared to beaker level testing reported in [6],
current density spikes from our flow cell are 4-7.5x higher than
previously reported. This is can predominantly be ascribed to
an increase in the overall device sensitivity due to reducing the
volume of electrolyte solution exposed to the reaction, as well
as shrinking the surface area of the working electrode from
250 (um)? to 49 (um)?. Additionally, in contrast to testing
reported in [6], the limited number of current density spikes
recorded across the 500 second test can largely be attributed
to the nature of particles in laminar flow being focused in the
middle of the flow channel [14]. This challenge is partially
addressed by increasing the flow rate to 65 uL/min during
testing, which raises the flow velocity to 3.939 m/s, inducing
turbulent flow in the channel.

Fig. 4: Data collection of baseline data without black carbon
suspended in the solution (a) Test 1, (b) Test 2 (c) Test 3.

Fig. 5: Current density peaks due to carbon black PM impacts.
Labels for each test show peak magnitude for (a) Test 1: 1.2
mA/cm?, (b) Test 2: 1.1 mA/cm? (c) Test 3: 1.08 mA/cm?.

V. CONCLUSION

This work introduces a microfluidic platform for the con-
tinuous detection of PM using continuous flow impact elec-
trochemistry with microfabricated planar gold electrodes. The
new fabrication method offers a solution for achieving leak-
free bonding of PDMS flow channels onto microfabricated
electrode substrates through O2 plasma activation. This is ac-
complished by coating the substrate with a dielectric material
to nearly eliminate the contact of gold traces with PDMS
during the bonding process. Furthermore, the microfluidic
flow cell resulting from these fabrication methods was shown
to increase the signal-to-noise ratio of impact electrochemi-
cal measurements while defining small surface area sensing
electrodes that do not rely on the microfluidic channel to
set the electrode width. The device’s proper operation was
validated by detection of black carbon particles using impact
electrochemistry in a continuous flow cell. These innovations
allow miniaturization of PM measurements and enable the
development of a wearable system capable of real-time and
personal PM exposure monitoring.
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