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Abstract

In the effort of developing micro-electrochemical sensors, the miniaturization of reference
electrodes has been a challenging task. In this paper, a flexible micro reference electrode with an
internal electrolyte reservoir is reported. This new device is based on a unique microfabricated
parylene tube structure, which is filled with CI™ rich electrolyte, into which a 50 um diameter
silver (Ag) wire covered with a 7.4 um thick silver chloride (AgCI) layer is inserted. The distal end
of the tube is filled with potassium chloride (KCI) saturated agarose gel. The Ag wire, thick AgCl
layer, and internal electrolyte reservoir lead to a long operation time and a stable reference voltage.
The drift over a 10-hour period has been found to be less than 2 mV. The total operation time of
the device has exceeded 100 hours. Furthermore, the compatibility with microfabrication allows
the integration of other components, leading to truly miniaturized electrochemical sensors or
sensing systems. To prove this, we demonstrated a pH sensor by combining the reference electrode
and an iridium oxide electrode monolithically integrated on the surface of the parylene tube.
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1. Introduction

Recently, there have been many efforts to develop miniaturized electrochemical sensors for
microfluidic lab-on-chip analyses or in-vivo biological monitoring. The reference electrode
is an essential component of electrochemical sensors and thus has received considerable
attention [1]. The most widely used reference electrodes are Ag/AgCI (silver/silver chloride)
electrodes, which are constructed by immersing a silver wire coated with AgCl in KCI
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(potassium chloride) or other CI~ ion-rich solution. The electrochemical reaction on the Ag/
AgCl reference electrode is represented by the following equation:

AgCl(s)+e™ «» Ag(s)+Cl™ (aq)

Many micro reference electrodes have been developed based on this mechanism [1]. In some
cases, the reference electrodes are simply thin film Ag/AgCl electrodes without a filling
solution [2]. They have the advantage of a simple microfabrication process. However, a
disadvantage of a thin film Ag/AgCl is a short lifetime due to the small amount of Ag/AgCI.
Furthermore, their potential is very sensitive to the testing solution due to the lack of a filling
solution. Therefore, their application as reference electrodes is limited. To reduce the
sensitivity of these electrodes to CI™ ions and the pH value, Ag/AgCI films can be covered
by gels filled with electrolytes. For example, Huang et al. used agarose gels filled with KCI,
which function both as a solid internal electrolyte and an ion diffusion membrane [3]. Liao
et al. mixed KCI with agar gel for the inner electrolyte and used chloroprene rubber for the
liquid junction and insulator [4]. Due to the finite amount of CI~, these types of electrodes
may still suffer from stability issues during long-term applications.

To make more stable reference electrodes, there have been a number of efforts to integrate a
reservoir of KCI or other CI™ ion rich solutions in these electrodes. Suzuki et al. developed a
liquid-junction Ag/AgCl reference electrode with microfabrication techniques [5]. The
solution reservoir was fabricated on a silicon substrate using anisotropic etching. In later
work, this group formed the electrolyte layer by screen-printing a paste containing fine KCI
powder and encapsulating it using silicone [6]. The electrolyte layer was then activated by
injecting a solution saturated with KCI and AgCl.

The miniaturization of the reference electrode is a challenging task [1]. The lack of a
reliable, long-lived reference electrode limits the performance of micro electrochemical
sensors. Here we report a novel hybrid approach to developing a flexible microfabricated
reference electrode with an internal electrolyte reservoir and a Ag/AgCIl metal wire. This
approach combines several advantages. Compared with thin films, a Ag/AgCl wire can
provide larger amounts of Ag and AgClI, preventing the failure of the electrode due to the
consumption of Ag or AgCI. In addition, an internal electrolyte reservoir can lead to a stable
reference voltage. Unlike its glass pipette counterparts, the flexibility makes this device very
robust during application. In addition, its compatibility with microfabrication allows the
integration of other components, leading to truly miniaturized electrochemical sensors or
sensing systems.

2. Experiments

2.1 Design and Fabrication Process

The proposed reference electrode is schematically illustrated in Figure 1. The reference
electrode is formed by inserting a silver wire coated with a AgCl layer into a KCl filled
parylene tube. Note that the central parylene tube is filled with electrolyte through one of the
two side channels, whose inlets locate at ends of the two silicon beams. The tip of the tube is
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sealed with agarose gel saturated with KCI. For pH sensing, a pH indicating electrode is
integrated on the top surface of the tube. The contact pad of this electrode is on the silicon
pedestal, which also facilitates the handling and microfluidic coupling to the parylene tube.

The fabrication process of parylene micro-tubes is based on XeF, isotropic etching and
parylene conformal coating [7-10]. The simplified process is summarized in Figure 2. The
left column shows cross-sections along the longitudinal direction of the parylene tube,
whereas the right column shows the transverse direction. The fabrication starts with the
etching of 8 um wide trenches into the silicon wafer using deep reactive ion etching (DRIE).

Subsequently, parylene-C is deposited onto the surface of the silicon by chemical vapor
deposition (CVD). Thanks to the conformal deposition of parylene, deep trenches will be
refilled as shown in Figure 2a. The resulting parylene structures in trenches form sidewalls
for microchannels and barb structures at the salt bridge region to mechanically anchor the
cured agarose gel. In the next step shown in Figure 2b, parylene is patterned using an Al
mask and oxygen reactive ion etching (RIE) to form discontinuous 8 um x 20 um holes that
expose the silicon wafer. Then a gas phase etchant known as XeF is used to etch silicon
beneath the holes. Since this etch is isotropic, silicon becomes undercut, and eventually, the
cavities formed around each hole join to form a single continuous groove. A second
deposition of parylene greater than 4 um, shown in Figure 2d, serves to coat the walls of the
XeF, etched groove with parylene and seal the XeF, etch holes in the surface. This creates a
sealed, continuous microchannel buried beneath the silicon. Next as shown in Figure 2e, a
titanium/gold thin film layer of 250 nm is deposited by electron beam evaporation and
patterned to form the shapes of microelectrodes, contact pads, and traces. These metal
structures are insulated by a third layer of parylene 3 um thick, which is subsequently
patterned to expose electrodes and contact pads, as shown in Figure 2f and 2g. During this
etching, excess parylene around the device is also removed. Finally, as shown in Figure 2h,
silicon is patterned by backside DRIE, removing silicon from parylene structures intended to
be free standing, as well as shaping the silicon parts of the device. Assembly is completed
with the insertion of an Ag/AgCl wire into the microchannel, loading of the electrolyte
solution, and pulling of the agarose gel into the tip of the tube.

2.2 Fabricated devices

Figure 3a shows a fabricated device. The parylene tube is around 17.3 mm long. The initial
width of the tube is 342 um and it narrows down to 237 um at the distal end. The magnified
view of the distal end of the device is shown in Figure 3b, where the pH indicating electrode,
arrays of sealed etching holes, and the transition from wide to narrow tubes can be clearly
observed.

The narrow tube is achieved by converging two rows of parylene windows into a single row
for XeF, etching. The length of the salt bridge area can be adjusted to get an appropriate
impedance. Figure 3c and 3d show SEM images of the overall device and a cross-sectional
view of the parylene tip, respectively. The parylene tube can be easily bent without causing
any damage as illustrated in Figure 3e.
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2.3 Device assembly

A silver wire with a 50 pm diameter is chosen for the reference electrode. This diameter
allows the formation of a thick AgCl layer while retaining sufficient Ag, preventing the
failure of the device due to the limited amount of Ag or AgCI. A simple electrochemical
method is used to convert Ag to AgCI. Note that an appropriate ratio of silver and silver
chloride is important for good stability and reproducibility. To achieve optimal performance,
10-25% of silver should be converted to silver chloride according to [11]. In our experiment,
a constant voltage of 500 mV is applied between an Ag wire and a large Pt electrode ina 1
M KCI solution for one hour. By calculating the total amount of current, 24 % of Ag was
converted, leading to a 7.4 um thick AgClI film.

To assemble the reference electrode, a Ag/AgCl wire was first inserted into the parylene tube
from the opening at the edge of the silicon interface chip. Since both the channel and wire
are in micro scale, this work was performed under a microscope with a pair of fine tweezers.
Once the Ag/AgCl wire reached the other end of the channel, it was stopped because of the
smaller size of the salt bridge area as illustrated in Figure 3b. The Ag/AgCl wire was fixed
by applying a small amount of marine epoxy at the tube inlet on the silicon pedestal. Then
the inner electrolyte, saturated KCI and AgCl solution, was injected into the parylene tube
using a syringe through one of the polyimide tubes glued on the two silicon beams. Note that
both silicon beams host a microfluidic inlet to the parylene tube. When electrolyte was
injected through one polyimide tube, the other was sealed. During this process, the device
was carefully observed under a microscope to avoid air bubbles inside the tube. Next, the
smaller parylene tube at the distal tip was filled with 2% agarose gel saturated with KClI,
which functions as the salt bridge of the reference electrode [12]. It was achieved by
applying a negative pressure to the syringe on the polyimide tube, while the probe tip was
dipped into an agarose solution. The temperature of the agarose solution was kept above

80 °C during drawing to keep it in the liquid phase. The agarose solution inside the tube tip
gelled quickly after the probe was removed from the hot solution. The agarose gel column is
about 3 mm long. Finally, to avoid the inner aqueous electrolyte solution from evaporating,
the end of the polyimide tube was sealed by epoxy. In order to maintain the integrity of the
gel, the assembled device is stored in a saturated KCI solution.

An assembled micro-reference electrode is presented in Figure 4a. Polyimide tubing is used
here for the injection of the inner electrolyte and the drawing of the agarose gel to form the
salt bridge as discussed previously. In order to mechanically anchor the gel, barb structures
are implemented inside the tube as shown in Figure 4b.

3. Characterization of the reference electrode

We measured the potential difference between our electrode and a commercial reference
electrode in 1X phosphate buffered saline (PBS) solution, DI water and three different pH
solutions as shown in Figure 5. The commercial reference electrode is a LowProfile Ag/
AgCI gel electrode (3.5 mm OD) from PINE

Research Instrumentation, which is filled with 4 M KCI gel and has a typical variance of
+3-5 mV. The pH buffer solutions were purchased from EMD, and have pH values of 4, 7,
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and 10, respectively. The first test started with a 1X PBS solution by connecting two
reference electrodes to an electrometer (Keithley 6514). The voltage difference between the
two electrodes was stable at around —36 mV for the duration of a 10-hour experiment. Then,
after a quick rinse, the test solution was changed to a pH 4 solution and monitored for
another 10 hours. The voltage difference was still stable at around —35 mV. Then the device
was tested in pH 7 and pH 10 solutions, respectively. We observed that for devices immersed
in PBS 1X and pH buffers at 4, 7 and 10, the maximum deviation of the average voltage
recorded over at least 10 hours was no more than 5 mV between solutions. In addition, the
maximum variation of the recorded voltage over 10 hours for each solution is less than 2
mV. The device has also been tested in DI water. As can be observed, the output is less
stable than other cases. However, the overall drift over the testing period is less than 5 mV.

Our device has been tested in KCI solutions with different concentrations and the results are
plotted in Figure 6. It can be observed that our reference electrode is insensitive to KCI
concentration due to the internal electrolyte reservoir. The potential variation is less than 3
mV for KCI concentrations ranging from 0.1 M to 2 M.

The impedance of the new reference electrode has been characterized from 200 Hz to 20000
Hz with an LCR meter (HEWLETT PACKARD 4284A). The measured impedance is
mainly resistive and approximately 60kQ, similar to the commercial reference electrode
whose resistive impedance is around 1.5 kQ.

To further investigate the response to pH, we combined our reference electrode with a glass
based commercial pH indicating electrode (Orion 350 PerpHect Meters, Thermo) and
measured their voltage in different pH solutions. A sensitivity of —54.6 mV/pH is obtained,
close to the ideal Nernstian slope of =59.19 mV/pH [11].

In our experiment, the overall operation time of the tested device has exceeded 100 hours.
Note the operation time and stability of the reference electrode are affected by multiple
factors such as the amounts of Ag/AgCl and CI™ in the electrolyte. Many micro reference
electrodes have a shorter operation time compared to their macro counterparts because the
limited AgCI can be rapidly consumed due to the reduction of Cl ions in the electrolyte [2].
To obtain a long operation time and stable reading for the reference electrode, we use Ag/
AgCl wire instead of a thin film and integrate an internal electrolyte reservoir.

Our current device utilizes a 50 um diameter Ag wire of which 24% is converted to AgCl. In
the future, we plan to use thicker Ag wires, i.e., 75 pm. We will also integrate a larger
reservoir on the silicon base in the next generation devices to significantly increase the
electrolyte volume. It is also worth noting that the current reference electrode needs to be
stored in a saturated KCI solution, in a way similar to commercial ones. This not only keeps
a sufficient CI™ concentration but also prevents the gel from dehydration.

4. A miniaturized pH sensor based on the new reference electrode

To prove our approach can lead to miniaturized electrochemical sensors, a pH sensor has
been demonstrated. The pH indicating electrode is formed by electrochemically depositing
iridium oxide on the integrated gold electrode on the parylene tube surface. The
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electrodeposition was performed using a Princeton Applied Research Potentiostat/
Galvanicstat Model 273A by sweeping a positive bias between 0 and 0.575 V (versus Ag/
AgClI) at 50 mV/s for 50 cycles first, which enables the deposition of the high-quality thin
film. Then a second pulse of 1Hz between 0 — 0.575 V was performed for 3200 iterations
[13].

We characterized the pH sensor by measuring the voltage difference between our reference
electrode and the integrated pH indicating electrode in three different pH buffer solutions for
one hour. As shown in Figure 7, a sensitivity of -66.5 mV/pH was obtained with our pH
indicating electrode, slightly larger than the ideal Nernstian slope of =59.16 mV/pH. The
drift over one-hour period is between -5mV and —10mV, which is moderate compared to
those observed by others [14, 15]. This drift is probably caused by different diffusion rates
of anions and cations [15]. It has been reported that activated iridium oxide (AIROF) and
electrodeposited iridium oxide (EIROF) typically exhibits a sensitivity from —60 mV/pH to
—-70 mV/pH [14, 16, 17]. Therefore, our miniaturized sensor has a sensitivity that matches
reported values in the literature.

5. Conclusion

A novel flexible microfabricated reference electrode has been successfully developed. By
taking advantage of a unique parylene tube structure, we successfully integrated a Ag/AgCl
wire and a reservoir for the inner electrolyte, leading to a long operational life and stable
output. Compared to reference electrodes based on glass capillaries, the flexible parylene
tube makes the new electrode more robust. Our novel micro-reference electrode exhibited
good stability in PBS and pH buffer solutions with a drift of 1-2 mV over 10 hours. When
the pH value is increased from 4 to 10, the voltage variation is less than 5 mV. The device
has exceeded 100 operational hours without significant deviation from that observed with a
commercial Ag/AgCl reference electrode. By combining a monolithically integrated IrOx
pH indicating electrode, a miniaturized pH sensor has been demonstrated. This MEMS-
based flexible reference electrode will be useful for 3D cell culture monitoring, in-vivo
electrochemical sensing, or other applications which request miniaturized electrochemical
Sensors.
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Highlights
. A flexible miniaturized Ag/AgClI reference electrode based on a parylene tube
structure is demonstrated.
. Stability and life time of the proposed reference electrode are improved by

integrating an inner electrolyte reservoir and a Ag/AgCl wire.

. The developed reference electrode exhibits a good stability in different pH
buffer and PBS solutions.

. An electrodeposited iridium oxide has been monolithically integrated to
demonstrate a miniaturized pH sensor.
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Ag/AgCl wire

Saturated KCL+AgCI

>

Side channels

Parylene tube

Figure 1.
3D schematic of the new reference electrode.
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I Ssilicon Wafer Parylene C Electrolyte

Figure 2.
Simplified fabrication process: (a) Parylene C coating on a silicon wafer; (b) Patterning

discontinuous holes on parylene; (c) XeF2 etching to completely undercut the handling
wafer and form underlying channels; (d) 2nd parylene deposition to seal the previously
opened parylene windows; (€) Ti/Au deposition to form electrodes/traces/pads; () 3rd
parylene layer to insulate the metal layer; (g) Patterning the parylene layer; (h) Backside
DRIE etching to release the device from silicon wafer; and (i) Insertion of the Ag/AgClI wire
and sealing of the tip with agarose gel.
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Figure 3.
a) Prototype of a fabricated reference electrode. b) The distal end of the parylene tube. c)

SEM image of an overall view of the reference electrode. d) SEM cross-sectional view of the
parylene tip. e) A curved parylene tube illustrating its flexibility.
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Figure 4.
a) Prototype of an assembled reference electrode. b) Salt bridge area with barb structures.
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Figure 5.
The potential difference between our reference electrode and a commercial reference

electrode in different solutions.
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Figure 6.
The potential difference between our reference electrode and a commercial reference

electrode in KCI solutions with different concentration. The average value and standard
deviation are calculated based on one-hour measurement.
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