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Abstract— Geometrical modification of three electrode
Clark sensor is performed to enhance the sensing
amperometric current. Two types of implantable
microsensors are designed and characterized for
measuring dissolved oxygen (DOz). For type | sensor, the
area of the reference electrode (RE) conventionally
sandwiched between working electrode (WE) and counter
electrode (CE), is optimized. In contrast to the conventional
Clark sensors, the CE is sandwiched between WE and RE
in type Il sensor. Both type microsensors are fabricated
using simple processes of silicon-based microfabrication
technology. Electrochemical characterizations are
performed on both sensors. For 96% DO, type | and type Il
microsensors demonstrate a sensing current of -0.87 pA
and -2.35 pA as compared to a sensing current of -0.27 yA
for the conventional Clark microsensor of same size. A
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sensitivity of 0.0094 pA/%DO2 and 0.024 uA/%DO:2 are achieved with type | and type Il microsensor, respectively in
contrast to a sensitivity of 0.0027 uA/%DO: of the conventional Clark microsensor of same size. The sensors show a
lifetime of 48 hours. With its miniature size and enhanced sensing current the sensors have potentials for clinical and

biomedical applications.

Index Terms— Dissolved oxygen (DO2), Clark micro-sensor, capacitive cross-coupling, microfabrication, sensing

current, stability.

[.  INTRODUCTION

lectrochemical sensors monitor and correlate an

electrochemical reaction to a measurable signal [1], [2].
They are low cost and easy to use, and have low response
time. They are widely used in clinical analysis, environmental
monitoring, and the food industry. Dissolved Oxygen (DO) is
one of the important chemical parameters measured with
electrochemical sensors. It is an important parameter in
assessing water quality as it influences the organisms living
within a water body. In a waterbody, DO, is an essential factor
second only to water itself. A DO, level that is too high or too
low can harm aquatic life and affect water quality [3].

In medicine, traumatic brain injury (TBI) is a leading cause
of morbidity and mortality, especially among those under 45
years of age. In addition to the initial mechanically-induced
brain tissue injury, the lack of a sufficient oxygen supply to
brain tissue is considered a major cause for the development
of secondary brain damage. Studies have shown that brain
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tissue oxygenation closely correlates with several outcome
parameters and patient prognosis. Electrochemical sensors that
are capable of measuring the oxygenation of damaged brain
tissue or tissue at risk, and offer extended monitoring options
in these patients, are highly desirable in medical applications
[5].

The primary platform for electrochemical sensors is Clark
amperometric  three-electrode  structure. = Commercially
available electrochemical oxygen sensors are large and not
biocompatible. Therefore, they are not suitable for in-vivo
clinical and biomedical applications [5]. With the recent
advancements in microelectromechanical (MEMS) technology
and materials, the rapid development of microsensors is
reported for clinical and biomedical applications such as
dissolved glucose, lactate, glutamine, urea, cholesterol, food
pathogenic bacteria, and dissolved oxygen sensors [2]-[10]. A
Clark sensor typically consists of three concentric circular-
shaped electrodes: working (WE), reference (RE) and counter
(CE) electrodes [11]. Durability and reliability of electrodes,
sufficient sensitivity to measurement species, minimum
reaction to surroundings and a measurable output signal
(current between working and counter electrodes) are the
challenges to be addressed for the realization of a miniaturized
Clark electrochemical sensor [12]-[17]. Although miniaturized
Clark sensors are desirable for in-vivo clinical and biomedical
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applications, their sensing amperomtric current is small [18,
1]. Noise and small sensing current reduces the reliability and
accuracy of the measurement done by Clark microsensors
[11].

In order to increase the sensing current of Clark DO»
microsensor, several techniques have been proposed. In [19]
the sensing current of a printed circuit board based Clark DO,
microsensor has been increased by increasing the size of the
WE. However, the sensor is too large to be used for in-vivo
applications. A Clark DO, microsensor has been fabricated
using low temperature co-fired ceramic (LTCC) electronic
packaging materials in [20]. The application of LTCC
electronic packaging materials has provided high density and
long term stability of the reference electrode resulting in
enhanced stable sensing current. In [5] a freestanding
miniaturized Clark oxygen sensor has been reported. In this
work an electrode fabrication scheme incorporating partial
adhesion layer and a mesh electrode morphology has been
developed to enhance the sensing current. Although the size of
the sensors in [5] and [20] are suitable for in-vivo application,
their fabrication process is more complicated than
conventional Clark microsensors.

Symmetric circular-shaped electrodes are reported to be the
optimized geometry for the sensor due to diffusional mass
transportation of electrochemical species in all radial
directions [11], [5]. Several electrode design are considered to
improve device response and sensor stability of Clark sensors.
The sensing current of Clark sensor can be increased by a
sufficient working electrode area to support oxygen reduction.
However, the sensing current is proportional to working
electrode area upto a certain size of the electrode and after that
it saturates. A high surface area ratio between the counter and
working electrodes is required to remove the oxidation of the
electrode material. A sufficient reference electrode area is also
required to maintain a stable reference voltage. Additionally,
the performance of the sensor is correlated to the relative
positions as well as the distance between each pair of the
electrodes [5].

In addition to the design considerations discussed above, the
realization of the two static capacitive coupling between WE-
RE and WE-CE is another main consideration in the optimized
performance of the sensor. An increase in the capacitive
coupling between WE and CE can enhance the sensing current
and increase sensitivity. This consideration is associated with
the geometrical configuration of the electrodes in a sensor. In
this work we aim to enhance the sensing amperometric current
between WE and CE and sensitivity of the sensor by
geometrically modifying the area and position of the reference
electrode of a conventional Clark DO, sensor. We reported
two types of geometrically modified sensors.

In a conventional three-electrode Clark sensor, the RE is
sandwiched between WE and CE (see Fig.1). It is shown that a
ratio of static capacitive coupling between the WE and CE is
coupled to the RE due to diffusional mass transportation of
electrochemical species over the RE and it results in an
unwanted capacitive coupling between the RE and CE. In type
I sensor, geometric area of the reference electrode is optimized
to decrease the unwanted capacitive coupling between CE-RE.
In contrast to the conventional structure, the CE is sandwiched
between WE and RE in type II microsensor. In this case, a

ratio of static capacitive coupling between the WE and RE is
coupled to the CE due to diffusional mass transportation of
electrochemical species over the CE. This extra coupling is
shown to enhance capacitive coupling between WE-CE and
hence the output current between WE and CE. Both
geometrically modified structures are microfabricated on
silicon wafer. Cyclic voltammetry and chronoamperometry
results show that both of them have higher output current and
higher sensitivity than the conventional Clark sensor. Due to
the very small size and high current at low concentration of
DO,, the geometrically modified microsensors demonstrate
potential for clinical and biomedical applications.

Il. OPERATING PRINCIPLE OF AN AMPEROMETRIC THREE-
ELECTRODE SENSOR

The three function regions of a three-electrode Clark sensor
primarily include the redox reaction under kinetic control
(region 1), the redox reaction under diffusion limited
conditions (region 2), and additional redox reactions (region 3)
[9]. While there is an exponential relation between the applied
voltage and the measured current in regions 1 and 3, the
sensing current is reported to be independent of the applied
voltage in diffusion limited region (region 2). The developed
DO, sensors are characterized in region 2, since the measured
current of the sensor is independent of the applied voltage and
dependent of DO, concentration in this region [9]. In a
conventional Clark sensor, the sensing amperometric current
is mathematically expressed in the diffusion limited region as

(1.

_ ac(x,t)

where [ is the amperometric current (A), n, F, A, D, and C
(x, ) are the number of the reduced oxidised electrons,
Faraday constant (C/mol), the area of electrode (cm?),
diffusion constant and the concentration of electroactive
species at distance x and time t, respectively.

The sensing amperometric current can be varied by varying
the geometric area of the reference electrode. To show this,
the operating principle of the conventional three-electrode
sensor is discussed. Fig.1 shows the structure of a
conventional three-electrode Clark sensor and the static
couplings between the electrodes.

Considering g, as the total static capacitive coupling
coefficient between the WE and other electrodes (RE and CE)
in the sensor, g, is split into two static capacitive couplings:
Juwr (capacitive coupling coefficient between WE and RE) and
Gwe (capacitive coupling coefficient between WE and CE)
[21].

gtzgwr-l_gwc (2)

However, the coupling coefficients, g,,,- and g,,. depend on
the geometric configuration of the electrodes. As
schematically shown in Fig.1, a ratio of the amperometric
current (conducted by electrochemical species from WE to
CE), is coupled to the RE which has low electric potential and
corresponds to the capacitive coupling coefficient of g,,.
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Taking the coupling coefficient of g, into account, the
capacitive coupling coefficients between WE-CE and WE-RE
can be modified as follows:

g:rVC = Gwec — Yer 3)
g:VT' = Gwr T Ger 4)

According to (3)-(4), the capacitive coupling coefficient g_,.
negatively contributes to the coupling coefficient between WE
and CE and subsequently reduces the output amperometric
current, / between these two electrodes. In order to increase
the output current, /, the capacitive coupling coefficient of g,
should be reduced (I g.. = g, T [21]. The capacitive
coupling coefficient g,, is positively correlated to the surface
area of RE in the structure (a X b in Fig.1). This coupling
coefficient can be reduced by area reduction of the reference
electrode. Moreover, the RE causes interference by creating
resistance between the WE and CE. Reducing the area of RE
will reduce this resistance resulting in less interference for the
output current, /.

Je Iwe
WE _6

rW{f .
Fig. 1. Structure of a conventional three-electrode Clark sensor and the static
couplings between the electrodes.

Ill. OPTIMIZED GEOMETRIC AREA OF REFERENCE
ELECTRODE FOR INTERFERENCE REDUCTION

A conventional three electrode Clark microsensor as
shown in Fig. 2(a) has a full crescent shaped reference
electrode sandwiched between working (circle at the center)
and counter (the exterior crescent) electrodes. To demonstrate
the variations of the capacitive cross-coupling and resistance
between electrode pairs (WE-RE pair and WE and CE pair), a
concentric three-electrode Clark microsensor structure was
simulated by COMSOL Multiphysics Modeling Software. The
size of the reference electrode was reduced by taking off 1/4™"
of the crescent (reducing the area by 1/4) at every pass.
Therefore, the sensor structure was simulated for four different
areas of the RE. Normalized to the conventional circular shape
structure, the surface area of the reference electrode was
reduced to the ratios of % (3/4" crescent shape), % (half
crescent shape) and Y4 (quarter crescent shape) As shown in
Fig. 2(b), (c¢) and (d). In the simulation, the capacitance and
resistance variations between WE-RE and WE-CE pairs were

calculated by applying a constant voltage of 1 V across the
working and reference electrodes.

Fig. 3(a) compares the simulated capacitances between the
WE and RE (C,,) and WE and CE (C,,.) electrodes for
different surface areas of the reference electrode in the
structure. Simulation results indicates that as the surface area of
the reference electrode decreases, the capacitance, C,,,
decreases while the capacitance C,,, simultaneously increases.
In a similar way, the resistance variations between WE and RE
(R,,;), and WE and CE (R,,.) electrode pairs were simulated
for different areas of RE (see Fig. 3(b)). The simulated results
indicate that as the surface area of the RE decreases, the
resistance R,,, increases while the resistance R, decreases.
The simulated results in figs. 2 and 3 indicate that a RE with
reduced surface area has less capacitive coupling coefficient
J. and contributes to a high output current, /. Finally, the
output current / (the current between the WE and CE) was
simulated for different reference electrode surface area. Fig.
3(c) shows that the output current is maximum when the
surface area of RE chosen to be the half of the conventional re

surface area.

(c) (d
Fig. 2. Topology of the three-electrode Clark sensor for different reference
electrode area with normalized area of (a) 1 (b) % (c) Y2 (d) %.
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Fig. 3. Simulated (a) capacitance variations between WE-RE (C,,,) and WE-
CE (Cy.), (b) resistance variations between WE-RE (R,,,.) and WE-CE (R,,.)
and (c) output current variations between WE-CE (/) for different surface
area of reference electrode.

IV. Type | DO2 MICROSENSOR

A. Microfabrication

For the miniaturization requirement of the implantable
biomedical applications, the DO, microsensor was fabricated
on a silicon wafer. Based on the design procedure in Section
III, a concentric three-clectrode Clark microsensor with
optimized half crescent-shaped reference electrode (type I
DO, microsnesor) was designed and fabricated. To facilitate
comparison, a conventional Clark DO, microsensor was also
designed and fabricated. The conventional Clark microsensor
and Type I microsensor have same dimension everywhere

except for the reference electrode except reference electrode
shape. The reference electrode was a full crescent and half
crescent for the conventional Clark DO> microsensor and the
type I DO, microsensor, respectively. Figs. 4a and 4b show
the layout of the conventional Clark and type I microsensors,
respectively and 4c shows the cross section of the
microsensors on a (100)-oriented silicon wafer.
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Fig. 4. Layout of (a) the conventional Clark DO, microsensor and (b) the type
1 DO, microsensor. (¢) Cross section of both sensors with &;=100, &,=300,
d5=900, £=280, s=50, w=270, w,=80, w3=280 and s,,= 5,3=20 (all dimensions
in pm).

Both DO, sensors were fabricated following the same
processes. A thin layer of 20-nm-thick chromium (Cr) was
initially deposited with electron-beam-sputtering at 300°C and
107 Torr. It was followed by electron-beam-sputtering of 600
nm-thick gold (Au) layer at 300°C and 10”7 Torr. The Cr layer
acts an adhesion layer between the base silicon substrate and
electron-beam-sputtered Au layer. The Au and Cr layers were
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lithographically patterned by wet chemical etching process.
Then a thin layer of 200-nm-thick LOR 2A photoresist
followed by a 1.5-um-thick S1813 photoresist were spin
coated and pattered on the structure for the bi-layer lift-off
process of silver layer. Next, a 120-nm-thick silver layer was
deposited on the bi-layer photoresists using chemical vapor
deposition at 220°C and 5x10°° Torr. The Ag layer was then
lithographically patterned by lift-off process. The etching of
materials had to be done properly so that there is was no
metallic contact between the electrodes and the connection
pads of the electrodes. Then SU-8 2015 photoresist was spin-
coated and patterned following soft baking, exposure, post
exposure baking and development. This resulted in a 300 pm
SU-8 2015 layer covering the connections between the sensing
area and connection pads. The patterning of SU-8 2015
needed to be done with care so that electrodes and connection
pads were not covered with SU-8 2015. Finally, the deposited
silver layer (Ag) is converted to Ag/AgCl by traditional
electrochemical deposition technique. The AgCl layer was
formed on the Ag layer by applying a 5 uA current for 15 sec
in a 3M potassium chloride (KCI) solution against a Pt counter
electrode (also serving as reference in this case).

Fig. 5 shows the digital photograph of the fabricated
conventional and type I DO, microsensors on a silicon wafer.
Including the connection pads, each p-sensor occupies a
surface area of 2X1 mm?. Once the sensors were made, the
sensors were mounted on a designed PCB by connecting 150
um diameter copper wires between the connection pads of rge
sensor and the PCB (shown in Fig. 6). The thin copper wires
were connected to the connection pads with conductive epoxy.
Since the distance between connection pads on the
microsensors was 50 um, care had to be taken so that the
conductive epoxy does not short the microsensor connection
pads. After successful electrical connections were made, the
connection areas and the copper wires were covered with
insulating materials so that only the sensing area of the sensors
was exposed to test liquids.

(a) (®)
Fig. 5. Digital photographs of the fabricated (a) conventional and (b) type I
DO, microsensors on a silicon wafer.

B. Experimental Results

Electrochemical experiments were performed in a three-
neck glass reactor vessel as shown in Fig. 6. The glass reactor
vessel was filled with 0.5 M phosphate buffer (PBS, pH 7)
solution. The microsensor (either the type I or the

conventional Clark) was placed in the solution through neck 2.
The solution was saturated with different oxygen/nitrogen gas
ratios at room temperature with a tube placed through neck 1.
For reference, DO> in the bulk solution was monitored with a
commercial oxygen meter Instech, SYS203 placed through
neck 3. Experiments were performed with a computer driven
low-current potentiostat (Gamry Instruments, FAS1) in a
three-electrode configuration at room temperature. Fig. 7(a)
shows the cyclic voltammogram (CV) of the conventional
Clark and type I microsensors for a 96% of DO> solution. The
bias potential between the working and reference electrodes
was swept at a rate of =5 mV/s.

To measure the chronoamperometric response, the cathodic
potential for oxygen reduction -0.75V versus Ag/AgCl was
chosen from the plateau region. Typical chronoamperometric
responses were first observed at the onset of potential pulses
of -0.75V to the WE. Afterward, the current reached a steady-
state value known as oxygen limiting current. Fig. 7(b)
provides the experimental chronoamperometry response of the
conventional Clark and type I DO, microsensors for 96% DO»
solutions. The amperometric currents between WE and CE,
1., were measured to be around 0.27 pA and 0.87 pA for the
conventional Clark and type I microsensors, respectively. Fig.
8 shows the chronoamperometric responses of the
conventional Clark and type I microsensors for three different
concentrations, 2%, 23% and 96% of DO.. It can be seen that
the type I DO, microsensor has higher current output than
conventional Clark DO, microsensor.

k - _\‘79

Fig. 6. Measurement set-u to test the oxygeﬁ microsensors.
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Fig. 7. (a) Cyclic voltammogram (CV) and (b) time responses

(chronoamperometry, I.,,) of the conventional Clark and type I microsensors
for 96% DO..

Fig. 9 shows the measured current across working and
counter electrodes versus the dissolved oxygen concentration
measured with the commercial oxygen probe for both
microsensors. The current was measured four times for each
concentration of DO, (removing the oxygen gas and saturating
the solution with nitrogen gas in between those four
chronoamperometry measurements), totaling upto 12
chronoamperometry current measurements. Each data point in
the plot is the average of chronoamperometry current after the
current reaches to a stable value (after 8 seconds). Linear fits
to the data show that the type I sensor has a sensitivity of -
0.0094 pA/% DO; and the conventional Clark sensor has a
sensitivity of 0.0027 pA/%DO,. The results show an enhanced
sensitivity coefficient of 3.48:1 for the type I DO, microsensor
compared to the conventional Clark one. Additionally, it can
be concluded that the type I sensor demonstrates an accuracy
of 1.98 %DOQO,, a precision of 4 %DO; and a resolution of
0.004 %DO,. For precision measurement, spread of data for
each concentration was considered and the maximum spread
was taken as precision. It should be noted that errors were
introduced in measurement and instrumentation process.
Electrolyte resistance and resistance of other components such
as electrical connection to the working electrode in the
electrochemical circuits can have a significant effect on
measurements [22]. Cautions were taken to make these
resistances as small as possible for measurement accuracy. In
the tests, bubbles were created when gases were passed in the

buffer solution. Bubbles cover parts of the working electrode
surface, increasing over-potential on the working electrode’s
uncovered parts and taking up an appreciable volume fraction
of eclectrolyte. This changes the effective electrolyte
conductivity [22]. Thus the bubbles were a source of
measurement error. Another important source of error in
measurement came from the control amplifier inside the
potentiostat. DC signals applied by the control amplifier are
always superimposed by a very small AC signal consisting of
ripple and noise. The ripple and noise distort the applied DC
signal to the electrodes and produce measurement error.
Finally, our measurements had DC offset error. This error is
the drift of DC performance of the potentiostat over time and
with temperature change. For our tests, potentiostat was used
for long time to perform multiple measurements with different
types of sensor. Additionally, the tests were performed at
room temperature which varied around 2°C during the entire
testing period.
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Fig. 8. Chronoamperometric responses of (a) the conventional Clark and (b)
type I microsensors for three different concentrations, 2%, 23% and 96% DO..
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-1.0 . amperometric current transported by electrochemical species
o from WE to RE is coupled to the CE (see Fig. 10). This ratio
-0.8 GE - ' of the current corresponds to the capacitive coupling
X coefficient g,.. Considering the capacitive coupling
:C; 06 . coefficient g, in Fig. 10, the capacitive coupling coefficient

=z between WE-CE and WE-RE is modified as follows:

=}
© Iwe = Gwe + Grc (5)
-0.2 wr = Gwr — Gre (6)
= —0.0027x — 0.0116 . .

ok Y * Comparing the two sets of equations (3)-(4) and (5)-(6), the

0 20 40 60 80 100
Oxygen concentration (%)

Fig. 9. Relationship between calibrated DO,-concentrations and the measured
current across working and counter electrodes.

V. TYPE | I DO2 MICROSENSOR

A. Operating Principle

Inspecting the geometric configuration of the three-
electrode conventional Clark sensor in Fig.1 it is obvious that
a ratio of the capacitive coupling between WE and the exterior
CE, gy is coupled to the reference electrode and is denoted
by capacitive coupling coefficient, g.. g, positively
contributes to the capacitive coupling between the WE and RE
while it negatively contributes to the capacitive coupling
between the WE and CE (see equations (3)-(4)). For type 1
DO, microsensor, the magnitude of this coupling coefficient
was reduced to some extent by reducing the surface area of the
reference electrode. For type II microsensor the geometry of
the sensor is modified to invert the contribution of coupling
coefficient, g, in favor of output current of the sensor.

rW c

rWT’
Fig. 10. Static couplings between the electrodes in a geometrically modified
three-electrode Clark sensor.

The sensing amperometric current can be significantly
enhanced by sandwiching CE in between WE and RE as
shown in Fig. 10. In this configuration a ratio of the

capacitive coupling coefficient g, negatively contributes to
output amperometric current, / of the conventional structure of
the sensor, while the capacitive coupling coefficient g,.
positively contributes to this / in the topologically modified
three-electrode Clark sensor. Moreover, in the modified
structure, the distance between WE and CE, 1, is reduced
which positively contributes to capacitive coupling between
these two electrodes. Therefore, to enhance the sensing
amperometric current, / in type Il microsensor CE is
sandwiched between WE and RE.

B. Microfabrication

Based on our findings in section V.A, a concentric three
electrode Clark micro sensor with the CE sandwiched between
the WE and RE was designed and fabricated on a silicon
wafer. Fig. 11 shows the schematic diagram of the
microsensor on a (100)-oriented silicon. The sensor was
fabricated using the same microfabrication steps as described
in section IV.A for the type I and conventional Clark DO>
microsensor. The thickness of each layer was same as the
thickness of the layers for the type I and conventional Clark
DO; microsensor. Including the connection pad region, the
dimension sensor area is 2X1 mm?.

— PR(SUS 2015) LN

L W3
¢ dq S23

Fig.11. Layout of the type II DO, microsensor with the optimized ¢,=100,
d,=300, d5=900, (=280, s=50, w=270, w,=280, ws=80 and s12= 523=20 (all
dimensions in pum).
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C. Experimental Results

To verify the performance of the type II sensor in Fig.11,
the same experimental set-up used in section V.B was used.
Fig.12(a) shows the linear cyclic voltammogram (CV) of the
type II microsensor for two specific dissolved oxygen
solutions (N2- and O2-Saturated). Fig. 12(b) compares the
measured CV curve of the type II microsensor with the CV
curves of type I and conventional Clark sensor previously
discussed in section V for 96% DO2. It can be seen that a
significant enhancement in the sensing amperometric current
was achieved with type II microsensor, e.g., the measured
sensing current was around -2.35 pA for the type II
microsensor versus -0.87 pA and -0.27 pA for type I and
conventional clark sensor, respectively for 96% DO2 at -0.75
V. Fig.13 shows the chronoamperometric responses of the
type II microsensor with the measured currents of -0.13 pA, -
0.64 pA and -2.35 pA corresponding to three different
concentrations, 2%, 23% and 96% DO2, respectively. To
measure the chronoamperometric response, the cathodic
potential for oxygen reduction ( -0.8 V versus Ag/AgCl) was
chosen from the plateau region.
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Fig. 12. (a) Linear cyclic voltammogram (CV) of the type II microsensor for
N;- and O, — saturated condition. (b) comparison between CV responses of
three microsensor sensors for 96% DO,.
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Fig. 13. Chronoamperometric responses of the type II microsensor for three
different concentrations, 2%, 23% and 96% DO,.

Fig. 14 shows the measured current across working and
counter electrodes versus the DO, concentration measured
with a commercial oxygen probe for type II microsensor. The
current was measured four times for each concentration of
DO> (removing the oxygen gas and saturating the solution
with nitrogen gas in between those four chronoamperometry
measurements). Each data point in the plot is the average of
chronoamperometry current after the sensor reaches to a stable
value (after 40 seconds). Linear fits to the data show that the
type II microsensor has a sensitivity of -0.024 pA/%DO,. The
results show an enhanced sensitivity coefficient of 8.9:1 for
the type II microsensor compared to the conventional Clark
microsensor. The accuracy, precision and resolution of the
type II microsensor are computed to be 2.1% DO,, 6% DO>
and 0.006% DO,, respectively. For precision measurement,
spread of data for each concentration was considered and the
maximum spread was taken as precision. The sources of errors
in measurement and instrumentation process are same as
discussed in section I'V. B.

Current (pnA)
o

Linear regression:
y = —0.024x — 0.081
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Fig. 14. Relationship between calibrated DO,-concentrations and the
measured current across working and counter electrodes.

Table I compares the developed geometrically modified p-
sensor with the reported DO» microsensors in literature in
terms of size, technology, sensitivity coefficient and the
measured amperometric current at Op-saturate concentration.
The developed type II microsensor is reported to have higher
measured current than the ones reported in the literature
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except the one reported in in [19]. However, the sensor
reported in [19] achieves higher current at the expense of a
large size which is not suitable for many clinical and
biomedical application.

TABLE I
COMPARISON BETWEEN THE GEOMETRICALLY MODIFIED DO2
MICROSENSORS AND MICROSENSORS IN LITERATURE

. > Sensitivity Current

Sensor Size (mm°) Tech. Cocfficient (nA) O,-

Saturated
[2] 3.5%6.5 MEMS Not Given 0.31
[11] 0.2x0.5 MEMS Not Given 0.27
[23] 12x20 MEMS Not Given 0.14
[18] 4.0x4.0 MEMS 0.0014 nA/ppm 0.04
[19] 20x40 PCB Not Given 4.10
[20] 3.0x3.0 LTCC 0.005 pA/%DO, 0.41
[5] 2.0x6.0 MEMS 0.011 pA/%DO, 1.68
Type 1 1.0x2.0 MEMS 0.009 pA/%DO, 0.87
Type I 1.0x2.0 MEMS 0.024 pA/%DO, 2.35

Both type I and type II sensors were fabricated on two
different wafers using the same microfabrication processes at
two different times. Five sensors of both types from each
wafer were tested. Table II shows the measured amperometric
current of both type sensors fabricated on two different wafers
for 96% DO, (O,- saturated). It can be seen that the
amperometric currents of same type sensors fabricated on two
different wafers have very small deviation between them. This
indicates that reproducible sensors can be fabricated if the
same microfabrication processes are followed.

TABLE I
AMPEROMETRIC CURRENT OF BOTH TYPE SENSORS FABRICATED
ON TWO DIFFERENT WAFERS

Current

Wafer Type (1A) O,-
Saturated
Wafer 1 Type 1 0.87+0.02
Wafer 2 Type 1 0.88+0.05
Wafer 1 Type 11 2.35+0.05
Wafer 2 Type I 2.3240.06

VI. STABILITY OF THE MICROSENSORS

Developed Type I and Type II microsensors were tested to
analyze the long-term stability performance. For the test, the
same experimental set-up used in section V.B was used. The
sensors were tested in a 0.5 M phosphate buffer (PBS, pH 7)
solution saturated with oxygen. The cyclic voltammogram
(CV) performed periodically every hour at room temperature
for a total of approximately 64 hours. Fig. 15 shows the
output currents of type I and type II microsensors measured at
-0.75 V versus Ag/AgCl and -0.8 V versus Ag/AgCl for type I
and type II microsensors, respectively. As shown in Fig. 15,
the output current remained stable over the duration of 53
hours after which an increase in current drift was observed.
The measured currents lied with in -0.87 = 0.04 pA and -2.35
+ 0.07 pA. It is speculated that the increased drift after 53
hours is due to the degradation of AgCl layer on the RE. The
microsensors can support testing for 2 days if one test is
performed every hour. This lifetime is enough for some

biomedical and clinical applications such as measuring brain
tissue oxygenation of TBI patients. For traumatic brain injury
(TBI) patients, monitoring brain tissue oxygenation level for
first 48 hours is of great importance.

0 T T

O Type | sensor e}

-0.5 O Type Il sensor 1

@W%&o%om@o%@o%dpwo ]

151 1

Output current (uA)

2+t ,

o0 _ OO ofo O M0 g o
"tlog | g9 Y oom %E\HDD?DDDDE‘% el Baen ==l =

25%
0 10 20 30 40 50

Time (hour)
Fig.15. Stability results of type I and type II DO, microsensors at room
temperature for saturated with oxygen solution.

Studies have been done to improve the stability of reference
electrode and increase lifetime of sensors. [24] has improved
the stability of the reference electrode by improving stability
of the AgCl layer on Ag. They have applied a solid KCl layer
on the AgCl layer and a protective nafion layer on the KCl
layer. The protective nafion layer prevents the leakage of
chloride ions into the solutions. [5] has improved the stability
of reference electrode by choosing gold as reference electrode
material. One of these approaches can be taken in future to
increase the lifetime of the developed microsensors.
Additionally, it should be noted that the results of the tests
reported here did not take cross-sensitivity into account. The
cross sensitivity of the sensor can be reduced by placing an
electrolyte in contact with the electrodes and then
encapsulating the electrolyte and electrodes with an oxygen
gas permeable membrane [5].

VII. DiscussiON AND CONCLUSION

Three-electrode Clark DO microsensors are geometrically
modified to enhance the sensing amperometric current and
increase the sensitivity of measurements. Two types of
microsensors have been designed and characterized. For type I
sensor, the area of RE is optimized to increase the sensing
current between WE-CE. For type II sensor the sensing
current between WE-CE is significantly enhanced by
sandwiching the CE between WE and RE. Both sensors have
been fabricated using simple processes of microfabrication
technology. The simple processes will result in low cost of the
sensors. For 96% DO,, type I and type II microsensors
demonstrate a sensing current of -0.87 pA and -2.35 pA as
compared to a sensing current of -0.27 pA for the
conventional Clark microsensor of same size. Type I and type
II have an enhanced sensitivity coefficient of 8.9:1 and 3.48:1,
respectively compared to the conventional Clark microsensor
of same size. With more than 48 hours lifetime and miniature
size, the sensors have potentials for clinical and biomedical
applications.
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Considering the cost associated with fabrication and
packaging at the University, each type I or type II sensor costs
around 35$ when ready for testing. This is lower than the cost
of bulky electrochemical DO> probes in market (cost around
300-4008). There are commercial optical DO2 sensors which
are small (around 3 mm diameter) and low cost (around 33$)
[25]. They need to be attached to inner surface of vessels.
However, these optical sensors can be used only for
transparent vessels. Our developed sensors can be
monolithically integrated with driving and reader CMOS
electronics by post-processing route (fabricating the
microsensors directly on top of CMOS) [26, 27]. There are
two critical parameters to be addressed for post-CMOS
integration of MEMS devices. First, the microfabrication
process temperature budget must be lower 425°C in order to
retain the performance and reliability of the CMOS
electronics. Second, MEMS devices with gaps between
structures need the sacrificial material and release etchant to
be carefully chosen so that the metallization stack of the
underlying electronics is saved from chemical [27]. The
maximum processing temperature of our complete
microsensors was kept below 300°C and the microsensor does
not have any gaps between structures enabling above-CMOS
integration in near future.
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