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Abstract

A silicon-based yttria-stabilized-zirconia (YSZ) amperometric oxygen sensor with a cross-bridge structure has been developed. It is a
planar type sensor with interdigitated electrodes and integrated with thermal elements. Its sensing area of 380 pm x 240 pm is a substantial
reduction in size from current sensors. Its thermal shock resistance is maximised by selecting an appropriate thickness of the sandwich
structure and a minimum local annealing temperature. The sensor response to oxygen begins from 450 °C and reaches its operation range
between 560 and 611 °C. Annealing at a temperature approximately 10% higher than the maximum operation temperature appears to enhance
the thermal stability of the sensor. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In early 1900, Nernst worked on various means of produ-
cing better visible light than the carbon filament lamp. He
observed that oxygen evolved at anode while a dc voltage
was applied on mixed oxides such as 15% Y,03-85% ZrO,,
and suggested that a nearly pure oxygen ion conduction
occurred [1]. The conductivity is due mainly to oxygen ions
in the mixed oxides.

Wagner established the theory of the electromotive force
of a solid electrolyte cell in 1957 [2]. Four years later,
Weissburt and Ruka fabricated their solid electrolyte sensor.
In 1976 Bosch Co. made a practical use of oxygen sensors
for automobiles [2].

In the last 20 years, oxygen sensors have been extensively
used in various applications. Major applications are in
combustion systems where measurements of oxygen content
in the exhaust can be used to assess the air-to-fuel ratio.
There is an increasing concern about minimising the emis-
sion of carbon monoxide, nitric oxides, and unburned hydro-
carbons from automobile exhausts. Appropriate controlling
of the air-to-fuel ratio will maximize fuel efficiency and
minimize air pollution. Therefore, there is a need in the
automobile industry for a high performance oxygen sensor.

" Corresponding author. Tel.: 4+1-216-368-2935; fax: +1-216-368-8738.
E-mail address: cx19@po.cwru.edu (C.-C. Liu).

Other applications include the use in industrial processes,
laboratory applications, and physiological applications (e.g.,
life support systems, and home health care systems).

It is difficult to develop an oxygen sensor matching all the
needs. Different sensors may be required depending on the
conditions of sensor operation. Common electrochemical
sensors can be operated in either potentiometric or ampero-
metric mode. Amperometric sensors are inherently pre-
ferred, in terms of sensitivity, compared to potentiometric
sensors. This is because the sensor output of an ampero-
metric sensor is linearly related to the activity (or concen-
tration) of the analyte, whereas that of a potentiometric
sensor is semi-logarithmically related to the activity of the
analyte. Although amperometric oxygen sensors are cur-
rently available, improvements on mechanical robustness,
reliability, and power consumption are necessary. The size
and cost of the sensors are also major consideration. Most of
the amperometric oxygen sensors reported are based on
ceramics, which are large in size, high in power consump-
tion, and high in cost. Limited discussions have been
reported on silicon-based amperometric oxygen sensors.

The purpose of this research is to develop a reliable, low
cost amperometric oxygen sensor for high temperature
operation. Silicon-based MEMS technology is used to fab-
ricate geometrically well defined, reproducible, and
mechanically robust oxygen sensors. The batch fabrication
process is also cost effective. In this study, the oxygen sensor
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has a cross-bridge configuration with a thin diaphragm
structure minimising the required heating energy. In our
current research, the sensor design and fabrication processes
of this oxygen sensor will be discussed. Because multi-
layers of materials are used, the thermal mismatch among
these different material layers is of concern. Thus, one of the
critical issues in developing this type of sensor is to deal with
thermal mismatch among the layers. Specifically, the ther-
mal shock occurring within the thin diaphragm area at high
annealing or operating temperature is a concern.

The sensor response to oxygen depends on the total length
of the three-phase boundary [3]. In general, within a certain
range of annealing temperature, this boundary length
increases with the annealing temperature. However, the
adhesion between the platinum electrodes and the yttria-
stabilized-zirconia (YSZ) layer decreases with an increasing
heating temperature. They are in contradiction. Therefore,
the second important problem is to optimize the relationship
between increasing the length of the three-phase boundary
and the adhesion of sensing electrodes to YSZ. When the
heating temperatures are higher than a certain value, plati-
num electrodes will significantly reduce their resistivity with
the increasing temperature. In order to obtain stabilized
thermal elements, the third problem needing to be solved
is to determine the value of optimized annealing tempera-
ture, which will be best suited to the temperature range of
our sensor operation.

2. Experimental
2.1. Design consideration

A thin diaphragm structure was used to minimize the
heating energy needed. One must recognize that silicon has a
thermal conductivity of 149 W/m °C and air has a value of
0.024 W/m °C. Our research results showed that at high
operating temperature, such as 600 °C or higher, a suspend-
ing bridge structure broke easily at the connecting areas
between the bridge and the bulk. Thus, a cross-bridge
structure with four etched-through areas as shown in
Fig. 1(a) is preferred and used.

This oxygen sensor was designed in a planar type config-
uration. The active area of the device is shown in Fig. 1(b).
From bottom up, there were six layers: (i) silicon substrate
with (1 0 0) orientation, (ii) thermal grown silicon dioxide
layer for electrical insulation and thermal isolation, (iii)
platinum layer used as heater and temperature detector for
a temperature range about —200 to 850 °C [4], (iv) aluminum
oxide layer for electrical insulation, (v) ZrO,~Y,05; (YSZ)
layer as the electrolyte, and (vi) porous platinum electrodes.

The designed sensor structure needed to perform well
under high temperature operation and thermal annealing.
Materials used in different layers had different coefficients
of thermal expansion. They ranged from 2 6 x 107 (sili-
con) to 105 x 107%/°C (cubic structure of zirconium
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Fig. 1. Schematics of an oxygen sensor: (a) top view, (b) side view.

oxide). Thus, the choice of adjunctive layers of material
would be critical to minimize the potential thermal mis-
match.

Several parameters affected directly the sensor character-
istics. The main parameters were: (i) the width of electrode,
(ii) the separation gap between electrodes, (iii) the thickness
of zirconia electrolyte, and (iv) the electrode length.
Obviously, ionic current increased with the increasing width
of electrodes. However, ionic current was not proportional to
the width of the electrodes and a saturated current was
observed at electrode with 1.5 mm width [5]. The ionic
current increased with decreasing separation gap between
electrodes. Hence, it would favor a combination of electrode
pairs having narrow widths and separation gaps. This led to a
comb or interdigitated configuration.

In this research, the backside of the substrate directly
below the active sensing area was removed reducing the
power consumption of the sensor. Silicon has a higher
thermal conductivity than the other materials used in this
development, it is important to remove as much silicon as
possible from the immediate active area in order to minimise
the heat losses. However, a thin layer of silicon was left for
supporting the sensor structure.

The width of the heaters was 30 um and the width of
the temperature detectors was 20 pm. The finger width of the
sensing electrodes and the separation space between the
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opposite fingers were 20 um. The sensing area was
380 um X 240 pum, less than 0.092 mm? The total active
area was 580 um x 460 pm, or 0.267 mmz, which was a
substantial reduction from the size of current sensors.

2.2. Device fabrication

The fabrication began with a double side polished, n type
(1 0 0) silicon wafer. A 5000 A layer of silicon dioxide was
thermally grown on the wafer. After patterning the windows
at the backside of the wafer, the wafer was placed in 25 wt.%
tetramethyl ammonium hydroxide (TMAH) [6] at 100 °C
for about 240 min. This resulted in a silicon diaphragm of an
approximately 40 pm thickness.

Another wet oxidation process was carried out to ensure
that the wafer would have well defined patterns in the next
patterning step. After patterning the windows at both sides of
the substrate, the wafer was placed in TMAH at lower
temperature, ~85 °C, for 20-30 min resulting in a 10—
20 um diaphragm remained. The silicon substrate was then
etched through at the four corner areas of the thin dia-
phragms forming a very thin cross-bridge structure.

The oxide on the wafer was then stripped off, and a
5000 A silicon dioxide was thermally grown to ensure that
the device would have a dense, thermally stable, electrical
insulation and thermal isolation layer between the silicon
substrate and the thermal elements.

A 50 A titanium and 2000 A platinum layers were depos-
ited by sputtering in sequence on the front side of the wafer.
The thin titanium layer enhanced the adhesion of the pla-
tinum to the silicon dioxide layer. The pattern was formed by
lift-off technique. The lift-off technique involved an inverse
pattern formed with a photoresist layer. Titanium and pla-
tinum were then deposited over the inversely patterned
photoresist layer, which was then removed chemically. This
resulted in the desired platinum film structure.

The deposition of a 4000 A aluminum oxide layer was
accomplished by using a shadow mask and sputtering.
Another shadow mask was used to define the pattern of
YSZ layer, and a 4000 AYSZ was sputtered. This deposition
employed a target of 8 mol% YSZ and maintained the
substrate temperature below 100 °C.

Finally, 2000 A thick platinum was deposited over the YSZ
layer, and patterning with lift-off technique. Due to the poten-
tial fragility, the processed wafer must be supported by a
dummy wafer and coated with photoresist for dicing. Fig. 2
shows the fabricated oxygen sensor prior to thermal annealing.

2.3. Thermal annealing process

Before or after wire bonding, it was important to anneal
the sensor to remove the internal stress of the thin film layers.
This annealing could be done either thermally in a heating
furnace at controlled temperature or electrically through the
heating elements on the devices under an applied voltage.
The applied voltage of approximately 8.5 V introduced a

Fig. 2. Top view of the fabricated oxygen sensors.

thermal annealing effect to the sensing electrodes as well as
the thermal elements that were in the close vicinity.

3. Results and discussion

3.1. Effects of the thermal annealing process to the
oxygen sensors

In the first batch of our fabricated sensors, 17 chips were
selected by electrical and microscopic inspection. After
packaging and localised thermal annealing, only four out
of the 17 were good. The reason for this relatively low yield
required experimental assessment.

After experiencing a high annealing temperature, most of
the sensors were damaged in different ways. Heater in the
active area and segments of the temperature detector near the
sensing area cracked and lifted from the chips. There was
evidence that residue thermal stress left behind on the
platinum heating and sensing elements resulted in the break-
age of the elements after annealing (Fig. 3).

Fig. 3. Top view of a device after thermal annealing and operation, and
less than 3 months of storage.
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The experimental results of the first batch devices
showed: (1) the sandwich thin diaphragm structure could
not withstand high thermal annealing temperature, differing
from the simple YSZ thin plate structure, which could
withstand higher than 1000 °C annealing, (2) the residue
thermal stress caused the breakage of the heaters within a
few months, (3) a drastic change in thermal cycling during
the operation of the sensor could lead to sensor failure, and
(4) the cleaning processes applied between the deposition of
the thin film layers could contribute to the delamination
between layers.

It was obvious that the match of the thermal expansion
properties of the layer materials was important. The selec-
tion of the materials and their deposited thickness was
essential.

Empirically, we found the following thickness of each
layer provided a reasonable good thermal match among
layers. Each aluminum oxide and YSZ layers was 4000 A
thick. The silicon diaphragm was 10-20 um and the silicon
oxide layer was 5000 A. All the platinum layers were
2000 A thick. This enhanced the integrity of the sensor
structure resulting in higher yield of the sensor fabrication.

Thus, devices from the second batch fabrication main-
tained the integrity after thermal annealing. Cracking and
peeling of the film layers were significantly reduced.

3.2. Effects of applied voltages to the thermal and
sensing elements on the anode structure

The mechanism of oxygen ion transport in YSZ material
was well recognized. At certain temperature, YSZ became
ionically conductive permitting the oxygen ions, 0>~ to
migrate through. Fig. 4 shows the basic mechanisms of this
amperometric oxygen sensor. The anodic oxidation of O*~
ions forming molecular oxygen produced an oxidation
current. This current could be used to quantify the oxygen
presented in the testing environment. The thermal energy
produced through the heating elements would affect directly
the operating temperature of the YSZ electrolyte. At a
heating power, Py, of 0.64 W, the electrolyte temperature
was about 257 °C and the YSZ remained to be non-con-
ductive. When Py =121 W, the electrolyte temperature

Porous metal
electrodes

YSZ electrolyte

Fig. 4. Sensing mechanism for amperometric oxygen sensor with YSZ
electrolyte.

reached 465 °C, YSZ became ionically conductive to
O?". This observation was consistent with results reported
by other researchers. The formation of gaseous oxygen at the
anode became a problem for long-term operation of the
sensor. The gaseous oxygen eventually broke the platinum
anodic film leading to the discontinuity of the anodic
structure. Thus, for long-term applications, a porous and
continuous anodic structure may be needed in order to
minimize the destructive of the anode by the gaseous oxygen
bubbles.

3.3. Temperature measurement

The prototype sensors were intended to be evaluated and
used at room temperature. Only the active area of the sensor
was heated to a high temperature. Thus, the relationship
between the operating temperature and the power applied to
the heating elements needed to be evaluated. Consequently,
the relationship between the resistance of the temperature
detector and the heating power required assessment. This
can be described by the following equation:

THref - TR _ ﬁ
TH‘,p - TR P op
Tyrer 1s the reference temperature of the heater and Pt the
power needed to maintain this temperature, Ty, the heater
temperature related to the sensor operation, P, the power to
maintain this temperature and 7T is the room temperature. The
heater temperature to maintain the sensor in operation will be

e))

_ Py

Ty =5 (T
There is a temperature gradient from the center of the active
area extending to the two heaters. Therefore, the temperature
detected by the temperature detectors is an average value.
Fig. 5 shows the linear relationship between the resistance of
the temperature detector and the heating power.

Alternatively, we can also determine the heater tempera-
ture from the relationship between the bridge balance Vtp
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Fig. 5. Linear relationship between the resistance of the temperature
detector and the power applied to the heaters.
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Fig. 6. Linear relationship between the resistance of the temperature
detector and the value of the bridge balance.

and the resistance of the temperature detector Rrp in a
Wheatstone bridge arrangement. The following equation
can be used to describe this relationship,

T — TR VIDref

Ty TRV ©)
Hopp — IR TD op
Vip,rer and Vpp op are the bridge balances (unit: mV) that
correspond to the heater power P and P, respectively.
Fig. 6 shows the experimental results of this study.

3.4. Stability of the thermal elements

Thermal elements change their resistance significantly
after they have undergone a high heating temperature. This
change is due to the structural change in the metal thin films
during thermal annealing and/or operation [7]. The struc-
tural change occurs faster at higher temperatures [8]. Metals
usually undergo recrystallisation at temperatures approxi-
mately 0.4 times above their melting temperature [9]. The
melting point of platinum is 1773.5 °C, and the recrystalli-
sation temperature is approximately 709.4 °C. For thin films,
the recrystallisation temperature can be considerably lower
[8].

Quantitatively, we found if the heating element was
annealed at approximately 430 °C for 20 h, there was only
1% decrease in the resistance change of the heating element.
On the other hand, if it was annealed at about 680 °C for 4 h,
a 30% reduction of the resistance of the heating element was
observed.

The annealing temperature would also affect to the lesser
degree the resistance of the platinum thin film temperature
detector. This was because no direct voltage was applied to
the temperature detector as in the case of the heater. We
observed a 13% reduction in resistance of the platinum
temperature detector in an annealing temperature of
610 °C for about 17 h.

Thus, in order to minimise any recrystallisation of the
platinum thin film temperature detector during the sensor
operation, we would anneal the sensor at a temperature
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Fig. 7. Sensor response to oxygen under heating power 2.33 W.

slightly higher, i.e. 10% higher, than the sensor operational
temperature. This appeared to improve the thermal stability
of the platinum thin film structure in the sensor operation.

3.5. Sensor response to oxygen

Fig. 7 shows the typical response of a sensor prototype to
oxygen at Py =233 W (11.5V, 203 mA).

Fig. 8 shows the absolute value change of a typical sensor
response to oxygen in nitrogen under different heating
power. This implied that the sensor was operated at different
temperature. The range of heating power was from 1.24
(450 °C) to 1.87 W (666 °C). In this study, we define the
response time #,;, as the time interval needed for a sensor to
reach 90% of its maximum response from 100% nitrogen to
a step change in oxygen concentration. The restoration time
t, 1s defined as the time interval needed for a sensor to reach
90% of its maximum restoration from certain percent of
oxygen to 100% nitrogen. For t,, the higher the heating
temperature, the shorter the restoration time. ., varied from
3.0 to 1.2 min when heating temperature rose from 502 to
666 °C. For t.,, when the heating temperature rose, the
response time increased first, then reached a maximum,

180
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160 N, off " 0 off power:
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] -1.39W
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-x-1.56W
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Fig. 8. Typical sensor response to oxygen under various heating powers.
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Fig. 9. Normalized sensor response of the sensor in Fig. 8.
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Fig. 10. [-V characteristics of sensor response to different oxygen
concentration under 1.67 W heating power (619 °C).

and decreased. The f,, varied from 1.25 to 1.9 min and then
decreased to 1.45 min.

All the data discussed and shown in Figs. 8 and 9 were
taken through a test circuit with an output resistor
Ry = 1 0MQ; the data in Figs. 7, 10 and 11 were taken
through an 100 kQ output resistor. The corresponding vol-
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Fig. 11. I-V characteristics of sensor response to different oxygen
concentration at heating power =167 W (619 °C), after the sensor
underwent so-called electrochemical decomposition of YSZ.

tage across this output resistor as shown in Fig. 8 is directly
related to the reducing current of oxygen. Consequently, the
voltage output can be used to quantify the oxygen presented.

We can also define a relative sensor response to oxygen. In
this case, we define a normalized sensor response as a ratio
of the sensor output voltage to the initial sensor output
voltage at 100% nitrogen. As shown in Fig. 8, at different
operating temperatures, the initial sensor output voltage at
100% nitrogen differed slightly. Fig. 9 shows the normalized
sensor response. Compared to the results shown in Fig. 8, the
highest sensitivity of the sensor response does not occur at
the highest operating temperature. The sensor shows best
sensitivity to oxygen in the temperature range of 560-
611 °C, i.e. heating power between 1.56 and 1.71 W.

3.6. I-V Characteristics of sensor response to different
oxygen concentration

Fig. 10 shows a series of I-V curves that relate to different
concentration of oxygen in nitrogen over the oxygen con-
centration of 10-80% (v/v). The voltage is the applied
potential to the comb electrodes and the current is the
reducing current measured. As expected, at a fixed polaris-
ing potential, the reducing current increases as the oxygen
concentration increases. Because the diffusion of oxygen
toward the comb electrode surface is not controlled, a
diffusion limited current plateau is not expected. The redu-
cing current at 100% oxygen increased only slightly com-
pared to that at 80% oxygen concentration. This is logical,
since the sensor may reach saturation at oxygen concentra-
tion over 80% (v/v) for its limited electrode surface area.

As shown in Fig. 10, at higher applied voltage, i.e. approxi-
mately 2.5 volts, the current increased significantly indicating
another electrochemical reaction might take place. One of the
proposed reactions would be the electrochemical decomposi-
tion of the zirconia electrolyte itself as expressed by [10,11]

Of = Vo +302(8) + 2e~ 4)

where Og is an oxygen ion on a normal oxygen site and V,,
represents an oxygen vacancy with two trapped electrons in
the electrolyte.

Fig. 11 shows the sensor response to oxygen after the
sensor has been tested repeatedly for a few times. Electro-
chemical decomposition of the zirconia electrolyte might
have taken place. Fig. 11 shows higher reducing currents
produced compared to those shown in Fig. 10. One possible
explanation is that the electrochemical decomposition of the
zirconia electrolyte results in the generation of oxygen ions
that combine with one another forming gaseous oxygen.

4. Conclusions

A silicon-based YSZ amperometric oxygen sensor with
cross-bridge structure has been developed. It is a planar type
sensor, with interdigitated sensing electrodes and thermal
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elements. Its thermal shock resistance has been minimized
by selecting the appropriate thickness of the material layers,
and by optimising the temperature of local annealing.

The sensor responds well to a different concentration of
oxygen in nitrogen. When the circuit output resistance is
1.0 MQ, the sensor response to oxygen begins from 1.24 W
heating power and reaches its operating range within 1.56
and 1.71 W (560-611 °C heater temperature). Its response
time increases first, then reaches a maximum, and finally
decreases with the increasing operation temperature. Its
restoration time decreases with the increasing operation
temperature.

Comparison method has been adopted for temperature
measurement. Experimental results show that both the rela-
tionship between the temperature detector resistance and the
heating power, and that between the temperature detector
reading and the temperature detector resistance are linear.

When the annealing temperature is lower than 435 °C, the
resistances of the thermal elements decrease very little.
When it is at annealing temperature higher than 468 °C, a
significant reduction in resistance occurs. Annealing at a
temperature approximately 10% higher than the maximum
operation temperature appears to improve the stability of the
thermal elements at operation temperature.

Improving adhesion between platinum and YSZ should be
considered in future work. Also, the addition of an oxygen
diffusion controlled layer over the anodic surface will be
desirable. The issue of oxygen bubble formation at the anode
also needed further examination.
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