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The size and cost of indirect calorimeters hinder their application in hospitals. This
study employs micro-electromechanical systems MEMS techniques to develop oxygen
sensors as one part of a miniaturized energy consumption measurement system for
premature babies. Typically, the system is designed to operate at high oxygen concentra-
tions. Accordingly, the current study deals with the development of oxygen sensors
capable of sensing higher concentrations of oxygen at a low operation temperature of
150°C. The proposed gas sensors consist of a polysilicon resistor and a sensing metal-
oxide film placed on a thermally isolated silicon-nitride membrane or bridge. The sensing
film is a tin oxide sheet, which has been doped with a low concentration of 2wt% Li. This
study involves the development of three different types of oxygen sensors, which are
distinguished from each other by the structure of their microheaters. The first type is a
microheater on a silicon nitride membrane, the second type employs a membrane located
on a thin silicon layer, and the third type uses a bridge membrane with a thin underlying
layer of silicon. At an operating temperature of 150°C, the power consumptions of these
three sensors are found to be 24 mW, 223 mW and 1240 mW, respectively. The resulting
experimental data indicate that the proposed oxygen sensors are capable of detecting
oxygen with concentrations ranging from 21% to 50%, and that they exhibit a linear output
behavior. These characteristics render the oxygen sensors suitable for use in most clinical
applications within a hospital environment.
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1. Introduction

Clinical studies have revealed an increasing incidence of premature babies in recent
years. Itis essential that the health conditions of such infants be closely monitored, and this
requires sophisticated clinical apparatus. A previous study reported that metabolic rate is
a valuable indicator of the growth status of premature babies.!"”. Currently, one of the most
frequently adopted metabolic rate measurement methods is the so-called “Respiratory
Quotient” (RQ) value, which is defined as the ratio of carbon-dioxide generation to oxygen
consumption. Basically, the RQ value represents the oxidized substrates inside a body and,
as such, provides clinical doctors with an important metabolic indicator. In general, the RQ
value is equal to one for carbohydrates (CO,: O,=1), 0.7 for fats, and 0.8 for proteins.® A
reduction in the RQ value indicates a decreasing rate of carbohydrate metabolism and a
shift towards alternative substrates such as proteins, and particularly fats. Previous studies
have suggested that the quantity of proteins deposited is closely related to the protein intake
and that the quantity of fat deposited is closely related to the energy intake.®® Therefore,
the RQ value provides a valuable indicator of a premature infant’s energy intake.

Traditionally, RQ values have generally been determined by means of a noninvasive
method, which employs a so-called “indirect calorimeter” in a flow-through technique.®
In this technique, the respective concentrations of the oxygen and carbon-dioxide gases are
measured during inspiration and expiration. However, any minor variations in the concen-
tration of the oxygen tend to be diluted by the flow-through air, and thus it is generally
necessary to employ high-precision gas analyzers when this technique is applied.®’ Fur-
thermore, the indirect calorimeter is bulky and expensive with the result that it cannot be
used routinely for clinical diagnosis and weatment. In order to overcome these limitations,
we proposed a novel miniaturized energy consumption measurement system,” which
employed a micro-gas sensing system comprising an oxygen sensor, a carbon-dioxide gas
sensor, a humidity sensor, a temperature sensor, a flow-rate sensor and a system of micro-
valves. Since the RQ measurement system requires the detection of oxygen consumption
and carbon-dioxide gas generation, it will be placed on the infant’s nose and must therefore
be compact in size. Therefore, the present study proposes various types of micromachined
oxygen sensors which can facilitate the development of miniaturized energy consumption
measurement systems.

When designing the oxygen sensors, there are several issues to be taken into consider-
ation, namely the detection range, the required sensitivity, selectivity and response time,
the working temperature and the ability to scale down. Among these various consider-
ations, the detection range and the working temperature are of particular importance for the
applications addressed in the present study. For practical applications, the sensors should
be able to detect oxygen concentrations in the range of 21% to 100%, and their operating
temperature should be as low as possible in order to reduce their power consumption. A
review of the available literature reveals that several different types of oxygen sensors have
been reported, including, but not restricted to, the luminescence type,® the fiber-optic
fluorosensor type,” the resistive type,® ' the galvanic cell type,*¥ the clark cell-based
type,® the limiting-current type,!9 the amperometric type,!” the potentiometric type!®
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and the surface acoustic wave (SAW) type.!? Tt has been reported that the silicon-based
metal-oxide sensor offers several advantages over its counterparts.®-'32* 22 In general, this
sensor is compatible with IC processes, is compact in size and consumes low power.
However, it suffers from lower selectivity and a slower response. Many researchers have
investigated the potential applications of metal-oxide materials, whose resistivities depend
strongly upon the ambient oxygen concentration. These materials include SnO,, SnO,+Li,
TiO,, Nb,Os, ZnO, Ga,04, and Gd,Ti,0,.%'® For example, Frank ez al. considered the
frequent application of a Ga,Oj thin film for detecting oxygen in furnaces or in automotive
applications."® Furthermore, TiO,-based sensors were shown to be suitable for detecting
oxygen in the high-temperature and low-oxygen-concentration environment of an automo-
bile exhaust.® However, several studies have noted that most of these materials usually
require a rather high working temperature.?*2! This condition is clearly unsuitable in
clinical applications.

A further problem regarding metal-oxide films is their low sensitivity. The chemical
sensing process comprises a variety of interaction steps, including physisorption, chemi-
sorption, surface reaction, catalytic reaction, grain boundary reaction, bulk reaction and
three-phase boundary reaction.?® An oxygen molecule may capture an electron, turning
into O~ or O, or substituting an oxygen vacancy (Vo**) on the surface of the metal-oxide
film. Consequently, the chemisorption of an oxidizing gas such as oxygen may cause the
conduction channel to disappear. Even though metal-oxide films exhibit a high sensitivity
for reducing gases, they are rather insensitive for oxidizing gases. Previous researchers
have indicated that the sensitivity of such films can be greatly improved by doping them
with additives, which are then believed to act as catalysts to the redox reactions. For
example, Sberveglieri e al. demonstrated the use of a Li-doped tin oxide film in improving
the sensitivity of an oxygen sensor."

As mentioned previously, the measurement of oxygen concentrations in excess of 21%
is a vital rcquircment for miniaturized cnergy consumption measurement systems which
are to be used in the monitoring of preterms. The present study involves the design of three
types of microheater structures suitable for use in an oxygen sensor, and compares the
power consumptions, reliabilities and yields for processing of each type. The first type is
a microheater on a silicon nitride membrane, which can reduce the heating mass to
minimize power consumption and improve the heating efficiency. The second type
employs a membrane located on a thin silicon layer in order to promote the robustness of
the microheater and simplifies the fabrication process. The third type uses a bridge
membrane with a thin underlying layer of silicon, which enhances the robustness of the
microheater and reduces the heating mass. Oxygen sensors which operate at a low
temperature of approximately 150°C and are capable of detecting higher concentrations of
oxygen are presented. The sensors comprise a polysilicon resistor and a sensing tin oxide
film combined with the three different heater systems mentioned above. The polysilicon
resistor serves as a heating element, which improves the sensitivity of the device. The
sensitivity of the sensor is improved further by the use of a tin oxide sensing film doped
with a low concentration of Li (2 wt%).
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2. Experimental Procedure

2.1 Fabrication

Figure 1 shows a schematic representation of the three different types of oxygen
sensors. Every sensor consists of a polysilicon heater and a sensing film located on a
thermally isolated silicon-nitride membrane, which is shown in Fig. 1(a). The polysilicon
heater is used to heat the sensing film (tin oxide) and to enable the operation of the sensor
at an appropriate temperature. In order to enhance the robustness of the device and
simplify the fabrication process, a silicon-nitride membrane located on a thin silicon layer
is constructed by controlled back-surface KOH silicon etching, as shown in Fig. 1(b). In
order to enhance the robustness of the device and to minimize its power consumption, a
suspended silicon-nitride bridge with a thin underlying layer of silicon is constructed by
means of front-surface RIE etching and back-surface KOH etching. The entire sensing
device is then located on this suspended structure, as shown in Fig. 1(c). The operation of
the sensor relies upon the resistance of the tin oxide film varying appropriately when
oxygen molecules are detected.

Figure 2 shows a schematic representation of the simplified fabrication process for
three different types of oxygen sensors. Initially, an LPCVD process is used to deposit a
thin layer (1 pm thick) of low-stress nitride on a double-sided polished p-type <100> Si
substrate. This layer serves as a dielectric material and as a supporting membrane. The
LPCVD process is then used to deposit and pattern a 0.5 pm polysilicon film as a heater,
which has been implanted with boron ions in order to reduce its sheet resistance. Note that

Insulating Layer [Sensing eleclrodes] [SnO,-l»Li Zme [Polysilicon heater
(8i0,)

[Heater electro;les | LLow st;ess nitride | ‘ c;vﬂy ISiIic;m under nitride

(a) Membrane-only  (b) Membrane located  (c) Bridge membrane
type on a thin silicon iayer  with a thin underlying
tayer of silicon

Fig. 1. Schematic representation of three different types of oxygen sensors.
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Fig. 2. Simplified fabrication process for three different types of oxygen sensors: TYPE I, (1) Low-
stress nitride deposition and polysilicon deposition/doping/annealing, (2) Back-surface patterning,
(3) Patterning of polysilicon heaters, (4) Deposition/patterning of Au electrodes, (5) Deposition/
patterning of insulating layer (Si0O,), (6) Deposition of sensing layer (SnO,+Li, 2 wt%) and (7)
Complete back-surface silicon etching completely(KOH at 80°C); TYPE II (1)—(6) the same as
TYPE I, (7) Incomplete back-surface silicon etching; TYPE III, (1)—(5) the same as TYPE I, (6)
Patterning bridge structure (over etching by RIE), (7) Back-surface silicon etching and (8) Deposition
of sensing layer.

after doping, the sheet resistance of the polysilicon film is 70 ©/CJ. A Cr/Au (30 nm/500
nm thick) layer is then deposited using the E-Beam metallization process, followed by the
sputtering of a SiO, (400 nm thick) film to serve as an electrical isolator between the heater
and the sensing layer. A sensing material (SnO,+Li, 2 wt%) film is deposited using the RF
reactive sputtering system.'%?® Finally, a back-surface KOH etching process of the Si is
then performed using an one-sided etching apparatus. The difference between Type I and
Type II is whether the silicon etching is complete or not.

The five preprocessing steps are the same in Type I and Type III. The bridge structure
is then patterned by a front-surface RIE etching process. Note that an over-etching
technique is performed in this step in order to form a bridge with a thin layer of silicon
underneath. A back-surface KOH etching process of the Si is then performed using an one-
sided etching apparatus. Finally, a sensing material film is deposited using the RF
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sputtering system. Following completion of the fabrication process, the sensor chip is
diced and packaged. A printed circuit board (PCB) with wire-bonded sensors is then
designed for testing purposes. Figure 3 shows a photograph of a packaged chip with four
OXxygen sensors.

Figure 4 shows SEM images of the developed oxygen sensors. Figure 4(a) shows the
membrane-only sensor type, Fig. 4(b) shows the sensor with a membrane and a thin

Fig. 3. Photograph of chip with four oxygen sensors after packaging.

(b)

Fig. 4. SEM images of different oxygen sensors. (a) Membrane-only type and (b) Membrane
located on a thin silicon layer.
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(©)

Fig. 4. (continued from the previous page) (c) Bridge membrane with a thin underlying layer of
silicon.

underlying layer of silicon, and Fig. 4(c) shows the sensor with a suspended bridge
membrane and a thin underlying silicon layer. In all cases, the sensors have dimensions of
500 um x 500 um. Two sets of metal leads are used to provide driving voltages to the
polysilicon resistors and to collect electrical signals induced by changes in the resistivity of
the tin oxide films. As shown in the figure, the KOH anisotropic etching process used in
the fabrication process generates a diaphragm silicon-nitride bridge with a thin underlying
layer of silicon. The experimental data show that this design is successful in reducing the
power consumption of the device.

2.2 Experimental setup

A programmable power supply (LPS 305/R/CE, MOTECH Industries Inc.) was used to
provide electrical power to the polysilicon heater. The output signals from the sensing
films were acquired through an ADC interface card (NI-6024E, National Instruments Inc.)
using a Pentium II 300 MHz computer. Measurements for the sensors’ resistances were
conducted automatically using a LabVIEW program, and the oxygen concentration was
varied automatically using Visual Basic programmable oxygen concentration software,
which also controlled the flow rates of the oxygen through an RS-232C interface.

Figure 5 shows a schematic representation of the experimental setup employed for
sensor calibration. It can be seen that three separate pipelines were used to supply pure
oxygen (100%), room air (21% oxygen) and a vacuum for the calibration process. In
practice, premature babies are provided with oxygen concentrations in excess of 21%.
Although it is possible that a baby may be supplied with pure oxygen in extreme cases,



348 Sensors and Materials, Vol. 15, No. 7 (2003)

Oxygen air G 'X
= Flow Controller

Oxygen
Room air G » X sensors
Flow Controller

.

Gas Analyzer

Vacuum system

FlowController

=

]
[[1loo]l =

Interface Control Circuit

LabVIEW DAQ Card

DC Power Supply

Fig. 5. Schematic representation of experimental setup for sensor calibration. (Note that a well-
calibrated gas analyzer is used for calibration of the micromachined oxygen sensor.)

generally the oxygen concentration is maintained at a level below 40% in order to avoid
retinal problems. Consequently, the oxygen concentrations during expiration are restricted
to the range of 21% to 40%. Experimentally, oxygen concentrations ranging from 21% to
100% were prepared by mixing pure oxygen and room air. The precise concentration of
oxygen was then measured using a well-calibrated differential paramagnetic oxygen
analyzer (Magnos 16, Hartmann & Braun Inc.), which has the ability to measure the
concentration of the oxygen with a resolution of 0.1%. Thermalimages of the sensors were
collected using an infrared micro-thermal imager with a resolution of 19 um/pixel.
(InfraScopell™ system, Quantium Focus Instruments) to confirm their temperature distri-
bution.

3. Results and Discussion

Previous studies have shown that the operating temperature of the tin oxide film can
affect the performance of the sensor significantly.!"? Many different types of microheaters
have also been reported.®*?> In the present study, a doped polysilicon resistor with a
resistance of 1200 €2 was used to provide the necessary heating. Three different types of
microheater structures were designed to facilitate oxygen concentration measurement. In
order to minimize power consumption, the first type of microheater structure used a
microheater placed on a low-stress nitride membrane with no underlying silicon layer, and
was designed using a complete KOH anisotropic etching process. The second structure
comprised a microheater placed on a low stress nitride membrane with a thin underlying
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silicon layer. The strength of this device was improved using an incomplete KOH
anisotropic etching process. The third type of structure incorporated a low-stress nitride
bridge with a thin underlying layer of silicon, and was designed to improve both the
robustness of the device and its power consumption characteristics.

Figure 6 shows the experimental relationship between the operating temperature and
the power consumption for each of the three microheaters. It is clear that the operating
temperature is linearly proportional to the power consumption for all three microheaters.
At an operating temperature of 150°C, the results indicate that the power consumption for
the microheater with only a membrane is 24 mW. For the heater comprising a bridge with
a thin layer of silicon, it is 223 mW and in the case of a membrane with a thin underlying
silicon layer it is 1240 mW.

Figure 7(a) shows the corresponding results for the membrane-only type of heater. The
membrane fringes are approximately 55°C when the central region is 205°C, and the
silicon substrate is roughly 40°C. Figure 7(b) shows the temperature distribution within
the microheater comprised of a membrane with an underlying silicon layer. The results
presented here suggest that this type of microheater consumes more power because heat is
lost through the silicon layer. It is noted that the temperature at the fringes of the membrane
is 88°C when the central region of the heater is at approximately 230°C, and when the
silicon substrate temperature is 65°C. Finally, Fig. 7(c) shows that the membrane fringes
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Fig. 6. Relationship between operating temperature and power consumption for different micro-
heater types.
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Fig. 7. Thermal images of different microheater types. (a) Membrane-only type and (b) Membrane
locatcd on a thin silicon layer.
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Fig. 7. (continued from the previous page) (c) Bridge membrane with a thin underlying layer of
silicon.

are at a temperature of approximately 60°C when the center of the microheater is at
approximately 200°C, and that the silicon substrate temperature is S0°C for the structure
comprising a bridge with an underlying silicon layer.

The three microheaters were tested at a constant voltage mode at temperatures of 150°C
and 300°C over extended periods of time. In the case of the membrane-only type, it was
determined that when the device is maintained at a temperature of 300°C for one week, the
membrane tends to buckle and breaks readily. Furthermore, when a square wave is used to
trigger the heater electrodes, it was found that the membrane cycles through buckling and
flattening stages, and that this again results in membrane breakage. However, the mem-
brane proved to be more robust when subjected to step-wise wave heating rather than
square wave heating. It was also noted that the membrane type is easily broken in post-
processing assembly and packaging processes. Similar tests on the other two microheater
structures revealed that they were more robust than the membrane-only type. (The
corresponding experimental data are shown in Figs. 8(a)-(c)). Meanwhile, Fig. 8(d)
presents the yields of the three devices in different testing modes and in processing. It can
be seen that the yields of the microheater with a bridge and underlying thin silicon layer are
lower because the device on the front side could easily be etched in the KOH etching
process.
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In general, three types of processes occur when an oxygen molecule approaches the
surface of the tin oxide-based gas sensor. The first process involves the physisorption of
oxygen, in which an oxygen molecule is adsorbed onto the surfaces of oxygen vacancies or
of other surface defects on the surface of the tin oxide. The oxygen molecules involved in
this process are referred to henceforth as O,y. Note that electrons are not exchanged with
the bulk atoms in this process. The second process is known as the ionosorption of oxygen,
and describes the ionization of the adsorbed oxygen to become O, O or O%. This process
occurs for the oxygen molecules which have been adsorbed onto the surface of the tin oxide
and does involve the exchange of electrons with the bulk atoms. The third process is the
desorption of oxygen, which involves electron transfer from the ionosorbed oxygen to the
conduction band of the bulk.

It is known that tin oxide is conductive because of the existence of a high density of
conduction electrons resulting from oxygen vacancies.®” As described above, three-
different forms of oxygen ionosorption exist. These processes are strongly temperature
dependent. At lower temperatures, i.e., from room temperature to approximately 150°C,
the molecular form O, dominates. The equation describing the oxygen physical adsorp-
tion can be expressed as follows.

Osgs + S 5 Ongnyy (1)
The equation describing the oxygen chemisorption can be expressed as follows.
OZ(phys) + e : 02_ (2)

where S is an unoccupied chemisorption site, which represents a potential vacancy for the
oxygen molecule on the tin oxide surface. Note that other surface defects also represent
potential candidates for oxygen adsorption. When the temperature exceeds 150°C, mea-
surements of the electron spin resonance on SnO, have shown that the ionosorbed oxygen
is predominantly of the form O~.® The oxygen chemisorption can be described as follows.

Oy+e S 200 3)
Ospysy +260 = 207 “4)

When the temperature exceeds 400°C, the adsorbed atoms are considered to be of the
form 0*.® In this temperature range, the equation describing the double-charged
adsorbed oxygen is given by

O+e S 0~ %)
However, O™ is unstable if it does not react with the reducing gases such as CO and H,

immediately or if it is trapped by an oxygen vacancy.®® Thus in general O* is not expected
to be present as an ionosorbed oxygen species. Previously, Lunsford has shown that the
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reactivity of O~ is much higher than that of O,".G%

When the adsorption rate of oxygen is greater than the desorption rate, the conductance
of the tin oxide film will decrease since the ionosorption process will capture more
electrons from the bulk. Conversely, when the desorption rate exceeds the adsorption rate,
the film conductance will increase as the desorption of oxygen releases free elecwons to the
conduction band.

Since the sensor performance is largely dependent upon its operating temperature, it is
necessary to determine an optimum driving voltage. Accordingly, oxygen gases with
constant concentrations in the range of 30-70% were supplied to the sensor comprising a
bridge with an underlying silicon layer, and the sensing resistance was then measured as
the driving voltage was varied between 10 and 24 v (0.5 v/step, 10-min wait/step). The
corresponding experimental results are shown in Fig. 9. The results indicate that in the
lower temperature range, the adsorption rate of oxygen increases linearly as the operating
temperature rises. However, for higher operating temperatures, it is observed that the
resistance of tin oxide decreases proportionally with increasing temperature. It is also
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Fig. 9. Relationship between film resistance and supply voltage for oxygen concentrations in the
range of 30% to 70%.
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noted that the maximum device resistance occurs at virtually the same operating tempera-
ture irrespective of the oxygen concentration. [t is noted that the sensor behavior in the
present study corresponds well with the results previously.®” Based upon the results
presented in Fig. 9, an operating temperature of approximately 150°C was specified for the
Sensor.

However, since chemisorption can only take place on the crystal defects of the film
surface, the ionic species only occupy about 2% of the total surface area at most.?”
Furthermore, compared to the thermally excited chemisorption, the electron trapping-
releasing process is a slow dynamic process. Moreover, the application considered in the
present study concerns the measurement of high oxygen concentrations. These factors
imply that two issues must be considered; first, the adsorption of oxygen on the surface of
the tin oxide film will reach a saturation rate for higher oxygen concenwrations, and second,
a long period of time must be allowed for the adsorbed oxygen to become fully desorbed
before testing the oxygen sensor with a different oxygen concentration. Figure 10 shows
the sensor response data for oxygen of different concentrations in the range of 30% to 70%.
Note that the measurement time is 10 min and that the sensor is then supplied with dry room
air with a relative humidity of 15% only for a 10-min stop period during which the
adsorbed oxygen is desorbed. Signals from a calibrated gas analyzer are shown in the same

24— - 70
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2= e 1 L
i Oxygen : !
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Fig. 10. Sensor response for oxygen concentrations in the range of 30% to 70%. (Note that the
measurement time is 10 min followed by a stop time of 10 min during which only dry room air with
a relative humidity of 15% is supplied to the sensor.)
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figure for comparison. The results show that the sensing film resistance is not constant for
a constant oxygen concentration, but tends to rise over time. Furthermore, it can be seen
that as the oxygen concentration increases, the film resistance also increases, and the stop
time of 10 min becomes insufficient to allow all of the adsorbed oxygen to fully desorb
prior to the next testing cycle. Finally, it is noted that the insufficient desorption of oxygen
molecules prior to the retesting of the sensor causes the resistance of the sensing film to
reach a plateau value at oxygen concenwations in excess of 60%.

Water vapor is a further important consideration when using a tin oxide-based sensor.
In the temperature range of 100°C to 500°C, interaction of the film with water vapor leads
to the adsorption of water molecules (by physisorption or hydrogen bonding) and hydroxyl
groups. In fact, IR studies show that at temperatures in excess of 200°C, water molecules
are no longer present on the sensing film surface.®?

It has been proven experimentally that the film surface conductivity increases when
water vapor is present.®? Two direct mechanisms have been proposed by Heiland and
Kohl to explain this phenomenon.®? A third, indirect, mechanism has also been presented
by Morrison and by Henrich and Cox.®* 3

According to Heiland and Kohl, the role of an electron is as a donor to the ‘rooted” OH
group, which includes the lattice oxygen. They proposed the following equation:

HZO(gas) + SnSn + OO : (Sngn - OH—) + (OH)Z +e’, (6)

where (Sng, — OH™) represents an isolated hydroxyl or OH group and (OH)] denotes the

rooted group. Having a lower electron affinity, the rooted OH group grows, and conse-
quently can become ionized and become a donor.

The second mechanism takes into account the possibility of a reaction between the
hydrogen atom and the lattice oxygen and the binding of the resulting hydroxyl group to the
Sn atom. Through ionization, the resulting oxygen vacancy will produce additional
electrons. The equation proposed by Heiland and Kohl®? to explain this phenomenon is
given by:

HZO(gus) +2'Snsn +Oo : 2 -(Sn;’n —OH7)+VS+ +2-e. (7)

According to studies by Morrison and by Henrich and Cox, a third, indirect mechanism
explains the increase in conductivity of the film surface in the presence of water vapor.
They claimed that this effect could be the result of an interaction between either the
hydroxyl group or the hydrogen atom originating from the water molecule with an acid or
basic group, which are also acceptor surface states. Their electronic affinity could change
after the interaction. Meanwhile, Henrich and Cox also proposed that the pre-adsorbed
oxygen could be displaced by water adsorption.

Surface condition is a major factor in the three mechanisms presented above since
surface steps and surface defects will tend to increase the dissociative adsorption. Further-
more, as shown by eq. (7), the presence of water vapor will increase the occurrence of
oxygen vacancies. As oxygen vacancies are good candidates for oxygen adsorption, the
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presence of water vapor will tend to increase oxygen adsorption on the film surface.

The oxygen sensors presented in this study are intended for use in a hospital environ-
ment, in which it can be expected that the relative humidity will be well controlled. In order
to test the proposed sensors in a realistic environment, the relative humidity at National
Cheng Kung Hospital in Tainan, Taiwan was first measured, and was found to be 60%. In
the experiments described previously, dry room air with a relative humidity of 15% only
was supplied to the sensor during the 10-min stop time. However, in a further experiment,
a vacuuming process was used to purge the sensor hood with air with a relative humidity of
60%. Figure 11 shows the resulting sensor responses for oxygen of different concentra-
tions over a 10-min measurement period followed by a 10-min recovery period. From the
results, it is clear that the sensor performs well when measuring oxygen concentrations in
the range of 21-50%. Furthermore, it is noted that a stop cycle of 10 min allows sufficient
time for the receptivity of the sensing film to recover to its initial state. It confirms that the
pre-adsorbed oxygen could be displaced by water adsorption, thus the performance of the
sensor was improved. Accordingly, a response time of 10 min is specified for the proposed
sensors in practical applications.

Figure 11 shows that the resistance of the sensing film increases over the measurement
period. The change in resistance (AR = R;,,, — R, ;) during this period can be used to
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Fig. 11. Sensor response for oxygen concentrations in the range of 21% to 50%. (Note that the
measurement time is 10 min followed by a stop time of 10 min during which air with a relative
humidity of 60% is supplied to the sensor).



358 Sensors and Materials, Vol. 15, No. 7 (2003)

2.8

2.4

S=(Rfinal-Rinitial)/Rinitial

1.2 —

0.8 T T T ]

20 30 40 50
Oxygen concentration (Vol%)

Fig. 12. Relationship between sensor sensitivity and oxygen concentration.

characterize the relative sensitivity of the sensor, that is,

S= Rﬁnal — Rinitia]

®)

initial

where Ry,, denotes the resistance value at the final measurement time and Rjy;, represents
the initial resistance.

Figure 12 illustrates the relationship between the sensor relative sensitivity and the
oxygen concentration, and shows that the sensor demonstrates a linear behavior over a
range of oxygen concentrations from 21-50%.

4. Conclusions

This study involved the development of compact oxygen sensors which are suitable for
miniaturized energy consumption measurement systems used to monitor the growth status
of premature babies. Three different types of microheaters have been fabricated using
micromachining techniques, and have been compared under the same experimental condi-
tions. It has been shown that the membrane-only type has a lower power consumption than
the microheaters suspending on a silicon nitride membrane with a thin underlying silicon
layer. For the microheaters which employ a thin silicon layer, the results have shown that
the bridge type is more power efficient. Furthermore, it has been demonstrated that the
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membrane with a thin underlying silicon layer provides the most robust microheater
structure, while the membrane-only type is the most prone to breakage.

This study makes two major contributions. It has shown that the proposed sensors are
capable of detecting oxygen with low operating temperatures, and that the power consump-
tion for the microheater with a membrane only is 24 mW. For the heater comprising a
bridge with a thin layer of silicon, it is 223 mW. In the case of a membrane with a thin
underlying silicon layer, it is 1240 mW at an operating temperature of 150°C. Second, the
proposed oxygen sensors provide linear output signals in the detection of oxygen with
concentrations ranging from 21% to 50%.
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