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1
CARBON DIOXIDE GAS SENSORS AND
METHOD OF MANUFACTURING AND USING
SAME

This United States Patent application is a continuation in
part of U.S. patent application Ser. No. 11/754,255 filed May
25,2007 now U.S. Pat. No. 8,052,854.

ORIGIN OF THE INVENTION

The invention described herein was made by employees
and by employees of a contractor of the United States Gov-
ernment, and may be manufactured and used by the govern-
ment for government purposes without the payment of any
royalties therein and therefore.

FIELD OF THE INVENTION

The invention is in the field of carbon dioxide gas sensors.

BACKGROUND OF THE INVENTION

The detection of CO, is essential for arange of applications
including reduction of false fire alarms, environmental moni-
toring, and engine emission monitoring. For example, tradi-
tional smoke detectors monitoring particles can have false fire
alarm rates as high as 1 in 200 in aircraft applications. Alter-
natively, monitoring the change of CO and CO, concentra-
tions and their ratio (CO/CO,) can be used to detect the
chemical signature of a fire. Electrochemical CO, sensors
which use super ionic conductors (such as Na Super Ionic
Conductor or NASICON) as the solid electrolyte, and auxil-
iary electrolytes (such as Na,CO,/BaCO,) have great poten-
tial for in-situ fire detection and other applications. In recent
years, there has been a significant effort to develop bulk and
miniaturized electrochemical CO, sensors. Compared to bulk
material and thick film solid electrolyte CO, sensors, minia-
turized sensors fabricated by microfabrication techniques
generally have the advantages of small size, light weight, low
power consumption, and batch fabrication.

Four factors are typically cited as relevant in determining
whether a chemical sensor can meet the needs of an applica-
tion, namely, sensitivity, selectivity, response time and stabil-
ity. Sensitivity refers to the ability of the sensor to detect the
desired chemical species in the range of interest. Selectivity
refers to the ability of the sensor to detect the species of
interest in the presence of interfering gases which also can
produce a sensor response. Response time refers to the time it
takes for the sensor to provide a meaningful signal. By mean-
ingful signal it is meant that the signal has reached, for
example, 90% of the steady state signal when the chemical
environment experiences a step change. Stability refers to the
degree which the sensor baseline and response are the same
over time. It is desirable to use a sensor that will accurately
determine the species of interest in a given environment with
a response large and rapid enough to be of use in the appli-
cation and whose response does not significantly drift over its
operational lifetime.

Current bulk or thick film solid electrolyte carbon dioxide
sensors have the disadvantages of being large in size, high in
power consumption, difficult in batch fabrication, and high in
cost. The carbon dioxide sensor design described herein has
the advantage of being simple to batch fabricate, small in size,
low in power consumption, easy to use, and fast responding.

FIG. 1A is a cross-sectional schematic illustration 100 of a
prior art bulk carbon dioxide gas sensor. Referring to FIG. 1A,
reference numeral 101 is an electrolyte known as NASICON
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which is an acronym or partial acronym for Na;Zr,Si,PO, ,
and is oriented between a platinum (paste) 103 and a Sodium
Carbonate/Barium Carbonate (Na,CO,/BaCO;) layer 102. A
reference electrode 105 engages the platinum paste and a gold
working electrode 104 resides in contact with the interface of
the Sodium Carbonate and/or Barium Carbonate (Na,CO,/
BaCO,) 102 and the NASICON 101. By Sedium Carbonate
and/or Barium Carbonate (Na,CO;/BaCOs;), it is meant that
either Sodium Carbonate (Na,CO;) or Barium Carbonate
(BaCO,), or their mixtures may be used. The sensor is sup-
ported by quartz glass tubes (insulators) 106 for reference
gases.

FIG. 1 is a cross-sectional schematic illustration 100 of a
prior art gas sensor disclosing an Alumina substrate 107,
interdigitated Platinum metal electrodes 108, a first solid
electrolyte, NASICON 109, between the electrodes, and
Sodium Carbonate and/or Barium Carbonate (Na,CO,/
BaCO,) 110 covering the NASICON and the electrodes. The
first solid electrolyte is selected from the group consisting of
NASICON, LISICON, KSICON, and f"-Alumina (beta
prime-prime alumina in which when prepared as an electro-
lyte is complexed with a mobile ion selected from the group
consisting of Na*, K*, Li*, Ag*, H*, Pb**, Sr** or Ba®*). By
Sodium Carbonate and/or Barium Carbonate (Na,CO,/
BaCO,), it is meant that either a material containing Sodium
Carbonate (Na,CO;), Barium Carbonate (BaCOj;), or a mix-
ture of Sodium Carbonate and Barium Carbonate may be
used. An important feature of electrochemical cells of this
type are the three-contact boundaries seen in 100. It is the
intersection 0108, 109, and 110. These contacts significantly
determine the effectiveness of the sensor and their number
and surface area should be maximized. The inventors of the
instant patent application disclosed this structure in a confer-
ence in Lisbon, Portugal in 2004 and this structure was illus-
trated or described in an FAA website thereafter. This struc-
ture is a schematic and not ideally achievable for a number of
reasons. First, to obtain the structure exactly as illustrated in
FIG. 1 a perfectly sized and aligned mask is necessary. In
other words the width of the mask and its apertures has to be
absolutely perfect and the alignment has to be absolutely
perfect to achieve uniform three-point contact along the joint
of the metal electrodes, NASICON and Sodium Carbonate/
Barium Carbonate (Na,CO;/BaCO,). Statistically, given
manufacturing tolerances the structure depicted in FIG. 1 is
very difficult to achieve. Photolithographic masks are aligned
by hand with the aid of an electron microscope. Any misalign-
ment of the photolithographic mask will result in photoresist
trapped between NASICON and electrode finger and there-
fore result in a failed sensor. Simply put, the structure of FIG.
1 is very difficult to manufacture exactly as shown. Errors in
manufacturing probably will result in a failed structure such
as that depicted in FIG. 5D. One of the innovations of the
instant invention is to realize the advantages of not having to
perfectly duplicate the structure of FIG. 1, which represents
the structure obtained using standard procedures of microfab-
rication engineers.

Previously, most solid electrolyte CO, sensors developed
were bulk sized or thick film based as illustrated in FIG. 1A,
which involves complicated fabrication process of hot press
or screen printing. The power consumption ofthese sensors is
very high and batch fabrication is very difficult. Porous elec-
trodes are typical: Electrodes formed by the thick film tech-
nique are not sufficiently porous. Using a non-porous elec-
trode can lead to the formation of sodium carbonate Na,COj,
which hinders the working electrode. The formation and dis-
sociation of sodium carbonate Na,CO; at the electrodes
results in slower response time.
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Most often (in the prior art) two sensing materials were
used inasolid electrolyte CO, sensor structure. In the effort to
miniaturize a CO, sensor, the standard approach was to first
deposit one sensing electrolyte on the substrate, the elec-
trodes were then deposited on top of the electrolyte, and
finally the auxiliary electrolyte was deposited on the elec-
trodes. Humidity, liquid chemical processing, and/or physical
vibration tends to erode or loosen the electrolyte underneath
the electrodes. This structure limited the application of stan-
dard microprocessing techniques one might employ such as
photolithography. These properties limited the miniaturiza-
tion of the sensor using this structure, because the electrodes
could only be deposited by a shadow mask, which usually
produces electrodes with less integrity when the feature is
very small. That is one reason few stable and functional
miniaturized sensors of this type exist.

Photolithography is used in device fabrication processes
every time a pattern is transferred to a surface. It allows ion
implantation or etching of a material in selected areas on the
wafer (substrate). Photoresist is a photosensitive organic sub-
stance which is a sticky liquid with high viscosity which is
typically spun onto a wafer and then thermally hardened in an
oven. Photoresist may be positive or negative. When positive
photoresist is exposed to light it breaks down long-chain
organic molecules into shorter chain molecules which can be
dissolved by a chemical solution called a developer. When
negative photoresist is exposed to light it induces cross-link-
ing of organic molecules such that a high atomic mass is
achieved by producing longer-chain molecules. In the
example of longer chain molecules, an appropriate developer
solution is then used to remove the resist that has not been
exposed to light. The transfer of the desired patterns onto the
photoresist is made using ultraviolet light exposure through a
mask which is typically a quartz plate. Masks are used in two
modes. Contact lithography involves overlaying the mask
directly into contact with the photoresist and proximity pho-
tolithography involves spacing the mask a distance above the
photoresist. The use of photolithography enables miniatur-
ization, batch processing, and more exact duplication of a
given sensor structure. Employing these techniques can fun-
damentally change and improve the sensors produced; a sig-
nificant technical challenge is to apply these techniques for
some material systems such as those used for CO2 sensor
production.

SUMMARY OF THE INVENTION

A miniaturized amperometric electrochemical (solid elec-
trolyte) carbon dioxide (CO,) sensor using a novel and robust
sensor design has been developed and demonstrated. Semi-
conductor microfabrication techniques were used in the sen-
sor fabrication and the sensor is fabricated for robust opera-
tioninarange of environments. The sensing area of the sensor
is approximately 1.0 mmx1.1 mm. The sensor is operated by
applying voltage across the electrodes and measuring the
resultant current flow at temperatures from 450 to 600° C.
Given that air ambient CO, concentrations are ~0.03%, this
shows a sensitivity range from below ambient to nearly two
orders of magnitude above ambient. Sensor current output
versus In [CO, concentration] (natural logarithm of the car-
bon dioxide concentration) shows a linear relationship from
0.02% to 1% CO,. This linear relationship allows for easy
sensor calibration. Linear responses were achieved for CO,
concentrations from 1% to 4% and to the logarithm of the
CO, concentrations from 0.02% to 1%. These sensing mea-
surement results, but not the method of sensor fabrication,
were disclosed in the April 2004 American Ceramic Society
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presentation and at the Fire Prevention Conference in Lisbon
November 2004. This CO, sensor has the advantage of being
simple to batch fabricate, small in size, low in power con-
sumption, easy to use, and fast response time.

One aspect of the development of the invention was to
develop miniature CO, sensors for a wide variety of applica-
tions. This miniaturized CO, sensor can be integrated into a
sensor array with other sensors such as electronics, power,
and telemetry on a postage stamp-sized package. Like a post-
age stamp, the complete system (“lick and stick™ technology)
could be placed at a number of locations to give a full-field
view of what is chemically occurring in an environment.

The development of miniature electrochemical sensors
based on solid electrolytes NASICON (Na,Zr,Si,PO, ,) and
Na,CO;/BaCO; for CO, is an important aspect of the instant
invention. Semiconductor microfabrication techniques are
used in the sensor fabrication. The fabrication process
involves three fabrication steps: 1) deposition of interdigi-
tated electrodes on alumina substrates; 2) deposition of solid
electrolyte NASICON (Na;Zr,Si,PO,,) between the inter-
digitated electrodes; and 3) deposition of auxiliary solid elec-
trolytes Na,CO; and/or BaCOj (1:1.7 molar ratio) on top of
the entire sensing area. The resulting sensing area is approxi-
mately 1.0 mmx1.1 mm. The multiple interdigitated finger
electrodes are in contact with the solid electrolytes and the
atmosphere in multiple locations rather than in just one loca-
tion as is seen with single set of electrode structures. Thus,
this approach yields increased surface area associated with
three-contact boundaries as compared to other sensors with
similar dimensions. The same sensor structure could also be
applied to develop other sensors such as NO sensors with the
corresponding auxiliary electrolytes NaNO, or NaNO,.

An amperometric circuit is used to detect CO,. The detec-
tion system includes pairs of electrodes with constant voltage,
V, applied across the electrodes.

The sensing mechanism of the amperometric CO, sensors
can be understood based on the reactions taking place at the
working and reference electrode of each pair of electrodes.
The following two reactions may be considered to carry cur-
rent between the electrodes:

Working Electrode 2Na*+CO,+20,+2¢ Na,CO,

Reference Electrode Na,O—+2Na*+150,+2¢”

The reduction current is the result of the reaction taking place
at the working electrode where electrons are consumed. The
oxidation current is the result of the reaction taking place at
the reference electrode where electrons are released.
The following reaction can then be considered to be:

Overall Reaction Na,0O+CO,—Na,CO;

Platinum is used as the preferred material for the electrode.
However, electrodes made from other metals such as Palla-
dium, Silver, Iridium, Gold, Ruthenium, Rhodium, Indium,
or Osmium may also be used. In addition, non-porous or
porous electrodes may be used

The auxiliary electrolyte (Na,CO, and/or BaCO,) is
deposited homogeneously on the entire sensing area of the
sensor, including both the working and reference electrodes.
The deposition of an auxiliary carbonate electrolyte improves
the selectivity and sensitivity of the sensor to CO, gases and
the flow of the desired species within the electrolyte. At the
working electrode, depleted concentration of sodium ions
(Na*) can be recovered by the transfer of sodium ions (Na™)
from NASICON through the three-phase boundary of the
electrodes, NASICON electrolyte, and an auxiliary electro-
lyte layer. The sodium carbonate, Na,CO;, deposited at the
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working electrode during reacting with CO, can be trans-
ferred to the reference electrode through the Na,CO,;/BaCO,
auxiliary carbonate electrolyte layer if temperatures are high
enough, for example, 450-600° C.

These mechanisms allow the sensor to measure CO, but
recover back to its initial state. The sensing mechanism has
increased performance from the Na,CO,/BaCO; auxiliary
carbonate electrolyte layer being distributed across both the
working and the reference electrodes at high operating tem-
peratures in the 450-600° C. The eutectic mixture of Na,CO,/
BaCO, as the auxiliary carbonate electrolyte layer has alower
melting temperature enabling improved flow within the elec-
trolyte at a reduced temperature range. The Na,CO,/BaCOj,
auxiliary carbonate electrolyte can act as a diffusion barrierto
prevent other species from reaching the electrode/electrolyte
interface and interfering with the correlation of measured
current with detection of the desired chemical species.

In order to facilitate a faster response time, porous plati-
num electrodes can be used with an auxiliary carbonate elec-
trolyte having an increased porosity. The sensor structure
employs interdigitated electrodes which can be generally
thought of as interdigitated fingers. Unique fabrication pro-
cesses to miniaturize the CO, sensor are used.

A unique amperometric CO, sensor is produced using a
non-standard approach as disclosed herein and has the fol-
lowing attributes:

First is the miniature size of the sensor with interdigitated
electrodes. The fabrication of electrodes with photolithogra-
phy enables the sensor to have a small sensor sizes with a
sensing area of approximately 1.0 mmx1.1 mm (electrode
width and spacing between electrodes is around 30-50 pm).
Further miniaturization is possible and the size can be varied
to control sensor properties. The sensor would be very diffi-
cult to make with a shadow mask if a layer of electrolyte is
deposited before the electrodes as is the case in most other
attempted processes. Interdigitated electrodes are very
important for amperometric CO, sensors because the current
output of the electrodes is summed and bussed which results
in currents much higher compared to the traditional two elec-
trodes with the same size. As a result, better sensitivity of the
sensor is achieved. In other words for a given change of input
to the sensor in terms of CO, concentration, a larger differ-
ential change in output is observed.

Secondly, the sensor has a robust structure. The interdigi-
tated electrodes were deposited directly on the alumina sub-
strate with strong adhesion, which will stand the attack of
humidity and vibration. This is in contrast to the approach of
depositing the electrolyte first on the substrate which has less
inherent stability.

Thirdly, the sensor has a unique arrangement of electrodes/
electrolytes. Solid electrolyte NASICON is deposited
between interdigitated fingers and the auxiliary electrolyte
Na,CO,/BaCO, was deposited on the whole sensing area,
forming greater length of three-point boundaries (electrode,
solid electrolyte NASICON, and auxiliary electrolyte
Na,CO;/BaCO;), which is beneficial for amperometric gas
sensing. Interdigitated finger electrodes on a substrate were
used as sensor structures before but only one or mixed sensing
materials were deposited. The interdigitated finger electrode
structure is deposited with two distinctive sensing materials
forming maximum length three-point contacts. The sensor
was tested continuously for at least three weeks at high tem-
peratures showing its robust nature. The sensor structure
could also be used with any other sensing system which
requires two distinctive deposited materials in an electro-
chemical cell structure.
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Finally, the sensor is very easy to batch fabricate compared
to the bulk-sized sensors and consumes much less power. This
is specifically due to the non-standard photolithographic
approach used.

Using the process disclosed herein, sensors may be fabri-
cated which have good sensitivity, selectivity, response time,
and stability.

The carbon dioxide sensor produced by the innovative
technique described herein is applicable to the fire detection
(including hidden fire), EVA applications, personal health
monitoring, and environmental monitoring. The sensor and
its electronics are integrated into a postage stamp sized sys-
tem. The low cost due to the batch fabrication process and its
compact size make it highly affordable and thus useable in a
wide array of locations.

A process for sensing carbon dioxide is accomplished
which includes the following steps: applying a constant direct
current voltage across the pair of electrodes. The electrodes
are separated by an electrolyte material containing sodium,
and the electrodes are located between a layer of alumina
substrate and an electrolyte layer of auxiliary carbonate.

Carbon dioxide is then reacted with the material containing
sodium at the first three-point boundary. The first three point
boundary is located at the joinder of one of the electrodes, the
electrolyte material containing sodium, and the barium con-
taining auxiliary electrolyte.

An oxide of sodium is then reacted at a second three-point
boundary. The second three-point boundary is located at the
joinder of the other of the electrodes, the electrolyte material
containing sodium, and a sodium/barium containing auxil-
iary electrolyte.

Finally, the resulting current is measured and the change in
current is correlated to the concentration of carbon dioxide.

The invention includes a micro amperometric electro-
chemical (solid electrolyte) carbon dioxide (CO,) sensor
using a novel and robost sensor design. Semiconductor
microfabrication techniques are used in the sensor fabrication
and the sensor is fabricated for robust operation for a range of
applications such as fire detection and environmental moni-
toring. The sensor has a sensing area 0 0.99 mm by 1.10 mm
and the examples disclosed in the parent application without
the metal oxides covering the auxiliary electrolyte are mainly
operated at 600° C. for CO, detection in an amperometric
mode. Operation at 600° C. for CO, detection requires more
energy for heating the sensor. The sensors operated at 600° C.
have low detection limits and wide detection ranges and are
considered to comprise the-state-of-art. The sensors dis-
closed in the parent application also include and identify
certain metal oxides covering the auxiliary electrolyte. The
instant continuation in part application discloses additional
metal oxides which cover and engage the auxiliary electro-
lyte. Additionally, it is disclosed in this instant application
that the metal oxides may be mixed with the auxiliary elec-
trolyte The metal oxides provide additional electrons to the
sensor system which enable operation at reduced tempera-
tures.

Catalysts are disclosed herein which further facilitate the
reactions of the carbon dioxide sensor at low temperature.

Although the sensors without the metal oxides over and
engagement with the auxiliary electrolyte have low power
consumption due to their small size, there is still a great desire
to decrease sensor operation temperature so as to reduce its
power consumption.

The solid electrolyte CO, microsensor is modified with
semiconductor metal oxides. The metal semiconductors
include SnO,, In,0;, TiO,, WO;, ZnO, Fe,0;, ITO, CdO,
U,04, Ta,05, BaO, MoO,, MoO,, V,0s5, Nb,Os, CuO,
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Cr,0;,La, 05, RuO,,Ru0,, ReO,, ReO;,Ag, 0, CoO, Cu,0,
SnO, NiO, Pr,0;, BaO, PdO,, HfO;, and HfO;, of which
some are n-type semiconductors and some are p-type semi-
conductors. N-type semiconductors have a surplus of elec-
trons which are added to the sensor system and which facili-
tate the reduction reaction, and p-type semiconductors has a
surplus of holes which are added to the sensor system to
facilities the oxidation reaction at the electrodes. The addition
of' metal oxide sol gel onasolid electrolyte CO, sensor greatly
improves the performance of the sensor. Preliminary testing
results indicate that the sensor can detect CO, concentrations
from 0.5% to 4% at 375° C., 2V, which is considerably lower
than the traditional solid electrolyte sensor operation tem-
perature of 600° C. which does not include the extra layer of
metal oxide thereover. An amperometric solid state oxide-
based electrolyte CO, microsensor operating at 375° C. with
a wide detection range has been demonstrated. This CO,
sensor has the advantages of being simple to batch fabricate,
small in size, low in power consumption, easy to use, and
which possesses and provides a fast response time.

There are a range of applications for CO, sensor technol-
ogy including fire detection and environmental monitoring
which strongly favor low power consumption. Application of
ananocrystalline SnO, surface coating to the solid electrolyte
increases the sensor response and allows for a lower operating
temperature.

This example decreases the sensor operation temperature
through the use of a surface coating which supplies additional
electrons for the reduction-oxidation reaction (redox reac-
tion). By decreasing the sensor operating temperature, the
power consumption is greatly reduced, which has significant
importance for sensor integration and application. The design
of'the sensor of this example (which includes the metal oxide
over and in engagement with the auxiliary electrolyte)
includes one more step added to the sensor processing, that is,
to coat a layer of metal oxide sol gel on top of the solid
electrolytes. This coated layer selected from the group of
Sn0,, In,0;, TiO,, WO,, ZnO, Fe,0,, ITO, CdO, U,0,,
Ta, 05, BaO, Mo0O,, MoO;, V,0,, Nb,Os, CuO, Cr,0;,
La,O;, RuO;, RuO,, ReO,, ReO;, Ag,0, CoO, Cu,0, SnO,
NiO, Pr,0;, BaO, PdO,, HfO,, and HfO,, provides more
electrons for the reduction reaction to detect CO, gas at the
working electrode or provides more holes for the oxidation
reaction of Na2O at reference electrode. The benefits of the
sensors of this example include robust structure, microsize,
batch fabrication, fast response, and wide detection range.
The addition of the SnO,, In,0;, TiO,, WO,, ZnO, Fe,O,,
ITO, CdO, U,04, Ta,05, BaO, MoO,, MoO;, V,05, Nb,Os,
CuQ, Cr,0;, La,0;, RuO;, Ru0,, ReO,, ReO;, Ag,O, CoO,
Cu,0, SnO, NiO, Pr,0;, BaO, PdO,, HfO,, or HfO; sol gel
also greatly improves sensor performance and decreases sen-
sor operation temperature, and thus decreases the power con-
sumption.

The fabrication of the carbon dioxide sensor of this
example includes four steps: (1) deposition of platinum inter-
digitated finger electrodes on alumina substrate; (2) deposi-
tion of the NASICON solid electrolyte primarily in between
the finger electrodes; (3) deposition of auxiliary electrolytes
Na,CO;/BaCO; in a 1:1.7 molar ratio on top of the whole
electrode area; and, (4) coating of the SnO,, In,0;, TiO,,
WO,, ZnO, Fe,O,, ITO, CdO, U,0,, Ta,O,, BaO, MoO,,
MoO;, V,0s, Nb,Os, CuO, Cr,0;, La,0;, RuO;, RuO,,
ReO,, ReO;, Ag,0, CoO, Cu,0, SnO, NiO, Pr,0,, BaO,
PdO,, HfO,, or HfO; sol gel on the auxiliary electrolytes.

This example of the sensor utilizes interdigitated finger
electrodes and uses unique fabrication means to miniaturize
the CO, sensor to microsize. Solid electrolyte (such as NASI-
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CON, Na,Zr,Si,PO,,) is deposited primarily in between the
electrodes; auxiliary electrolyte (such as Na,CO,/BaCO,)
stays on top of the electrodes and electrolyte; and the metal
oxide selected from one or more of SnO,, In,0;, TiO,, WO;,
Zn0, Fe, 05, ITO, CdO, U,04, Ta,05, BaO, MoO,, MoO,,
V,0s, Nb,Os, CuO, Cr,05, La,0;, RuO;, RuO,, ReO,,
ReO;, Ag,0, CoO, Cu,O, SnO, NiO, Pr,0;, BaO, PdO,,
HfO;, and HfO; nanomaterial is finally applied on the auxil-
iary electrolyte surface.

The sensor with the extra layer of SnO,, In,O;, TiO,, WO,
Zn0, Fe, 05, ITO, CdO, U,04, Ta,05, BaO, MoO,, MoO,,
V,0s, Nb,Os, CuO, Cr,05, La,0;, RuO;, RuO,, ReO,,
ReO;, Ag,0, CoO, Cu,0O, SnO, NiO, Pr,0,, BaO, PdO,,
HfO;, or HfO; results in a unique amperometric CO,
microsensor having all four of the following attributes.

First, the sensor has a robust structure. The interdigitated
electrodes are deposited directly on the alumina substrate
with a strong adhesion, which will stand the attack of the
humidity and vibration. Deposition of the electrodes directly
on the substrate is unique because heretofore in the prior art
when more than one electrolyte sensing system is used in
fabricating sensors, the standard approach was to first deposit
one electrolyte on the substrate, then the electrodes were
deposited on top of the electrolyte, and finally the auxiliary
electrolytes were deposited on the electrodes. This prior art
structure limited the miniaturization of the sensor, because
the electrodes could only be deposited by a shadow mask,
which usually produces electrodes with less integrity when
the features thereof were very small. Further, humidity or
physical vibration tend to erode or loosen the electrolyt