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ABSTRACT aeronautic engines, and improve the safety of
commercial airline travel. Each area of application has

Aeronautic and space applications require thevastly different problems associated with the
development of chemicalsensors with capabilities = measurement of chemical species.However, the
beyond those of commercially availabsensors. Areas development of a common base technology can address
of interest include launch vehicle safety monitoring, the measurement needs of a number of applications.
emission monitoring, and fire detection. Thigaper
discusses the needs of aeronautic and spapdications  In launch vehicle safety applications, detection of low
and the point-contact sensor technology bedegeloped concentrations of hydrogen at potentially low
to address these needs. The developmenthese temperatures is important for applications involved with,
sensors is based on progress in two typetedinology:  for example, operation of the Space Shuttle. In 1990,
1) Micromachining and microfabrication technology to the leaks on the Space Shuttle while on the launch pad
fabricate miniaturized sensors. 2) Thevelopment of temporarily grounded the fleet until the leaource
high temperature semiconductorgspecially silicon could be identified. The method of leak detectiosed
carbide. Sensor developmenfor each application was a mass spectrometer connected to an array of
involves its ownchallenges in the fields ofnhaterials  sampling tubes placethroughout the region of interest.
science and fabrication technology. The number of dual-Although able to detect hydrogen in a varietyashbient
use commercial applications of this microfabricated gasenvironments, the mass spectrometer had a dieiag
sensor technology make this area of sertmrelopment  associatedwith its detection of a leak and pinpointing
a field of significant interest. the exact location of the leak was problematic.

In response to the hydrogen leak problem¢ASA
INTRODUCTION endeavored to improve propellant leakletection
capabilities during assembly, pre-launch operations, and
Aeronautic and space applications require theflight. The objective has been to reduce tperational
development of chemicakensors which operate in a cost of assembling and maintaining hydrogaelivery
number of environments. Three areas pérticular  systems with automated detection systemspdrticular,
interest are safety monitoring, emission monitoring, andefforts weremade to develop an automatdd/drogen
fire detection. Each of these areas are the subject deak detection system using point-contabydrogen
effort throughout NASA to, for example, improve safety sensors. However, noommercial sensors existetthat
and decrease the cost of space travel, significantlyoperated satisfactorily in this and other spaegated
decrease the amount of emissions produced by

* National Research Council Research Associate.
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applications. The reasofor this is the conditions in the measurement of nitrogen oxides is importanthiese
which the sensor must operate. applications, the measurement of other gases present in
the emission stream such as hydrogen, hydrocarbons and
The hydrogen sensor must be abled&tect hydrogen  oxygen is also of interest. The measuremeahge
from low concentrationsthrough the lowerexplosive  depends on the gas and the engine but generally the
limit (LEL) which is 4% in air. The sensor must béle detection of nitrogen oxides, hydrogen, and hydrocarbons
to survive exposure to 100% hydrogen withal#mage may be necessary at sensitivities of less than 200 ppm
or change in calibration. Further, the sensor may bewith corresponding measurements of oxydesm less
exposed to gases emergirfgom cryogenic sources. than 1% to near 20%. The sensors should be small so as
Thus, sensor temperature control is necessary. Operatiomot to interfere with the flow ofjlases in the engine or
in inert environments is necessary since the sensor magecome significant projectiles if dislodgefdom their
have to operate in areas purged with helium. Ability to measuring site and emitted into the engine.
operate in a vacuum is preferred. Beirable to
multiplex the signalfrom a number of sensors so as to In fire safety applications, fire detection equipment
“visualize” the magnitude and location of tlhwdrogen  presently used in the cargo holds of mamgmmercial
leak is also desired. If a number of sensors are to baircraft relies on the detection of smokeAlthough
placed in an area, then size, weight, apdwer highly developed, these sensors are subjectfaise
consumption for each sensor becomes an issue.alarms. These false alarms may be caused by a number
Commercially available sensorsyhich often needed  of sources including: changes in humidiggndensation
oxygen to operate or depended upon moisture (1), didn the fire detector surface, contamination from animals,
not meet the needs of this application and thus theplants, or other contents of the cargo bay (4).se&ond
development of new types of sensors was necessary (2)method of fire detection to complement existing
techniques, such as the measurement chémical
The development of a new class of sensorsaliso species indicative of a fire, will help reduce false alarms
necessaryfor the monitoring of emissiongrom aircraft and improve aircraft safety. Although, maniiemicals
engines. The control of emissiofrtem aircraftengines  species are indicative of a firewo species of interest
is an important component of the development of theare carbon monoxide and carbon dioxide (5).
next generation of these engines. The ability to monitor
the type and quantity of emissions being generated by ain order tomeet the needs of these applications, a new
engine is important in not only controllinghose  generation of sensor technology must be developed.
emissions but also in determining the status of theThis paper discusses point-contact sensarhnology
engine. Ideally, an array of sensors placed in thebeing developed to address these needs. The
emissions stream close to the engine could providedevelopment of these sensors is based on progress in two
information on the gases being emitted by the enginetypes of technology: 1) Micromachining and
However, there are very few sensoravailable  microfabrication technology to fabricateniniaturized
commercially which are able to measure thesensors, and 2) The development of htgmperature
components of the emissions of an engine in-situ. Thesemiconductors, especially silicon carbide, to provide
harsh conditions and high temperatures inherent near thelectrical componentsand sensors operable at the
reaction chamber of the engine render most sensortemperatures of interest. Using thegechnologies,
inoperable. point-contact sensors are being developedmteasure
hydrogen (H), hydrocarbons ((,), nitrogen oxides
A notable exception to this limitation in sensor (NO,), carbon monoxide (CO), carbon dioxide (O
technology is the commercially availabtxygen sensor and oxygen (¢). The detection of each type of gas
presently in use in automobile engines (3). Té¢emsor, involves its ownchallenges in the fields ofnaterials
which is based on the changes in the properties obcience and fabrication technology.
zirconium dioxide (ZrQ) upon reaction with oxygen, has
been instrumental in decreasing automotiemgine  This paper presents an overview daficrofabricated
emissions. However, comparable sensdos other chemical sensor technology and higltemperature
components of the gas stream do not exsgnsitive  electronics. These technologies are used, where
monitoring of emissions of nitrogen oxides, hydrogen, appropriate, to develop HCH,, NO,, CO, CQ and Q
and hydrocarbons is not presently possible in-situ withsensors. A description is given @ach sensor type and
point-contact sensors placed near the engine. Even thigs present stage of development. The silicon (&iyed
traditional ZrQ based sensor has sensitivity limits as hydrogen sensor is at a relatively mature stage of
well as size, weight, andpower consumption development while the state of development of the other
requirements which prevent its use in some applications.sensors ranges from thproof of concept level to
In emission monitoringapplications, the sensomust prototype stage. The number of dual-usemmercial
operate at high temperatures with exposure to lowapplications make this general area of sensor
concentrations of the gases to be measured. Althoughdevelopment a field of significant interest.
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MICROFABRICATION AND energy consumption. This sccomplished byelective
MICROMACHINING TECHNOLOGY removal of the silicon substrate producingsaspended
diaphragm structure.
A significant number of silicon-based microfabrication
processes have been deriviedm the advancements in  This sensor processing is done using Si either as a
the integrated circuit (IC)industry. Of the various semiconductor that is part of an electrical circuit or as a
processing techniques, lithographic reduction, thin film substrate on which a structure is built. If Si is used as a
metallization, photoresist patterning, andchemical substrate, the temperature range of the sensor can be
etching havefound extensive chemicaknd biological rather broad: fromcryogenic temperatures tabove
applications, particularly in sensor-related development.600C. However, if Si is to be used as part of the
These processes allow the fabrication of venypall electrical circuit, the temperature range is limited to
sensor structures. The ability to batch procHssse  below 300C. Thus, for this and othepplications, high
sensors using presentlyavailable semiconductor temperature electronics must be developed. et
processing techniques significantly decreases theadvanced high temperature electronic material is silicon
fabrication costs per sensor. However, thgsecesses carbide (SiC). An overview of SiC-based high
produce mainly two-dimensional planar structures, whichtemperature electronics is given in the next section.
have limited application. By combining thepeocesses
with micromachining technology, three-dimensional
structures can be formed which have a wider range of SiC-BASED HIGH TEMPERATURE ELECTRONICS
application to  chemical sensing  technology.
Micromachining technology is generally defined as theSilicon carbide based semiconductor electromévices
means to produce three-dimensional structures usingnd circuits are presently being developfed use in
both bulk and surface micromachining techniques. Thehigh-temperature, high-power, and/or high-radiation
techniques used in micromachining fabricatimclude  conditions under which conventionasemiconductors
chemical anisotropicand dry etching, the sacrificial cannot adequatelyerform. Silicon carbide's ability to
layer method, andlIGA (lithographic, galvanoforming, function under such extreme conditions ezpected to
absorbing). enable significant improvements to a far ranguagiety
of applications and systems. These rarfigen greatly
Chemical anisotropic etching is an etching procedureimproved high-voltage switchingor energy savings in
that depends on the crystalline orientation of thepublic electric power distribution ancelectric vehicles
substrate.  For silicon etching, potassium hydroxideto more powerful microwaveslectronicsfor radar and
(KOH) and tetramethyl ammonium hydroxiq@ MAH) communications to sensors and contréts cleaner-
solutions are most commonly used as etching agentshurning more fuel-efficient jet aircraft andutomobile
Dry etching processes include ion millingglasma  engines (6).
etching, reactive ion etching, and reactive ibaam
etching. These dry etching processes are not dictated @ilicon carbide occurs in many differentrystal
limited by the crystalline structure. However, although structures(called polytypes)with each crystal structure
not many chemicals are required, the capéqlipment having its own uniqueslectrical and optical properties.
cost of any of thesery etching processes ilatively  The electrical properties of the more common SiC
high. polytypes are compared to the properties of silicon and
GaAs in Table I, which was constructdtbm data in
The sacrificial layer method employs a depositedier-  references 74. In manydevice applications,SiC's
layer that can be chemicallemoved. Thesacrificial exceptionallyhigh breakdown field (> 5 times that of
layer method has been used to create cantilaype Si), wide band gap energy (> 2 times that of Si), high
structuresfor physical sensor and actuatapplications.  carrier saturation velocity (> 2 times that of Si), and
This technique can be used to make chamber high thermal conductivity (> 3 times that of Sipuld
electrode structure to protect the integrity of the sensollead to substantial performance gains, in spite of the low
element. LIGA techniques have been used to producecarrier mobility disadvantages.
high aspect ratio multistructures. These microstructures
can be used to define volumes as well as forComplex electronics and sensors are increasingligd
microanalytical elements such agmicrocapillary  upon to enhance the capabilities and efficiency of
structures. modern jet aircraft. Many of these electronics and
sensors monitor and control vital engine components and
For many applications, temperature control is necessaryaerosurfaces that operate at high temperatures. However,
Incorporation of a heatinglement and atemperature since today's silicon-based electronics technology
detector allows feedback control of the operatingcannot function at high temperatures, thesectronics
temperature. In these microstructures, a srttadrmal  must reside in environmentally controlled areas. This
mass is desirable in order to minimize heat loss and heaiecessitates theise of long wire runsbetween the
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sheltered electronics and the hot-area sensors anderosurface areas of an aircraft woelihble substantial
controls or the fuel-cooling of the electronics and sensorsveight savings, increased jet engine performance, and

located in high-temperature areas. Both of thése-
temperature-electronics approachssffer from serious

increased reliability. Use of SiC electronics and devices
in other applications such as in the fields mpdwer

drawbacks, as the wire runs add a substantial amount dfistribution, automobiles, and communications and radar

weight, fuel cooling has harmed aircraft fuedficiency,
and both have negatively impacted aircraft reliability.

A family of high temperature silicon carbiddectronics

and sensors that could function in hot areas of the

aircraft would alleviate the above-mentionechnical
obstacles to enable substantial aircraft performanc
gains. Uncooled operation of 300 - 6005iC electronics
and sensors mounted in the aircraft hot areas wsald
weight and increase reliability by replacing hydraulic
controls with "smart"electromechanicalcontrols. SiC-
based distributed control electroniesuld eliminate 90
% of the wiring and connectonseeded in conventional
sheltered-electronic aircraft control systemshis is
extremely crucial given the fact thawiring and
connector problems are the most frequent cause
propulsionmaintenance activityand downtime in com-
mercial aircraft today. The U. SAir Force has
estimated that advanced SiC contralectronics
implemented on an F-16 fighter would allow thgcraft

to shed as much as 800 pounds of weight, operate wit
increased capabilities anfdiel efficiency, andoperate
more reliably with less maintenance and downtime (15).

Si GaAs | 6H-SiC | 4H-SiC | 3C-SiC
Bandgap (eV) 11 1.42 3.0 3.2 23
Breakdown Field
@10 cm (MVicm) 0.6 0.6 32 3 >1.5
Electron Mobility
@10%cm™ (cm? V-s) 1100 | 6000 370 800 750
Saturated
Electron Drift 107 107 2x107 | 2x107 | 2.5x107
Velocity (cmis)
Thermal
Conductivity Wiem-k)| 12 | 0% | 49 3 a0
Hole Mobility
@10%cm™ (cm? V-s) 420 320 90 115 40
Commercial Wafers 12" 6" 1.375" 1.375" None

Table |: Comparison of selected semiconductobom temperature
physical properties.

SiC electronics and sensooffer similar improvements
to commercial jetliners, where increased feéiciency,

weight savings, and reduced pollution caparticularly

large economic and environmentglayoffs over an
aircraft's multi-decade operational lifetime. It hhgen

speculated that the economic savings value will be
the millions of dollars per aircraft.

Therefore, silicon carbide electronics and sendbiast
could function while mounted in hot engine and

NASA/TM—1998-208504

Obver more narrow concentration ranges.

could have correspondingly significant effects on the
operation of these systems.

SENSOR DEVELOPMENT

€rhe needs of aeronautic and space applications require

the development of new sensor technology to operate in
environments in  which conventional sensors are
inoperable or do not provide the requinedasurements.
These applications require operation in a variety of
conditions: from cryogenic temperature to above 600
from inert environments to corrosivengine conditions,
and from the detection of one gas over avide
oncentration range to the detection of sevegakes
Combined with
this is the desire to minimize size, weight, apower
consumption as well as decrease the cost ofs#rsor.

In order tomeet these needs, a flexible approach is
necessary. Microfabrication  and micromachining
l?echnology as well as the use of SiC semiconductor
technology can address many of the needs of aeronautics
and space applications.

Microfabrication and micromachining allows the fabrica-
tion of a variety of structuresSize, weight,and power
consumption are minimized by microfabricating the
structure while micromachining allows compleshapes

to be incorporated into a small region. diven
structure can be tailor-made to measure diffeigates

by changing,for example, the gas sensitivelement.
Batch processing using Si semiconductor technology can
decrease cosper sensor and allow a large number of
sensors to be produced in one series of processing.
Silicon can be used as substrate or part ofetleetrical
circuit. However, Si is not appropriate for sensor designs
in which the substrate is aglectrical component of the
sensor and the sensor must operate at tagiperature.
Thus, the use of SiC is necessary in these applications.

The following reviews the application of
microfabrication and micromachining technologies as
well as SiC technology to develop sensds the
detection of a variety of gases. Thirk is done at
NASA Lewis Research Center (LeRC), Ca¥¢estern
Reserve University(CWRU), Makel Engineering Inc.
(MEI), and Georgia Institute of Technology (GIT)Yhe

insensor design and sensing approach depends strongly on

the application.

Si-BasedHydrogenSensorTechnology
One component of the sensor development program at



NASA LeRC and CWRU in conjunction wittMakel Pd-ALLOY SCHOTTKY
Engineering involves the development of palladi(ift) /D'ODE CONNECTORS

alloy Schottky diodes on silicon (SBubstrates. These \ —
sensors are designed to detebydrogen in space M s
applications. This type of sensor is based matal-

used in the semiconductor electronics industry. The ga:

oxide-semiconductor (MOS) technology such tmat
sensing MOS structures are composed of a hydrogel
sensitive metal deposited on an insulator adherent to
semiconductor. This forms a Schottky diode in tlase

2.2 mm

of a very thin layer of insulator. The mosbmmon
MOS structure usedor hydrogendetection is the Pd-

SiO,-Si structure. Hydrogerdisassociates on the Pd

surface and diffuses to the Pd-Silterface affecting

the electronic properties of the MOS system (16). The

A,

HEATER TEMPERATURE HEATER
use of pure Pd at near room temperatures as th L oNnEcTOR DETECTOR CONNEGTOR
hydrogen sensitivemetal is problematicfor several CONNECTOR

reasons. The most serious of these involvephase
change that occurs at high hydrogenncentrations Figure 1. Schematic diagram of the Schottky Distjelrogen Sensor.

which can lead to hysteresis or film damage. The Pd alloy Schottky diode resides symmetrically on either side of a
heater and temperature detector. The resistor has been added to the

Schottky diodes using Pd alloys as the hydrogenpdcr based sensor design.

sensitive metal are presently being fabricated. fiilsé
generation of these sensors used palladium silve
(PdAg). The use of PdAg in hydrogesensing
applications was pioneered by Hughes (1Palladium
silver has advantages over Pd. Palladium silver is mor
resistant to damagdrom exposure to high hydrogen
concentration than Pd. Furthermore, the alloy has faster
response times than Pd.

is temperature dependent. This sensor can be used to
onitor leaks in a multipoint leak detectioscheme
involving a number of these sensors. Further, this PdAg
sensor has been shown to have a sensitivity and response
%omparable to that of a mass spectrometer (20).

2.0E-04 4 T=100 C
The sensor structure is shown in Figure 1. The structure 1.8e-04 + } APPLIEDVOLTAGE =-8V :iﬂé?
includes a Pd alloy Schottky diode, &mperature 1.6E-04 + R\
detector, and a heater all incorporated in the same chip. 1.4E-04 J ] \ﬁ"ﬂ ==
The sensor is fabricated using a n-type silicon wafer on " [ 1|4 kﬂ ﬂ
which approximately 50 A of SiQis thermally grown in 1.2E-04 + j I
the sensor region. The heater and temperadetector 1.0E-04 1ol 121 Kl 1 Bl Bl Iz 1% ﬂ \
are platinum covered with SiO Gold leads arapplied 8.1E-05 +
by thermal compression bonding and the sensor is
mounted on a TO5 header or orceramic flatpackage. 6.1E-05 1 .
The surface area of the Schottky diode6ig¢x10® cn? 41E05 T [re] lucf [w \ e b e\ flie e &\ [we
and the sensor dimensions are approximafeB mm on 2_15.05:.—“_&‘ L\ ' [ E

1 . | u 1

a side. The response of the Schottky diodes was ;g6 ;
determined by measuring the diode's reverse current. 0 50

100 150 200
TIME(MIN)
The properties of the PdAg sensor make it very useful forFigure 2. The response 8fdAg and PdCr Schottky diode sensors at
applications where sensing small amounts of hydrogen i400C to repeated exposures of 9 minutes of air, 1 minute of nitrogen,
necessary. The sensor responds in an inert environmerdf Minutes of 100% hydrogen, and 1 minute of nitrogen. ~Fte€r

h d Th diode shows a moreepeatable baseline and a more stafglsponse
(no oxygen) to the presence ljdrogen. Eresence  ihan the PdAgliode.

of oxygen decreases the sensor response but the sensor is

still sensitive to low concentrations of hydrogen (18- Although the PdAg sensor showexcellent properties
19).The sensor response is large, rapid, espeatable. for a number of applications, at higher temperatures and
If quick recovery is necessary, then the sensor should bgjgher hydrogen concentrations its calibratichanged
operated in oxygen containing gases. If detection of theynq the sensor occasionally failed (18). Thus, the sensor
presence of hydrogen is required without ramdovery,  pehavior needed to be stabilized if it were toex@osed
then this sensor can also be used in inert environmentsg 100% hydrogen as in the Shuttle application. This led
The sensor responds to hydrogen across wale to the development of the next generation sehsor.
concentration range with a signal and response time thafpis sensor, which uses PdCr as the hydrogmmsitive

NASA/TM—1998-208504 5



alloy, is in its later stages of development. A The Schottky diode structure under development at
comparison of the response to 100% hydrogen atCl100 NASA LeRC has begun with Pd on SiC MsSructures
of the two types of sensors is shown in Figure 2. The(Pd/SiC). Direct contact between the catalytetal
PdCr sensor is much more stable than the PdAg sensand the semiconductor allows changes in tagalytic
in these conditions. The response of the PdAg sensors tmetal to have maximum effect on the semiconductor.
100% hydrogen decreases with the number of exposureStudies of this baseline system help determine limits of
and its recovery to baseline is increasinglgss diode sensitivity, potential material interactions between
complete. In contrast, after an initial break-in period, thePd and SiC, and whether a barrier layer between the Pd
PdCr diode response to 100% hydrogen ngarly and SiC is necessary for long-term sensor stability. The
consistent with an equally consistent return to a commordetails of thiswork are reviewedelsewhere (22). The
baseline. sensor detectshydrogen and hydrocarbons in inert or
oxygen containing environments.
The PdCr sensor is presently under developnientise
on the NASA experimental vehicle, theX-33, in its Figure 3 illustrates the advantage of S@ver Si in
hydrogen leak detection system. A resistor, whose hydrocarbon sensing applications. Shown is #ezo
resistance is dependent on thgdrogenconcentration, bias capacitiveresponse of a Pd/SiC Schottky diode to
has been added to the sensor design to expand thene hydrocarbon, propylene, at a range of temperatures.
detection range of the sensor (Figure 1);Sehottky = The sensor temperature is increased fronf@@6 400C
diode provides sensitive detection lofv concentrations in steps of 10 and the response of the sensor is
of hydrogen while the resistor provides sensitivity up to observed. At a given temperature, the sensaxosed
100% hydrogen. Hardware and software have hlsen  to air for 20 minutes, N for 20 minutes, 360 ppm of
included with the sensor to provide signal conditioning propylene in N for 20 minutes, N for 10 minutes, and
and control of the sensor. Thimmplete system ialso then 10 minutes of air.
scheduledfor a demonstration flight on the Shuttle for
the fall of 1998. The magnitude of sensor response to 360 ppm propylene
depends strongly on the operating temperature. A sensor
High Temperature Hydrogen and Hydrocarbon Detection operating temperature of 1@ is too lowfor propylene
The development of high temperature hydrogen ando dissociate on the Pd surface, so the device does not
hydrocarbon sensorfor use in harsh environments has respond at all. The three other curfes 200°C, 300C,
centered on the development of a stal8éC-based and 400C show that elevating the temperatinereases
Schottky diode. A Schottky diode is composed of athe sensor's response to propylene. The presence of
metal in contact with a semiconductor (MS) omaetal  propylene can be detected at any of these higher
in contact with a very thin insulator ons@miconductor temperatures with 20G being the minimum operating
(MIS). For gas sensing applications, the metal is oftentemperature determined in this study. Since the standard
a catalytic film. The advantage of a Schottky diode long-term operating temperature of Si is usually below
sensing structure in gas sensing applications is its higi200°C, these results demonstrate the significant
sensitivity.  This is especially useful in emission advantages of using SiC rather than Si in gassing
measuring applications where the concentrations to bepplications.
measured are low.

16.5
The detection mechanistior hydrogen, as discussed in

VOLTAGE =0V PROPYLENE
the previous section, involves the dissociation of 155
hydrogen on the surface of eatalytic metal. The TEMPERATURE
atomic hydrogen migrates to the interface of thetal S48 | L 100c
and the insulator, or the metal and teemiconductor, 5135 g :::2

forming a dipole layer. This dipole layer affects the
barrier height of the diode resulting in @xponential
change in the current or a quadratic change in the
capacitance. The magnitude of this effect can be
correlated with the amount of hydrogen and other gas
species (especially oxygen) present in swerounding 10.5 LAS A Ak

ambient atmosphere. The detection of gases such & 'Wé
hydrocarbons is made possible if the sensoopsrated 9.5 : : : |
at a high enough temperature to dissociate the 0 20 40 60 80
hydrocarbon and produce atomibydrogen. The TIME(MIN)

resulting atomic hydrogen affects the sensor output inFigure 3. The temperature dependence of the zero chipacitance to

the same way as molecular hydrogen (16, 21-23). various gas mixtures. The response to propylene is seen stoogly
temperature dependent.

@® 400C

CAPACITANCE
N
[
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However, the sensor response is affectedelyended stability since the gas reactive insulator can act as a
high temperature heating. Prolonged heating af @25 barrier layer between the metal and Sitentially
has been shown tchange the sensor properties and tostabilizing the sensor’s structure, and 3) the ability to
decreasesensor sensitivity (22). Even after heating at vary sensoiselectivity by varying the reactive insulator
425C in air for 140 hours, the Pd/SiC Schottky diode is element.

still very sensitive to the presence of hydrogen: a factor

of 1000 change inforward current is observed upon 1 0004

exposure to 1000 ppm hydrogen in He. The reason fo VOLTAGE = 0.7V
T=100C

this change in diode properties is likely dueréactions
between the Pd and SiC at the interface upeating.
Nonetheless, efforts have been underway to stabilize th
sensor structure for long-term, high temperature
operation. Two new structurdsmve been demonstrated
which improve the stability of the Pd-baseithottky
diode structure over that of Pd/SiC (24).

1.00E-05

1.00E-06 +

N2/H2 MIX
1.00E-07 +

A
1.00E-08 }\A

The first structure is PdCr directly deposited on SiC  1.00E-09 + AR
(PdCr/SIiC). The advantages of PdCr as a high
temperature alloy have been explored extensively in  1.00E-10 +
strain gage applications (25). It is a stable high
temperature material which is able to provideatic 1.00E-11 * * *
strain measurements at temperature up 1OCC. 0 %0 100 150 200 20
However, its use in a gas-sensing SiC-based structur TIME (HRS)

depends on not only its inherent stability but atah

factors as the alloy’s reactivity to SiC and tbatalytic Figure 4. The forward current at ’@vs heating time at 426 in air
interactions of PdCr alloy with the gases to be measured(4) andin 120 ppm in N, (m).

CURRENT (A)

Figure 4 demonstrates that PdCr/SiC is a viatiiede  Figures 5-6demonstrate the use of this type MRIS
structurefor high temperature gas sensirapplications ~ Sensor by comparing the operation ofPal/SnQ/SiC
with improved stability compared to Pd/SiG22)). sensor with a Pd/SiC sensor on the same chip. Two
Shown is the response of a PdCr/SiC sensor as &ifferent carrier gases are used: purge¥d an air/i
function of heating time. The sensorlisated at 42%  Mixture. The sensors are first exposed to fair 15
in air for extended periods and thecharacterized at Minutes, then the carrier gas for 15 minutes, foI_Iowed by
100°C in air and upon exposure to a mixture of 120 ppm400 ppm of a hydrogen-bearing gas in the carrier gas, 5
H, in N, (N,/H, mix). While the air baseline current Minutes of the carrier gas, and finally 10 minutesaiin
drifts lower with heatingtime, the current in the JH,  The air/N, carrier gas had a constant oxygen
mix is relatively stable after the initial heating period of concentration of 10%.
40 hours. Thisresults in the diode’s sensitivity to,H ) ) ) )
(change from baseline) being nearlywo orders of The effect of the t_hln SnQayer is most easily seen in
magnitude larger at this voltage after 250 hours ofthe |-V curves of Fig. 5 fothe Pd/SnQ/SIiC andPd/SiC
heating. Correspondingly, the magnitude of the signal indiodes respectively. TheV curve for the Pd/SnQ/SiC
H, is nearly constant (within a factor of 3) after 40 hours. diode in Fig. 5 showsparallel shunt resistance for
voltages below 1.0 V, and exponential Schottky behavior
The second structure involves the incorporation of@bove 1.0 V until series resistance effects begin to
chemically reactive ‘“insulators’into the SiC-based dominate. ~ The barrier height derived from the
Schottky diode structure. A wide variety ofaterials, ©€XPponential portion of the curves suggests that the, SnO
e.g. metal oxides such as Sp@re sensitive to 8, and ~ INcreases the barrier height of the diode. The effect of
NO, at high temperatures. These materials could bdhe 400 ppm Hlin N, on thel-V curve was tancrease
incorporated as a sensitive component into Misthe currentfor a given voltage, with the increase in
structures and, unlike silicon, SiC-based devices can b&urrent in the shunt resistance region besmnewhat
operated at high enough temperatures for theaterials ~ l0wer than the increase in the Schottiggion. This
to be reactive to gases such afHLand NQ. This increase in current (resistance decreasay alsonoted
results in a new type of gas sensitive structurenegal-  When the resistance across just the Sw@s monitored
reactive insulator-semiconductor structure (MRIS). TheWith probes under the same conditions. Thus, ,SnO
advantages of this type of SiC-based structure include 1§ffects the response to hydrogen of the diode with higher
increased sensor sensitivity since the diode responds tgensitivity to hydrogen noted in theexponential
gas reactions with not only theatalytic metalbut with Schottky-like conduction region. In contrast, tRd/SiC
the reactive insulator as well, 2) improved sensordiode shows two types dfV behavior: anexponential
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response in the low voltage regions and saries Pd/SiC response in N(22) and in Nair to propylene
resistance effects at higher voltages. These resultand H was reversed. Thus, the addition of the SnO
clearly show that the SnQchanges the sensorlsasic layer makes possible the detection of gasesdetécted
electronic behavior and the sensor response,to H without the layer. It should be noted that the response of
the Pd/SiC sensor degraded over the several week period

1E-02 of 35(0°C operation while the Pd/SnQ/SIC sensor
Pd/SiC DIODE remained relatively stable.

1E-03 - 0 AR

. o N2m2 Other research includes the developmentcofnplete

sensor packaging for the SiC-based sensor. The objective
is to be able to package the sensmith connections to

the outside worldfor operation in engine environments.
Thus issues such as stable electrical contacts to SiC and
the integrity of high temperature insulation are of
importance. Further, micromachining of 4H or 6H SiC is

1E-05 -

CURRENT (A)
m
(=]
»N

1E.08 ™ B a/SHO2/SIC DIODE under investigation to allow formation ofor examplt,a,
/ . AR diaphragm structures which dec_reas_e tlsensor’'s
1E-09 d N N2/H2 thermal mass and power consumption in Hane way
O as is done with Si structures.
1E10
0.0 02 04 06 08 1.0 1.2 14 16 18 20 22 24 Nitrogen Oxide (NOx) and Carbon Monoxide (CO)
VOLTAGE (V)

Detedion
Figure 5. Current vs voltage at 38Dfor a Pd/SiC diode in air [{) ; i _
and the 400 ppm M, mix (A), and a Pd/SngSiC diode in air &) Two approaches are being explorted sensitive_de

and the N/H,mix (a). tection of NQ (specifically NO and N¢ and CO. First,
the development of an MS or MIS SiC-bas8dhottky
diode with a NQ or CO sensitive structure ablscussed
in the previous section. Such a structure could use a

1.0E-03 PaSnOZ/SIC DIODE VOLTAGE = 050V catalytic gate (26) or RIS structure. Thegeneral
A 400PPMH2 T=350C principles of operation of these types of sensmere
/\ 400 PP METHANE AIRINZ CARRIER discussed in previous sections.
1.0E-04 1 (O 400 PPM PROPYLENE
- PdISIC DIODE casmx | The second approach to N@nd CO detection is to use
§1_OE.05 L W 400pPMH2 000000CECo—0 AR a microfabricated ar}d micromachined Si-based structure.
z & In contrast to the SiC-based approach where the SiC is
z aaaa 4 0 used as a semiconductor, the Si in this approach is not
31.0E-06 1 AIRIN2 Ny %o an integrated part of theslectrical sensing circuit.
A A Oy, L .
o A %9 Rather, the Si is used as a platform on which the
AR ’ A N truct th is fabricated. Thi
| e L Dp ik structure necessarfor the sensor is fabricated. is
1.08-07 «%@Aﬁmﬂiﬁ*‘ﬁ&%ﬁ Sl sensor structure, shown in Figure 7, includes a
temperature detector, heater, and sensing element. The
1.0E-08 ; ; ; ; ; ‘ microfabrication process allows the sensor to be small in
0 10 20 30 40 50 60 size with low heat loss and minimal energy con-
TIME(MIN) sumption. Energy consumption is further reduced by
Figure 6. Current vs time at 33D for a Pd/SiC diode exposed to 400 etching out the backside of the Si wafer so that the
ppm H, (m) and a Pd/Sn@SiC diode exposed to 4Qpm of H, (A), sensor components (temperature detector, heater, and
methane 4), and propylengL]). sensingelement) areover a diaphragm region. This

minimizes the thermal mass of the sensing area thereby
Figure 6 shows the response of both the Pd/SIiC and thdecreasing power consumption for heating and
Pd/SnQ/SiC diodes to K methane, and propylertaat decreasing the timefor thermal equilibrium. The
were aged over a several week period at°@50 The  temperature detector and heater are doped into the Si
Pd/SiC sensor does not respond to 400 ppm,qfFidjure substratefor operation over a wide temperature range.
6) or propylene and methane (not shown) in the air/N The sensing element is composed ioterdigitated
mixture. However, thePd/SnQ/SiC sensor responds electrode elements across which is deposited ,.SnO
with increasing signal strength tmethane, H and Changes in conductivity of doped SnGcross the
propylene. That thePd/SnQ/SIC sensor response to interdigitated electrodes is measured and correlated to
propylene is stronger than that to, i$ significant; the = NO, concentration.
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in Figure 9. The sensor is shown to be abledétect
. NO, down to the 5 ppm level. The sensor tends to
! saturate at higher NOconcentrations but thdiighest
level of sensitivity is in the lower ppm range which is
the region of interest. Similar results are seen with the
ELECTRODE detection of CO.

CATALYST DOPED
Sn02

ELECTRODE

CATALYST DOPED
Sn02

1.0
Sio2
LAYER

& 15 ¢ 30 ppm

SILICON HEATER TEMPERATURE

DIODE

DIAPHRAGM REGION

/ /// / :'// , c?/ili

Figure 7. The structure of a tin-oxide NGensor including
temperature detector, heateand sensing element. Thelectrode
material is Pt and the sensor dimensions are approximately 30( i
microns on a side with a height of 250 microns. 50

Sensor Output (V)

24 48 72 96 120 144 168 192 216 240 264 288 312 336 360

A major component of this developmentork is to

stabilize the Sn© for long-term, high temperature Time (min)

operation. Drift in the properties of Sp@ith long term . L

hgating due to grainpb(?undary annealing r?atween E(')%”Cfm?éﬂo?;ea{e% nse of a tin-oxide sensor to a range gf NO
previously noted (27-28). This drift results in changes in

the sensor output with time and reduces sensoDxygenDetection

sensitivity. In order tostabilize the Sn@structure for The development of a microfabricated €nsor has
long term operation, the fabrication efanocrystalline  peen initiated for safety purposes in aerospace
SnGo,, as shown in Figure 8, is being investigated. Theappjications but, as demonstrated in thetomotive

grain size of the SnPOgrains shown in Figure 8 are emjssions control example, significant applicati@nsst
approximately 10 nanometers. Nanocrystalline material§, the area of aeronautics emissiorcontrol.

have several inherent advantages owenventionally Commercially available © sensors are typically
fabriqgt_ed maf[erials including increased stability andg|ectrochemical cells using zirconium dioxi@@rO,) as
sensitivity at high temperature (29-30). a solid electrolyte and Pt as the anode and cathode. The
anode is exposed to a reference gas (usuallywdirle
the cathode is exposed to the gas to detected.
Zirconium dioxide becomes an ionic conductor of @
temperatures of 60C and above. This property of ZrO
to ionically conduct @ means that thelectrochemical
potential of the cell can be used to measureatmdient
oxygen concentration at high temperatures. However,
operation of these commercially available sensors in this
potentiometric mode limits the range of oxygen
detection. Further, the current manufacturing procedure
of this sensor, using sintered ZrQs relatively labor
intensive and costly resulting in a complete sensor

_ N AT i Ly package with a power consumption on the order of
SHO2 ranfgal 604 C13omin several watts.
‘18.0kV - X156k | ‘S0@nm

The objective of this research is to develop a zirconium
dioxide  solid electrolyte O sensor using
microfabrication and micromachining techniques. As
noted in the previous twegections, the presence of, O
often affects the response of hydrogen, hydrocarbon, and
O, sensors. Anaccurate measurement of the, O
ncentration will help quantify the response of other

Figure 8. Nanocrystalline SpQafter annealing at 600 for 30
minutes

Several prototypes of these devices have been fabricate
and evaluated. The detection of N& 360C is shown
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sensors in environments where the @@ncentration is High-Selectivity Gas Sensors Based on Ceramic
varying. Thus, the combination of an, @ensor with Membranes
other microfabricated gas sensors is envisioned to Gas sensors often rely on either the variation of a
optimize the ability to monitor emissions. material property in response to a gasedfsecies, or
the electrochemicaltransport of a specieslependent
upon its partial pressure. However, these sensors may
Zirconium Dioxide RO HEMICAL have a lack of selectivity and display similar response to
silicon Nitride B CHAMBER REGION several different gaseous species. The selectivity of
these sensors can be imprové#dough the use of a
selective membran®ver the sensor to exclude other
gaseous species which may interfere with the
measurement of the species of interest.

Silicon Dioxide 7/

Platinum H

A selective membrane with a narrow distribution of pore
sizes may separate gaseous molecules according to
SILICON molecular size,offering size selectivity to species of
interest. Since the gas molecules of interest are on the
DIAPHRAGM REGION order of several angstroms, the posize would,

’ likewise, need to be only several angstromsliemeter.
Zeolites seem particularly well suited to this application.
Figure 10. The structure of microfabricated amperometric oxygen Zeolites are a crystalline ceramic material which
sensor. The dimensions of this sensor are comparable to that of thecontains open channels (or pores) as a natural part of its
NO, sensor shown in Figure 9. structure; they are also calleshicroporous crystalline
solids. Zeolites are composed primarily alfiminum,
silicon, and oxygen. Thelements combine tdorm

A schematic of the sensor design is shown in Figure 10

As discusseq in the NOdetection sectionabove, SiO, and AIQ, tetrahedra which are arranged farm
microfabricating the sensor components ONt0 aihree dimensional networks with unifornchannels
micromachined diaphragm region allows the sensor to b‘fhrough the crystal. While these channels igentical

small in size and have decreased energy consumptiof, gj;e or diameter within each structure of a zeolite, the
and time for thermal equilibrium. When operated in the jiameters of theses channels can vangnificantly

ampgrometric mode,. the current of t_his cell i.si!raaar (from 3 to 12 angstroms), depending mainly on the ratio
function of the ambient Oconcentration. Thisinear ¢ 31uminum to silicon. Further, the effectisiameters
response to oxygen concentration significaritigreases ot the crystalline channels can be modified by $ee

the O, detection range of thesensor. ~Achamber . jong siting within the channels. Different ions may
structure with a well-defined orifice is micromachined to be incorporated into the crystalline channels by ion

cover the sensing area. This orifice providesathway  oychange.  Still further, as a ceramic materzplites

to control oxygen diffusion Whi(.:h i_s' important in- e capable of withstanding high temperatures and harsh
amperometric measurements. This orifice a8OteCts  opyironments which may be encountergdring gas
the integrity of the sensing electrodeom impinging measurement.

particles. Preliminary testing of the complete gensor
has been accomplished and further improvements on th

. Bomposite membranes containing zeolites are being
design are planned.

prepared using various processing techniqueactieve

. desired selectivity, including sol-gel and
Mr‘ o ) electrochemical vapor deposition methods. The
The detection of CQis, like the detection of oxygen, developed gas-selective membranes are also being

based on the use of a solid electrolyte. Bhgnificant  jhtegrated with variouselectrochemical sensors to
difference between the,@ill be the use oNASICON  fyrther enhance the selectivity to gas molecules of

(sodium super ionic conductor) as the sddiléctrolyte.  jnterest.

NASICON is an ionic conductorcomposed of

Na,Zr,Si,PO,, which has previously been shown to be High TemperatureElectronicNoseConcept

sensitive for CO, detection. The preparation of the The successful development of the individual high
NASICON will be performed using a sol-gééchnique. (o mnerature sensors discussed above will allow the

The sensor structure will be similar to that of Figure 7: asyrmation a sensor array which will allow thistection

microfabricated, miniaturized sensor structure which cangt o number of gases on a single chip. Eeample, the

be incorporated with other sensors such as the CQumation of an array of the sensors discussedthis

sensor. A combined GO sensor is of interest not paper will detect b CH,, NO,, CO, CQ and Q. These
" . . . y? X1 ) .

only for fire safety appllti.atlo'ns butfor ”aeronautlc gases will be detectedsing three different platforms: a

combustion monitoring applications as well. Schottky diode, a resistor, and atectrochemical cell.
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Further sensitivities can be achieved using tBEC- these systems have been purchafeedise on the Ford
based MRIS approach adding other materials (such adotor Company assembly linfor natural gasvehicles
TiO,, WQO,, SrTiO, etc.) into the SiC-base@&chottky (NGV). This complete system received 95 R&D
diode sensor structure. Each diode having a differenf00 Award as one of the 100 most significameentions
reactive insulator will have a different sensitivity to the of that year.
gases to which they are exposed. Improgetkectivity
and differentiation can be achieved using tteramic MEI is continuing this work with potential application of
membranes discussed above. hydrogen sensors in a variety of industrial environments.
For example, use of ahydrogen sensor todetect
Development of a such a microfabricated gas sensodegradation of the health of transformers bging
array operable at high temperatures and Higw rates  explored. Aselectrical insulation in atransformer
would be a dramatic step in allowing the breaks down prior to itfailure, hydrogen isreleased.
monitoring/control of emission produced by an Monitoring of hydrogen in-situ in these transformers can
aeronautic engine. This gas sensor array would, in effectprovide early detection dfransformer degradation and
be a high temperatureelectronic nose and be able to avoid costly catastrophic failure of transformers in the
detect a variety of gases of interest. Severalthefse field.
arrays could be placed around the exit of #wgine
exhaust to monitor the emissions produced by thelikewise, the high temperature hydrogen, hydrocarbon,
engine. The signals produced by this nose could beNO, and oxygen sensors are being developed for
analyzed to determine the constituents of #mission  aeronautics applications but can be applied in
stream and this information then used to conttmse  commercial applications.For example, the conditions
emissions. The microfabrication of these sensors isn an aeronautic engine are similar to those of an
necessary: a conventional bulky systewould add  automotive engine. Thus, sensors thatork in
weight to the aircraft and impede the flgasesleaving aeronautic engine applications may be operable in
the engine exhaust. automotive engine applications. NASA LeRC has
interacted with the Partnershipr the Next Generation
The concept of an electronic nose has beepxistence of Vehicles (PNGV) program regarding possible use of
for a number of years. Commercial electronmmses  SiC-based technology for the sensing of hydrocarbons in
presently exist and there are a number of efforts toautomotive emissions.  Other possibl@pplications
develop other electronic noses. Howevethese include combustion process monitoring, catalytic reactor
electronic noses depend significantly on the use ofmonitoring, alarms for high-temperature pressuessels
polymers and other lower temperature materials toand piping, chemical plant processing, polymer
detect the gases of interest. These polymers ar@roduction, and volatile organics detection.
generally unstable above £ and thus would not be
appropriate for use in harsh engine environments. Thus,
a separate development is necessdogy a high SUMMARY
temperature electronic nose.
The needs of space and aeronautic applications require
the development of sensors wittapabilities beyond
COMMERCIAL APPLICATIONS those of commercialsensors. Theserequirements
include operation in harsh environments, high
The gas sensors being developed by tBbemical sensitivity, and minimal size weight angower
Species Gas Sensors team MASA LeRC and its consumption. Sensor technology is being developed to
collaborators at CWRU, MEI, an&IT are meant for address these requirements using microfabrication and
aeronautics and aerospace applications but cansbkd micromachining technology as well as SiC
in a variety of commercial applications agll. For semiconductor technology. High temperature gas
example, the PdAg hydrogen sensors were developed faelective membranes are also being developed to
application on the launch pad of the space shuttleaugment the capabilities of theseensors. The
These sensors were not completely developadthe combination of these technologies allower the
space shuttle application due to the change in behaviofabrication of a wide variety of sensor designs with
at higher hydrogen concentrations. Howevénese  behavior and properties that can be tailored togikien
sensors can be applied to an automotagplication.  application. Several types of sensors haveen
GenCorp Aerojet Corporation, in conjunction with NASA described all of which have aeronautic arsgpace
Marshall Space Flight Center, has developed hardwarapplications. Some of the sensor designsratatively
and software to monitor and control th&lASA mature while the development of othersoizgoing. The
LeRC/CWRU sensors. The system can be customized teombination of these technologies may allow the
fit the user's needs, e.g., to monitor and display thedevelopment of a high temperature electronic nose to
condition of the tank of a natural gas vehicle. Several of
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provide complex chemical analysis in harsh
environments. Combination of these sensahnologies
with hardware and software has alreadpeen
accomplished in several applications.

Sensors designefibr aeronautic and spacapplications
also have significant commercial applications.
example is the use of the hydrogen sensaautomotive
applications.
completely developedor a space application but with
excellent properties for use in the automotive
application. Further, given the similarities

aeronautic engine environments to thoseawomotive
engine environments andhemical process monitoring,
sensors developefbr aeronautic applications aldoave
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