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MINIATURIZED METAL (METAL ALLOY)/ gen diffusion prevcnting laycr. Sce FIG. 3 whcrcin Miki et al. 
PD0,ISIC HYDROGEN AND discloses a diffusion layer 302. Miki at col. 3 Ins. 24 et seq. 

HYDROCARBON GAS SENSORS and at col. 7, Ins. 45 et seq. identifies palladium oxidc as 
prevcnting hydrogen diffusion. Miki el al. uses capacitors 

ORIGIN OF THE INVEXTION s comprising stacked laycrs and palladium-oxide as a conduc- 
tor and not as a dielectric. 

Thc inven~ion dcscribed hcrcin was made by employees U.S. Pat. No. 6,730,270 to O'Connor discloscs a single- 
and hy an cmployce of a contractor of the United States chip hydrogen scnsor wherein a silicon-based hydrogen scn- 
Govcmmcnt, and may bc manufactured and used by thc gov- sor portion is comprised of a first rnatcrial and an interconnect 
ernment forgovcrnment purposes without the payment of any 10 metallization layer of the same material. The first rnatcrial 
royaltics thercin and therefor. taught in the application is a palladium nickel alloy. The 

interconnect metallization is covercd with an oxide or a 
FIELD OF THE INVENTION nitride to make the interconnect metallization inert. Sce col. 2 

Ins. 21-36. 
Thc invention is in thc field of hydrogcn and hydrocarbon 1s U.S. Pat. No. 6,109,094 to Baranzahi et al. teaches the use 

scnsing. In particular hydrogen and hydrocarbon gas are of a gas scnsing devicc having a scmiconductor substrate 
detectcd using a microfabricated, miniaturized Schottky wherein thc semiconductor substrate is covered by an insula- 
diode containing a stable interlayer of PdO, betwecn a top tor layer on which an intermediate laycr is formed, and is 
catalytic sensing layer and S ic  substrate. subsequently covered by a gas sensing catalytic layer. The 

20 semiconductor substrate disclosed in this patent is silicon 
BACKGROUND OF THE INVENTION carbide or diamond. The intermediate layer is a silicide. The 

device can be operated at 600" C. continuously. Baranzahi et 
U.S. Pat. No. 5,670.1 15 to Chcng el al. discloses a thin film ,I. indicates at col. 4 ins 27 et seq. that the voltage-capacitancc 

of palladium to catalyze the dissociation of Hydrogen gas. C, shilis for a MOSiC devicc. 
Detection and maSUrement of the hydrogen gas is accom- 2s FIG. 1 illustrates aPdISiO, hydrogenscnsor 100 illustrated 
plishcd with an amorphous metd film consisting of nickcl and in an article entitled "Hydrogen Sensing Mechanisms Of 
zirconium that has a resistance which varies with the conccn- Metal-Insulator Interfaces," ~ c c .  Chem. Res. 1998, 31, pp. 
tration 01 dissolved hydrogen. This dcvice C O ~ S ~ S ~ S  of only 249-256, by LARS-GUWAR EKEDAHL, MATS ERIKS- 
two laycrs and operates in thc range of room tempcralure to SON, and INGEMAR LUNDSTROM. FIG. 1 illustrates a 
150" C. According 10 Chew. palladium film serves to disso- ao catalytic meial Pd which dissociates molecular hydrogen into 
ciate hydrogen molecules at the Pd surface and the hydrogen atomic or elemental H' which then forms a dipole layer at the 
atoms diffusc into thc palladium film. Hydrogcn atoms dif- interface of the pd 103 and the SiO, 104. SiO, is an insulator 
fuse through the thin palladium film into the underlying and a Si substrate 105 is used and is interconnected to ground 
nickel-zirconium film and dissolve thcrcin. Hydrogen atoms 102. A voltage 101 is supplied across thc devicc which func- 
flow into and out ofthe films depending on the hydrogen gas 35 tions as a capacitor. 
conccntration. The electrical resistivity of the nickel-Z~~CO- FIG. 1A illustrates lOOA a shirting of the voltage-capaci- 
nium film incrcascs as the content of the dissolved hydrogcn tan,, curve as a function of the hydrogen content. AS the 
increases. The palladium l a ~ c r  also serves as a barrier to hydrogen contcnt increases the magnitude of the CV shift or 
oxidation of thc underlying nickel-zirconium film. SCC, the AV increases in proportion to the charge concentration and 
' 1 15 patent to Chcng at col. 2, Ins. 1 cl seq. 40 separation (for example, the dipole moment) as set forth on 

U.S. Pat. No. 3,709,810 to Grubb et al. discloses the use of page 250 of the reference cited immediately hereinabove. 
improved hydrogen ion sclcctive sensing elcctrodc corn- Refcrencc numeral 106 rcpresents the CV curvc without the 

prising a palladium oxide coated surface on a palladium prcscnce of hydrogen and refercnce numeral 107 represents 
coatcd base membcr along with a rcfercnce electrode in con- the CV curve with the prescnce of hydrogen. 
tact with an clectroiyte chamber. 45 FIG. 1B illustrates lQOB the dipole layer 104A formed at 

U.S. Pat. No. 6,184,564 to Gould discloses a Schottky the interface of the Pd and thc insulator SiO,. Hydrogen (H,) 
diode having a palladium silicide on silicon banicr in which 109 is dissociated into atomic hydrogen (H') and the magni- 
thc barricr hcight is adjusted by adding a small quantity of tude of thc dipole layer is dependent on the amount of hydro- 
another mctal during thc deposition of the palladium. The gen available. 
palladium silicidc includcs palladium and a small quantity of so An article cntitled "PHYSICS WITH CATALYTIC 
anothcr mctal. l'hc additional mctal is choscn depending on METAL GATE CHEMICAL SENSORS", VOL. 15, Issue 3 
whcthcr barricr hcight is raised or lowcrcd. See col. 1 ,  Ins. 59 (1989) by Ingemar Lundstrom. Marten Amgarth, and Lars- 
CL scq of thc '564 patent to Gould. Gould docs not mcndon Gunnar Pctersson, also discloses thc palladium-silicon diox- 
hydroscn dctcction. ide-silicon capacitor and othcr structures. 

U.S. P ~ L .  No. 5.783,153 to Logothctis ct al. discloses a 55 U.S. Pat. No. 6,265,222 to DiMeo, Jr. et al. lcaches thc usc 
scnsor rnadc from a mctal or its oxidc which is capablc of of a hydrogen scnsor including a hydrogcn-in~cractivc mclal 
changing from onc mctal or mctal oxidc phasc Lo anothcr. Thc film that rcvcrsibly interacts with hydrogcn to exhibit a 
oxygcn scnsitivc rnatcrial disclosed is palladium which dctcctablc change. A thin film hydrogcn pcrmcablc barrier 
changcs phasc to palladiumoxidc whcnthc panial prcssurcof laycr is uscd to protcct thc hydrogcn intcractivc laycr rrom 
oxygcn rcachcs a ccrtain valuc. This phasc changc causcs a 60 dcletcrious interaction with non-hydrogcn specics. DiMco 
changc in thc material's conductivity whichcan bc mcasurcd. discloscs the use o i  palladium as the thin film permcablc 

U.S. Pat. No. 6.8 18.523 to Miki et al. teaches the method barrier and rare earth mctals as the hydrogcn interactive laycr. 
for producing a scmiconductor storagc devicc comprising a In an article authored by Frank DiMeo Jr.. PhD.. cntiLlcd 
hydrogcn dilTusion prcvcnting layer. Thc scmiconductor stor- "Integrated Micro-Machined Hydrogcn Gas Scnsor" pre- 
agc dcvicc comprises a capacitor electrode with a film to 65 pared for and sponsored by the United States Department of 
rcducc thc amount of hydrogen reaching thc capacitor clec- Energy, DOUG0/10451-F, a recountal of existing hydrogen 
trode. Miki discloscs the usc of palladium oxide as a hydro- sensing technology is found. The article discloses (at page 5 



US 7,389,675 B 1 
3 4 

thercof) a gated field effect typc transistor likc structure hav- to be reactive to hydrocarbons rcsulting 'in a MROS (metal 
ing a floating gate that is coated with a catalyst, typically reactive oxide scmiconductor). Tin oxidc (SnO,) is rccited in 
palladium. As the palladium gate adsorbs hydrogen the potcn- thc article as a rcactivc oxidc. The sccond slructurc is PdCr/ 
tial of the gate changes and modulales the conductance of the S i c  which has shown good responsc and stability Tor somc 
channcl. Dr. Dirnco goes on to indicate that the dcvicc is quite 5 samples but for others has the drawback of silicidc formation 
sensitivc but tends to saturate at low levels of hydrogen mak- at the interface of the metal and the scmiconductor.Thc article 
ing it unsuitable for explosive limit dctection. The article goes also menlions a wide variety of matcrials sensitivc to hydro- 
on to discuss another hydrogen sensor which is based on carbons that may be used without specifying them. 
resistivity changes that occur as a function of hydrogen con- The temperature range for hydrogen dctcc[ion as is idcnti- 
tent in palladium or palladium alloys. Dr. DiMco does not 10 fied hereinabovc is beyond the upper limit Tor substrates made 
indicatc the structure of thcse devices and claims that they from Silicon-based semiconductor substrates, The use of sili- 
were not sensitive. con carbide allows for hydrogen detection in the demanding 

T ~ c  article cntitled "Development of Sic-based Gas Sen- range of condidons required in aerospace applications, 
for Aerospace Applications", Mal. Res. Sot. S Y ~ P .  Pmc. Although silicon carbidc has cxceilcnt high temperature per- 

VO~. 815, 2004 by G.  W. I-tunter el d. discloses the use of I5 formance, the sensitivity ofthe device is limilcd by the rcli- 
chrome carbide as a bamer layer between thc catalytic metal ability and stability of the interfaces between the silicon car- 
and the S ic  semiconduclor. Although this com~osition bide semiconductor suhstratc layer and the other layers of the 
showed no indication of massive silicide formation between device. high temperatures, belwcen the various 
the catdy tic sensing layer and the semiconductor substrate, different layers can lead to the formation ofsilicide materials. 
this sensor Showcd limited sensitivity LO hydrogen and 20 These reactions lead to reduced sensitivity and disruptions of 
showed signs of chromium migration to thc surface as well as the device.  he reaction between the layers is a for 
formation of chromium oxide. high temperature application requirements where it is diifi- 

Use of catalytically active resistors is based on the concept cult to both sensitivity and stability of the device, 
that hydrogen migrates into the resistor and changes the resis- In addition to diodes, devices including capacitors, 
tance of the scnsor. Palladium and its alloys are common 25 Med-Oxide-Semiconductor-FieIddEffcct-Trmsis~ors 
resistor The use of palladium as lhe sen- (MOSFETS), Metal-Semiconductor Field Effect Transistor 
silivc is problematic because a phase change Occurs at (MESFET), and ~c~a~-~nsu~a~or~~emiconduc~or Field Effect 
high Use of palladium, at Transistor (MISFET) are used as gas sensors, Caialyuc met- 
low not cause a phase als are as gates for gas sensitive field eflCct devices. In 
lo Occur Pd can be used for higher 

30 addition to the gate, these devices typically contain elcc- 
eonccntration measurements. See the article entitled "The trades, a source and a drain, intcrconncctcd by a 
Dcvelopmcnt of Hydrogen Sensor at NASA rcgion. The channel carries current betwccn the source and 

Research NASA-Tcchnical Memorandum- the drain. Varying potcntial of the gatc affccts thc amount of 
10614 1 (1992) by G. W. Hunter et al. current flowing in a MESFET strucmrc. In ,MISFE'l'dcviccs, 

There is a growing demand for high temperaturc gas sen- 35 a gatc insulator material is located bctwccn the gate clcctrodc 
sors with high sensitivity for engine emission monitoring, firc and channel. 
detection, and fuel leak detcction. In particular, high tempera- 
ture gas sensors with high sensitivity are of interest for aero- a metal oxide is located bctwccn lhc gate 

space applicalions including: monitoring emissions Cram trode and the channel in a MOSFET structure. Use of a 

high temperature combustion systems or chemical processing 40 ca'al~Lic sensing for exam~lc  palladium, in lhe gate 
applications, monitoring of fuel l e d s  in launch vehicles, Occur the gas is 
fire detection on-board commercial and space vehicles. disassociated into atomic hydrogen and adsorbed onto and 

,, Schottky diode sensing can usedto measure into the catalytic sensing metal causing a change in the elcc- 

hydrogen concentration due to its high gas sensitivity. A tronic propcnies of lhe device. 

Schottky diode can be gcneral]y defined as a in contact 35 A description of electronic semiconductor based gas sen- 
with a semiconductor (MS) or a metal in contact with a thin SO'S including MOS (mctd oxidc semiconductors), MIS 
insulator (MIS) or oxide (MOS) on a semiconductor, !metal insulator semiconductors) and MKlS (metal rcactivc 

Hydrogen (H,) dissociates on the surface of the metal insulator scmiconductor) tcchnology can be round in articles 
Icading to the formation of adipolelayerat the interface of the cntitled "Chemical Gas Scnsors for Aeronautics and Spacc 
metal and the semiconductor lower layer. The dipole layer 50 Applications." NASA Tcchnical Memorandum 107444, May 
leads to a in the forward or reverse current and a 1997 and in "Chemical Gas Scnsors for Aeronautics and 
change in the capacitance, The height ofthe potential banier Space Applications 11," NASA Tcchnical Mcrnorandum, 
is a function of the matcrials used and rhcir tcrnpcraturc. Scc 1998-208504. 1998. 
the article cntitlcd "Dcvclopment of S ic  Gas Sensor Sys- At high temperatures many gas dctccting scnsors arc not 
terns:' NASA/TM-2002-211707 by Huntcr ct al. Thc banicr 55 able to maintain sensitivity and stability duc to chcmical 
hcight dcpcnds on the work function of the mcral and thc reactions occurring bctwccn the catalytic mctal sensing laycr 
clcctron affinity ol'thc scmiconductor. Further, usc of a Schot- and substratc laycr or bctwccn the catalytic scnsing laycr. 
&y diodc allows hydrogcn to be dctcctcd without requiring barrier laycr, and substrate laycr. Typically, reactions bctwccn 
high voliagc. A small changc in the conccnuation of hydro- the layers oTthc gas dctccting dcvicc can lcad to thc formation 
gcn can be rcliably dctcctcd. hO o1'mctal silicidcs on thc ~ntcrracc bctwccn thc mctal or rnctal 

Thc aniclc endtlcd "Dcvclopmcnt of S ic  Gas Scnsor Sys- alloy laycr and rhc subsuatc laycr. The silicidc matcrials 
tcms", NASA/TM-2002-21 1707. by G. W. Huntcr el al. dis- which may form rcnder thc overall scnsor inscnsitivc to 
c!oses Lwo structures to improvc the stability of the palladium hydrogcn and hydrocarbon matcrials. As a rcsult, formation 
based Schottky diodc structures over that of the Pd/SiC of silicide materials lcads to dccrcasing hydrogcn and hydro- 
Schottky sensor. The first structure includes the incorporation 65 carbon detection sensitivity, undesired oxidation, disruption, 
of chcmically reactive oxides such as SnO, (tin oxide) for a and degradation of the scnsor device. Silicidcs are understood 
MOS device. S i c  devices can be operatcd at high temperature to incapacitate the sensor. At thc same time, to bc an effective 
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hydrogcn gas dctcctor it is important for the scnsor to be ablc When a palladium/palladium oxidc/silicon carbide capaci- 
to function at tcmpcraturcs as high as 600" C. without inter- tor is arranged as a MOSFET (metal oxide scmieonductor 
ruption. field effect transistor) the palladium oxide layer is greater 

A funhcr problcm found in thc prior art (Logothetis et al., than 200 Angstroms thick and is non-conductive. As the 
U.S. Pat. No. 5,783,153) is hystercsis which contributes to the 5 hydrogcn concentration of the hydrogen-ladcn palladium 
dccrcasing accuracy of the device at high tempcraturcs. It is layer increases, the capacitance for a given applied voltage 
known that somc mctals react with oxygcn resulting in the changes (or put another way shifts) which modulates thc 
brmation ola  metal oxide. Howevcr,onc formof metal oxide current flow between the source and the drain in a channel in 
can change to another mctal oxide phasc when the tempera- the n-type cpilaycr of the silicon carbide substrate. A voltage 
turc or atmosphcrc is changed. The different oxidation states lo is applied across the source and drain. The source and drain 
of a metal or mctal alloy also can result in changes in the arc sometimes referrcd to herein as the first and sccond elec- 
resistivity of the mctal or mctal alloys. Hysteresis is relatcd to trodcs. 
phasc changes bctwcen states brought on by chemical reac- The substrate layer consists of an n-type scmiconrluctor 
tions leading to nonrcversible changes. Hysteresis can lead to such as n-type siliconcarbide.Theexce1lent high temperature 
longer response times in the sensor and damage to the mctal 15 properties of silicon carbide enable it to scrve as a durable 
film used in the device. Phase changes can lead to problems substrate in the device for high temperature applications in 
which can affect both the sensitivity and stability of the sen- the range of at least 450-600" C. 
SOT. The barricr interlayer consists of a stable material to pre- 

vent unwanted reaction products between the catalytic sens- 
SLTMMARY OF THE INVENTION 20 ing laycr and the substrate layer at high temperatures. The 

barrier interlaycr consists of palladium oxide, a highly stable 
A new gas scnsing structure and method of making same is metal oxide. The palladium oxide is applied by standard 

disclosed and claimed. Ideally, the gas sensor is intended to deposition techniques. PdO, can form naturally from Pdin Pd 
opcratc in the abscncc of oxygen, but it may be used if oxygen based gas sensors and can disrupt the gas sensor when formed 
is present. Ideally, the sensor is intended to operate with 25 in-situ in a highly uncontrolled manner. However, when pal- 
hydrogen concentrations of at least between 0 to 4%. IIow- ladium oxide is applied in a controlled manner by standard 
cvcr, thc principles of the invention are applicable Lo use at deposition techniques, an effective layer is created which 
hydrogen concentrations in the range of 0 to 100% hydrogen prevents the formation of silieides. 
by alloying the catalytic mctal with another metal if ncces- 'The use of PdO, was discovered by obierving the oxidation 
sary. The gas sensing structure comprises a catalytic scnsing 30 and degradation of PdCr on S ic  gas sensing structures. After 
layer, a substrate layer, and a barrier interlaycr located in being heated in air at high temperature, metal silicides, PdO, 
bctwecn the catalytic sensing layer and the substrate laycr. and Cr,O, can form from the PdCrISiC sensor. The Cr,O, 
The catalytic sensing layer is made up of a metal or metal migrated toward the sensor surface but it was observed that 
alloy that is sensitive to hydrogen. and hydrocarbons. The any PdO, that formed and remained at the interface appeared 
catalytic sensing lay cr can be made from a metal or metal 35 to prevent further formation of mctal.silicides. The Pd0,layer 
alloy, spccifi cally a mctal selected from the group consisting that was formcd by PdCr reacting in an oxidizing environ- 
of Pt, Pd, Au, Ir, Ag, Ru. Rh, In, Os, Cr, and Ti. The calalytic ment in an uncontrolled process did not prevent disruption of 
sensing laycr can also be made from a metal alloy, specifically the sensor structure leading to sensor degradation. However, 
a mctal alloy made from at least two metals selected from the it was found that placing PdO, in the structure in a controllcd 
group consisting of Pt, Pd, Au, Ir, Ag, Ru, Rh, In. OS, Cr, and 40 and uniform manner provides a stable bamer layer that docs 
Ti. The catalytic sensing layer contains materid capahle of not degrade in oxidizing environments and prevents forma- 
dissociating hydrogcn gas (Hz) and hydrocarbon gas into tion of mctal silicides. The fabrication of one Schottky diode 
atomic hydrogen (H-1. The resulting hydrogen is adsorbed sensor included the controlled sputter deposition of 50 Ang- 
onto the surface of the catalytic sensing layer and into the suoms of PdO, on a S i c  substrate and deposition of 450 
catalytic scnsing layer producing a change in an electrical $5 Angstroms of Pt on top of the PdO,. The polytype 6H-Sic 
property of the catalytic sensing laycr which varies with the semiconductor (approximately 400 microns thick) was used 
concentration of hydrogen. a;though it is believed the same chcmical behavior would he 

Whcn a palladiumlpalladium oxidelsilicon carbide diode seen with other polytypes such as 4H or 3C. 
is formed it is understood that the effective work function of The S i c  substratc (400 microns in thickness) is deposited 
the Palladium changes and hydrogen Forms a dipole layer at s o  with backsidccontact Ti and Ni first, the substratc can then bc 
the catalytic mctallpalladium oxide interpace as the hydrogen patterned with photoresist and aschottky diode photomask to 
content incrcascs resulting in m increase of the current within form the desired diode pattern examples disclosed hcrcin. 
thc diodc for a givcn applied voltage across the diodc. A After deposition of PdO, and the gate metals/mctal alloys, a 
forward or rcvcrsc bias may be applied to the diode. Whcn the liit-off process completes the Schottky diode fabrication. The 
invcntion is uscd in the rorm ofadiodc an cxtrcmely thin layer 55 rcsult, bascd on testing. was a high sensitivity PUPdOJSiC 
OF palladium oxide is cmploycd which pcrmits clectron tun- sensor with prolongcd stability and represcnrs a mxkcd 
ncling and conduction through the palladium oxide. The use improvement over a WSiC Schottky diode scnsor which did 
olextremcly thin layers such as is disclosed hcrcin in thick- not have thc PdO, layer. Surfacc analysis was conductcd on 
ncsscs bctwcen 50 to 200 Angstroms allows conduction by thc testcd PdO, bascd sensor and no significant silicidc for- 
~unncling. 60 mation was observed. In other words, this implies that two or 

Whcn a palladium/palladium oxidclsilicon carbide capaci- thc major reasons for sensor degradation, silicide formation 
tor is formcd the palladiumoxidc laycris signiticantly greater and migration, are significantly inhibited. 
than 200 Angslroms thick and is non-conductive. As the The banier layer of PdO, prevents and minimizes chemical 
hydrogcn concentralion of the hydrogen-laden palladium reaction between the catalytic sensing layer (metal or mctal 
layer incrcascs, the capacitance for a given applied voltage 65 alloy) and the substrate laycr (Sic). This approach Lakes a 
changes [or shifts). The shift is due to the dipole which is rcaction product whose formation previously conuibuted to 
created at the interface of the palladium and palladium oxide. the disruption of the sensor structure and by controlling its 
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formation and position in the gas sensor structure uses it to techniques. The inclusion of the palladium oxide barricr 
improvc scnsor stability and scnsitivity. The PdO, layer is intcrlaycr bctween thc catalytic metal layer and the substratc 
very stable and is potentially reduced to Pd through combi- layer allows for a dcvice that has long term stability at high 
nation with atomic hydrogen. It is believed, but has not yet temperatures while maintaining high scnsitivity and fast 
bcen verified, that this would likcly increase thc scnsitivity of 5 rcsponsc time. The dcvicc is small in size and easy to fabri- 
the devicc by creating more Pd. Oxidation ofthe banier layer cate. Semiconductor wafer chip mass-fabrication can be used 
which is sometimes problematic. with other barrier layers is to produce the dcvice cost effectively. Furthcr, the unique 
not an issue with PdO, because it is already oxidized. structure of the device including its high sensitivity, stability, 

Palladium oxidc prevcnts formation of metal silicides, an and small-size allows for cffectivc and versatile use in numcr- 
unwanted reaction product which forms between the cataly tic 10 ous applications. 
scnsing laycr and the substratc layer. These silicidc materials It is an objcct of the present invcntion to provide a minia- 
can adversely affect the sensitivity of the hydrogcn detection. turized Schottky diode hydrogen and hydrocarbon sensor 

Gas sensors with high sensitivity necessary for engine with the structurc of catalytic metal laycr-palladium oxide 
emission monitoring, fire detection, and fuel lcak detection barrier interlayer-silicon carbidc (Sic) substrate laycr. 
must be stablc for operation at temperatures at least from450 15 It is a further object of the present invention to provide a 
to 600" C. With the use of palladium oxide as a barrier layer miniaturized Schottky diodc hydrogen and hydrocarbon sen- 
hetween the catalytic sensing laycr (metal layer) and the sor having a stable and scnsitive palladium oxidc barricr 
substrate layer (semiconductor), formation of metal silicides layer. 
can be prevented while maintaining high sensitivity and pro- It is a further objcct of the present invention to provide a 
longed stability of the device. 20 miniaturized Schottky diode hydrogen and hydrocarbon scn- 

A method for making the gas scnsor is also disclosed and sor capable of operating in the tempcraturc range of at least 
claimed. The steps for making a gas sensing diode include: 450-600' C. 
prcparing an n-type substrate such as n-lype silicon carbide It is a further object of the present invention to provide a 
(Sic) by cleaning, patterning with a photoresist/mask pattern scnsor structure that is able to bc used in a variety of electronic 
and depositing backsidecontacts; depositing the barrier inter- 25 measurement applications where high stability, high sensitiv- 
layer through the use of controlled reactive sputter deposition ity, and small size are required. 
or evaporation of approximately 50 Angstroms of Palladium It is a further object of the prescnt invcntion to provide a 
in oxygen/argon gases on said n-type S ic  forming PdO,; and7 material which is stable at high tcmperaturcs and prevents 
sputter deposition of the catalytic sensing layer approxi- reactions between a catalytic sensing layer and the substrate 
mately 450 Angstroms thick on top of the b-anier interlayer. 30 layer of a sensor at high temperatures. 
The method for making a MOSFET includes application o f ,  ~t is a further objcct of the present invention to provide a 
photoresist, masking, and etching to provide the intended material for use in a sensor which is scnsitive to hydrogen gas 
structure. Alternatively, the palladium oxide may be produced gaseous hydrocarbons and resislant to degra- 
by wet chemistry. dation at high temperatures. 

A method for using the hydrogen or hydrocxbon gas sen- 35 ~t is an object of the present invcntion to providc a hydro- 
sor present at high temperatures is also disclosed andclaimed. gcn sensor which does not form silicidcs that migralc 
The method comprises the steps OF: applying a bias voltage throughout the device, 
across the top contact and bottom contact bllyers of a SchOtlk~ It is an object of the present invention u, provide a Schottky 
diode where the diode is comprised of a top metal or metal diode comprising a catalytic on top of a palladium 
alloy layer. an n-type substrate layer. and a banier interlayer 40 oxide interlayer which is between 
comprising a palladium oxide located between the metal or and the semiconductor, 

layer and substrate layer* and, measuring the A better of these and other objects of the 
current in gaseous hydrogen or hydrocarbons. Methods for will be had when is made to Brief 
using the invenlion in thc form of a capacitor (MOS) and in Descripdon Of The Drawings and the Claims which 
 he form of a transistor (MOSFET) are also disclosed herein. 45 

The gas sensing structure has been developed for detection 
of hydrogen or hydrocarbon gas at tcmpcratures in the rmge BRIEF DESCRIPTION OF TI-IE DRAWINGS 
of at least 450-60" C. The stablc composition of gas sensing 
structurc prevents unwanted reaction bctween the catalytic 
sensing layer and the substrate layer at higher tcmperatures. 
Disruption of thc operation of the dcvice at high temperature 
duc to the formation of metal silicides and oxidative dcgra- 
da~ion of the sensor is also prevented. 

The layers of the devlcc arc assembled as a miniaturized 
Schottky diodc hy drogen and hydrocarbon sensor. The scnsor 
has h~gh scnsitivity bascd on the stability of the barrier inter- 
laycr which prevents unwanted rcactlons between  he cata- 
lvtic sensine laver and thc substrate layer. Detection of .. - 
cxtrcmcly low lcvcls of hydrogcn gas and hydrocarbon gas is 
possible due to the high scnsitivity of the dcvicc. Optimal 
voltage lcvcls can be uscd without requiring high voltage to 
detect hydrogen or hydrocarbon gas. The scnsor ofthe present 
invention is a high gain dcvice. 

The miniaturized Schottky diode hydrogen and hydrocar- 
bon sensor with the 5tructure of catalytic sensing layer- 
barrier interlaycr-substrate (metal-metal oxide-silicon car- 
bide) is fabricated with semiconductor microfabrication 

FIG. 1 is a schcmatic presentation ofa prior art Pd/SiO JSi 
hydrogen sensor. 

FIG. 1A is acapacitancc versus voltagc plot of thc scnsor of 
FIG. 1. 

FIG. 1B is a schematic reprcscntation of the dipole formcd 
at the interface of thc Pd and thc Si02 

FIG. 2 is a currcnt and voltage swccp of thc PWPdOjSiC 
hydrogcn diode sensor or the Inscant invcntion. 

FIG. 2A is a cuncnt and voltagc swccp of the PdPdOJSiC 
hydrogcn diodc scnsor of thc instant invcntion. 

60 FIG. 3 isacross-sectional view ofthe invcntion illustrating 
the catalytic metal laycr. the palladium oxidc barricr intcr- 
layer, and the substrate laycr with an applied direct current 
voltage. 

FIG. 4 is across-sectional view of the invcntion illustrating 
65 the metal layer, the palladium oxide interlayer, and the sub- 

strate layer used by way of example in a capacitor cmbodi- 
ment. 
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FIG. 5 is across-sectional vicw of thc invcntion illustrating FIG. 2A is a current and voltage swccp 200A or the 
thc catalytic mctal laycr, thc palladium oxidc barricr intcr- PdIPdOJSiC hydrogcn diodc sensor of thc instant invention 
laycr, and thc suhstratc laycr uscd by way of example in a at 450' C.  at 715 hours of operation. The current in air is 
diodc cmbodimcnt. dcnotcd by reference numeral 201A and the current in an 

FIG. 6 is a cross-sectional vicw of thc invcntion used by 5 atmosphere of 0.5% hydrogen gas with the balance being 
way of. cxamplc illustrating thc mctaI(sj or metal alloy gate niuogcn is dcnotcd by reference m m ~ r a l  202A. From FIG. 
laycr, the palladium oxidc layer, and the substrate laycr in a 2A it can be sccn that the gain in the reversc bias sense is 
transistor embodiment. stablc (approximately constant) between 0 and -6 VDC. It 
AG. 7 is a graph of currcnt output for air, 0.5% hydrogen Can also be scen that high gain and high current outputs arc 

in nitrogen and gain vs. timc of [he schotlky ~ i ~ d ~  pap do^ Imchieved at thc threshold voltagc in the forward bias sense 
S ic  Tested at 450" C. with a forward bias of 0.4 VDC. yielding a similar high gain and sensitivity. Gain is defined 

HC, is a graph of cunent for air, 0.5Z hydrogen here as thc current output ofthc sensor in hydrogen divided by 

in nitrogen and gain vs. time of the Schottky Diode PtPd0.J lhC CUrrcnt Output lhc in air' 

Tcstcd at 4500 C, and 6000 C. with a bias of .0 FIG. 3 is a cross-sectional view of the gas detecting dcvice 

VDC. 15 300 illustrating the mctal(s) laycr 301. the PdO, (barrier 
laycr) 302. and the Silicon Carbide 303 (substrate layer) with 

A bettcr understanding of h e  drawings and invention will an direct voltage 308, Backside contact 304 
bc had is lo lhc of leads to the voltagc source. Reference numerals 306,307 indi- 
Invention ,and Claims which follow hereinbelow. cated that the polarity of the voltage may be changed across 

DESCRIPTION OF THE INVENTION 
20 the diode if a reverse bias is desired as illustrated in FIG. 2. 

The catalytic sensing metal is located directly on top of the 
barrier intcrlayer and is in complete contact with the bamcr 

The prcscnt invention comprises a miniaturized Schottky layer. ~h~ catalytic metal has a thickness of approxi- 
diode hydrogen and hydrocarbon scnsor with the structure of mately 450.500 A~~~~~~~~ but could be as thick as 1000 
catalytic sensing metal-palladium oxide banier intcrla~er- 21 Angstroms. The banier intcrlayer is located next to the cata- 
semiconductor substrate layer to dctcct hydrogen and hydro- lytic sensing is 50 Angstroms 
carbon gases at elcvated tempcraturcs. The ~~~etal-metal thick in the diode embodiment. This enables electron tunnel- 
oxide-semiconductor stmcturc provides a stablc and sensitive ing and electrical conduction to occur through the diode in 
hydrogen gas detection dcvice that is resistant to oxidative ,ither a forward direction or a direction. palladium 
dcgradation and silicide formation. The sensitivity of the 3o oxide is understood to be non~con~uctive unless used in 
dcvicc is achieved through thc use of a metal such as platinum extremely thin applications such as the instant application 
or palladium in the catalytic sensing laycr which is scnsitive being 50 A~~~~~~~~ thick. amp meter 305 measures the 
to hydrogen and hydrocarbons but resistant to significant in the diode. The dctection voltage in the forward bias 
oxidation. Thc banier interlaycr is resistant to oxygen and sense is approximately 0.3 to 1.0 VDC. ~~d~~~~~ and/or 
prcvenls reaction betwecn the catalytic sensing metal layer 35 hydrocarbons arc represented by reference numerals 310 and 
and thc scmiconductor substrate laycr. These unwanted reac- 309, respectively. 
tions lead to the formation of silicidcs which aifcct the surface ne semiconductor u s e .  herein is preferably of poly- 
statcs of the S i c  intcrracc. As a result, formation of silicide known as 6H, 4H or ~ C S ~ C  which has surface char- 
can lead to disruption of the laycrs and reduce the overall acteristics conducive to thereupon 
performance of the device including reduced sensitivity and 40 in a contro~~cd and manner. 
stability. Thc palladium oxide banier intcrlaycr allows stablc still to FIG. 3 palladium oxide barrier layer 302 
opcration of the devicc at high tempcraturcs as a voltage is prevents a reaction between 'he catalytic metal and the silicon 
appiicd across the top and bottom layers of this device. BY carbide 303 thus preventing degradation of the sensor and the 
stability, it is mcant that a significant chemical rc.action formation of silicides. tt is bc]ieved but not yet 
bctween the catalytic metal layer and the semiconductor sub- 45 some ofthe palladium can be reduced to palladium with 
stratc does not occur. By barrier it is mcant achemical harrier a possible, but not increase in sensitivity. 
not to bc confused with the term potential barricr which is lmcdiately following thebarrierlayeris asemicon~uctor 
rclcvant to the metal-semiconductor junction of a Schottky substrate layer which may past thebarrier interlayer in 
diode. the horizontal direction for use in different applications such 

The catalytic sensing layer shows changes in the Current 50 as a MOSFET transistor application. A voltage is applied 
voltagc curve in the diode application and/or changes in across the top (catalytic sensing mctal) and the bottom layers 
capacitance for a givcn voltagc in thc MOS capacitor Or (silicon carbide semiconductor layer). A forward currcnt 
MOSFET transistor applications. moves from the catalytic sensing layer to the bottom silicon 

FIG. 2 is acurrcnt and voltagc swecp 200 of a PUPdOJSiC carbidc semiconductor laycr. 
hydrogcn diodc scnsor of' thc instant invcntion at -1.50' C. at 5s  As uscd herein barricr is rererrcd to as a chemical rcaction 
367 hours of opcration. Thc currcnt in air is dcnotcd by banicr. In pxticular thc palladium oxidc barricr is achcmical 
rcfcrcnce numcral 201 and the currcnt in an atmosphcrc of rcaction barricr. This is not to be confuscd with thc potcntial 
0.5% hydrogcn gas with thc balance being nitrogcn is dcnotcd barricr bctwccn the metal and scmiconductor intcrfacc of a 
by rcfcrcncc numcral202. From FIG. 2 it  can bc sccn that thc Schottky diodc which is dcfincd as thc diffcrcncc bctwccn thc 
gain in thc rcvcrsc bias scnsc is stablc (approximately con- 60 work function of the mctal in elcclron volts and thc clcctron 
stant) bctwecn voltages or0  and -I  OVDC. It can also bc sccn affinity of thc semiconductor also cxpresscd in t-lcctron volts. 
that high gain and high currcnt outputs are achicvcd whcn FIG. 4 is a representation of the capacitor cmbodimcnt 400 
forward bias is applied. Gain is defined hcre as the current further illustrating the metal(?,) or mctal alloy(s) layer 401, thc 
output of thc sensor in hydrogen divided by thc currcntoutput PdO, layer 402, n-typc epitaxial layer 403, S ic  wafer 404, 
of the scnsor in air. Thc sensitivity of thc dcvice is high with 65 and the backside contact 405. The metal(s) or metal alloy(s) 
sensitivity being dcfincd here as the change of the output in layer 301 is located at the top of the device followed by the 
hydrogcn as compared with air. laycr of palladium oxide 402 which has a thickness of at least 
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200 Angstroms. The n-type epitaxial laycr 403 is located on strate laycr (approximately 400 microns in thickness) or 
top of thc S i c  wafcr 404 followed by thc backside contact n-type silicon carbide (Sic) by cleaning, depositing back side 
405. In this capacitorcmbodimcnt, the palladium oxidc is not contacts, applying photoresist and a Schottky diodc photo- 
electrically conductive, and, therefore, no current Rows mask, controllcd rcactivc sputtcr dcposition (or evaporation) 
through the device. Thc mctal 401 is typically palladium or 5 of approximately 50 Angstroms of palladium onto a targct in 
platinum. A volrage is applied across the sensor between the an 0, (oxygen) atmospherc on the silicon carbidc substrate 
metals 501.505 and the capacitance of the scnsor is modu- laycr, and, sputter dcposition of 450 Angstroms of a mctal or 
lated by hydrogcn or hydrocarbon interaction with the dipole ~nctal alloy selected from the group consisting of PI, Pd. Au, 
moment forrncd at thc intcrface of the metal 401 and the Ir, Ag, Ru, Rh, In, Os, Cr, Ti, and alloys of these metals with 
palladium oxidc. 10 each other on top of said metal oxide layer. Altemativcly, thc 

FIG. 5 is across-sectional view of thc diodc 500 illustrating palladium oxide may be evaporatcd onto thc silicon carbidc 
the mctal!s) or metal alloys layer 501, the PdO, layer (50 substratc. Lift OH processes and ctching is employed as ncc- 
Angstroms to 200 Angstroms in thickness) 502, n-typc epi- essary. 'The oxygen atrnosphcre may be withhcld for a few 
taxial layer503 ofthe silicon carbide, SIC wafer 504, .and the scconds to prevent the formation of silicon dioxidc on the 
backsidc contact 505 similar to FIG. 3 absent the applied I5 silicon carbide. 
voltage. FIG. 5 illustrates the n-type expitaxial layer 503 of Traditional photolithographic processes may be used to 
the silicon carbide. As stated previously, the silicon carbide is form sensors including the application of photoresist, masks, 
of the 6H, 4H, or 3C-Sic polytypc. applying light to imidizc portions of thc photoresist. wet and 

FIG. 6 is a cross-sectional view of the transistor 600 illus- dry etching, etc. Tne catalytic scnsing layer and the barrier 
trating the metal(s) or metal alloys layer or gate 601, the 20 layer may also be deposited using the sol-gel method, reactive 
palladium oxide layer 602, n-type cpi layer 603 of the silicon deposition, andchemical vapor deposition in addition to sput- 
carbide, Sic  p-type 604. backsidc bias 605, a metallic source tcring. 
606. and a metallic drain 607. The palladium oxide layer 602 
is more than 200 Angstroms thick. For a given applied gate DESCRlPTION 01: REFERENCE NUlMERALS 
voltage, the presence of hydrogen modulates a channel 25 
formed in the n-type epilaycr of the silicon carbide substrate 100 . . . Prior art capacitor 
controlling the flow ofcurrent between the source 606 and the 1OOA . . . Capacitance-Voltage curves 
drain 607. The source 606 and drain 607 are sometimes lOOB . . . Dipole illustration 
referred to hercin as the first and second clcctrodcs. 101 . . . Applicd DC Voltage 

FIG. 7 illustrates current output in microamps of a Schot- 30 102. . . Ground potential 
tky diodc consisting of a palladiudpalladium oxide/silicon 103.  . . Palladium 
carbidc structure tested at 450' C. with a forward current at a 104 . . . Silicon dioxidc insulator 
bias voltage of 0.4 VDC. FIG. 7 is a plot of current output 104A. . . Dipolc moment at the interface of palladium and 
(pA) of the diode of the invention at 450' C. with a (orward silicon dioxide 
bias of 0.4 VDC. Reference numeral 702 represents the cur- 3s 105 . . . p type silicon 
rcnt in the diode for hydrogen at 0.5% concentration and 106. . . Capacitance-Voltagc curvc without hydrogcn 
reference numeral 701 rcpresents the current in the diode for 107 . . . Capacitance-Voltage with hydrogen 
air at 450' C. with a forward bias of 0.4 VDC. Gain 703 108.  . . Dipole 
(current in hydrogen)l(current in air) vs. time up to 1400 109 . .  . Hydrogen 
hours of operation of the Schottky diode Pd/PdO,/SiC tcsted 40 110 . . . Dipolc rcprescnted as a differential voltagc 
at 4.50" C. with a0.4VDC is also illustrated in FIG. 7.The plot 200. . . Cumcnt and voltage Swcep of PUPdOJSiC at 450" 
illustrates stable measurement of the current in air and 0.5% C., 467 hours of operation 
hydrogen over a period of approximately 1400 hours of 201 . . . Current measured in air 
operation. The hydrogen was used along with nitrogen in the 202 . . . Curren~ measured in 0.5% hydrogen gas 
plot of FIG. 2. The high sensitivity and gain is illustrated by 4s 200A . . . Current and voltage swcep of Pd/PdOJSiC at 
the plot of hydrogen 702 versus air 701. 450" C., 715 hours of operation 

FIG. 8 illustrates the current output in microamps of a 201A. . . Currcnt mcasurcd in air 
Schottky diode comprising a platinurn/palladium oxidclsili- 202A . . . Currcnt measured in 0.5% hydrogcn gas 
con carbide structure testcd at alternating tempcraturcs of 300 . . . Gas Detecting Diode with Applied Voitagc 
450" C. and 600" C. with a forward bias volragc of l .O VDC. 50 301 . . . Mctal(s) or Metal Alloy(s) Laycr 
From 0 to 169 hours at 450" C. refcrcncc numeral 801 is the 302.  . . PdO, (banicr Layer) 
gajn. rcfcrcnce numcrai 802 is the currcnt in air and rcfcrcnce 303 . . . S i c  Layer 
numeral 803 is the currcnt in hydrogcn. From 170 to 216 304. . . Backsidc Contact 
hours at 600" C. refcrcncc numcral804 is the gain. rcfcrencc 305 . . . Amp mctcr 
numcral805 is the currcnt in air. and rcfcrcnce numcral806 is ss 306 . . . Voltage polarity rcrcrcncc 
thc currcnt in hydrogen. From 217 to 609 hours at 450" C. 307 . . . Voltage polarity rcfcrcncc 
rcfcrcncc numcral807 is thc currcnt in air, rcfcrcncc numcral 308 . . . DC Voltagc. 
808 is thc gain, and rcfcrcncc numcral 809 is thc currcnt in 309.  . . Hydrocarbons 
hydrogcn. From 610 to 680 hours at 600" C. rcrcrcncc 3 1 0 . .  . Hydrogcn 
numcral810is thccurrcnt in air. refcrcncc numcral811 is thc 60 400. . . Capacitor 
gain. and rcfcrcncc numcral 812 is thc currcnt in hydrogcn. 401 . . . Mcd(s)  or M,ctal Alloys Laycr 
Ovcrall, although changes occurrcd in the basclinc whcn the 402 . . . PdO, Laycr 
sensor is lirst introduced to 600" C. (a brcak-in period), FIG. 403. . . n-type cpi Layer 
8 illusuatcs high gain, high sensitivity, and stability in thc 404. . . Sic  wafcr 
alternating temperature test over time. 65 405 . . . Backsidc Contact 

The process steps of making the Schottky diode comprises 500 . . . Diode 
the following steps: preparing a n-type semiconductor sub- 501 . . . Mcd(s) or Metal Alloys Layer 
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SO2 . . . PdO, Laycr 810. . . Currcnt in air, 610 to 680 hours, 600" C. 
503. . . n-type cpi Layer 811 . . . Gain, 610 to 680 hours, 600" C. 
504. . . Sic  wafer 812. . . Currcnt in hydrogcn, 61 0 to 680 hours, 600" C. 
505. . . Backside Contact Although this invention has been described by way of 
600 . . . Transistor 5 cxampleand with particularity and specificity, those skilled in 
601 . . . Metal(s) or Metal Alloy(s) Layer the art will recognize that many changes and modifications 
602. . . PdO, Layer may be made without departing from the spirit and scope of 
603. . . n-type cpi laycr thc invention dctined by the Claims which follow hereinbe- 
604. . . Sic  p-type low. 
605 . . . Backside contack lo We claim: 
606. . . Source 1. A gas sensor comprising: a metal layer approximately 
607. . . Drain 150 to 1000 Angstroms thick selected from thc group con- 
700 . . . Graph of Currcnt Output (Hydrogen and Air) and sisting of Pt, Pd, Au, Ir, Ag, Ru, Rh, In, 0s .  Cr and Ti; a PdO,z 

Gain vs. Time for Schottky Diode PdPdOJSiC barrier layer approximately 50 to 200 Angstroms thick; and, 
701 . . . Currcnt in air 15 a S ic  substrate layer; and, said barrier layer rcsiding between 
702. . . Current in Hydrogen sdid metal layer and said SiC substrate layer. 
703.  . . Gain 2. A gas sensor as claimed in claim 1 wherein said S ic  
800 . . . Graph of Currcnt Output and Gain vs. Time for substrate layer is approximately 400 microns thick. 

Schottky Diode PtlPdOJSiC 3. A gas sensor as claimed in claim 1 wherein said metal 
801. . . Gain 0 to 169 hours, 450' C. 20 layer is immersed in an atmosphere containing hydrogen 
802 . . . Current in air, 0 to 169 hours, 450" C. and/or hydrocarbons and a voltage is applied across said 
803 . . . Currcnt in 0.5% hydrogcn, 0 to 169 hours, 450" C. mctal layer and said substrate producing acurrent through the 
804 . . . Gain 170 to 216 hours, 600" C. gas sensor proportional to the hydrogen and/or hydrocarbon 
805 . . . Cuncnt in air, 170 to 216 hours, 600' C. content of the atmosphcrc. 
806. . . Current in 0.5% hydrogen, 170 Lo 216 hours, 600" 25 4. A gas sensor as claimed in claim 1 wherein said metal 

C. iayer is alloyed with another metal selected from the group 
807. . . Current in air, 217 to 609 hours, 450' C. consisting of Pt, Pd, Au, ir, Ag, Ru, Rh, In, Os, Cr, and Ti. 
808. . . Gain 217 to 609 hours, 450" C. 
809. . . Current in hydrogen. 217 to 609 hours, 450' C. t * * * +  




