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(57) ABSTRACT 

A sensor system has an AlN substrate, a W layer on the 
substrate, a signal source adapted to apply an electrical 
actuating signal to the W layer, and a sensor adapted to sense 
the response of the W layer. The W layer can comprise a thin 
?lm, With various types of optional protective layers over the 
?lm. Applications include sensing temperature, ?uid ?oW 
rates, ?uid levels, pressure and chemical environments. For 
a planar heater, the W layer comprises a plurality of con 
ductive strands distributed on the substrate, With the strands 
generally parallel and serpentine shaped for a rectangular 
substrate, and extending along respective lines of longitude 
that merge at opposite poles of the substrate for a circular 
substrate. 
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STABLE HIGH TEMPERATURE HEATER SYSTEM 
WITH TUNGSTEN HEATING LAYER 

RELATED APPLICATIONS 

[0001] This application claims the bene?t of provisional 
application Ser. No. 60/392,382, ?led Jun. 28, 2002 by the 
present inventor. 

BACKGROUND OF THE INVENTION 

[0002] 
[0003] This invention relates to sensing systems suitable 
for high temperature applications, and more particularly to 
the use of tungsten on an AlN substrate as a sensing and/or 
heating element. 

[0004] 2. Description of the Related Art 

[0005] Improvements are continually sought in the capa 
bilities of various types of sensing and planar heating 
systems, such as systems for sensing temperature, ?uid ?oW 
rates and levels, pressure and gaseous environments, self 
sensing planar heaters and fast, uniform heaters. The char 
acteristics sought to be enhanced include faster response 
time, greater sensitivity, higher temperature capability and 
loW drift. 

1. Field of the Invention 

[0006] Temperature Measurements 

[0007] Devices employed as temperature sensors are gen 
erally segmented into 6 categories: (1) Integrated-Circuits 
(lCs); (2) Pyrometers; (3) Resistance Temperature Detectors 
(RTDs); (4) Thermistors; (5) Thermocouples (TCs); (6) 
Electro-Mechanical & Volume (EMV). lCs include transis 
tors, bolometers and pyroelectrics. Pyrometers, sensitive to 
infrared, optical and acoustic Wavelengths, convert the input 
Wavelength to an optical or electronic output by means of an 
IC, RTD, thermistor or TC. RTDs include all metals in the 
form of Wire, thin/thick-?lms on A1203, and foil, in Which 
the change in metal resistance vs temperature produces a 
change in voltage drop, under constant current bias. Ther 
mistors include hot-pressed and/or ?red ceramics (usually 
oxides), With embedded electrical contact Wires; the prin 
ciple of operation is identical to that of RTDs. TCs include 
metals, in the form of Wires or thin-?lms, in Which the 
junction formed betWeen 2 dissimilar metals generates a 
temperature dependent voltage. TCs do not require electrical 
input to the TC junction (e.g., current), but they do require 
an electrical input to maintain a reference junction. EMVs 
include devices such as metal coils and strips, and volumet 
ric tube and bulb thermometers, in Which expansion/con 
traction of the metal/?uid is used to measure temperature. 

[0008] FloW Rate and Fluid Levels 

[0009] Precision ?oW rate monitoring and control of gases 
is accomplished by temperature sensors (usually RTDs) in 
devices knoWn as mass ?oW controllers. In these devices, 
part of the total gas How is fed around the main ?oW path. 
As the gas passes through this alternate path, it is heated. 
Each gas has a knoWn and unique heat capacity, at constant 
pressure. Thus, the difference in temperatures, betWeen 2 to 
4 temperature sensors positioned in series along the alternate 
?oW path, can be used to measure and control the gas ?oW 
rate through the device. Applications encompass all pro 
cesses requiring precise control, e.g., semiconductor chip 
manufacturing. 
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[0010] For a single ?oW sensor or a ?uid level sensor, the 
heat capacity of the surrounding environment depends on its 
composition, state (gas or liquid), density and the rate at 
Which it ?oWs past the sensor. A self-heated temperature 
sensor, located at a knoWn level in a tank, indicates Whether 
the tank is ?lled beloW or above the sensor location, or the 
How rate of a gas/liquid past it. 

[0011] Pressure Sensors 

[0012] The most commonly employed pressure sensor 
relevant to the present invention is the thermocouple (TC) 
gauge. TC gauges are used to measure pressures betWeen 
atmospheric and 0.0001 torr in vacuum systems. HoWever, 
their sensitivity to surface temperature change, resulting 
from pressure change, as Well as their high temperature 
capabilities, is limited. 

[0013] Planar Heaters 

[0014] Planar heaters are capable of providing uniform 
and ef?cient heating over the entire area of a substrate, 
except at the substrate edges, and they require only a single 
bias control. There are 2 types of planar heating technolo 
gies: bulk and thin/thick ?lm. 

[0015] Bulk heaters are ceramic materials (e.g., graphite, 
SiC, and BN), Which provide the electrical conduction path 
and act as the planar heater. SiC and BN are electrical 
insulators at room temperature, and must be heated by high 
voltage/loW current to a temperature at Which they become 
electrically conductive. They then require loW voltage/high 
current for further heating. Bulk heaters require cables or 
post electrical contacts, because the cross-section of the 
electrical leads must be greater than the heater cross-section 
betWeen leads, or the lead-Wires Will be hotter than the 
heater. They are sloW and dif?cult to control. 

[0016] Thin/thick ?lm planar heaters heat a substrate by 
resistive poWer dissipation through a thin/thick ?lm conduc 
tive circuit on the substrate. This type of heating has been 
limited to loW temperature (~700o C.) convective heating, 
because of circuit/substrate materials, circuit designs and 
lead-Wire bonding limitations. The circuit substrate materi 
als have not been matched to avoid reactions betWeen them, 
or peeling of the circuit materials. Existing circuit designs 
can lead to thermal gradients, Which cause the substrate to 
crack When the heater is ramped too fast. Finally, materials 
that have been used in electrodes are not stable above about 
7000 C. 

[0017] Uniform, high temperature, radiative heating has 
been accomplished by using an array of tungsten-Wire 
?lament, halogen lamps. Such arrays are used in rapid 
thermal process (RTP) fumaces to heat semiconductor 
Wafers from room temperature to 11000 C. in a feW seconds. 
In RTP fumaces, as many as 300 such lamps may be arrayed. 
The poWer of each lamp must be monitored and adjusted to 
maintain a uniform temperature distribution across the 
Wafers. Control of this type of technology is complicated 
and expensive. 

[0018] Prior art directly related to the present invention 
includes: 

[0019] R. Holanda, “Thin-Film Thermocouples on Ceram 
ics”, NASA Technical Briefs, March 1997, p. 62: Pt vs PtRh 
metal thin ?lms are deposited on AlN dies for use as 
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thin-?lm thermocouples (TCs). The drift of the TC junction 
vs temperature (to 15000 C.) is discussed. 

[0020] Y. H. Chiao et al., “Interfacial Bonding in BraZed 
and Co?red Aluminum Nitride”, ISHM ’91 Proceedings, pp. 
460-468: The reactions for joining interfaces between AlN 
and several metals, including W, is discussed and compared 
With the joining method (braising or co?ring). A multilayer 
AlN/W structure is disclosed, in Which the interface joining 
is due to interlocking grain-boundaries. Although not dis 
closed in the article, such a structure has been used as a 
heater, but Without any mechanism for sensing the actual 
temperature. 

[0021] US. Pat. No. 6,084,221: Silver and silver alloys on 
AlN are discussed for planar heater applications. 

[0022] US. Pat. No. 6,103,146: Thick ?lm, screen-print 
able circuits, comprised of conductive paste compositions 
Which facilitate the application of Au, At, Pt, Pd and Rh 
mixtures and alloys, are applied directly to AlN substrate 
surfaces. 

[0023] US. Pat. No. 6,242,719: Thick ?lms are described 
as being deposited on AlN by chemical vapor desposition. 

[0024] US. Pat. No. 6,239,432, issued May 29, 2001 in 
the name of the present inventor: An IR absorbing body of 
SiC is electrically and mechanically connected to an AlN 
substrate by an electrically conductive mounting layer that 
includes W, WC or W2C. 

SUMMARY OF THE INVENTION 

[0025] The present invention seeks to provide a neW 
sensor system and method that is capable of achieving a 
faster response time, greater sensitivity, higher temperature 
capability and loWer drift than previous sensor systems. 

[0026] In a preferred embodiment, a thin ?lm layer of 
tungsten is provided on an AlN substrate, With a signal 
source applying an electrical actuating signal to the tungsten 
layer, and a sensor sensing the response of the tungsten layer 
to the actuating signal. Various oxidation-resistant protective 
layers can be provided over the tungsten layer, including 
gold, B2O3iSiO2, AuiPt alloys (With an optional tungsten 
or B2O3iSiO2 layer over the alloy), or Pt (With an optional 
B2O3iSiO2 layer over the Pt). An AlN cap can also be 
provided over the protective layer. 

[0027] The tungsten layer in a preferred embodiment 
comprises a plurality of conductive strands distributed on a 
planar AlN substrate. For substrate shapes such as rectan 
gular, the strands are preferably serpentine shaped and 
parallel. For a circular substrate, the strands preferably 
extend along respective lines of longitude that merge at 
opposite poles of the substrate. 

[0028] While tungsten on an AlN substrate is preferred, 
the invention can be generaliZed to the use of an AlN 
substrate and a conductive layer on the substrate Which, over 
a predetermined temperature operating range, has an expan 
sion coe?icient Within 1.00+/—0.07 of the substrate, is sub 
stantially non-reactive With the substrate, and exhibits sub 
stantially no solid-solubility or interdi?‘usivity With the 
substrate. It can also be generaliZed to the use of an 
insulative substrate, With a tungsten conductive layer on the 
substrate Which, over a predetermined temperature operating 
range, has an expansion coe?icient Within 1.00+/—0.07 of 
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the substrate, is substantially non-reactive With the substrate, 
and exhibits substantially no solid-solubility or inter-dilfu 
sivity With the substrate. 

[0029] Applications for the described material system 
include planar heaters capable of self-sensing their oWn 
temperature; ?uid ?oW rate sensors using only a single 
W/AlN element, or a pair of such elements spaced apart in 
the ?uid ?oW path With one heated, the other not heated, and 
both sensing the ?uid temperature at their respective loca 
tions; ?uid level sensors capable of sensing Whether or not 
they are immersed in a predetermined ?uid; pressure sensors 
in Which the voltage/current relationship of the sensor is 
related to the surrounding gas pressure; and chemical sen 
sors for environments in Which the tungsten layer is subject 
to an alteration from the environment Which changes its 
response characteristics. 

[0030] These and other features and advantages of the 
invention Will be apparent to those skilled in the art from the 
folloWing detailed description, taken together With the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] FIG. 1 is a perspective vieW of a sensor/heater in 
accordance With one embodiment of the invention, With a 
thin ?lm tungsten layer on a AlN substrate; 

[0032] FIG. 2 is a cut-aWay perspective vieW of another 
embodiment, With a AlN substrate and cap bonded together 
by a WC layer; 

[0033] FIG. 3 is a perspective vieW of another embodi 
ment, With a protective layer on the tungsten layer of FIG. 
1; 

[0034] FIG. 4 is a cut-aWay perspective vieW of another 
embodiment, With a protective encapsulation over the struc 
ture of FIG. 1; 

[0035] FIG. 5 is a cut-aWay perspective vieW of another 
embodiment, With an AlN cap over the structure of FIG. 4; 

[0036] FIG. 6 is a perspective vieW of a precursor to 
another embodiment, in Which an AuiPt alloy provides a 
protective cap to the structure shoWn in FIG. 1; 

[0037] FIG. 7 is a cut-aWay perspective vieW of another 
embodiment, With a pair of structures as illustrated in FIG. 
6 assembled together; 

[0038] FIG. 8 is a cut-aWay perspective vieW of a struc 
ture formed by thermally reacting the structure of FIG. 12; 

[0039] FIG. 9 is a cut-aWay perspective vieW of another 
embodiment, in Which a protective encapsulation is formed 
over the structure of FIG. 6, after that structure has been 
thermally reacted; 

[0040] FIG. 10 is a cut-aWay perspective vieW of the 
structure shoWn in FIG. 9 With an AlN cap; 

[0041] FIGS. 11 and 12 are plan vieWs illustrating a 
rectangular planar heater in accordance With an embodiment 
of the invention, With two different electrode con?gurations; 

[0042] FIG. 13 is a plan vieW illustrating a circular planar 
heater embodiment; 
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[0043] FIGS. 14 and 15 are simpli?ed schematic dia 
grams illustrating tWo heater/temperature sensor embodi 
ments of the invention, With voltage and current drives, 
respectively; 
[0044] FIG. 16 is a graph contrasting theoretical and 
measured resistivity v. temperature characteristics for the 
structure shoWn in FIG. 1; 

[0045] FIGS. 17 and 18 are respectively poWer per unit 
substrate area and poWer per unit substrate volume curves 
for the embodiment illustrated in FIG. 11, as a function of 
temperature; 

[0046] FIGS. 19, 20, 21, 22 and 23 are simpli?ed sche 
matic diagrams illustrating the application of the invention 
to a single element ?oW rate sensor, dual element ?oW rate 
sensor, ?uid level sensor, pressure sensor and environmental 
sensor, respectively; and 

[0047] FIGS. 24, 25 and 26 are tables summarizing the 
temperature range of various embodiments of the invention 
for di?ferent operating environments, characteristics of tem 
perature sensors using various embodiments of the invention 
compared to prior art temperature sensors, and characteris 
tics of heaters using various embodiments of the invention 
compared to prior art heaters, respectively. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0048] The present invention provides a novel system and 
method for sensing temperature, ?uid ?oW rates, pressure 
and chemical environmental conditions, as Well as function 
ing as a heater capable of sensing its oWn temperature, With 
a higher temperature capability, greater sensitivity, faster 
response time and/or loWer drift than previous sensors. In 
the preferred embodiment, it is based upon a tungsten (W) 
thin ?lm sensor layer formed on an AlN substrate (a thin ?lm 
is generally de?ned as having a thickness of about 100-10, 
000 angstroms). This combination of materials is particu 
larly advantageous because AlN has a thermal expansion 
coef?cient of approximately 4.4><10_6/°K at 3300 and 5.3x 
10_6/ 0K at 12730 K, While the thermal expansion coef?cient 
for tungsten is approximately 4.6><10_6/ 0OK at 3000 K and 
5.1><10_6/ 0K at 12730 K. The thermal expansion coe?icients 
for the tWo materials are thus very close to each other, 
alloWing for a high degree of structural stability over a broad 
temperature range. The AlN substrate is insulative, While 
tungsten is generally conductive With a resistivity that varies 
in a knoWn fashion With temperature. The temperature 
resistivity characteristics of tungsten are discussed in Ameri 
can Institute of Physics Handbook, 3d Ed., 1982 Reissue, pp. 
9-41, the contents of Which are incorporated herein by 
reference. 

[0049] While W/AlN is the preferred material combina 
tion, the material system can be generaliZed to an AlN 
substrate With a conductive layer on the substrate, or an 
insulative substrate With a tungsten layer on the substrate, 
With the conductive layer in either case having an expansion 
coef?cient Within 1.00+/—0.07 of the substrate over a pre 
determined temperature operating range, being substantially 
non-active With the substrate, and exhibiting substantially no 
solid-solubility or interdiffusivity With the substrate. 

[0050] AlN has a thermal conductivity of approximately 
1.7-2.4 W/cm°K, about 10 times higher than ceramic Al2O3, 
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making it very e?‘ective as a heater When it is itself heated 
by an adjacent tungsten layer. It also exhibits a desirably 
high resistance to chemical reaction With metals such as 
tungsten. It sublimates at approximately 25000 C. and has an 
upper continuous use temperature from approximately 
11500 C. to 18000 C., depending upon its environment, 
making it useful for high temperature ranges. Tungsten has 
a melting temperature of approximately 34100 C. and is not 
knoWn to chemically react With AlN beloW about 18000 C., 
Which also makes it advantageous for high temperature 
operations in combination With AlN. 

[0051] The complete lack, or immeasurably sloW, chemi 
cal reaction, solid-solubility and interdilfusivity betWeen 
tungsten and AlN at temperatures to approximately 18800 C. 
in inert environments ensures that the tungsten circuit’s 
cross-section does not decrease due to chemical reaction 
With the AlN substrate, and that the AlN substrate surface 
does not become electrically conductive. The provision of an 
AlN substrate surface With crevasses Which provide a means 
for attaching the tungsten circuit, and the closely matched 
temperature expansion coe?icient over the operating tem 
perature range, ensure that the tungsten circuit does not peel 
aWay from the AlN substrate surface during thermal cycling. 

[0052] As described in further detail beloW, additional 
circuit layers consisting of Au, Pt or AuiPt alloys may be 
provided on the tungsten circuit layer to perform three 
functions: (1) protect the tungsten circuit from oxidation; (2) 
bond the circuits on AlN substrates and caps together to form 
a multilayer circuit With electrically insulating AlN surfaces 
exposed on the top and bottom; (3) provide additional 
cross-sectional area to the circuit path. 

[0053] Compatibility requirements betWeen such addi 
tional circuit layers and tungsten (or WC, When carbon is 
reacted With the tungsten to provide a bonding agent for 
another layer) include: (1) little or no chemical reaction 
betWeen them, up to the maximum operating temperature; 
(2) they bond With limited interdilfusion and limited solid 
solubility, thus remaining distinct at and near the opposite 
facing interfaces; (3) the maximum solid-soluability 
betWeen them is limited so that they do not form an 
isomorphic or pseudo-isomorphic phase diagram, up to the 
maximum operating temperature; (4) they do not form 
compounds With each other; and (5) their melting tempera 
tures exceed the maximum operating temperature. Require 
ments 1-4 ensure that the additional circuit layers do not 
poison their interface With the tungsten (or WC), and that the 
combined circuit resistance does not drift under operational 
conditions. 

[0054] As also described in further detail beloW, some 
embodiments include an encapulation of a borosilicate mix 
ture (B2O3+SiO2). The borosilicate mixture is applied in 
unreacted form, and then reacted by heating the structure to 
at least 10000 C. The reacted mixture is a glass that is 
bonded to surfaces that can be oxidiZed, and covers layers 
that cannot be oxidiZed. It does not consume the circuit 
layers With Which it is in contact, and remains an electrical 
insulator. 

[0055] Electrodes for applying electrical signals to the 
tungsten circuit layer can be formed from extended area 
portions of the circuit layer itself, by additional circuit 
material applied or deposited on and around the edges of an 
AlN substrate or cap, or by additional circuit material 
applied or deposited Within vias in the substrate or cap. 
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[0056] Additional electrode layers can be provided on top 
of the tungsten electrode for lead Wire or ribbon attachment. 
Such additional layers can include carbon, platinum or gold. 
Carbon provides a thermally activated bonding material that 
bonds W to W or W to Mo When heated above about 700° 
C., at Which carbon is consumed by reacting With W and Mo 
to form a metal-carbide bonding interface Which remains 
intact at temperatures greater than 18000 C. Platinum pro 
vides a base upon Which Pt or Au can be Welded; the bond 
Will remain intact at temperatures equal to the melting point 
of Pt or the AuiPt alloy formed during Welding. Gold 
provides a base upon Which to bond Au or to Weld Pt; the 
bond Will remain intact at temperatures equal to the melting 
point of Au or the AuiPt alloy formed during Welding. 

[0057] The additional electrode layers can also include 
layered Pt and Au, or AuiPt alloy. This provides a base 
upon Which to bond Au or Weld Pt. 

[0058] The thickness of the electrode materials Which 
participate in the braising, bonding or Welding process 
should be at least 0.05 times the diameter of the lead Wire or 
the thickness of the lead ribbon. The electrodes can be 
exposed, encapsulated, or covered by AlN. 

[0059] Process Considerations 

[0060] AlN-Substrate or Cap Surface in Contact With W: 
W ?lms hold themselves to the AlN surface by electrostatic 
forces and by penetrating into crevasses in the AlN surface. 
Though dif?cult to quantify, observed results indicate that 
good W adhesion is obtained on all ceramic AlN surfaces 
(roughness averageiZ micro-inches (0.05 ums)). HoWever, 
the maximum thickness of the W is directly proportional to 
the AlN surface roughness average. The maximum thickness 
of W on an AlN surface is about 100 times the surface 
roughness average. 

[0061] Application to and ‘Forming’ on AlN substrate and 
Cap: W can be applied With the correct stociometry to an 
AlN surface by several vapor-phase deposition techniques, 
such as RF/DC sputtering, RF/DC co-sputtering, e-beam 
evaporation and chemical-vapor-deposition (CVD). The 
temperature of the AlN surface during W deposition is not 
important, since adhesion occurs by physical-bonding, and 
not by chemical-bonding. 

[0062] As deposited, W ?lms Will not be of theorectical 
density unless deposited by CVD. Film density can be 
increased, and grain-boundary area reduced, by thermal 
annealing. When density or grain-boundary area are impor 
tant for protecting the W/AlN interface from additional 
circuit layer metals, the W should be annealed before 
application of additional circuit layer metals. The annealing 
temperature range is 800° C. to 14000 C., With density and 
grain-groWth depending on time-at-temperature. The 
annealing atmosphere should be vacuum or inert (Ar, N2). 

[0063] Tungsten ?lms can be partially or completely con 
verted to WC, When desired to facilitate the bonding of an 
upper layer, by “forming”. In this process, carbon is applied 
to as-deposited (preferred) or annealed W ?lms by sputter 
ing, physical vapor deposition or CVD, or physical appli 
cation of graphite (e.g., screen-printing). The W ?lm is 
transformed to WC by thermally induced diffusion (“form 
ing”). The forming temperature range is 800° C. to 14000 C., 
With the higher temperature preferred. The ‘forming’ atmo 
sphere should be vacuum or inert (Ar, N2). For purposes of 
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this invention, references in the claims to “W” also include 
“WC”, although WC has been found to have a loWer thermal 
coef?cient of expansion than W and therefore is not as 
desirable as W, except to bond an overlayer in place. 

[0064] The minimum preferred as-deposited W thickness 
is equal to the roughness average of the AlN surface, if W 
is to be covered by additional circuit layer metal layers. If W 
is to be the only ?lm comprising the current path, its 
minimum thickness is determined by the greater of the 
folloWing tWo requirements: (1) the post-processing thick 
ness of the W should be at least 2 times the roughness 
average of the AlN surface, or (2) its thickness times its 
Width (cross-sectional area) should be suf?cient to provide 
the current handling capability required by the sensor or 
heater. While there is no fundamental limitation on maxi 
mum W thickness, loW-mass radiation heater or circuit 
applications do not generally require a thickness greater than 
10 microns. 

[0065] Additional Circuit Layer (ACL) Metals: The as 
applied/deposited ACLs can be comprised of one or more 
layers, each applied/ deposited sequentially. Each layer of the 
ACL can be applied by painting, screen-printing, electro 
plating, or vapor deposition (technique depends on mate 
rial). 
[0066] The processed ACL can be a single or multilayer 
?lm comprised of element(s) or alloy(s), or graded compo 
sitions of both. The processed ACL can be as-applied/ 
deposited, or it can be thermally processed to redistribute 
?lm composition. Melting can occur in one or more (but not 
all) layers of the ACL during thermal processing, but the 
resulting alloys must be solids at the same processing 
temperature. For example, AuiPt alloys can be formed by 
heating an Au/Pt multilayer structure to a temperature in 
excess of the melting temperature of Au, but beloW the 
melting temperature of the desired alloy. In this case only the 
Au melts, Whereupon it is quickly consumed by the Pt to 
form an alloy With a higher melting temperature. 

[0067] The thickness of the as-applied/deposited ACL 
metal(s) should be such that the post-processing thickness of 
the ACL is equal to or greater than the AlN surface rough 
ness average. The minimum preferred as-deposited thick 
ness of the ACL is 5x10‘6 cm. The minimum thickness of 
the ACL may be determined by the requirement that the 
W+the ACL cross-sectional area be suf?cient to provide the 
current handling capability required by the sensor or heater. 
The maximum thickness of the ACL is limited by the strain 
it imparts to the circuit, relative to the AlN, by the expansion 
coef?cient difference betWeen the W and the ACL. Experi 
mental investigations performed to date shoW the upper 
thickness limit to be greater than 60 times the W thickness. 

[0068] Carbon Reaction Bonding: Carbon provides a ther 
mally activated bonding material, Which bonds W/ Mo Wire/ 
ribbon to W electrodes When heated above about 700° C., 
With C consumed by reacting With W and Mo to form a WC 
or Mo-carbide bonding interface betWeen W and W, or W 
and Mo; the bond Will remain intact at temperatures exceed 
ing 18000 C. The thickness of electrode materials Which 
participate in the reaction bonding process should be suffi 
cient to consume all of the C. The bonding process requires 
that C, W and Mo inter-diffuse, so that the rate at Which 
bonding proceeds to completion is directly proportional to 
temperature. The thickness of the electrode materials Which 
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participate in brazing, bonding or Welding process should be 
at least 0.05 times the diameter of the Wire, or 0.05 times the 
thickness of the ribbon or ?attened Wire. This is a minimum 
thickness requirement for a functional bond, as determined 
from experimental investigation. However, at this ratio 
strong bonding is di?icult to achieve (loW yield). An elec 
trode thickness of at least 0.1 times the Wire diameter or at 
least 0.1 times ribbon thickness is recommended, because 
yield is higher and the ruggedness of the bond is improved. 

[0069] Au and Pt Alloy Bonding: A Pt electrode layer 
provides a base upon Which to Weld Pt or Weld/bond/braZe 
Au Wire/ribbon; the bond formed betWeen the Wire/ribbon 
and the electrode Will remain intact at temperatures equal to 
the melting point of Pt or of the AuiPt alloy formed during 
the bonding process. An Au electrode layer, layered Pt and 
Au electrode layers, and AuiPt alloy electrode layers each 
provide a base upon Which to Weld/bond Au Wire/ribbon, or 
to Weld/braZe Pt Wire/ribbon; the bond formed betWeen the 
Wire/ribbon and the electrode Will remain intact at tempera 
tures equal to the melting point of Au, or of the AuiPt alloy 
formed during the bonding process. The thickness of the 
electrode materials Which participate in the braZing, bonding 
or Welding process is similar to carbon reaction bonding. 

[0070] The lead-Wires/ribbons should be attached to the 
electrode pads by bonding, braZing or Welding. The expan 
sion coe?icient of the lead Wire material should be Within 2 
times that of the composite expansion coe?icient of the 
post-process electrode layers. The portion of the lead-Wires 
to be bonded/Welded/braZed to the electrodes may be ?at 
tened, in Which case the lead-Wire diameter perpendicular to 
its ?attened surface is the appropriate diameter to use in 
determining the minimum thickness of electrode layers. 

[0071] FIG. 1 illustrates a sensor in accordance With the 
invention in Which a thin ?lm of tungsten 2 is deposited on 
an AlN substrate 4, preferably in a generally serpentine 
fashion, With the opposite ends of the tungsten circuit layer 
expanded in area to form electrodes 6. This structure can 
serve as a sensor and/or heater for the various applications 
discussed beloW. 

[0072] Structures as illustrated in FIG. 1 Were fabricated 
by dicing AlN ceramic sheets to 2 in.><2 in. (5 cm><5 cm) 
square AlN substrates and cleaning them. 5000 angstroms of 
tungsten Were sputter deposited on one side of the substrates, 
and the circuit 2 and electrodes 6 photomasked. The exposed 
tungsten Was removed at room temperature by a 3% H2O2+ 
A20 solution. The photoresist Was then removed and the 
resulting circuit structures cleaned. 

[0073] To attach lead Wires to the electrodes 6, the struc 
ture Was photomasked to expose the electrodes, and Pt Was 
sputter deposited on the exposed electrodes. In one version, 
in Which screen printed Pt Was added, the sputter deposited 
Pt should be at least 0.5 microns thick to provide a base for 
the additional screen printed Pt. A layer of Pt approximately 
10 microns thick Was thin screen printed on the electrode 
array, the Pt ink air dried for at least one hour, folloWed by 
vacuum drying for 15 minutes, air drying at approximately 
150° C. for 30 minutes, and then baking in Ar at 11000 C. 
for one hour. With no added screen printed Pt, the sputter 
deposited Pt should be at least 2 microns thick for a ?attened 
lead Wire, and annealed in Ar at 11000 C. for 30 minutes. 

[0074] With or Without the added screen printed Pt, a thin 
glass plate Was Waxed doWn onto the circuit side of the AlN 

Nov. 30, 2006 

substrate, Which Was then diced into individual sensors and 
the Wax and glass removed. Pt lead Wires Were next Welded 
to the electrodes. Without the additional screen printed Pt, 
the ends of 10 mil diameter Pt lead Wires Were ?attened to 
approximately 1 mil and Welded to the electrodes. With the 
additional screen printed Pt, the lead Wires Were Welded to 
the electrodes Without ?attening. 

[0075] FIG. 2 illustrates another embodiment in Which a 
protective AlN cap 8 is secured by applying a thin ?lm 
carbon layer (not shoWn separately) over the tungsten layer 
2 of FIG. 1, applying a thin ?lm tungsten layer (not shoWn 
separately) With a geometry that matches tungsten layer 2 to 
the underside of cap 8, placing the cap 8 over the substrate 
4 With their respective tungsten and carbon aligned, and 
thermally reacting the assembly to form a ?nal circuit 
comprising a WC layer 10 sandWiched betWeen, and adher 
ing together, the substrate 4 and cap 8. 

[0076] In a demonstration of this embodiment, 1000 ang 
stroms of tungsten Was sputter deposited on both the sub 
strate 4 and the cap 8, With 17200 angstroms of carbon 
deposited onto the substrate tungsten through a shadoW 
mask. 

[0077] Another variation is illustrated in FIG. 3. In this 
embodiment a thin ?lm of gold 12 is applied over the 
tungsten layer 2 of FIG. 1 to protect it from oxidation, and 
also for physical protection. 

[0078] In a demonstration of this embodiment, a 1000 
angstrom ?lm of tungsten Was sputter deposited onto one 
side of the AlN substrate and annealed in Ar at 11000 C. for 
30 minutes. A photomask Was applied to expose the tungsten 
circuit 2 and electrodes 6, 500 angstroms of gold Was sputter 
deposited onto the masked side of the substrate, the photo 
resist Was lifted oif and the remaining structure cleaned. Any 
tungsten not protected by the gold layer Was removed in a 
3% H2O2+H2O solution at room temperature. The device 
Was then photomasked to expose the electrodes 6, and 4 
microns of gold electroplated onto the exposed electrodes, 
folloWed by lifting oif the photoresist and cleaning. The ?nal 
step prior to dicing into individual sensors and bonding lead 
Wires Was an anneal in Ar at 700° C. for 30 minutes. 

[0079] In another demonstration, at least 200 angstroms of 
Pt instead of Au Was sputter deposited onto the tungsten 
circuit layer 2 and annealed inAr at 10000 C. for 15 minutes. 
A further demonstration encapsulated the resulting structure 
in a thermally reacted borosilicate mixture. 

[0080] In the embodiment of FIG. 4, unreacted B2O3+ 
SiO2 has been applied over the tungsten circuit 2 and 
substrate 4 of FIG. 1, and thermally reacted to form an 
encapsulation 14 that protects the underlying structure and 
further bonds the tungsten circuit to the substrate. 

[0081] The borosilicate mixture consisted of 45 Wt % 
BZO3+55 Wt % SiO2. It Was reacted in air at 10000 C. for 5 
minutes. 

[0082] In the embodiment shoWn in FIG. 5, an AlN cap 16 
has been placed on top of the unreacted B2O3+SiO2 14 of 
FIG. 4, and the resulting structure thermally reacted to bond 
the AlN cap 16 in place for additional protection. Both the 
encapsulation 14 and the cap 16 leaves the electrode pads 6 
exposed to receive lead Wires or ribbons used to apply an 












