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PREFACE

J. Byron McCorwick, Conference Chairman
Los Alamos National Laborat>ry

Major impetus for the development of high tempera-
ture electronic materials, devices, circuits and sys-
tems can probably be credited to the emergy crisis
vhich appeared dramatically in 1974, At that time it
vas acknowledged that the necessary discovery and ex-
ploitation of national energy resources would require
a long-term commitment to research and development, and
federal funds were made available tor this purpose, In
1975, a workahop was held to set directions for work in
geothermal exploration, and a number of contracts
were subsequently negotiated. As work continued, inter-
est broadenad beyond the geothermal area. In 1978, Dr.
A. F, Veneruso,of Sandia Laboratories, organized a ses-
sion on High Temperature Electronics at Midcon 1978
in Dallas, Texas.? This session included a paper on
aircraft engine controls, as well as papers on integrat-
ed circuits directed at the high-temperature nceds of
the well-logging industry. In 1979, interest broadened
still further, as evidenced by the High Temperature
Electronics and Instrumentation Seminar orgsnized in
Houston, Texas by Dr. Veneruso.” Most recently, a ses-
sion of the 1980 Electro-Professional Program was de-
voted to The Frontiers of High Temperature Electronics?

More than five years have passed since the first
workshop was held, and in that time much progress has
been made. Interest in the field has continued to grow
and the diversity of requirements has rapidly increased.
It therefore seems important at this time to re-eval-
uate the status of and directions for high temperature
electronics research and development. This conference
has been organized for that purpose. Specifically, the
conference has three major objectives: to identify
comuon needs among those in the user community; to put
in perspective the directions for future work by focus-
ing on the status of current research and development
programs; and to address the problem of bringing to
practical fruition the results of these efforts. While
the importance of the technical content of the papers
is not to be underestimated, the Program Committee felt
that because of the diversity of interests represented
in the audience, the identification of common problems
and the need for perspective with regard to the impli-
cations, both technical end commercial, of these prob-
lems were perhaps as important as the high-tempera-
ture technologies themselves. Accordingly, special at-
tention was given to the program i{n two ways.

rirst, considerable care was taken to put together
a gsession on Users Requirements which included papers
from as broad a spectrum as possible, and this session
was scheduled as the firat of the conference. Second,
the need for perspective was recognized to be part of
the broader problem vf determining what results of re-
gearch and development have long-range potential for
commercialization, and how these can be reduced to prac-
tice. To meet this need we are introducing what we be-
lieve to be an innovation in conferences of this type:
the final session, A Couference Perspective, by Dr.
Robert Pry, Vice-President for Research and Development,
Gould, Inc. During the conference, Dr. Pry will talk
with as many as possible of the conference attendees.
Combining the results of these encounters with what he
learns of the status of the various high-temperature
technologies from the conference papers, he will devel-
op a commentary of his views of the conference in gener-
al, and technology transfer and commercialization in
particular. I would, therefore, encourage everyone who

hits special needs in high-temperature electronics, or
opinions about the field, to talk with Dr. Pry at some
time during the conference. I also hope that everyone
will plan to stay for this final and oossibly most
important session.

It 18 worth noting that more than half the papers
in the conference deal with materials and devices,
rather than circuits and systems. While this 1is due
in part to the conference emphasis on research and de-
velopment, it is in larger measure a reflection of the
lack of maturity of the field. Circuits and systems
are the last in the development chain of which materiak
form the beginning. The evolution to a mature technol-
ogy base is unfortunately impeded by the relatively
small size of the market for high temperature electron-
ics when compared with, for example, the market command-
ed by integrated circuits. This small size is not, how
ever, indicative of its importance when viewed in the
context of national energy and space programs. It is,
therefore, the goal of this conference to rxpedite the
development of high temperature electronics for these
most important applications.

No conference such as this can be succesafully or-
ganized without the hard work of a number of coopera-
tive individuals; I would like to thank all those who
served on the Program Committee for their efforts. Spe-
cial acknowledgements are due Dr. Johm C. Rowley and
Dr. Jan A. Narud, both of Los Alamos National Labora-
tory, for their outstanding and tireless efforts to es-
tablisl, a program of the highest quality. Special ac-
knowledgements are also due Dr. C. R. Hausenbauer and
his staff in Special Professional Education at The
University of Arizona, for handling all the conference
arrangements.

Finally, I would like to express our gratitude to
those agencies which have contributed financially to
the success of the conference: The National Aeronau-
tics and Space Administration; The Department of Energy,
Division of Enginerring, Mathematical and Geosciences;
The Nuclear Reguletory Commmission, Division of Reactor
Saftey Research: and The National Science Foundation.
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HIGR TEMPERATU'RE ELECTRONICS APPLICATIONS
IN SPACE EXPLORATIONS %

R.F. Jurgens

Jet Propulsion Laboratory
4800 Cak Grove Drive

Pasadena,

Electronic in:truments and systems used for space
exploration have not generally been exposed directly to
harsh enviromments of outer space or the dense atmo-
spheres of several of our planets. Instead, protective
enclosures, insulation, shielding, and small heasting
systems are provided to control the environment. Also
the design of spacecraft systems and instruments are
carrled out with fairly conservative design rules, be-
cause the cost of a mission 1is high, and failure is easy
to achieve. The design of electronic instrurents for
use within the wide range ¢f the earth's environment is
difficult enough, and extension of our electronic tech-
nology to operate at very high or low temperatures or
great pressures is no small challenge.

Jperation of electronic systems in environments
having temperatures or pressures beyond the capability
of the electronics requires systems to protect or
insulate the electronics from the environment. The
maintenance of the protection requires energy, and
the energy source itself may require protection. 1In
vacuous space, the energy transfer to the spacecraft is
entirely dependent upon radiative transfer, and tempera-
tures can be controlled by vairying the reflectivity of
the spacecraft surfaces. This form of control may re-
quire little energy since it often can be accomplished
with little more than the rotation of the spacecraft or
the reorientation of reflective panels. Pressure dirf-
ferences are seldom larger than the difference between
that of the earth and vacuum. In these respects, the
exploration of space is considerably less difficult than
the explaration of the earth’'s inner space where tem-
peratures and pressures are high.

The exploration of the planets having large atmo-
spheres 1is entirely & different matter. In the case of
Venus, for example, the surface temperature is near
730°K and the awmospheric pressure 90 bars. The atmo-
spheric profiles of the large outer planets are relative-
ly unknown, but one thing 1s sure, both the pressure and
temprrature will increase well beyond our technical
capability to design instruments before any surface is
likely to be found. The depth to which these atmospheres
can be studied depends on one of two things, 1. our
ability to design probes that can withstarnd the great
temperatures and pressures, 2. the ability to transmit
the information through the dense absorbing atmospheres.

The problem of protecting electronic systems from
the great temperatures and pressures of these atmospheres
i3 a very different problem from that of outer space.
Here the thermal energy transfer is caused primarily by
conduction to the atmosphere. The atmospheric pressures
may be hundreds of times greater than those of the
earth's atmosphere, so our spacecraft may look more like
a craft designed for deep ocean exploration. We have
two choices as to the design of our craft, either we
design our systems to withstand the high temperatures
and pressures, or we maintain temperature and pressure
differences within the craft. The maintenance of tem-
perature and pressure differences requires energy, and
energy is “lways a very expensive and a scarce commodity
on any sp: e probe. Therefore it is very important that
we minimize or eliminate the need to maintain such dif-

CA 61103

ferences. The extension of range of operating tempera-
tures of electronic components and systems is a start in
that direction.

Miss ions

The exploration of the atmosphere of Venus will
probably be the first example of the use of high tem-
perature electronic systems in space applications.
Studies of the Venusian atmosphere could be accomplished
by the use of balloon borne instruments. The simplest
sort of experiment might be one that determines only
the circulation properties of the atmosphere at various
altitudes. All that is required here is a beacon of
suffi~ient power to be tracked by either orbiting
spacecrafts or from ground-based radio telescopes. A
more advanced probe might contain a radar transponder.
The localization of the balloon, for example, could be
accomplished by VLBI, Doppler tracking, range tracking
in the case of a transponder, and all combinations of
these. Two missions are presently being studied. The
first cerries only a simple beacon transmitter and flys
at 18 lmn altitude where the temperature at about 3252C.
Electronic breadb.ard designs for operation at this
temperature arc presently being constructed and tested
at JPL. The second flys between 40 and 48 km where the
temperature does not exceed 150°C. Here, more advanced
instrument packages are presently within the available
technology. Possible inatruments include pressure,
temperature, differential temperatures, light fluxes,
lightning detectors, and sound pressure levels. Balloon
missions are likely to last no longer than a few days
to a few weeks, therefore only short term studies can be
carried out (These are mu_:h longer, however, than the
present Venera and Ploneer-Venus probes). Longer
missions are desirable and would most likely have to be
carried out from the surface.

If a landing probe could sit on the highest part
of Terra Ishtar (about 10 km above the mean surface
level) the temperature would be about 380°C. A number
of interesting experiments could be accompligshed from
this remarkable peak including all the traditional
weather measurements, atmospheric turbulance, light
scattering from dust particles. and sc on. Equally as
interesting are measuremen*s related to planetary and
solar systems dynamics. For example, very accurate
measurements of the rotation rate, direction of the spin
axis, and orbital motion could be made. These measure-
ments could easily establish whether the rotation is in
synchronous lock with the earth or if some form of pre-
ceggion exists. As the planet rotates, two occultations
could be observed per revolution as viewed from the
earth., An ortiting spacecraft could observe several
occultations per day. Such measurements not only aid
in establishing the varfation of the atmosphere bu:
givy: a measure of the turbulance which establishes the
ultimate "seeing” capability through the Venusian atmo-
sphere at microwave frequencies.

Going to our outer planets, there is mich work to
ve done. The first direct measuremnts of t . Jovian
atmosphere will be made by the Calileo spac:: probes.
These probes, like the PV probes,will lastarhort time
until they are either crushed or their sigral extin-
gulshed by the absorption in the atmosphere. The data



they return will ultimately determine 1if other methods der what is really needed for space exploration, as every
of exploration are possible. Among the most axiciting good drsigner would like to have everything, and every-

might be a hot air balloon mission to explore the thing could be much too expensive.

circulation below the visible cloud regions. Though it

is too early to know what might be possible, high rem- There are on our list of components and systems

perature electronics will most likely be required. many of the same things that are required for well-

logging instumentation, so to the degree that instru-

Going towards the inner part of our solar system mentation requirements are mcre or less identical, opera-

we find Mercury and the Sun. The Mariner 10 spacecraft tion to 300°C should be possitle using hybrid circuit

measured surface temperatures on Mercury rayging from techniques developed for well-logging. A fairly good

90 to 460°K. Radiative transfer models indicate that summatry of the limits of electronic components was given

temperatures as high as 650°K (377°C) exist when Mercury by Venerusc (1979). Much work has been reported by

is closest to the sun. The precession of the perihelion Palmer (1977), Palmer and Heckman (1978), Palmer

of Mercury has been used to test the general theory of (1979), and Prince et. al. (1980) describing tests,
relativity, however, this rate of precession is also design rules, and fabrication of electronic circuits
partly cansed by the solar oblateness which distorte the suitable for many instrumentation systems. However, our
gravity field of the sun. Further teats of the general 1list contains some items not essential to the well-

relativity thecry could be facilitated by placing a logging industry. These are:

transponder on the surface of Mercury or by placing a

close orbiter around the sun. The solar orbiter could 1. High temperature power sources

map the gravity field, measure the oblateness, and carry

out other measurements of fields and particles. Measure- 2. Ultra stable uscillators and clocks
ment ¢f the perihelion precession of orbiter could give

an even better verification of the general relativity 3. VHF, UHP, and Microwave transmitters
theory.

4. Antennas
Electronic Hardware

5. Electromechanical actuators, motors, &nd

Most conventional military electronics will operate guidence systems
to 100°C. Therefore, at 100°C it 1is s'~pler to ask what
won't work than what will. Bven though many components 6. Special depluyment components and systems
will still function to 150°C, very few electronic systems
will function prnperly. Therefore, electronic systems The power source is so important that it is placed
must be designed specifically to reach this temperature, first in the list. An effective way to evaluzte power
As we go beyond 200°C, many standard components and sources for space applications 1s by figures of watt
packaging techniques begin to fail. By 300°C, very few hours per kilogram, watt hor-s per cuhic centimeter,
gilicon semiconductor devices continue to operate. As and ~att hours per dollar. The last measure is often

we go beyond 150°C it is especially important to consi- the most difficult to obtain as most high tempizature

Table I. High Temperature Emergy Sources

Energy Temperature Max ,
Device Type Manufacturer Range Wh/kg Wh/ce Watts Efiiciency k
Lithium/Carbon Primary Power Conversion -50° to 60°C 270 0.41 0.90 NA D-size tested
Iac. available .
{
Lithium/Carbon Primary Electrochem -20° to 150°C 515 0.98 9.60 NA D-size tested |
Industries available |
So&'li.l.nn/lul’s3 Secondary EIC 130° - - - - Experimental ' |
Sodium/Sulfur Secondary General Eiectric 280° to 150°C 150 - - - Experimental
Fusned Salt !
f
L1S1i/FeS Secondary Rockwell 400° to 450°C 79 - - - Experimeriial
Fused Salt International
Sodium/Sulfur Secondary Marcoussis 2806° to 350°C 200 - 10.0 802 Exper imental
Fused Salt
Photovoltaic Silicon Many < 150°C NA NA NA -12% Available in
@ 20°C many sizes
Photovoltaic GaAs Rockwell < 300°¢C NA NA NA ~14% Exper imental
International @ 20°C .25¢m x .25¢cm
Thermal Pyro- Aerogpatiale -40° to 50°C < 20 < 0.07 - - Available in
Electric Gen. technique many sizes
Radio Isotope Pt 238 General Electric < 500°C > 0.5 x 10° - ~bwu/kg 0.25% Requires
Theraionic e Custom
Generator 300°K Design
4
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pover sources are not commercially available. Table I
sumnarizes some of the power sources that are either
available or are known to operate at extended tempera-
ture ranges, Certain special mechanical and electro-
mechanical storage systems have net been included. For
example steam engines, compressed gas, internal combus-
tion engines, and windmills. The use of such systems
should not be discounted, as a tew of these may be
entirely practical. For example, the atmosphere of
Jupiter is mostly hydrogen. The operation of a inter-
nal combustion engine fueled on hydrogen is quite prac~
tical if an oxidizer is carried on the probe. Table I,
then, concentrates on direct electrical power systems
not requiring the conversion from mechanical to electri-
cal energy.

The primary batteries listed in Table I have very
high energy densities compared to most primary or
secondary cells. They also have good storage capabili-
ty, which is essential since many missions require six
months to several years to arrive at their intended
target. The present temperatures limit for commercially
available primary batteries 1s about 150°C. The fused-
salt batteries listed do not begin to operate until the
raterials fuse. These batteries can be stored in the
charged state indefinitely below the temperature of
fusion. Since the lowest temperature battery is the
sodium-sulfur type which begins to operate near 280°C,
there Is a range between 150° and 280°C for which no
batteries are present.y available. Fused salt batteries
can operate to 500°C, so they are ideal for Vemus land-
ers. Although a large number of experiments on various
fused salt cells have been run, only two types of cells
have received sufficient study to be manufactured. The
work on Sodium-Sulfur cells has been reported by Mitoff,
Breiter, and Chatterji (1977) and Chatterji, Mittoff,
and Breiter (1977). Work on the Litulum-Silicon/Iron
Sulfide batteries has been reported by Sudar, Heredy,
Hall, and McCoy (1977). Most work since then has been
directed at manufacturing large cells for industrial
load teveling and for electric vehicles, therefore, a
wide range of sizes are not available.

Energy sources that could support longer missions
than possible with batteries are: 1, photovoltaic cells,
and 2. thermionic cells. Photovoltaic cells may be
usable if the power requirements are not too large.
High light intensities are generally not available deep
in the atmosphere of Venus and at the outer planets,
thus the solar cell array sizes would have to be fairly
large to provide even 20 to 30 watts. Silicon cells are
not useful above 209°C, although work is being done to
extend the temperature range for use with large concen-
trators. GaAs cells show the greatest pramise for op-
eration above 200°C, although their efficiency will de-
crease. Tests of a few samples of GaAs cells supplied
by Rockwell International showed a near linear decrease
in terminal voltage with increased temperature. Al-
though these cells survived the 350°C testing, their
efficiency at this temperature went to zero.

Thermionic cells or generators operate by establish-
ing a temperature difference on two junctions formed of
dissimilar metals. Two types of thermionic generators
are listed in Table 1. The pyrotechnigue gererators
suffer from a low energy to weight ratio, bu: could po-
tentially operate to a higher temperature than the pri-
mary cells. Commercially available cells are rated
only to 65°C. These generators operate ouly fcr a short
time following ignition (30 seconds to a few hours).
During this time the energy must be used or it is lost.
The Radioisotope Thermionic Generator (RTG's) suffer
from many of the same problems, but their energy/weight
ratio 1s much greater than aay other power source. The
1ife-time of these generators is controlled b, t%e half-
1ife of Pu 238 which is the most common heat :~urce (86
years). A typical power source, such as the ones used

on the Voyager apacecraft, generate about 150 watts over
a ten-ye .r period and wcigh about 40 kg. The efficiency
of thermionic generator is proportional to scme fixed
percentage of the Carnot efficfency, thus the efficiency
decreases linearily witlh increased temperature on the
cold side of the junction. Typical high-aide tempera-
tures are near 1280° K. If the high-side temperature
remaing fixed, the Carnot efficiency would be about 2.5
times poorer on the surfsce of Venus than on earth.
Higher efficiencies, of course, are possible if the
high-side junction temperuture can be raised. This re-
quires either higher powered radiocactive matuerials or
ways to reduce the heat transfer through the thermionic
converter. Higher powered radioisotopes probably imply
shorter half-lives, so the total energy may not change
greatly. In spite of this, the future for RTG's looks
good when long missic s are to be considered, as no
other power source 1s presently available.

Ultra Stable Oscillators

Ultra stable oscillators (USO's) are used to
control the frequency and timing of all signals in the
space probe., Microwave signals are generated by multi-
plying the basic oscillator or some lower frequency
derivative of it by a series of simple multiplier
stages. As a result, any phase jitter or frequency
variation of the USO is multiplied by the same ratio.
Thus, the purity of the final signal is controlled by
the USO. Lower frequencies are usually generated by
counting the USO frequency down with digital counters.
The short term stability is most important for the
transmigsion of information, while the lnong term sta-
bility is most important for maintaining timing of
sequences of operations and for guidance and traching.
High quality US?'s maintain long term stabilities of a
few parts in 10 0 and short term stabilities several
orders of meignitude better. Relatively little ie
presently known about the stability at temperatures
above 100°C. In order to determine what might be
possible, several experimental oscillators are being
designed at JPL for operation at 325°C. These units
use special crystals cut to have a zero temperature
coefficient at that temperature. The oscillator elec-
tronics is being “abricated with the standard hybrid
circuit techniques. Experimental oscillators have
already been tested at 280°C with off-the-shelf crys-
tals. This circuit op2rated without failure during tne
two-week test period. The stability of crystal oscil-
lators at high temperatures depends not only upon the
stability of crystal and its Q, but on the drifts in
the other electronic components. Clearly, components
will age faster at high temperatures, and stabilities
are sure to be poorer than obtained at room temperature
or with the best over controlled crystal oscillators.

Just how much poorer is a question that remains to be
answered.

Transmitters

The measurements of scientific data in a high
temperature environuent is of little use unless the
information can be sent out of the environment. 1In the
case of planetary exploration, the only feasible comnu-
nications channel 18 via radio. The choice of wave-
lengths 18 dictated by the transparency of the atmo-
sphere, the feas:bility of the antenna structures, the
availability of receiving equipment, and the background
noise level. In the case of Venus, the atmosphere
Yecomes opaque in the cm range, and a one-way trans-
mission loss uof 5 dB 1ie encuintered for 4 cm waves.
Since Venus has uo appreciable lunocphere, longer wave-
lengths pass freely. The physical size of antennas for
wavelengths longer than a few mete:s jrobably restricts
the low frequeucy range to 100 MHz. Tle :'adio back-
ground noise {8 cont-ibuted by the thema. radiation
from the planet and the radiatloa frow free space., The



free space background radiation becomes smaller as the
wavelength is shortened, so shorter wavelengths are
generally preferred. Therefore, any transmitter ~och-
nology that can operate in the frequency range from

100 MHz to 3 GHz is a potential candidate for ovr
purpogses. If we restrict our study to devi.es that
could operate above 150°C, we Iind only vacuum tube and
GaAs semiconductor cevices. In the case of varuum
tubes, there is no reason to believe that a wide variety
of devices would not work if special precautions were
taken in fabrication. Included as possibilities would
be Klystrons, TWT's, and standard ceramic vacuum tubes.
Of these only the rcraxic triode vacuum tubes have been
tested to temperatures of 450°C and found usable. A
small pulsed oscillator is being designed and fabricated
by General Electric for testing at JPL. This oscillator
could be used as a beacon, a simple telemetering de-
vice, or possibly a radar altimeter. Vacuum tube de-
vices have the potential or operating at either con-
tinuous low power or high peak pulse power, thus they
are ideal for pulsed radar and beacon applicationms.

GaAs transistors are available and provide the
possibility of higher efficiencies than vacuum tubes,
since no heater power is required. GaAs transistors
supplied by Microwave Semiconductor Corporation have
been tested at JPL to temperatures as high as 210°C
for a period of 10 days with no noticeable deteriora-
tion of the S~band performance. Operation of these
devices to higher temperatures is likely to be possible
with reduced efficiency.

Antennas

Given that a suitable transmitter can be designed
and fabricated, the power must be radiated to the
observer. Antennas are passive devices constructed of
metal and insulators. They must be structurally solid
enough that the deformations are small compared to the
scale size of the wavelength. In general, -he more
directive the antenna is, the more important is the
structural integrity. Also important is the resis-
tivity of the metal surfaces at high frequencies, that
is, the losses in the antenna are contributed by the
currents flowing near the surface of the metal, there-
fore, since the resistivity increases with temperature,
the losses will be larger at high temperatures.

Exposed antenna surfaces will most likely have to be
gold plated to insure that active gasses in the atmo-
sphere will not react with the metal raising the
resistivity and increasing the losses. Some antenna
components employ ferrite devices for switching, isola-
tion, hybrid combiners, and so forth. Many ferrites
reach their Curie point at fairly low temperatures,

and devices dependent upon high frequency magnetic
materials may not be available to the designer. Other-
wise, the antenna system is not considered to be a
serious problem, but systems to point it are likely to
be a greater problem.

Electromechanical Devices

Electromechanical devices include such things as
motors, solenoids, relays, resolvers, synchros, and
so forth. Transformers are also usually included as
simple machines even though thiey do not employ mechan-
ical motion. Both adequate magnetic materials and
magnet wire exist for fabrication of transformers for
operation to 500°C. Transformers have been built for
even higher temperatures, however, commercial suppliers
are scarce. Recently, transformers have been built by
General Magnetics for testing at JPL for temperatures
to 350°C. These transformers have operated for several
hundred hours at temperatures between 200°C to 300°C.
As a result, we believe that electromagnetic devices
of all types can be designed. Presently under testing
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are several transformers and reed switches. High tem-
perature motors were demonstrated by General Electric
in the 1950's, but apparently this technology uiias been
lost. At the present time, few high temperature
electromechanical cevices can be found, but modifica~
tions of standard designs should be possible simply by
substituting high temperature materisls for the stan-
dard materials.

Deployment Devices

Spacecraft degigners have a number of favorite
devices for deploying spacecraft systems. Among these
are various pyrotechnique devices such as exploding
bolts. 4ll pyrotechnique materials become increasingly
unstable as the temperature increases, and the use of
such devices at high temperatures seems out of the
question unless insulation or cooling is provided. A
number of other deployment techniques seem applicable.
For example, since the temperature increases as we
enter the planetary atmospheres, various fusable pins
and plugs can be used to initiate deployment. Pressure
sensitive devices may also be practical.

Conclusions

There are many applications requiring high temper-
ature electronics for space exploration. Presently,
there seems to be no applications requiring systems
operating above 500°C, where very few electronic com-
ponents continue to operate. A number of important
missions can be carried out with 300°C electronics,
most interesting would be the low altitude balloon
studies of the Venus. Even more extraordinary would
be a low altitude airplane imaging system flying only
a few hundred meters above the surface. Although it
may be several years before such missions could be
considered seriously, a balloon system to study the
Venusian atmosphere at an altitude of 40 lm is being
designed by the French Space Agency and initial studies
of 300°C electronics are being carried out at JPL for
a pcssible balloon mission near an altitude of 18 km.

Electronic systems that are required include
instruments, modulators, ultra stable oscillators,
transmitters, power supplies, and power sources. Many
of these systems would benefit from further work in
high temperature semiconductors. Especially lacking
are high temperature diode rectifiers and microwave
transistors. New developments in GaAs and GaP devices
would greatly aid in simplifying the design of high
temperature systems. The ultimate 500°C applicat:ons
will require new technology. Further work on SiC
semiconductors seem appropriate. The irdtegrated
thermionic circuits being developed by McCormick (1978)
at Los Alamos Scientific Laboratory coupled with ceramic
triode transmitters by General Electric could provide
the basic building blocks for the first entry into the
area of 500°C exploration.
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NEEDS FOR HIGH TEMPERATURE ELECTRONICS IN POSSIL ENBRCY PLANTS

W. W. Managan
Argonne National Laboratory
9700 S. Cass Avenue
Argonne, Illinois 60439

The purpcse of this paper is to present needs
for high temperature electronics in fossil energy
plants by first discussing several case histories
on applications and second by discussing the
measuredent methods. This will present some of
the typical operating conditions encountered in
addition to temperature as well as the electronic
requirements of high temperature transducers. .
Emphasis will be placed on unmet measurement needs
as identified in a State-of-the-Art Survey.1

Process temperatures in synfuels piants have
wide ranges which may be grouped as follows:

1. Ambient (-40°C to + 125°C) (solar plus
self heat in enclosures);

2. 800°P (426°C) limit for ca-bom steel
piping;

3. 1500-1700°F (800-925°C) in combustor
effluents;

4. 2500-3200°F, in oxygen fed combustors
and magneto hydrodynamic channels.

01l and gas well logging tools encounter
operating temperatures of 100°-200°C.
Under sodium viewing and signalling in
fast breeder reactors can be done at
400°F (200°C) during loading or shutdown
conditions.

Measurement methods include:

1. Ultrasonic, velocity by time differen-e
and by Doppler effect (using piezoelectric
transdvcers) as well as noise vibrationm,
erosion and safety related measurements;

2. Electromagnetic induction, pressure gauges
and flowmeters;

3. Capacitive, velocity by cross-correlation
and present-by-weight solids in two
phase (slurry) flows.

All of these, especially the pilezoelectric
and capacitive transducers, may benefit substantially
by placement of preamplifiers or pulser/receivers
near the transducers to transmit high level, low
impedance analog signals or, in the future, fully
digitized signals.

Future fossil energy plants will require
automated control for etficiency, safety and
environmental acceptability. Electronics and
transducers capable of operating at and with-
standing temporary high temperatures will be needed.

1N. M. O'Pallon, et al., A Study of the State-of-the-
Art of Instrumentatinon for Process Control and Safety
in Large-Scale Coal Gagificstion, Liquefaction, and
Fluidized-Bed Combustion Systems, Final Report,
ANL-76-4 (January 1976).
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HIGH TEMPERATURE ELECTRONICS UTILIZATION
FOR PRESENT AND FUTURE NUCLEAR INSTRUMENTATIOR

ST e ST AAR T AT

M. Marx Hintze
E G & G Idaho, Inc.
P. 0. Box 1625
Idaho Falls, ID 83415

Blectronics used in nuclear instrumentation is
compromiged by restrictions relative to the environ-
ment (temperature, radiation, pressure, etc.).
Electronics, by necessity, must be located at
considereble distances from the measuring point.

There will inevitably be many improvements
wmade in instrumentation and controls because of the
three-mile-island incident. Improved electronics
capability will complement this surge for safer
controls.

Other greas, such as diagnostics, will advance
repidly as ability to withstand harsh environments
becomes reality. The remoteness of temperature
measurement electronics significantly reduces
time response. Minimum response time in the
irfant controlled fusion plasma diagnostics and
control is vital.

Fluid density measurements would benefit
from electronics mounted close to a gamma densito-
meter detector. This would improve response time

and stabilicy.

In conventional nuclear reactor instrument
applications, a continuing engineering problem is
the larg: number of pressure boundary penetratiomns
necessary. WVith electronics capable of withstanding
severe environments, the number of penetrations
could be greatly reduced.

Fiber optics and elecronics together capable
of resisting temperature and vadiation, in the
nuclear rcactor realm, would greatly enhanc:
measurement capability along with reducing
mechanical cabling and penetration requirements.

11
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HIGH TEMPERATURE ELECTRO! IC RRQUIREMENTS IN AEROPROPULSION SYSTEMS

by William C. Nieberding and J. Anthony Powell

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

Summary

This paper discusses the needs for high tempera-
ture electronic and electro-optic devices as they
would be used on aircraft engines in either research
and development applications, or operational applica-
tions. The conclusion reached is that the tempera-
ture at which the devices must be able to function is
in the neighborhood of 500° to 600° C either {or R&D
or for operational applications. In RSD applications
the devices must function in this temperature range
when in the engine but only for a moderate period of
time. On an operational engine, the reliability
requirements dictate taat the devices be able to be
burned~in at temperatures significantly higher than
those at which they will function on the engine. The
major point made is that semicoiductor technology
must be pushed well beyond the level at which silicon
will be able to functicn.

Introduction

The purpose of this paper is to describe the
needs for high temperature electronics in the air-
craft engine field. The viewpoint expressed is as
seen from the Lewis Research Ceanter of NASA in light
of the fact that a major element of the Center's
mission is to perform basic research and development
aimed at improving aeropropulsion systems. This view
is also based on discussions of the topic with many
other groups involved in aeropropulsion both in
govermment and industry.

The major areas of research and development in
the aircraft engine field todsy are: (1) higher fuel
efficiency, (2) greater durability, and (3) reduced
emissions, both gaseous and acoustic. There is a
fourth major srea of work which is not tied so dir-
ectly with laboratory research and development but
with flying operational engines. This area is the
reduction of direct operating cost via reductions in
the cost of maintenance and improvemeats in control
systems. This may well be the most significant moti-
vator of all when one gets to the bottom line.

In this paper we will endeavor to show that all
these areas of work, separately and together, provide
strong motivation for development of high temperature
electronic and electro-optic devices.

Requirements for Ground Testing of Engines

In thia section we wil® discuss the need for
high temperature electroni~. for operation on the hot
rotating turbine disks of 2:ngines used for research
and advanced development. Mne urgent requirement is
for & multiplexer operating at 500° to 600° C.

The development of a new aircraft engine is &
very long and expensive process. The process can
take as long as 10 years from start on the drawing
board to first engine certified to fly. During this
process many prototypes are built for testing and
development purposes. These prototypes, as well as
individual engine components, sre operated repeatedly
in ground test facilities. For each of these test
runs the engine or component is instrumented with the
maximum number of sensors possible 8o that as much of
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the desired information as possidble is obtained from
each facility run. Even after an engine is certified
for flight, problems arise in its operation om asir-
craft, or ways of improving its operstional charsc-
teristics become apparent so that this testing pro-
cess continues well into the useful life of an engine
model. An example of this is the REFAN progrem con-
ducted by NASA to modify engines like thoseé on the
DC9 and the Boeing 727 to reduce the acoustic noise.
This modei engine had been in service for many years
but new pressures generated by envirommental concercs
made it desirable to go back and redesign parts of it
for reduced noise emission. This program, by the
vay, led to the improved eangine now on the new
stretched DC9.

The net result of all this is that engine and
engine components receive a lot of testing and this
is a very expensive process. An individual new
engine can cost a few million dollars per copy. It
can take the order of twenty of these to come up with
the first certifiable copy. The cost to tear down an
engine, put in new sensors and wiring, and rebuild
for another test run is frequently upward of a
quarter million dollars. On top of all cthis is the
fact that the cost of perforaming the test run itself
is skyrocketing because of the rising cost of engicc
fuel and test facility operating power. A typical
engine tes® stand capsble of altitude flight simula-
tion uses upwards of 50 megawatts.

These testing costs provide a tremendous impetus
toward getting as many sensors on an engine at one
time as possible in order to reduce the number of
rebuilds and test runs. This is accentuated by the
fact tiiat every rebuild generates a possible assembly
error which on rare occasion can result in catas-
trophic failur: causing loss of engine and/or part of
the facility itself.

What currently limits the nuaber of semsors
which can be installed and utilized for one test? To
angwer this one must look at the current reasons for
engine RSD. As was mentioned in the Introduction,
two of the main motives for RSD ure reduced fuel
consumption, and greater durability. In this area of
work, detailed measurements on the hot rotating tur-
bine are required. The example we will discuss is
the need for dats from this turbine. Here is where
the need for high temperature electronics arises.

A fundamental law of thermodynamics, the Carnot
theorem, says that greater efficiency results from
higher turbine inlet temperature. Another fundament-
al law (related to that of Murphy) says that hotter
rotating machinery is either less durable or weighs
more. Part of the process, then, of producing wmore
efficient and dursble engines is one of obtaining
information about the temperatures and stresses with-
in the turbine to a level of detail never before
attempted. The level cf detail needed in & particu-
lar section of the engine is, in fact, proportional
to the severity of conditions in that section because
the margin for error is less in tiose s>ctions where
the temperatures and stresses gre the greatest. This
leads to the need for far move data than ever before
from the turbine digsks and blades. This is the
hottest paic of the engine other than the combustor
itself. In the turbinz the temperatures s:e not omly



very high but they are also very non-uniform due to
cooling flow th-ough small bleed holes within the
blades.

These very same conditions that make full
instrumentation of the turbine mandatory also make
reliable instrumentation most difficult. In a tur-
bine test of this type, it is necessary to obtain
data from the order of one hundred sensors, like
thermocouples and strain gages, mounted on the rotat-
ing blades and disks. All these sensors can be
mounted but routing the leadwork becomes impossible.
One is faced with routing a few hundred wires down
from the blades and/or disk to the shaft. From here
they must be routed through a hole in the hollow
shaft out to some transmission device such as a slip
ring assembly or telemetry device to get the data
from the rotating shaft to the stationa:y data han-
dling equipment. The problem is that the hole is too
small and/or the wires are too thick. If the hole is
made bigger, the shaft has too little strength and
its mechanical resonant frequencies begin to lie in
dangerous regions. If the wires are made too thin,
they break either in installation and/or in opera-
tion. Compounding this problem, in full scale engine
testing, is the fact that there is no telemetry sys-—
tem available today which is capable of handling all
these channels of data simultaneously in the severe
environment where it must be located.

The current practice is to bring all the wires
to the disk but connect only as many as can be
brought through the shaft. After testing is complete
with this configuration, the engine is torn down
solely to allow connecting another batch of the
wires. This process is repeated maybe three to five
times until all the data is obtained. Not only is
this a terribly expensive process but by the time you
ge: to the third or fourth reassembly of the engine,
many of the sensors and/or wires have failed from
either the rigors of testing or those of disassembly
ant nssembly. This whole situation is obviously not
very good.

What is needed is electronics which can function
in the eavironment in the region of the turbine
disk. Here the temperatures are in the neighborhood
of 500° to 600° C and the centripetal accelerations
are tens of thousands of G's. What is needed most
urgently is a multiplexer so that all the sensors can
be read out during a single test run. Given the
technology to build the multiplexer, the next item of
interest may be some form of analog to digital con-
verter capable of handling the millivolt level sig-
nals from thermocouples. Additionally, a high tem-
perature telemetry system to send the signals from
the rotating shaft to a stationary receiver would be
highly desirable. The ideal would be one that
requires no cooling because getting cooling air flow
to these regions is not only complex and expensive
but also the cooling air flow itself upse.s the con-
ditions in the engine to some extent. It should be
noted that the capability for telemetry, multi-
plexing, and analog to digital conversion in this
environment, except for the high temperature, has
already been demonstrated.

What we have described here is the nced for
rugged electronics to be used at sink temperatures of
about 500° or 600° C. It is most important that
these devices work reliably for the order of 50 to
100 hours at test conditions. Thie is not continuous
operation, though, because typical test runs last
from 2 to 10 hours. More will be said about reli-
ability in the next section when we deal with the
problems encountered on engines that are on uper:.
tional aircraft.
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Requirements for Operational Engines

In this section we wili develop the needs for
high temperature electronics on operational engines.
Even though we will arrive at the same temperature
level requirenent of 500° to 600° C, it will be for a
different reason. The functioning temperature level
of the electronics on an operating engine will be
about 300° C but reliability will dictate a much
higher burn-in temperature.

The most significant problem with operational
aircraft engines today is that their direct operating
costs are too high and gecting higher. Certainly the
rising cost of fuel is a major contributor to this
problem. It is the root reason for the R&D aimed at
reduced fuel consumption. However, fuel costs are
not the only major constituent of direct operating
cost. Another major factor is engine maintenance.

As the engines become more sophisticated and complex
in the interest of reduced fuel consumption and lower
weight, they also become more difficult and costly to
maintain. This has led to emphasis on greater dur-
ability and to modularization of engine designs.

Because we seem to be hammering away at costs so
hard here, the reader may get the impression that
these problems apply primarily to the civilian
fleet. Not so. The military is also acutely con-
cerned with these cost problems both because of their
budget constraints and because they are flying the
latest, most sophisticated engines which have not yet
developed the maturity and refinement of design that
usually leads %o reduced maintenance costs.

How does one knov when to pull an engine from
service and tear it down for maintenance? The most
common criterion is that a particular component of
the engine has operated for a predeterminea number of
hours or cycles. Another common criterion which is
used to determine when to remove an engine is that
the required thrust cannot be achieved without
exhaust gas temperature exceeding a permissible
level. This temperature is monitored for just this
purpose. If this temperature gets too high the tur-
bine life is drastically reduced. There are other
criteria used for removing an engine such as the
belching of strange looking flames or smoke from the
tail pipe or the emission of atypically cacophonous
sounds and vibrations. Though these will not be
considered significant for the purposes of this
paper, they are usually considered urgent in the
extreme by those aboard the aircrafc.

The approaches to maintenance described above
are not necessarily cost effective. The fact that an
engine has operated for a given number of hours or
cycles says nothing of the conditions under which it
operated. In the interest of safety, these intervals
are usually set shorte- than really necessary so that
maintenance is frequenciy performed on an engine that
really does not need it. Exhaust gas temperature is
only a very gross indicator of health so that the
engine w+y be in rore need of maintenance before this
criterion demands ‘t. An alternative approach, which
has Leer. tried with some instances of success, is an
engine m- 1. oring system. The ideal monitoring sys-
tem wou: Do on the engine. It should collect data
on selec: '« "ngine parameters and process this data
to a frm ths. indicates whether the engine needs
maint an y~ints to the component needing the
m2'at r.awe. aad, perhaps, specifies what maintenance
is needev. Such a syitem, coupled with the modular-
ity of modern engines, will allow rapid access to the
parcs needin” repair or replacement based on actual
performance data. However, the modularity require-
ment dictates that at least some of the electronics
required for engine monitoring be located on the
engine.l

The need for such an engine condition monitoring
system leads rather directly to the need for high



temperature electronics. The devices needed here are
for sensor signal conditioning, signal transmission,
and & monitoring computer. Compared with the re-
quirement discussed in the previous section on ground
testing needs, the device requirements dictated by
this monitoring system at first appear to be quite
benign. There are far fewer sensors needed. They
are probably not in the rotating environment. The
signal conditioning, transmission, and computing
equipment will not be located right in the very
hottest parts of the engine but on the outside casing
somewhere where the temperatures are lower. Careful
consideration of this system, though, leads to the
conclusion that the requirements may well be as
difficult to satisfy.

The operating temperature requirements for this
monitoring system ususlly come out to be about 300° C
for high performance military aircraft or the possi-
ble future supersonic transport. This temperature
is set by the fact that the coldest air available at
maximum gpeed and altitude is at what is called ram
air temperature or total temperature at these flight
conditions. Every other available fluid temperature,

_except that of the fuel, is higher. Fuel cooling of

the electronics is now being used in some cases but
it is very undesirable from the st-ndpoint of com-
plexity, weight, and leak potential. Thus 300° to
400° C seems a reasonable target for flight engine
monitoring devices. This level does not seem very
severe until one considers the problem of reliability.

Whereas, in the previous section we came up with
operating time requirements of about 100 hours, in
the flight monitoring system we need thousands of
hours of absolutely trouble free operation. The
primary reason for this is that you will not reduce
maintenance cost if your monitoring system fails.
Failure of the monitoring system will result in
either premature engine repgir or in monitoring sys-
tem repair or, far worse than these, the indication
that the engine is healthy when it is not. This
leads to the inescapable conclusion that very high
reliability is needed.

Common practice for achieving high system reli-
ability for a given functional temperature is to use
components that have been burned-in at a significant-
ly higher temperature in order to weed out potential
failures. The higher the burn-in temperature, the
shorter the burn-in must be to weed out the bud
parts. An acceptable burn-in temperature would be
about the same as the temperature required for ground
test applications discussed earlier.

A further requirement on operational engines

-arises from the need for more sophisticated engine

control sgystems. This is b2ing pursued by going to
all electronic controls. These controls are required
in order to achieve peak performance with high effi-
ciency, long life, and safety. Requirements for
modularity, flight safety, and combat survivability
dictate that this control system be located on the
engine.? This puts it also in an environment like
that discussed for the monitoring system. Indeed the
control computer may also be the monitoring com-
puter. Thus, engine control requirements result in
about the same environmental and reliability needs
for electronic devices as do those of the monitoring
system.

We should point out here that there is also a
need for optic and electro-optic devices to operate
on the engine. This need arises primarily in mili-
tary aircraft. Fiber-optic, rather than electronic
cable, transmission of data from place to place on
the aircraft brings the significant advantages of
enhanced freedom from electromagnetic interference
and the ability to send data over multiple paths
without incurring the weight penalties of multiple
electronic cables. Since much of the data originates
on the engine, at least some of the electro-optic

15

devices and fiber optic bundles will reside on the
engine and therefore have to operate reliably in the
same thermal enviroament as the monitoring and con~-
trol electronics.

To summarige this section, the needs of opera-
tionsl aircraft engine monitoring and contiol dictate
electronic and electro-optic devices capable of very
high reliability while operating at teamperatures not
too much higher than 300° C. This reliability re-
Quirement, we believe, will require burn-in at the
500° to 600° C temperature level.

Concluding Remarks

In this paper we have discussed the needs for
high temperature electronics and electro-optics as
they would be used on aircraft engines in research,
davelopment, and cperation. The conclusion reached
is that the temperature at which the devices must be
able to function is about the same either for R&D or
for operational applications though the reasons for
arriving at this estimated temper~ture are quite
different. In R&D applications the devices must
function at this temperature when in the engine but
only for a moderate period of time. On an operation-
al engine, the reliability requirements dictate that
the devices be able to be burned-in at temperatures
significantly higher than those at which they will
function on the engine.

We have been purposely vague in defining the
temperature goal as being around 500° to 600° C

‘because there are arguments for a goal & hundred

degrees above and below this temperature range. The
major point to be made is that we must push well
beyond the level at which silicon will be able to
function.

A3 a final thought, we would like to say that
all of this constitutes the justification needed to
get support for a program aimed at high temperature
electronics. It probably nas little to do with the
most significant future applications of these de-
vices. They are presently unknown. Consider the
nriginal justifications for developing integrated
circuits. They were to enable small, low power cir-
cuitry for spacecraft applications. As it has turned
out, they were indeed useful for these purposes but
these uses have proved to be of trivial impact on
society relative to the other, more mundane uses to
which they are now being applied. At Lewis we had a
high temperature electronics program going in the
lare 60's and =arly 70's aimed at the needs of
nuclear power systems for spacecraft. When taat was
no longer supported the elec.ronics program went down
the tubes with it. Now we are starting up essen-—
tially the same program for completely different
reasons. We cannot help but feel that high tempera-
ture electronics will indeed have wide application
not only to the areas discussed at this conference
but also tc far more important areas which we just do
not have the vigion to predict.
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PRESENT AND FUTURE NEEDS IN HIGH TEMPERATURE ELECTRONICS
FOR THE WELL LOGGING INDUSTRY

N. Harold Sanders
Research and Engineezring
Dresser Atlas Division
Dresser Industries
10201 Westheimer
Houston, TX 77001

Introduction

The economic and political conditions which have
increased the cost of fossil fuels along with changes
in govermment regulations which have provided the in-
centive to produce hydrocarbons from depths greater
than 15,000 feet, has encouraged the oil exploration
industry to drill to depths not previously considered
economically producible. This increased drilling
activity has placed more demands upon the well logging
service companies to provide a wide range of logging
and completion gservices for wells with bottom hole tem-
peratures greater than 200°C and pressures in excess of
20,000 psi. An example of this type of activity is
along the U.S. Gulf Coast, which has a high geothermal
gradient that can produce “emperatures as high as 250°C
at depths of only 18,000 feet.

Standard downhole tools for well logging measure-
rents are typically rated for an environment of 175°C

ambient temperature and pressure of 20,000 pail. The

ability to log the higher temperature wells has gener-
ally been limited to engineering developmental tools or
tools in which the electronics section is housed in
insulating dewar flasks with heat sink compounds ca-
pable of maintaining component temperatures below
150°C. The limitation in power available from portable
power units has limited the use of thermoelectric units
for cooling.

The Challenge

Deep wells with temperatures and pressures above
the limits of the standard tools have been considered
as curiosities and very limited in number; thus, the
use of special tools prepared and operated by engineer-
ing personnel, although expensive, was acceptable.
However, as deep pays have been proven and the econmic
incentive to produce these wells has increased, the
amount of deep exploration activity has significantly
increased. The logging service companies have found it
necessary to develop tools that can be accurately run
by field personnel and which give reliable performance
for several hundred hours at temperatures greater than
200°C. ‘

Not only has the deep well put more gevere tem-
perature requirements on the tools, but the need to
reduce expensive drilling rig downtown has dictated
that a number of different tools be run in combination
on a single logging run. This need has increased the
complexity of the tools by requiring extensive analog
signal conditioning, as well as the addition of a digi-
tal communications system to transmit the large amounts
of sensor data to the surface over the limited number
of lines available in the logging cable.

Increased complexity in the tool electronics would
normally mean an increase in the tool length since
drilled hole limitations restrict the maximum tool di-
ameter. However, to reduce tool string length and
weight, emphasis is placed on elimination of flasks and
the miniaturization of electronics through the use of
medium and large scale integrated circuits and the com-
bination of ICs and discrete components into hybrid
microcircuits.
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It is this requirement that forces the well log-
ging tool designer to design for reliable vperation at
high temperature and to put as much circuitry as pos-
sible into the smail space available. To meet this
need the designer must have a wide range of semicon-
ductors, passive electronic components, and dielectric
materials commercially available. The key point here
is “commercial availability” such that tools can be
desigred and then manufactured in sufficient quantities
to support the expanding field requirements.

A successful high temperature logging tool is a
combination of various mechanical and electronic com-
ponents with special consideration required in the
application of metals, elastomers, cables, pressure
seals, feed thrus, as well as electronic components.
The following limited discussion addresses only a
segment of this - the electronic components.

The nents
Functional Blocks

The preferred component for a downhole logging
tool is actually a functional block, either monolithic
or hybrid, which integrates a complete schematic block
into a single package characterized and tested for high
temperature operation. This allows maximum utilization
of available space in the pressure sealed housing and
gives added assurance that the system will function
properly after assembly. The other major contribution
of the functional block integration is the improved
reliability obtained with component prescreening and
reduced number of packages with the resulting fewer
interconnects.

Some types of electronic functions which are uti-
lized and needed for downhole tools include the follow-
ing:

1. Voltage Regulators - linear and sv .tching
2. Precision Voltage Reference

3. Instrumentation Amplifier with 100dB CMRR
4. D to A and A to D, 12 Bit Converters

5. Wide Bandwidth Operational Amplifier with tempera-
ture stable bandwidth and offset

6. Precision Comparator
7. High Current, Wide Band Linéar Driver
8. TPhase Sensitive Detector

9. FET Switch and Driver with low leakage and ON
resistance

10. Sample and Hold
11. logic family
12. Crystal Controlled Oscillator

13. V to F Converter




na——

Preferred specifications at 200°C for the functions
listed would be the same as for better parts presently
available at 125°C. Operation with some specification
degradation to 250°C would be acceptable.

Relays

Relays in downhole tools are kept to a minimum,
but if maace more reliable, would be used. A holding
relay which dissipates power only when actuacted is
desirable. At least a DPDT, crystal can size relay with
self-wiping contacts for dry circuit to one amp loads
is needed. More poles and smaller size (T0-5) would be
a bonus.

Thyristor

SCRs capable of switching up to 35 amps of current
and blocking 800 volts with less than 2.5 milliamps
leakage at 250°C are needed for power control and con-
trol of capacitor discharge.

Diodes

With many of the radiation logging tools requiring
high voltages, there is a particular need for rectifiers
with reverse breakdown voltages greater than 3000 volts
at leakage currents less than 25 microamps at 250°C.

It is expected that GaP devices might fill this require~
ment, but they have remained as laboratory specimens
rather than commercial catalog items.

Capacitors

Capacitors with the low dissipation factor of Tef-
lon (0.5%) over temperature, the TC of NPO Ceramic
(+ 30 ppm/°C) and a high volumetric efficiency are
needed. Capacitors with these characteristics are
ieeded particularly for applications such as active
filters and sample and hold circuits. Although Ruby
Mica offers the low dissipation factor and high tempera-
ture operation, its TC exceeds the desired +30 ppm.

Resistors

Fixed resistors using metal films have operated
satisfactorily up to 250°C and beyond, but a trimmer
potentiometer is needed that will maintain its setting
over this same range of temperature. Since thick film
resistive elements on ceramic are suitable for high
temperature, the major factor in obtaining such a device
is in the mechanical design of the contact and drive
mechanism to maintain the precise setting over such a
wide temperature range.

Although selection of fixed resistors to compensate
for circuit variations is an obvious alternative, it
gives considerable difficulty in field calibration and
alignment.

Magnetics

Inductor and transformer design with existing ma-
terials has ¢ lowed for operation up to 200°C for some
time. Operation above this temperature for extended
periods awaits the development of more stable magnetic
materials and higher temperature wire insulation.
Although the designer can remove transformers from most
small signal circuitry, the need for power transformers
for low loss conversion of downhole supply power is
still important.

Dielectric Materials

In several types of logging tools, there is a need
to farricate portions of the tool from a dielectric
mater: al to permit the transmission of electric fields
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or to isolate an elrctrode from an adjacent conductive
housina. For tereratures up to 200°C this has been
accoaplished by use of epoxy/polyimide glass laminate
becxuse ot iis mechanical strength and its ability to
be m:chined to precise dimension in any shape. The
epoxies presently used begin to deteriorate rapidly
with storage at temgeratures =2tuve 200°C so new mate-
rials are needed to extend this capability.

Conclusion

New developments and increased vendor interest in
high temperature electronics have definitely improved
the availability of components for hostile environment
equipment. This paper has attempted to show that the
market continues to expand and opportunities exi:t for
the continued growth of commercial products in well
logging sexvices,
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PASSIVE COMPOWENTS FOR HIGH TEMPERATURE OPERATION

L. S. Raymond, D. R. Clark, D. O. Black, D. J. Haumil-
ton, and W, J. Kerwin

Department of Electrical Engineering, The University
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Thin film techmology has been well-eatablisghed
as a viable and necessary part of modern microelec-
tronics. Extending the technology of thin films for
use at high temperatures has required the development
of new materials and processes in order to meet the
required electrical specifications at elevated tem-
peratures. DBy developing thin film components for
high temperature applications such as geothermal well-
logging, aircraft engine instrumentation, and nuclear
reactor monitoring, it will be possible to provide
high circuit density and improved relfability.

One of the major objectives in developing thin
film materials and processes has been to ensure that
they would be fully compatible with standard silicon
integrated circuit technology. This would lead to
the ability to adapt ome or more of the processes in-
to existing processing lines with minimum disturbance.
The passive components must also be compatible with
hybrid circuit fabrication and, if possible, Inte-
grated Thermionic Circuits.

Research and development work at The University
of Arizona has been directed toward resistors, capa-
citors, and interconnect metalizations. The use of
Low Pressure Chemical Vapor Deposition (LPCVD) has
been used in material development and component fab-
rication. This 18 a major departure from the stan-
dard thin film deposition method of sputtering and
thermal evaporation. LPCVD by its very nature 1s a
process which allows the passive components to be
fabricated at temperatures higher than their highest
required operating temperature.

The deposition of thin films by LPCVD is accom~
plished by reacting one or more gases on the surface
of 3 heated substrate. The major components of an
LPDVD reactor are illustrated in Figure 1.

Pressurs Gauge
L] ]
Corere [
RF Cosl

. '"l'“‘su.o‘P/ tor
‘L_

Load Ooor

Gas Floy
Centrolq
W

et ey

Cold wall LPCVD Reaotor

Figure 1., Pictoral representation of the major in-
ternal components of the LPCVD reactor.

The substrates to be coated are placed on the
graphite susceptor and then loaded into the center of
the quartz reaction tube., RF power is applied to the
coil on the outside of the reactior tube which in turn

ic coupled into the graphite susceptor causing it to
heat. Temperature of the susceptor fa measured with
a type~K thermocouple.

The vacuum pump 18 a special chemical-grade rough-
ing pump designed to withstand the pumping of corrosive
gases. Prior to the application of RF power, the at-
mospheric pressure is reduced to the pressure limit of
the pump; the carrier gas is turned on, and the pres-
sure set. Pressures of several torr or lesa
are typical, with carrier flow rates of 0.1 to 2.0
liters/min. Nitrogen, hydrogen and helium are typical
carrier gases. These are controlled with mass flow
controllers and the pressure is continuously monitored
with a capacitive manometer.

Material gselection is of primary importance in
designing high temperature passive compoments. All of
the materials must have the desired electrical proper-
ties, and they must also have compatible mechanical
properties including coefficient of expansion, stress,
and adherence. Without the required mechanical proper-
ties, the components would not survive long enough to
test. A group of materials that can be deposited by
LPCVD and which also are electrically, chemically, and
mechanically well-matched are:

(1) Tungsten
(2) Tungsten-silicon
(3) Silicon nitride

Substrate materials are equally important for the same
reasons; the two substrates recommended are:

(1) oOxtdized silicon wafers
(2) Sapphire.

The reactions to form the materials are:

“?6 + 332 -+ W + 6HF
HP6 + 8134 + Hz + W - S51 + HF
33134 + 4NH3 - 813N4 + 12!12

Not only must the materials be compatible, but so also
must the deposition reactions at elevated temperatures
so that the deposition of one material does not destro
the previously deposited thin film layers.

Delineation of the materials 1s accomplished with
standard equipment and processes used in silicon IC
fabrication. The thin fil s can be etched by wet chem-
ical etches, or by plasma etching. Negative photore-
sist has been used since the developers for positive
photoresists are basic and therefore tend to etch the
tungsten.

Cpecifications for thin film resistors required
stable operetinm Lo 500° C. with teupstature coefficients
of resistance {TCR) less than 50 ppm/ C. over the entire
temperatuce vange. The material selected for the re~
sistors was iungsten-silicon deposited by LPCVD. The
characreristics of the tungsten-silicon can be adjusted
to mee: *h.. requirements of high temperature operation,
stability, and low TCR.

Tungaten~silicon is grown from the reaction of
tungsten hexafiuvoride, silicone, and hydrogen:

"76 + SIH4 + 82 + W 84 + HF + Hz

The ratio of tungsten to silicon can be varied. The
TCR can be made both positive or negative depending on

-~ e




the process parameters used. Figure 2 is a resistance
vs. temperature curve for a W-Si resistoi. Typical re-
sistivity of the tungster silicon used for the resis-
tors is 2,500 ufl,cm. Sheet resistors range from 50 to
1000 0/[] and TCR values from -50 to 50 ppm/°C. The
process is compatible with silicon IC fabrication and
thin film capacitor processes.

— — ™
1&0L
5.;. or» +6ppm/°C. 4
g :
-
=
g
8.of
0 100 200 300 400 500
o
Temperature, C
Figure 2: Resistance versus temperature curve for a

W-Si thin film resistor TCR = +6 ppm/©C.

The thin film capacitors are designed to operate
from room temperature to 350° C. and to fill the need
for high temperature capacitor with capacitance up to
0.1 pF. Work voltage is specified at two points:

(1) 50 wvpc at 25° C,

(2) 20 wvDC at 350° c.

With a 20-volt bias applied across a capacitor
at 350° C., the DC resistance must be greater than
1 x 107 q.

Dissipation factor is required to be less than
0.010 at 1 KHz. over the above temperature range.

Capacitors are parallel plate structures using
oxidized silicon wafers as substrates; however, sapphire
could be used. A cross-section is illustrated in
Figure 3.

SILICON SUBSTRATE

Crcss-section of thin film capacitor.
Tungsten is used for the parallel plate
electrodes, and silicon nitride is used for
the dielectric layer and the passivation,
All materials with the exception of the al-
uminum bonding pads are deposited by LPCVD,

Figure 3:
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The electrodes are tungsten and the dielectric layer
and passivation are silicon nitride. Bonding pads are
thermally evapcrated aluminum.

With LPCVD deposition of the layers, pinhole prob-
lems in the nitride have not been encountered, and it
has therefore been possible to fabricate capacitors
with several square centimeters area. Typical capaci-
tance is 0.02 yF/cm.“; areas as large as 4 cm. have
been used.

The relative dielectric constant of the silicon
nitride is 8.6 and the dissipation factor due solely
to the silicon nitride is 0.0002. Forlarge value ca-
pacitors, the series resistance term becomes the domi-
nant factor in increasing the dissipation factor. The
total dissipation factor is generally less than 0.003
at 350° C. and 2.0 KHz.

In order to meet the DC resistance requirements,

t is necessary that the silicon nitride have very low
«onductivity, The conductivity is a function of both
he temperature and the applied electric field so both
wst be considered when designing a capacitor. Capac-
itors which were fabricated exhibited a temperature co-
efficient of capacitance of approximately +70 ppua/©°C.;
a typical capacitance-temperature relationship is shown
in Figure 4.

2.9

T — T T
2.8 | 4
L
e
= 2.7 L 4
g /
3 —__—__,,.————.—.,,.
2.6 | TCR = 59 ppw/°Cy
2.5 i L "
103 200 300 400
)
Temperature, C

Figure 4: Capacitance as a function of temperature
for a thin film capacitor.

The processing needed to form high temperature
capacitors .ith areas up to 4.0 cm.“ and capaclitance
values to 0.1 uF has been duveloped to the point where
it can be transferred to commercial production.

Table I shows the salient features of the process.

By extending the use of the LPCYD tungsten, inter-
connects between passive components can be formed. If
the tungsten is deposited directly over the surface of
a silicon wafer that has been processed to the point
where it is ready for the metallization, tungsten can
be substituted for the normal aluminum interconnect
metallization,

Aluminum as an interconnect metal on silicon inte-
grated circuits has a number of problems when high cur-
rent densities and high operating temperatures are
present. Under these conditions, electromig-ation




of the sluminum can occur, causing the physical trans-
port of silicon out of the contact regions of the sili-
con.

TABLE I

HIGH TEMPERATURE CAPACITOR MANUFACTURING PROCESS

1, LPCVD TUNGSTEN - 2,000 A.

2, PHOTOLITHOGRAPHY *.OTTOM ELECTRODE

3. LPCVD - 813N6 (3500 A) POLLOWED BY LPCVD TUNGSTEN (2000 A, TOP ELECTRUDE)

4., PHOTOLITHOGRAPHY -~ TOP ELECTRODE

5. LPCVD - 813N4 (1,000 A, PASSIVATION) AND LPCVD TUNGSTEN (2,000 A, USED AS ETCH MASK)

6. PHOTOLITHOGRAPHY - CONTACT WINDOWS IN TUNGSTEN ETCH MASK.

7. ETCH 813N4

8. PHOTOLITHOGRAPHY - REMOVE ETCH MASK
9. ALUMINUM CONTACT EVAPORATION

10. PHOTOLITHOGRAPHY - ALUMINUM CONTACTS.

11. TEST.

Failure of the interconnect then occurs; the failure
rate i8s accelerated as the temperature is increased.
Failure can also occv~ bucause of poor step coverage
of the aluminum used in silicon IC. Tapered regions
in the interconnects often form in the bottom of the
steps during the deposition process.

Tungsten was investigated as a possible material
for use with high temperature silicon IC to avoid the
problem of premature failure of the metallization at
elevated temperatures.

The contact regions between the tungsten inter-
connect and the silicon must form ohmic contacts,
This was investigated as a function of silicon doping,
process parameters in the tungsten deposition and tem~
perature, Ohmic contacts were formed jm both n- and
p~- type silicon for ghoephorua doping levels of 4 x
1018 cam.=3 to 5 x 1047 cm.-? and boron levels of 2 x
107 cm.=3 to 1.0 x 10?% cm.~3., The ohmic character-
istic of the contact is seen in the linear I-V rela-
tionship for a 10 um x 10 ym contact shown in Figure 3,

1.0

R

CURRENT (mA)

.2

VOLTAGE (av'

Figure 5: 1I-V curves for ohmic contacts to n- and p-
type silicon. The solid line represents tungsten met-
allization, and for the comparison, the dashed line is
for an aluminum/silicon contact to n-type material.

Tests for electromigration were made using two
metallization strips; each strip was 10 um wide and
0.5 ym thick. They were designed so that the current
could be injected into or brought out of the tungsten
through a silicon contact or through the tungsten alone.
One strip was designad to traverse .5 um of oxide strips.
The contact resistance between the silicon and tungsten
could also be monitored separately.

No evidence of electromigration was seen in the
tungsten at current densities of 4 x 10° A/cm.? for 72
hours. Tests were run at substrate temperature from
25° C. to 300° C. The actual temperature of the inter-
connect was somewhat higher due to the power dissipated
by the :-=st curreant.

Cr-tical current densities (current density at
point of interconnect fatlure) were 4.5 x 10° A/cm.2for
Si3N. passivated tungsten, and 5.7 x 10° A/cm.? for
hy” o en-annealed tungsten.

SEM microphotographs of the tungsten over oxide
steps indicated excellent step coverage. No failures
due to exceeding the critical current densit.es occur-
red in the step regions,

Schottky diedes were also formed between the tung-
sten and the silicon wafer; however, they were leaky.
It {s now felt that the leakage current was the result
of improper diode design rather than an inherent prob-
lem in forming good Schottky diodes between silicon and
LPCVD tungsten,

This work was sponsored by Department of Lnergy,
Division of Geothermal Energy.
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DEVELOPMENT OF AN 1100°F CAPACITOR*

Robert E. Stapleton

Panelvision Corporation

265 Kappa Drive

Pittsburgh, PA 15238

SUMMARY

The feasibility of developing a high
temperature capacitor for 11000F operation
whiclk: is as small and light as conventional
capacitors for normal operating temperatures
is discussed in this paper.

Pyrolyic boron nitride (PBN) was select-
ed for the dielectric after evaluating three
other candidate materials at temperatures up
to 11009F, PBN capacitors were made by slic-
ing and lapping material from thick blocks
and then sputtering thin film electrodes.
These capacitors had breakdown strengths of
7,000 volts per mil and a dissipation factor
of less than 0.001 at 1100°F.

Additional processing improvements were
made after testing a multi-layer or sgacked
PBN capacitor for 1,000 hours at 1100°F.
Sputter etching the wafers before depositing
electrodes resulted in a 2-3 fold reduction
in dissipation factor. A sputtered boron
nitride film applied to the outer electrode
surfaces produced a more stable capacitor.
This data will be presented together with a
design for a 0.1 pF capacitor and a summary
of PBN wafer fabrication costs.

INTRODUCTION

Capacitors were one of the electrical
components that limited the operating temper -
atures in the advanced electric power systems
being developed for spacecraft in the 1960s.
As electric power requirements in spacecraft
increase, the amount of power lost as heat
also increases. This heat must be removed to
keep temperatures from building up beyond the
operating limits of the electrical compo-
nents. Specially designed mica capacitors
were available for 7509F operation but these
devices were larger and heavier than standard
units. In order to build a higher tempera-
ture-lightweight capacitecs, a better die-
lectric was needed.

MATERIAL SELECTION

At least ten cifferent dielectric mater-
ials were considered initially as candidates
for a high temperature capacitor. From pub-
lished data, four likely materials were sel-
ected for test: single crystal Al;03, poly-

, hot pressed BeO and pyro=
lytic boron nitride (Pyrolytic boron nitride,
formed by a chemical deposition process at
3600°F, is a denser and purer material than
compressed and sintered boron nitride).
Wafers were sliced from blocks or pieces of
the candidate mate: lals and then lapped and
polished. Since capacitance varies inversely
as the thickness of the dielectric material,
the wafers were made as thin a. practicabla,
The thinne~t wafers were produced from pyro-
lytic boron nitride (PBN). This material is
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soft (Moh's scale-2) and less brittle. It
was found that PBN could be lapped into flex-
ible, pin-hole free wafers as thin as 0.0004
inches from thick blocks of starting material
(L.

After careful cleaning, thin film elec-
trodes of platinum - 20% rhodium were applied
by DC triode sputtering. Glass masks were
used for pattern definition. A small test
furnace was built to fit inside an 18-inch
glass bell jar tnat was pumped to the test
pressure of 1-4 x 10-7 Torr with a liquid
nitrogen trapped diffusion pump. FElec-
trical teets of the single wafer capacitors
in vacuum at temperatur»s up to 1100°F
showed that pyrolyic boron nitride was by
far the best material. The dissipation
factor of PBN capacitors was less than
0.001, 10 to 100 times better than that of
cepacitors made from the other candidate
materials as shown in Figure 1.
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Figure 2 shows that the change in capacitance
from room temperature to 1100°F was minus 1.7
percent compared with plus 10 percent for
single crystal Al303. The measured DC break-
down voltage was 7,000 volts per mil for a
0.001 inch PBN capacitor at 1100°F, compared
to 1800 volts per mil for the closest com-
peting material (single crystal Al;03).
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Figure 2. Change in Capacitance From Room
Temperature to 1100°F for Candi-
date Materials.

PYROLYTIC BORON NITRIDE CAPACITORS

To obtain higher capacitance units,
individual PBN capacitor wafers were shaped,
electroded with sputtered platinum and stack-
ed. Actual capacitor wafers (rectangular and
round with tabs) are shown in Figure 3.

Figure 3. Photograph of Rectangular PBN
Capacitor Wafers and tabbed 0.750-inch
diameter wafers.
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The platinum sputtering targets were posi-
tioned on opposite sides of a wafer. The
wafer was clamped between two glass masks as
shown in Figure 4 so that both surfaces of

TOP MASK
WAFER NO. |

Figure 4. Glass masks used for sputtering
electrodes on tabbed wafers.

the wafer were coated at the same time in-
cluding the conducting path around each tab.
By properly orienting the tabbed wafers,
alternate electrodes are connected together
as shown in Figure 5. The total measured
capacitance of each stack is then the sum of
the capacitances of all wafers.

CAPACITOR WAFER CAPACITOR WAFER

/ﬂ!CTROII

————
BOTTOM SURFACE

TOP SURFACE

WAFER NO. | X
WAFER NO. 2
WAFERNO. 3 | U S |
WAFER N0, 4 I
WAFERNO, 5 T

fili}

[ L

PARALLEL INTERCONNECTION SCHEME

Figure 5. A Five-Layer Stacked Capacitor
Showing Tabbed Wafers and Electrcue
Geometries and Electrode Orienta-
tion Necessary for Parall _
Electrical Interconnection.




TABLE 1

Pyrolytic Boron Nitride Capacitor Compared with Lower-Temperature Capacitors*

. Capacitance
DC Maximum Capacitance Volumetric Change from Dissipation

Capacitor Working Operating per Unit Volume Efficiencx Room Temp. Factor

Type Voltage Temp. (°F) (pF/in.3) (pF-V/in.3) to At 1 kHz
Metallized o
Polycarbonate 600 200 0.54 320 200°F,+1% 0.002 at 200°F
Teflon, Foil " °
Electrodes 200 400 0.64 127 400°F,-4% 0.001 at 400°F
Mica .
(commercial) 150 750 0.13 19 750°F,-4% 0.02 at 7500F
Mica -
(exgerimental). 250 900 0.03 8 900°F, -25% 0.10 at 900°F
PYrolytiC e 500 to 0.8 to 1.74 400 to 1740 4009F,-05% 0.001 at 400°F

r 1000 1100 (uncased) (uncased)  1100°F,-17% 0.003 at 11000F

(5-wafer stack)

*Values are typical for the general types of dielectric systems indicated.

Electrode thickness is negligible (about
0.00001 inch) making the total stack height
essentially the sum of the thicknesses of the
PBN wafers. This construction produces high-
er capacitance per unit volume than that of
other capacitor types, and also considerably
higher volumetric efficiency. These and
other qualities are compared in Table 1 for

a PBN capacitor and several commercial
capacitors.
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Voltages for a Five-Wafer Multi-Layer Pyrolytic
Boron Nitride Capacitor with Sputtered
Flatinum Electrodes in Vacuum at '100° F
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A 5 wafer PBN capacitor was life tested
at 1100°F in vacuum for a total of 1120 hours
at a DC voltage stress up to 1,000 volts per
mil. Figure 6 shows the change in dissipa-
tion factor and capacitance as functions of
time and increasing voltage. Note, however,
that a more rapid change in capacitance
occurred at 477 hours which corresponds to
an increase in energizing voltage from 750
to 1,000 volts per mil. Subsequent analysis
showed that these changes were probably due
to a slight separation of electrodes from the
wafer surfaces in the stacked capacitor.

FABRICATION IMPROVEMENTS

Two methods were developed to improve the
electrode adherence on PBN wafers in a
stacked capacitor. The first method was to
RF sputter etch (texturize) both surfaces of
a PBN wafer just prior to depositing elec-
trodes. This treatment produced an ultra
clean surface znd electrode adhearance values
greater than 1,000 psi. A 2-3 fold reduction
in dissipation factor was an unexpected bonus
compared to capacitors made without etching.
The reduction in dissipation factor is attri-
buted to the removal of mechanically disturbed
surface layers prcduced during final lapping.
About 3,000 angstroms was removed from each
surface of a PBN wafer by sputter etching.
Removal of additional material had a negli-
gible affect on dissipation factor.

The second improvement was to deposit a
diffusion barrier layer over the outer sur-
faces of each electrode to prevent inter-
electrode bonding in a stacked capacitor.
Boron nitride was RF sputtered from a PBN
target using a glass mask to protect the
contact tabs. About 500 angstroms of boron
nitride was deposited on each electrode at
70 angstroms per minute.

A three wafer capacitor was tested that
incorporated these improvements (sputter
etching and BN barrier layers). Figure 7
compares the rate of change in capacitance

l
1
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The Q-factors of piezoelectric resonators fab-
ricated from natural and synthetic quartz with a 34°
rotated X-cut orientation have been measured at tem-
peratures up to 325°C. The synthetic material, which
vas purified by electrolysis, retains a high enough Q
to be suitable for high-temperature pressure-trans-
ducer applications, whereas the natural quartz is
excessively lossy above ~ 200 C for this application.
The present results are compared to results obtained
previously on AT-cut resonators.

Introduction

Quertz-resounator pressure transducers are being
developed at Sandia Nationsl Laboratories for high-
tenperature (% 300°c) applications in geotechnology
aress.! Areas of particulsr interest include survey-
ing of geothermal and deep o1l and gas resources. In
order for a crystal resonator to be used as a pressure
gauge, the effect of temperature changes on the res-
onator frequency must be ainimized compared to the
pressure-induced frequency shift. Thus it is desirable
to use a resonator design that is temperature-compen-
sated to as high a degree as possible over the tem-
perature range of interest. Plate resonators operating
in the thickness shear mode are generally utilized in
temperature—-compensated applications, as they have
turnover points in their frequency vs temperature
characteristics. This means that the derivative
df/dT (f = frequency, T = temperature) is zero at some
nppropréate temperature. For applications around
200-300 C, a rotated X-cut orientation of the resonator
plate has been shown to be more suitable than other
temperature~compensated orientations because it
exhibits a lower curvature of f(T) at the turnover
point.? Tae geometry of the rotated X-cut plate is
shown in Fig. 1. Here a rotation angle of 0 = 3° 1s
shown, as this is the angle that provides compensation
in the temperature range of interest.

z ROTATED
z’ X-CUY
\ g=3° QUARTZ

Fig. 1. Tllustration of the 36° rotated X-cut
orfientation used for temperature-compensated
pressure gauge applications.

A move detailed description of the pressure gauge
being developed can be found in Ret, 1.

Although the rotated X-cut orientation has been
found to be optimm from the viewpoint of its frequency
vs temperature and pressure characteristics, there are
no data in the literature on the Q-factor of resonators
with this orientation. For stable and reliable gauge
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‘are + 45° out of phase.

HIGH-TEMPERATURE MEASUREMENTS OF Q-FACTOR IN ROTATED X-CUT QUARTZ RESONATORS*
1. J. Frics 4
Sandis Nationsl Laboratories’
Albuquerque, N. M. 87185

operation it s necessary to have a Q of cver » 10% for
all operating temperatures.! It is knowe from previour
work on quartz that the Q depends on a number of factors
including crystalline orientation, growth conditione
(natural or synthetic), sample preparation, and the
number and type of defects present. The present work
was undertaken to characterisze the temperature depen-
dent Q-factor of rotated X-cut quartz resonators
fabricated both from natural and synthetic (electrol-
yzed) material.

Experiments

Four samples were studied in the present inves-
tigation: two natural quartz semples from Hof fwan and
two synthetic quartz samples from Sawyer. The Sawyer
material was electrically swept (electrolyzed) at
Sandia. Plano-convex rescnators with deposited Au
electrodes were fabricated and them mounted in her-
metically sealed cans. The samples were heated in a
tube furnace, and care was taken to stabilize the
temperature before tsking each Q measurement.

The simple apparatus used for the Q measurements
is shown in Fig. 2.

TEST APPARATUS

frequency vector
resonator

synthesizer voltmeter
curront view
resistor

-1 fes = by
Q=
fo

Fig. 2. Apparatus used for Q measurements

The output of a frequency sythesizer is used to excite
the resonator and is simultaneously applied to the
reference terminal of a vector voltmeter. Current flow
through the resonator is momitered via a curremt

viewing resistor, the voltage across which is applied

to the signal input of the voltmeter. To ensure that
the resonator is excited by a low impedance source, the
output of the synthesizer is shunted by the resistor
shown- to the left of the resuvnator in the drawing.

With this arrangement the voltmeter measures the complex
admittance of the resonator. Provided that the ree~ :
onance is sufficiently strong, the width (at the half
power points) of the resonance is the difference of the
frequencies fas and f-bS vhere the current and volrage

! Por the resonators used in
the present work, the resonances were somewhat weaker
than expected under ideal conditions. Because of this,
it proved impractical to mcasure Q valuegs below about
5 x 10* readily, as doing so would have required a

e u



point-by-point tracing out of the resonance circle in
the complex admittance plane.’

All the data presented in this paper were obtained
at the third overtone (fm3 MHz) of the resonators.
Resonator data are typically obtained at the fifth
harmonic, but for the present devices the third har-
monic exhibited a higher Q and a stronger resonance:
than did the fifch.

Results

Typical data showing the temperature- uced
shift in resonance frequency for a 6 = 34.0 rotated
X-cut resonator at atmospheric pressure are gshown in

Fig. 3.

frequency shift (ppm)
]

L4

I}ﬂ'uni:ﬂih
-8 _ -
0 ' 1 ; . ] ' n
T (°C)

Pig. 3. Fractional change in resonant frequency vs,
temperature for a (contoured) rotated X~cut
resonator.

Also shown in this figure is the magnitude of the
frequency shift produced by a pressure 1ncrgase of

100 psi for an actual pressure gauge at 275%.1} Foro
the resonator measured, the turnover point is at 300°C,
compared to the value of 220°C expected from the data
in Ref. 2. The shift in turnover point is believed due
to the resonators in the present work being slightly
contoured whereas the previous work pertains to flat
plates.

Typical data for Q as a function of temperature
are shown im Fig, 4. The quantity actually plotted ;.
the loes Q! (on a logarithmic scale), as is conven-
tional. The upper curve is for the natural (unswept)
wmaterial. For this sample there is a loss peak at
“ 70°C and a rapid increase of loss with temperature
above 200°C., aAs mentioned above, it was not convenient
with the simple apparatus utilized to meagure values of
Q much lower than S x 10*. However it was observed
that the loss did continue to increase with increasing
temperature up to 300 C.
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A natural, unswept 1
0 = %.05°
. o -
' b L
6 d -
JO
° ‘ b L
2t ’ . " 3
. synthetic, swept ]
o=u.1°
4 o
2 o Iy " o o ry
] 108 m n

T (°C)

Fig. 4, Typical data for acoustic loss Q-1 up to
325%. Data were taken at 3 MHz (3d harmonic).
Data obtatned for a sample of synthetic swept

quartz are shown in the bottom part of Fig. 4. The
dramatic improvement due to the electrolytic purifi-
cation is irumeliately apparent. Since the Q is more
than 2.5 x 10% over the entire range of temperature,
it appears that synthetic swept quartz 1s suitable for
pressure gauge apnlications. Data obtained on the
other sample of swept synthetic material are similar to
those shown in Fig. 4, An important point to mentfon
with regard to the present data is that the actual
intrinsic Q of the swept synthetic material may be
higher than the data indicate. This ig because the
resonators were plated and the resulting stresses may
dominate the loss for high qualit! quartz. Previous
workers have noticed this effect,” and for reliable
measurements of Q 2 10° it s advisable to drive the
resonator by capacitive coupling across a gap.

Discussion

It is of interest to compare the present results
with those obtained in previous studies of resonator
loss as a function of temperature. Most of the
previous work in this area has been done on AT-cut
thickness shear resonators. The extensive early work
that was done has been reviewed by Praser," who discug-
ses in detail the efferc¢s of impurities, radiation, and
electrical sweeping or. the temperature dependent
acoustic loss. Nowiik and Stanley® have given a group-
theoretical analysis of dielectric and acoustic re-
laxation in quartz and have used the results te
‘nterpret data in the literature.

From symmetry congiderations, Nowick and Stanley
have argued that all pure shear mode deformationg will
couple to relaxational normal modes transforaing
according to the doubly degenerate E represmntation of
the crystalline point group (Dy). Since the AT-cut
thickness shear mode involves a pure shear deformat ion,
and since the rotated X-cut thickness ghear mode ig
very nearly a pure shear mode,? one would expect gim-
ilar anelastic behavior for the two different ori-
entations. Of course, the wmagnitudes of the anelasgtic



try arguments.

relaxations cannot be deduced from syame S. A. S. Nowick and M, W. Stanley, in Physics of the
Nonetheless, it is not particularly surprizing that Solid State, ed. by S. Balakrishna et al.,

the data of Fig. 4 are somevhat similar to previously (Academic, New York and London), p. 183 (1969).
published data on AT-cut.regonators fabricated from ———

natural and swept-synthetic quartz.

The previous work“'% on anelastic loss in quartz
resonators has led to a partial understanding of the
relation between various impurities in the samples and
the various loss peaks observed. Unfortunately, the
behavior at low temperature 1s better understood than
at high temperature. All quartz, natural or synthetic,
contains a significant number (2 5 ppm) of aluminum
(AL**) impurities which substitute for silicon in the
lattice. These defects are charge-compensated by
alkali fons (Na*, Li* or k%) at interstitial positions
adjacent to the Af. Compensation by protons 1s also
possible. The motion of the interstitial ionm among
equivalent positions in response to the acoustic stress
is an important mechanism for producing acoustic loss.
Careful electrolytic sweeping can remove the alkali
impurities, and it is believed that protons or, in
certain cares, holes provide charge compensation
of the A2+, Water may also be incorporated into the
quartz lattice (eg during growth) by replacing a
$1-0-S{ bridge with two Si-0-H structures,

For uatural quartz the rapid rise in loss above
200°C as seen in Fig. 4 18 believed due to alkalf dif-
fusion in response to the applied stress. Removal of
alkalis by electrolysis is necessary to reduce this
source of loss. The loss peak shown at ~ 70°C in
Fig. 4 may be of the same origin as a similar peak
observed in natural Brazilian oealine quartz and in
fast Z-growth synthetic quartz.® It appears to be
associated with OH bonds.

The data for synthetic quartz in Fig. 4 do not
show any evidence of acoustic loss peaks. The previous
work on AT-cut resonators has shown that loss peaks
usually are observed, but that they are quite weak. It
appears that the background loss due to electroding and
mounting may have obscured any small loss peaks in
the present measurements.

Conclusions

Two main conclusions may be drawn from the present
work. The first is that the acoustical loss properties
of rotated X-cut resonators appear similar to those
of the widely studied AT-cut. Thus most past
experience on AT-cut resonators may provide a
valuable guide in designing devices using the rotated
X-—cut. The second conclusion is that electrolytically
swept synthetic quartz appears to have sufficiently
high Q for pressure gauge applications, whereas
naturgl quartz is unsuitable for temperatures above
~ 200°C.
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ASSESSMENT OF HIGH TEMPERATURE METALLIZATIONS FOR Izl. AND QM08
TECHNOLOGIES

A. Christou and B. R. Wilkins
Naval Resear-h Laboratory
Washington, b. C. 20375

Introduction

As part of the Navy's high temperature electronics
program, high tempersture barrier metallizations wvere

assessed and tested for Izl. lsd CMOS applicstions ‘o Life
tects were accelerated to 375 C in view of the =55°C to
+300°C temperature range established for engine-located
electronics without fuel cooling.

The gold-refractory metallisations evaluated wern
Au-TiW-Pesi, Au-TiW/Ti0,/TiVW-PtSi and Au-TiN(N)-Ptsi.

These metallization systems were thermally snnealed to
at least 375°C for up to 250 hours. The critical re-
qQuirement for stable diffusion barrier is the TiW grain

size. Smal! graip (250%-5008) films were observed to be
stable up to 375°C. Deposition to TiW diffusion barrier
in the prescnce of oxygen and nitrogen also relults in
an effective diffusion barrier. Life tests at 340°C up
to 100 hours have been completed.

ABS profiles of the Pt8i indicates some penetration
by the TiW. In the casge of Pt8i/Tiw interface, the re-
distribution of oxygen ‘urther passivates the system by
forming a Tioz layer at the interface. Characterization

of IzL devices subjected to 340°C anncals will also be
presented.

High Temperature Metallizations
——=_C Jeta’’lizations

The Au-TiW System

Previous inveatigltioml-s on tke interdiffusion
and relisbility of Asrrefractory films used in devices
have neglected "sybstrate" effects. It is recogniged
that the substrate can be a very active member of dif-
fusion couples which may in many cases accelerate degra-
dation observed in the gold conductor and refractory
barrier,

In assessing the high temperasture relisbility of
Au-Ti(W) films for high temperature applications, we
compare the role that 3 different intervening layers on
silicon substrates play in the stability of these metal-
lizations. These layers are Ptsi, sioz and si3ll4. Each

been incorporated in
is used for passivation and the PtSi

of the layers have, on occasion,

MPTS. The s‘a"a

layer is used as the ohmic contact,

Table I summsrizes the deposition conditions, giv-
ing film thickness, sputter target, eubstrate tempera-
ture and film characteristics.

TABLE 1

Deposition Conditions for Small Grain 8ize
TiW Diffusion Barriers

Film Thickness 12008 - 18008

BF Sputtered Tiy 4 Wo.7 Target

Substrate Temperature 120%
Resistivity of Tiw 77 u Q-cm
Grain Size 250 - 7508

The differences in the Ti(W) reaction with §i, sioz

and Pt8i are shown in Pigur 1.
enhancement of the diffusion between Si and Ti(W).
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At 375°C there is no
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Figure 1. Diffusion profilesof the TiIW diffusion
barrier. (A) Silicon substrate, (B) siozlsi

- substrate, (C) Pe8i/si

is as expected from the diffusivities of thege systems

which is of the order of 10-20 cm/sec. Likewise, the
interdiffusion effectu are minimal between siO2 and

Ti(W) at this temperature. Howvever, when the layer is
Pt8i, it acts as a source and cink Yor Silicon stoms
resulting in the outdiffusion of 8i into the refractory
fila. The mount of 8i detected in the Ti(W) fila ie
not satisfactorily explained from & solid solubility

. ) ol
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argument. These results agree with our previous work
vith Ta on 8i and Pt8i end with Sinha's work with Hsiz

formation on Pe8i-8i substrates. The excess silicon in
the TiW will result in a refractory silicide formation
at higher temperatures. Our conclusion, to date, is
that the eu-rm system with small grain TiW {s stable
up to 375°C.

The Oxide/Nitride Assisted Diffusion Barriers

The deposition of TiW in the presence of oxygen
overpressure or nitrogen has been determined to improve
the overall thermal stability of the TiW diffusion bar-

rier. An overpressure of 10.3 Torr of oxygen or nitro-
gen vas used in each case resulting in Titanium nitride

passivation of the TiW grain boundariel.l"s 8ince the
primary diffusion mechenism at temperatures below 500°C
is grain boundary diffusion, ihe formation of TiN at
the TiW grain boundsries inhibits significant grain
boundaries up to 450°C. The Au-TiW(TiN)-PeSi systeam
vas found to be stable up to 450°C as shown in Table II,
vhere the at. T 8i and Au detected in the bulk of the
TiWl by energy dispersive x-ray snalysis is susmarized.

TABLE 11
ERvaluation of the 'riil(‘ri.ﬂ)o Diffusion Barrier
up to 450°C
Anneal Temperature at. 2 8i at. 2 Au
(100 hrs) Detected in TiW(TiN)
300°¢ ND WD
340°C 1.1 1.0
350°C 1.8 2.0
40006 2.5 3.0
450°C 4.2 6.5

Howaver, a* 450°c, the eignificant observation is that
Silicon was not observed in the Au overlaye: thus show-
ing the overall stability of TiW/TiN) as a diffusion
barrier.

Izl. Test Elements With Au~TiW Metallizations

As part of the Navy's High Temperature Electronics

a custum IzL metallization test mask set has been pro—
cessed using the Au-TiW-PtSi system. The test mask
includes a number of different test elements which are
simed at determining design constraints on ohmic con-
tacts, metsl width and spacing. Also included are eym-

metrical cell IzL logic gates and ring oscillators. The
initial test results look promising in that 2 of 6 (82)
of the oscillators failed within 775 hours. A total of
8ix oscillators have now reached %30 hours with no
failures. These tests are contir.iing and additional
refinements to the metallizatior willl be incorporated

in“the Izl. devices to be process:d in the future.
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Abgtract - 1In this paper we present the initial
regults of work on a new clags of semiconductor metal-
izations which appear to hold great promise as primary
metallizations and diffusion barriers for high-tempera
ature device applications, These metallizations consist
of sputter-deposited films of high-'l'g amorphous-metal
alloys which (primarily because of the absence of grain
boundaries) exhibit exceptionally good corrosion-resis-
tance and low diffusjon coefficients. Amorphous films
of the alloys Ni-Nb, Ni-Mo, W-Si, and Mo-Si have been
deposited on Si, GaAs, GaP, and various insulating sub-
strates. The films adhere extremely well to the sub-
strates and 1emain amorphous during thermal cycling to
at least 500°C. Rutherford Backscattering (RBS) and
Auger Electron Spectroscopy (AES) measurements indicate
atomic Qiffussivities in the 10-19 cm2/S range at 450°C.

INTRODUCTION

One of the most difficult problems associated with
the design of semiconductor devices intended for high-
temperature operation is that of finding a suitable
metallization system for providing contacts to the semi-
conductor. Typical difficulties which limit the life-
time of semiconductor devices at high temperature in-
clude: (1) altered electrical behavior caused by inter-
diffusion of metal and semiconductor; (2) dimensional
changes or embrittlement caused by compound formation,
or grain-growth; and (3) catastrophic metallization
failure due to electromigration. These must be consid-
ered as intrinsic failure modes in the sense that, while
they may vary in absolute and relative importance from
one system to another, they must always be present to
some extent. Furthermore, all of these failure modes
involve diffusive transport within and/or among the
metal and semiconductor layers, and increase rcughly
exponentially with increasing temperature. The design
of high-temperaturemetallizations, therefore, necessar-
ily involves a search for means to impede atomic diffu-
sion within the metul-semiconductor system. The most
common approach to the problem ot 1limiting diffusion
between dissimilar materials involves the use of inter-
vening metallization layers which are intended to act
as diffusion barriers. A well-known example is provided
by the Ti-Pt-Au metallization which is used in the
"Beam-Lead" technology [1,2]. This metallization (on
Si) has survived brief stress-tests at over 400°C, but
degrades rapidly at all temperatures above 350°C (2].
Similar results arc obtained with many other diffusion
barriers [{3). The reason for the failure of convention-
al passive diffusion barriers is simple, but has only
recently become well-recognized: Diffusive transport
in polycrystalline thin-films is dominated by diffusion
along grain boundaries and dislocations at all realist-
ic operating temperatures [4]. The barrier layer can-
not be fully effective if it is, itself, a thin, poly-
crystalline film. Nicolet has recently given a compre-
hensive review of thin-film diffusion barriers [3], in
which the importance of grain-boundary diffusion is
highlighted. 1In addition to reviewing the shortcomings
of traditional diffusion barriers, Nicolet discusses
more sophi. ticated concepts including "stuffed barriers”
(in which the grain boundary paths are blocked by suit-
able impurities) and "thermodynamically stable” barriers
(which utilize stoichiometric compound barriers such as
transition metal nitrides or borides). In the present
paper, we present an alternative approach to the design
of high-temperature metallizations. We propose the use
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of sputtered amorphous metal films, either as primary
metallizations, or as thin diffusion-barrier layers be-
tween conventional polycrystalline films,

Amorphous metallizations are easily produced by
sputtering fromvarious transition-metal and transition-
metal/metalloid alloys. As noted above, most of the in-
herent reliability problems of conventional metalliza-
tions are associated with polycrystallinity and atomic
motion. In amorphous metals, there are no grain bond-
aries or dislocations, and diffusive transport is thus
determined by bulk diffusion coefficients [5,6]. As a
consequence, diffusive transport in amorphous metal
films can be orders of magnitude slower than in poly-
crystalline films of comparable composition. It is
primarily for this reason that we believe amorphous
metal films constitute an interesting new class of ma-
terials for semiconductor metallization applications.

EXPERIMENTAL

Materials Sel :ction

If amorphous ¢€ilms are to be useful in the pro-
posed applications, it is necessary that they remain
amorphous at the desired operating temperatures. Typ~
ically, the time constant for crystallization is of the
order of $ 1 hour at the glass transition temperature,
Tq. and extrapolates to several years at T < 0.85 Tg
[g,sl . We have therefore focused on alloys having knowh
or predicted Tg values of > 500°C. Donald and Davies
[{7] have discussed various factors which promote glass-
forming ability and high T, values, and have published
several useful tables of ﬁmwn glass-forming composi-
tions. After ~.nsideration of the factors discussed by
these authors, we selected the Ni-Nb, Ni-Mo, Mo-Si, and
W-Si systems for investigation. A full discussion of
our selection criteria has been given elsewhere [8].

The substrate requirements for successful vapor
deposition of amorphous metals are easily satisfied by
almost any crystalline or amorphous solid. The main
requirement is that the substrate surface remain at a
temperature well below Tg during deposition. This, in
turn, requires that the substrate have a thermal con-
ductivity adequate for rapid transfer of the heat-of-
condensation to a heat sink. The fact that amorphous
metals have been deposited succegssfully on such notably
poor thermal conductors as pyrex (0 ~ 0.0l watts/cm°K)
leaves little doubt that all common semiconductors (o 2
0.1 watts/cm°K) will provide adequate heat-sinking and
be useable as substrates. Most of the work reported
here was done using single-crystal Si substrates, al-
though fully amorphous films have aiso been obtained on
Gahs, GaP, AR;03, glass, mica, Cu, and AL substrates.

Film Preparation

Amorphous metal films were deposited by RF sput-
tering using a Varian 980 diffusion-pumped sputtering
system, This system uses a split circular cathode, 9"
in diameter, with a 3 1/2" cathode-to-substrate spac-
ing. In order to sputter alloys of unifczm composition,
1/4" thick base cathodes of either Ni or Si were par-
tially covered by 10 mil foil masks of Nb, Mo, or W,
having uniform distributions of holes to expose an ap-
propriate fraction of the base cathode. In initial
work, the exposed areas of base-cathode and foil were
approximately equal. For each of the four alloy-sys-
tems studied, the area ratios were subsequently ad-
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justed to achieve the desired film composition using
feadback from annealing studies and electron~beam mi-
croprobe measurements.

Sputtering was dote using 22 x 10 3 Torr Ar pres-
sure at a total RF power of $1kW. Under these condi-
tions the deposition rate was ‘typically = 300°A/min.
In order to provide a deposit which was sufficiently
thick for X-Ray diffraction and electron microprobe
measurements, a standard sputtering time of 30.0 min.
was used. Thus, most of our films were approximately
1 um thick. Compositional uniformity was found to be
typically $0.5 Ats over a 1/4" X 3/4" sample area.

Routine Characterization

The as-deposited films were routinely character-
ized as to aghesion, film-thickness (stylus measure-
ments), composition (electron beam microprobe measure-
ments), structural order (X-Ray diffraction measure-
ments)and electrical resistivity (4-point probe measure-
ments) . For semiconductor metallization applications,
the adhesion and resistivity results are of particular
interest: We find that the films adhere extremely well
to the semiconductor substrates and are very resistant
to scratching. No flaking or wrinkling was observed
on any of these films in the as-deposited state, nor
after thermal cycling between -200 and +500°C. SEM ex-
amination shows the surfaces to be smooth and feature-
less. Typical room-temperature resistivity values ob-
tained for the as-deposited films are as follows:

Alloy Composition P (uQcm) R, /0
Ni-Nb 55-60 AtSNi 200-230 2.0-2.3
Ni-Mo 55 Ats Ni 110-130 1.1-1.3
Mo-Si 60 Aty Mo 160-200 1.6-2.0
w-Si 90 Ats W 140-150 1.4-1.5

The sheet resistance values given in Col. 4 are scaled
to a film thickness of 1lu. As expected, the resistivi-
ties of the amorphous films are somewhat higher than
the resistivities of corresponding polycrystalline films
(typically a factor of ~5 higher), but sheet resistances
of the order of 1 /U are perfectly acceptable for many
device applications. For those applications in which
these resistivities are excessive, it may be possible
to overcoat the amorphous metal with a layer of Au or
Cu to provide a lower-resistance metallization.

Annealing and Crystallization

As the crystallization of amorphous mewcls is con-
trolled by kinetic factors, any experimental value of
the crystallization temperature. T.,» depends on the
time-scale of the experiment. Fortunately, the charac-
teristic time for crystallization is an extremely strong
function of temperature, so that reaczonable estimates
of the maximum "operating temperatures” of amorphous
metallizations can be obtained using reiatively brief
anneals. The results reported here were obtained by
annealing the samples for one hour in evacuated quartz
ampoules which also contained a small slug of Ti for
gettering.

In order to determine the one-hour crystallization
temperature of a given alloy composition, the following
sequence was followed: The first anneal was performed
at 400°C, after which the sample was removed from its
ampoule for examination by X-Ray Diffraction (XRD). If
there was evidence of crystallinity, the sputter-mask
was altered to achieve a different alloy composition.
(Crystallization temperatures below 400°C are of no in-
terest at the present time). If there was no evidence
of crystallization, the same sample was resealed in an
ampoule and annealed at 500°C for 1 hour. This proce-
dure was repeated at 100° increments until crystalliza-
tion was detected. A new sample from the same batch
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was then annealed at the penultimate temperature, meas-
ured for crystallinity, and reannealed at successively
higher temperatures using 50°C increments. Finally, a
third sample was used to find T; to within 25°C.

Figure 1 shows a sequence of typical XRD scans for
initially amorphous Ni-Mo films (~65% Ni). It is some-
what difficult to judge whether or not small features

on the amorphous peak correspund to the early stages of -

crystallization. Massive crystallization, however, is
unmistakably evidenced by the appearance of numerous
sharp diffraction peaks. These comments are illustrat-
ed in Fig. 1 by the 600°C and 650°C traces: After an-
nealing at 600°C, small bumps are seen at 20 = 39° and
45°. These features are reproducible, and apparently
indicate a small volume-fraction of crystallites in an
amorphous matrix. After the 650°C anneal, the 39° peak
is quite strong, but the 45° peak is either missing or

As
Deposited
500C, lh
1 500C, 1h
E 600C, 1lh .
2
[5]
£
(2]
"N N L . 1 .
50° 28 (Deg) 40°
Fiqure 1. X-Ray viffractometer scans of an initially

amorphous film of Ni-Mo after lh anneals at
successively higher temperat.res.

split into several peaks. It appears likely that the
path of crystallization in the Ni-Mo system is complex,
involving intermediate phases. Similar effects are
seen in the other alloys as well. TEM investigations
are planned for exploration of the crystallization
mechanisms,

The results of the annealing studies to date are
as follows:

Alloy Composition TO("C) Tl("C)
1) Ni-Nb 55 At Ni 500 550
2) Ni-Nb 57 Ats Ni 575 600
3) Ni-po 55 Ats Ni 525 550
4) Ni-Mo 65 Ats Ni 550 600
5) Mo-~-Si 60 Ats Mo 550 600
6) W-Si 90 Ats W (Partially crystalline

as deposited)

The temperature Tg is the highest 1-hour annealing
temperature at which no evidence of crystallinity has
been observed. T; is the lowest l-hour annealing tem-
perature at which some evidence of crystallinity has
been observed. The W-Si alloys deposited to date have
contained a small volume-fraction of microcrystalline
phase in a predominantly amorphous matrix. Further re-
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Diffusion

The diffusion of Au in amorphous metal films is of
great practical interest because Au is widely used in
multilayer metallizations and bonding wires for semi-
conductor devices. Au is also a prime candidate for use
as an overlayer to reduce metallization resistances.

Au was ion-implanted into an amorphous Ni-Nb £film
which was subsequently annealed and measured by Ruther-
ford Backscattering (RBS) to monitor any Au diffusion
:®]. The amorphous film was deposited on a single-
crystal Si subgtrate to a thickness of 1j, and was com-
posed of 56.5 At% Ni, 43.5 Ats Nb. The implanted Au
profile was Gaussian, with a peak oncentration of 3.3
x 1020 cm=3 occurring ~400A below tne surface, and a
"full width at half maximum" of 300A. Since a Gaussian
profile remains Gaussian during diffusion, it is
straightforward to deduce diffusion coefficients from
the half-widths of fitted Gaussian curves. Figure 2
shows a comparison of the Au profiles after 0.5 hours
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Figure 2. Comparison of the jon-implanted Al profiles
after anneals of 30 minutes and 35 hours at
450°C, illustrating the extremely low rate
of diffusion of Au in amorphous Ni-Nb at this
temperature. The profile change can only be
discesned by fitting Gaussian curves to the
data.

and 35 hours of annealing at 450°G. Analysis of these
and similar profilegobtained for longer annealing times
gives a diffussivity of D ® & 10-1%cn2 /gec for Au  in
this alloy at 450°C. Note that: (1) D § 10-18 om2/g im-
plies that an Au atom would require roughly 300 years
to diffuse a aistance of 1ly; and (2) the annealing tem-
perature of 450°C is very near the estimated glass-
transition temperature for this film: The one-hour
crystaliization temperature for films of this composi-
tion is in the neighborhood of T, ® 550°C, and T, must
be § T.. Thus, our anneal temperature of asdec is
2.88 Tq- Rutherford Backscattering studies of inter-

- tion as effective diffusion barriers as long
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diffusion between amorphous metal films and overlayers
of Cu or Au, and between amorphous metal films and
gemiconductine substrates are currently underway, and
no quantitative results can be reported at this time.
In addition to the RBS measurements., we have used
Auger Electron Spectroscopy (AES), togetaer with Ar-jon
sputtering to study interdiffusion. Figure 3 shows a
geries of A profiles for an amorphous Ni-Nb film on
which a ~750A Cu layer was deposited. After 10 hours
of annealing at 500°C, there was a slight broadening of
the Cu/Ni-Nb interface, but no large-scale interdiffu-
sion. After one hour at 600°C, however, the Cu,Ni, and
Nb have thoroughly interdiffused, and the "interface"
has moved very deeply (2 20008) into the Ni-Nb film,
Other Ni-Nb films of the same composition were found to
crystallize in one hour at 575°C. It igs therefore clear
that crystallization is responsible for the sudden,
magsive motion of Cu into the Ni-Nb (probably along
grain boundaries). Similar results have been obtained
with Au overlayers and with other amorphous alloys. It
is interesting to note that we found essentially no in-
terdiffusion between Au and amorphous W-Si despite the
fact that the W-Si contained a detectable (but small)
volume-fraction of microcrystalline phase. Thus, we
believe that partially crystalline films can still func-
as the
crystallites are well-separated by an amorphous matrix.

- e o --r.'-
.
Seccnasnnsn o

0 SPUTTERING 1o

TIME (MIN)

Figure 3. AES depth-profiles of Cu, Ni, and Nb. The
top trace shows the as-deposited structure:
A Cu layer on amorphous Ni-Nb. The middle
trace shows that there was very little in-
terdiffusion after 10 hours of annealing at
500°C. The bottom trace shows considerable
interdiffusion after only 1 hour at 600°C.
The rapid interdiffusion at 600°C ig a con-
sequence of crystallization.

CONCLUSIONS

Amorphous metal films of appropriate compositions
can be deposited on semiconducting and insulating sub-
strates, and remain amorphous after one-hour anneals at
temperatures in excess of 500°C. It is very important
to note that the annealing temperatires used in this




study were specifically chosen to find the temperature
ranges in which the alloys under investigation would
crystallize on a time-scale of one hou: (T 2 0.9Tg). At
slightly lower temperatures, crystallization will not
be cbservable on any reasonable laboratory time-scale.
Our results also show that, as long as the films remain

amorphous, they exhibit exceptionally low diffusivities.
Indeed, the W-Si results show that films containing a

small volume-fraction of microcrystallinity can still
function as effective diffusion barriers. This obser-
vati.. is consistent with our basic working hypothesis
that the advantages of amorphous metallizations stem
from the absence of grain boundaries: as long as the
volume-fraction of microcrystallinity is small, the
crystallites will be separated by an amorphous matrix,
Preventing an interconnected network of grain boundar-
ies. At some critical volume-fraction (which can be
estimated from percolation-theory to be about 0.3 {10})),
the crystallites will merge, and an essentially poly-
crystalline film will result. Based on the work report-
ed here, we conclude that films of hiqh-‘rg amorphous
metal alloys are indeed viable candidates for use as
high-temperature metallizations for semiconductor de-
vices. We anticipate that this new class of gsemicon-
ductor metallizations will find important applications
as primary metallizations, interlayer diffusion bar-
riews, and corrosion-resistant overlayers.
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OHMIC CONTACTS TO GaAs FOR HIGH-TEMPERATURE DEVICE APPLICATIONS

W. T. Anderson, Jr., A. Christou, J. F. Giuliani and H. B, Dietrich
Naval Research Laboratory
Washington, D. C. 20375

Summary

Ohmic contacts to n-type GaAs have been developed
for high-temperature device applications up to 300°C.
Refractory metallizations were used with epitaxial Ge
layers to form the contacts: TiW/Ge/GaAs, Ta/Ge/GaAs,
Mo/Ge/GsAs, and Ni/Ge/GsAs. Contacts with high dose
31 or Se ion implantation (1022 to 1014/ca®) of the
Ge/GaAs interface were slso investigated. The purpose
of this work was to develop refractory ohmjc contacts
with low specific contact resistance (~10 = 9-cm® on
1x1017/ca3 GaAs) which age free of imperfections,
resulting in a usiform N doping layer.

The contacts were fabricated on epita;ial GaAs
layers (0=2x101® to 2x10!7/cm3) grown on N' (2x1013/ca®)
or semi-insulating GaAs substrates. Ohaic contact was
formed by both thermal annealing (at tesperatures up
to 700°C) and laser annealing (puised Ruby). Examina-
tion of the Ge/GaAs ingerface revesled Ge migration
into GaAs to form an N doping layer.

Uader optimum laser anneal conditions, the spe-
cific coptact resistance wss in the range 1-5x10 f-cm?
(on 2x1017/cw® GaAs). This is an order of magnitude
improvement over thermally annealed Ag/Si! or Ni/Ge?
contacts. Thermally annealed TiW/Ge had a contact
resistivity of 1x10 fcw? on 1x10'7/cm® GaAs under
optimum anneal conditions. The contacts also showed
improved thermal stability over conventional Ni/AuGe
contacts at lewperatures above 300°C. The contact
resistivity of thermally annealed TiW/Ge does not
increase appreciably with a 350°C, 190 hr anneal, while
that vt Ni/AuGe degrades appreciably between 25-35 hrs
at 350°C. Under bias conditions (6V, 15 mA) the con~
tact resistance of these contacts did not increase
appreciably at 300°C after 160 hr. Preliminary results
with the laser annealed contacts showed no measurable
increase in resistance after 6 hi at 350°C.

Introduction

Low specific contact resistance ohaic contacts to
n-type GaAs using epitaxial Ge rfilms have been reported
using molecular beam epita and vacuum epitaxy.?'*
The epitaxial Ge film allows’(in theory) :he formation
of contacts with a uniform N layer, in the highly
doped Ge film itselfS or, from Ge doping of the GaAs.?'$
These contacts should be more nearly free of imperfec-
tions compared to polycrystalline Ge or AuGe eutectic
films in vhich rapid impurity diffusion occurs at grain
Loundaries. Both thermal annealing and laser annealing
have been used to form ohmic contact. Laser annealing
was used to form these contactsS because when a refrac-
tory metsl overlayer is desired it was found?’4 that
oven anneal temperatures in the range 500-750°C were
required. Subjecting the entire substrate to these
high temperatures can have deleterious effects on the
active and semi-insulating GsAs layers and to other
metallizations previously deposited on the chip, e.i.,
for the purpose of fabricating integrated circuits.
This problem can be obviated by selective contact
snnealing with a laser beam. Pulsed laser annealiug
may also be important in obtaining enhanced activation
of implant. .opents and in obtaining certsin doping
profiles vhen rapid heating and cooling are important.

Tn this paper we report on TiW (88 wt. ¥ W, 12
wt. % Ti)/Ge, Ta/Ge, Mo/Ge, and Ni/Ge ohmic contacts
to n-type GaAs which have two possible areas of appli-
cations: 1) to devices which sare designed to operate
for eitended periods of time in a high temperature

ambient (above 150°C)!, and 2) to improve the reliabil-
ity of devices which experience high channel or contact
temperatures, such as power field-effect transistors
(FET) and transferred-clectron devices (TED).® In both
cases, local melting at imperfections in the congacts
can result in device failure. Formation of sa N layer
at the GaAs-contact interface by Ge dopiug can also
result in significant performance gains in power FETs
snd TEDs through reduction in contact resistance and
increagsed voltage levels.

Experimental Method and Results

Fabrication of the obhmic contacts was similar to
that described previously.? A number of differeat
types of contact: v 're investigated: TiW/Ge, Ta/Ge,
Mo/Ge, and Ni/Ge, voth witk and without a high dose of
8i or Se ion implanted (I2) at the Ge/GaAs interface.
Ohmic contacts were fabricated on n-type epitaxial GaAs
layegs with carrier . concentrstion of 2x1017/cw? grovn
on N (100) oriented GaAs substrates doped to 2x1018/cm®
or on GaAs epitaxial layers (n=1x10!7/cm?®, 20005 thick)
grown on semi-insulating (SI) GaAs substrates. To pre-
pare the GaAs surface for growth of the epitaxial Ge
layer, the surface was cleaned in orgsric solvents,
etched in a solution (10 m€ HCEZ, 10 m{ HF, 40 af H.0,

6 drops of H,0,) to remove carbon and oxygen, and
placed i.nedfa ely into a high vacuum system. Oxides
were desorbed by heating,the substrate to 575°C for 15
min in a vacuum of 2x10 ' Torr. Oxide desorption was
carried out at 575°C because it was found* by Auger
electron spectroscopy (AES) that the oxide concventra-
tion was at a minimum at this temperature without
greatly changing the GaAs stoichiometry. An epitaxial
Ge layer was then grown in the game vacuum at 425°C to
thicknesses between 200 to zoooﬁ by electron begm evap-
oration from pure Ge source. For contacts on N sub-
strates, circular Ge contact patterns (30 to 250 pm in
diameter) were formed by etching and the metal over-
layeis were deposited to thicknesses between 1000 to
2000A (by electron beam evaporation in the case of Ta,
Mo, and Ni; and by sputtering in the case of TiW).
Isolated circular contact patterns were defined using
photoresist and lifting or by performing the geposition
through a metal mask. Ohmic contact to the N backside
was made with AuGe/Ni, alloyed at 450°C for 15 sec
prior to fabrication of the frontside contects. Typical
contacts are shown in Fig. 1. In the case of TiW/Ge/I?
Si contacts to the GaAs epitaxial layer on SI sub-
strates, transmission line model (TLM) contacts were
formed by etching the mesa, TiW, and Ge in three sep-
arate etching steps.

A 650 A TIW 1000 A Ni
wLo 200 A Epi Ge 1000 A Epi Ge
|- —#weaven__ T o
T {N=2 x 10" em-TGeas Epi| | N = 2 x 10'7 om~ 3 GaAs| 0;18um
N* =2 x 10" em™3 GaAs N* GaAs
zzzaq?aazamaazzana!a )
AuGeNI AuGe/Ni

{IMPLANTED 8i
175 ke, § x 104 cm~?
200 keV, 3 x 10 cm~2

Fig. 1. Schematic cross sections of typical refractory
metal/Ge ohmic contacts to GsAs.
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hermal apnealing of the TiW/Ge/I%Si contacts
(1500 'rw/l.oog Ge/1%Si at 60keV, 2x10'¢/cm?) was car-
ried out in forming gas at 700°C. Near cptimum anneal-
ing conditions of 25 min, the specific contact resist-
ance was 1x10 Qcm® as measured by the TLM method.®
Auger electron spectroscopy (AES) sputter profiles, as
deposited and after sintering in vacuum, are shown in
Fig. 2. After :intering4 Ge migration into GaAs wecs
observed indicating an N doping layer at the GaAs
surface. This condition is necessary for a low spe-
cific contact resistance.? The Si implaat may alwo
have been partially activated resulting in a further
increase in the concentration of the N doping layer.
After 25 min at 700°C, Ga outdiffusion was also
observed, allowing vacant sites for Ge or Si doping
atoms.
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Fig. 2. AES sputter profile of TiW/Ge/GaAs contact,
(a) as deposited and (b) !6Ler ohmic contact formation
at 700°C for 15 min at 10 ~ Torr.

Laser annealing wa> performed with a ruby laser
which emitted a one joule, 22 ns pulse obtained by
Q-switching the cavily with a Pockel's cell. Experi-
ments were perfurmed both in single TEM = mode and in
multimode operation. The single mode was used for the
small diameter ohmic contact experiments while the
multimode was employed for large area AES analyses.
For the TEM . mode case, a 0.% mm circular aperture
was placed ?2 the optical cavity. The output beam was
ther focused to form a 260 pm diameter spot at the
sample. A 30 to 50 pym diameter spot, which contained
only the cerier of the Gaussian beam, was obtained by
use of a retal mask. Ohmic contacis vere obtained at
energy densities between 0.09 to 5 J/cm?, depending on
the type of contact. For the multimode case, the full
one joule output was homogenized by a method similar
to that dews.ribed by Cullis, et al.? by sending it
through a 1.2 cm diameter fused quartz optical wave
guide which was bent and tape--l to obtain a spot

diameter a* the sample of 0.7 cm.

Although this "light

guide diltuser" was effective in homogenization of the
multimode structure of the beam and reducing speckle
patterns, "hot spots" were still observd at the output

(particularl, apparent on GaAs surfaces).

A detailed

analysis of the appearance of hot spots will be pub-

lished later.

Current/voltage (I/V) characteristics of a typical
Ni/Ge contact before and after laser annealing are

shown in Fig. 3 as displayed on a curve tracer.

Before

laser annealing the contacts were reasonably well
behaved Schottky barriers; the upper curve shows a

reverse breakdown voltage of about 5 volts on 2x10'7/cm
After a pulie of 0.04 J/cm?® the rectifica-

doped GaAs.

w

tion softens, indicating some very limited melting,
perhaps associated with preferentially absorbing imper-

fections on the top surface.

At 0.14 J/cm?® the contact

was ohmic and the photomicrograph of this contact,
shown in Fig. 3, indicated very shallow, uniform melt-

ing had occurred.

Similar results were found with

TiW/Ge, Mo/Ge, and Ta/Ge contacts.

BEFORE LASER ANNEAL
VERT: 500uA/div
HOR: 1 V/div

0.14 J/cm?
VERT: 20 mA/div
HOR: 100mV/div

0.04 J/iecm2, 1 puise
VERT: 500 yA/div
HOR: 100mVY/div

]
40um

PHOTOMICROGRAPH,
0.14J)/ecm?2

Fig. 3. Curve tracer I/V curves of Ni/Ge/GaAs contacts
before laser annealing and after laser annealing at
0.04 J/cm? (soft Schottky barrier) and 0.1% J/cm? (suf-
ficient energy density to form ohmic conts Phot o~
micrograph of ohmic contact after 0.14 J/cm=~.

Experimental curves of the specific contact
resistance versus laser energy density are shown in
Fig. 4. Mecasurements were made with a method similar
to that of Cox and Strack.!® These results were
obtained using the TEM 0 mode with a 30 to 50 pm
diameter metal mask ovgr (typically) 250 pm diameter
isolated contacts. Approximate melting points for each
of the contact types are shown at the top, as deter-
mined from photomicrographs of the irradiated surfaces.
Howev~r, the melting points could not be determined
precisely from the photomicrographs and very shallow
melting probably occurred below these points. It was
found that the contact resistivity was at a minimum
near the melting point for Ni/Ge and Ta/Ge contacts.
Similar TiW/Ge ohmir contacts formed on n=2x101%/ca®
GaAs epitaxial l-yggn resulted in a specific contact
resistance of 1x10 “Ncm?. The higher value of spe-
cific contact resistance evidently resulted from the
lower doping in the GaAs. Similarly, contact resistiv-
ity values for Ta/Ge, No/Ge, and Ni/Ge were approxi-
mately an order of nagnitude higher on 2x10'%/cm?® as
compared to 2x10'7/cm® GaAs.
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Fig. 4. Experimental values of specific contact resist-
ance as a function pulsed ruby laser energy density;

mp indicates approximate melting points as determined
from surface photomicrographs.

The interfaces before and after laser annesling
were investigated using AES sputter profiling tech-
niques. Figure 5 shows AES sputter profiles of a Ni/Ge
contact before laser annealing and after laser amneal-
ing at an energy density just high emough to form ohmic
contact. A multimode 7 mm diameter beam was used to
irradiate a GaAs sample approximately 10 mm x 10 me
containing 20008 Ni and 20008 Ge prepared as discussed
above. At 0.10 J/cm® slight melting patterns could
just be observed, indicating melting of the Ni and Ge
just to, and including, the GaAs surface. This energy
density corresponded to the threshold for ohmic comtact
formation. Even at this low energy density there was
Ge migration into the GaAs, enough to greatly increase
the n-type doping concentration at the GaAs surface.
Similar profiles were observed with Ta/Ge laser
annealed contacts. These profiles are also typical of
Ni/G= thermal annealed ohmic contacts studied pre-
viously.?

SPUTTER TIME (min)

Fig. 5. AES sputter profiles of a 20008 Ni/2000%
Ge/GaAs contact before laser annealing and after laser

annealing at 0.10 J/cm?, just at threshold for ohmic
contact formstion.

Discussiqg,of Laser Anceal Results

The curves of specific contact resistance versus
energy density, shown in Fig. 4, indicate there is a
"window" in energy density which is appropriate for
the formation of ohmic contact. This window depends
on the layer thicknesses of the metal apd epitaxial
Ge, the pulse duration, to some extent on the surface
sorphology, and .lso on the fundamental interactionsl!
of the laser beam with the overlayers and GaAs. The

~depth of melting and surface temperature are deter-
mined in part by the absorption coefficient, svecific
heat, and thermal diffusivity of the overlayers and
aAs surface. Ohmic contact appeared to occur just at
the threshold of melting, but the melting must be deep
enough to melt at least the top 50 to 1008 of the GaAs
surface to account for the AES profiles im Fig. 5.
Solid-state diffusion processes are too slow to account
for these profiles. Since the heating and cooling
rates are nearly the same in pulse laser annealing
dominated by thermal processes,!! the Ge migration into
the GaAs surface must occur in the 50-100 ns that the
surface layers are molten. A minimum in the specific
contact resistance apparently occurs just above the
melting point at an optimum doping level and profile.
It is assumed that lcw contact resistance occurs by
electrons tunneling between the top metal layer and
the highly doped surface layer in the GaAs.® The spe-
cific contact resistance begins to rise at higher
energy densities as the melt penetration becomes deeper
and the surface temperature reaches the boiling point.
Surface evaporation and oblation can then result in
loss of Ge and As (as well as loss of part of the metal
contact), as has been observed with these contacts at
high energy densities by electron microprobe x-ray
analysis. This was found to result in an increase in
the specific contact resistance.

The advantages of laser annealing over thermal

'annealing for these particular high-temperature con-
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tacts is seen in comparison with thermal annealing
results. For similar ohmic contacts, the specific con-
tact resistance was more than an order of magnitude
higher when thermally ~nnealed? and high ambient tem-
peratures (up to 650°C for 5 min) were required. The
laser annealed contacts reported here alsc demcastrate
an order of magnitude improvement in contact resistiv-
ity over Ag/Si contacts! thermally annealed. These
contacts also compare favorably with conventional AuGe
ohmic coptacts, for which a specific contact resistance
of 1x10 fdcm? can be routimely obtsined, but which
degrade significantly at 350°C.

High-Temperature Aging

The TiW/Ge/I2Si obmic contacts formed on GaAs epi-
taxial layers on SI substrates and thermally annealed
were studied by high tempeature aging in an ambient of
forming gas. Figure 6 shows the change in the specific
contact resistance after exposure to temperatures
between 350 to 600°C for over 175 hours. The behavior
of a typical AuGe/Ni contact, included in the 350°C
experiments, is shown for comparison. These results
demonstrate the high-temperature reliability advantages
of refractory metal/epitaxial Ge ohmic contacts. With
these contacts it was found that the contact resistance
did oot increase appreciably up to 190 hours at 350°C,
vwhile that of AuGe significantly increased between
25-35 hours at 350°C.

Preliminary high-temperature aging experiments
with the laser annealed ohmic contacts (TiW/Ge/I®Si,
Ni/Ge/12Si, Ni/Ge, Ta/Ge, and,Mo/Ge) were also carried
out by aging in vacuum at 10 = Torr. No weasurable
change in specific contact resistance was found after .
350°C for 6 hr.

The the osally annealed TiW/Ge ohmic contacts were
also subjected to high-temperature aging under DC bias.

O£ A0,




Figure 7 shows the results at 300°C and 350°C after
exposure for 160 hr. At 300°C the contact resisggvitg
increased initially but stabilized at about 4x10 Qcm
At 350°C the increase in contact resistivity was much
larger. This was partially explained by the large out-
diffusion of Ga, shown in the AES sputter profiles in
Fig. 8.

ION-IMPLANTED
Tiw/Ge CONTACT

AuGeNi CONTACT

1x107*

o
x
-
=
&

-
x
a5
S
&

CONTACT RESISTANCE, r, @ -cm?

1 1 2zl 1
s 50 b 100 125

ANNEAL DURATION, HOURS
Fig. 6. Specific contact resistance of thermally
annealed TiW/Ge and AuGe/Ni ohmic contacts as a func-
tion of anneal time at various aging temperatures in
forming gas.
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Fig. 7. Specific contact resistance of thermally
annealed TiW/Ge contacts as a function of anneal time
under bias conditions at 300°C and 350°C in forming
gas. Test structure used to measure contact resistiv-
ity fcenter mesa) and to study metal migration (long
arms).
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Fig. 8. AES sputter profile (Ge and Ga) of thermally
annealed TiW/Ge ohmic contact after 350°C/40 hr anneal
in formi.? gas under bias conditions, showing large Ga
outdiffusion.
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INTROBUCTION

A growing need is developing for monolithic semi-
conductor circuits for high temperature environments.
Si-devices have been rveported to operate up to
300°C.1»2 Because the upper operating temperature of
a bipolar device is determined by the bandgap of the
semiconductor material, GaAs (1.43eV) has a theoreti-
cal advantage over silicon (1.12eV). Based on bandgap
considerations exclusively, GaAs could be expected to
be useful up to 450°C; in fact, transistors have been
operated at this temperature.3 Based on these
assessments a special program to study the high tem-
perature aspects of GaAs bipolar transistors was int-
tiated in 1966, The results of this program, which
were reported in 1968%, showed: GaAs transistors were
1imited by leakage currents, which exhibited a tem-
perature dependence with an activation energy of
0.7eV. The current gain hg, decreased rapidly with
increasing temperature with an activation energy of
approx. 0.2eV, apparently due to a decrease of the
minority carrier lifetime. Devices which operated
above 400°C could be made, but the fabrication yield
was extremely small. The technology available at this
time was constrained to sulfur and magnesium dif-
fusfons at temperatures at which surface decomposition
could not sufficiently be suppressed. ODoping control
was poor. The devices had mesa structures with little
surface passivation. The fabrication of a sophisti-
cated GaAs IC was beyond reach.

During the recent years the GaAs technology
progressed rapidly, motivated mainly by the ercsllent
performance of microwave FET's. 1Ion implantalion and
annealing techniques were developed to form reproduc-
ibly thin layers of controlled doping levels. This
progress made it desirable to re-evaluate the GaAs
bipolar device performance. Potential advantages of a
GaAs bipolar technology include: short minority
carrier lifetime; high electron mobility at 1low
electron fields; use of saturated drift velocity for
load resistors (small area requirements); isolation by
boron implantation (requires less area than junction
isolation); higher operating temperature than silicon
devices. The bipolar technology would permit the
application of established Si bipolar circuit concepts
and models with only minor modifications. Some disad-
vantages of GaAs, namely the low hole mobility and the
comparatively low maximum donor concentration will
remain with us. The possibility of modifying the
bandgap by using GaAlAs, e.g. for wide band g3ap
emitters, and of incorporating opto-electronic prin-
ciples makes this technology particularly exciting.
The main difference between the situation a decade ago
and today {is that ion-implantation offers the repro-
ducfble production of p-n junctions, avoiding the
damaging high temperature diffusfons. Originally our
present program was designed to study the feasibility
of a GaAs bipolar IC technology but not specifically

Contract No. NO0C14-80-C-0936.
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the high temperature aspects. Results obtafned
15-stage ring-oscillator were reported recentlyrsuhl:
will be apparent that specific modifications will have
to be fncorporated te s«tend performance and reljabil-
ity to higher temura:is, such as the replacement
of the alloyed gold ccitacts. This paper will discuss
the fabrication and high temperature performance of
discrete bipolar transistors and of a 15-stage ring
oscillator. :

DEVICE FABRICATION

The fabrication of GaAs bfpolar transisto

jon implantation into bulk GaAgohas been rep';srt:z
previously.® The fabrication of the ring-oscillator
requires an epitaxial a/n* structure. The starting
GaAs substrates, purchased from commercial suppliers,
come from Bridgman-grown single crystals. The
AsC13-Ga-lip vapor phase epitaxial process is employed
to deposit 2 layers: first an approx. 3 micron thick
la{gr with a donor concentration of approx. 8 x
1017 em=3, followed by an undoped layer, approx. 1
micron thick. The VPE technology, as applied to
microwave devices in our laboratory, has previously
been described in the literature.?
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Fig. 1 Cross-section of a bipolar IC structure

The cross-section of a bipolar IC-structure is
shown in Fig. 1. The npn transistor operates in the
"up"-mode: the n*-epitaxial layer/substrate acts as
emitter, the surface n-layer is the collector. Also
shown is the load resistor. The fabricated structures
differ from Fig. 1 in one respect: they have only
?ne alloyed collector contact on the n-type surface
ayer.

The formation of the n- ani p- layers employs
fon-implantation. The details of the donor implan-
tation are drawr from extensive experience with GaAs
FET's.® The base-layer is formed by a deep implant of
Be, which 1is known to have high activation at low
anneal temperatures.®,10  preservation of the GaAs
surface morphology during the high temperature




annealing step is achieved by the proximity annealing
technique.8,11 The sequence of fabrication steps for
the bipolar structure is as follows:

1. Snallow Se implant (1 x 103 cm=2, 150 keV
plus 2 x 1013-cm=2, 360 keV at 350°C).

2. Anneal at 850°C for 30 min.

3. Deep Be implant (6 x 10!2 cm=2, 180 keV) to
form the base layer.

4. Anneal at 800°C, 30 minutes.

5. Localized Be implants to form the p* contact
re?ions (1 x 10!% cm=2 at 40 keV plus 1.5 x
10%% em=2 at 80 keV).

6. Anneal at 700°C, 30 minutes.

7. Localized Boron implant to form the isola-
tion region (2 x 1012, 4 x 10!2, 6 x 10!2
cm-2 at 50, 140, 320 keV, respectively).

Si3Ng serves as implant mask and for device pas-
sivation. Contacts are alloyed Au-Ge-Ni for the n-
type material and alloyed Au-ZIn for the p-type base.
Ti - Au is used for interconnections. Stripes of
GaAs, whose width is adjusted by a Boron implant,
serve as load resistor.

The doping profile of the complete structure is
presented in Fig. 2. The ion-implanted profiles are
calculated according to the LSS-theory, modified by
experimentally observed activations. The transition
from the n* epilayer to the surface n-layer was
established by C-V profiling.
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Fig. 3 GaAs Ring-Oscillator

DEVICE PERFORMANCE

A 15-stage ring oscillator was tested in the tem-
perature range of 25°C - 390°C. Fig. 3 shows a
micrograph of the circuit after this test. The cir-
cuit was mounted in a ceramic IC-package and placed in
an oven. The package was not sealed, i.e. the GaAs
device was exposed to hot air during the test. The
bias voltage was 1.75 volt, resulting in a total input
current of 5 mA at 25°C, increasing to 7mA at 385°C.
Fig. 4-6 presert the output signal at 25°, 240°C,
385°C. The gate delay time increases from 3.3ns at
25°C to 6.7ns at 385°C. The time constant of the cir-
cuit is dominated by the product of the capacity of
the forward biased emitter diode times the load
resistor. The decrease of the electron mobility in
the GaAs load resistor causes the time constant to
increase. The output signal of the ring oscillator
approx. triples with rising temperature. Two effects
contribute to this effect:3.the increased value of the
load resistor; 2. The shift of the Fermi ievels
towards the center of the bandgap with increasing tem-
perature decreases the built-in voltage of the emitter
junction, thereby increasing the injection current and
decreasing the saturation voltage. The ring oscilla-
tor failed at 390°C. The examination of the failed
device shows a damaged metallization in the via holes
of the voltage supply bar, as shown in Fig. 3. This
was probably caused by a realloying of the Au
contacts, and a subseguent break in the metallization
on the via sidewalls.

A discrete bipolar transistor on this same chip
was subsequently characterized in detail. The tran-
sistor characteristics were measured both for
"down"-mode (surface layer as emitter] and the
"up"-mode (surface as collector, corresponding to the
mode in the ring-oscillator). Furthermore the leakage
currents of the emitter diode, the collector diode and
ICES were determined between 25°C and 400°C. Fig.
7- present some curve tracer pictures of the tran-
sistor characteristics at different temperatures. The
device exhibits current gain beyond 400°C. The useful
temperature range is limited by junction Tleakage
currents. Fig. 11 presents plots of Icep., in both
"up" and "down" mode, and the emitter and collector
diode leakage currents at 2 volts vs the reciprocal
temperature. Both diodes have very similar leakage
currents with a temperature dependence corresponding
to an activation energy of approx. leV. ICEO is tem-
perature insensitive to about 200°C; then it becomes
dominated by the leakage current of the reverse biased
collector junction. The difference in Icgg 1in the
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Fig. 5 GaAs Ring-Oscillator, 240°C Fig. B Gike.bibolar-trgsie
- stor

at 25°C, "up"-mode

Fig. 6 GaAs Ring Oscillator, 385°C

Fig. 9 GaAs bipolar transistor
at 390°C, "down"-mode

two modes is probably caused by the asymmetry of the
doping profile and the geometry of the transistor
structure. The current gain as a function of tem-
perature is presented in Fig. 12. 1In the "“up"-mode
hfe is temperature insensitive to approx. 350°C. This
pgrformance is in contrast with results obtained
previously* from diffused transistors where the
current gain of the best device began to decrease
already below 250°C.

CONCLUSION

Ion-implantation techniques permit the reproduc-
ible fabrication of bipolar GaAs IC's. A 15-stage
ring oscillator and discrete transistor was charac-
terized between 25° and 400°C. The current gain of Fig. 10 GaAs bipolar transistor
the transistor was found to increase slightly with at 400°C, "up"-mode
temperature. The diode leakage currents increase with
an activation energy of approx. 1 eV and dominate the
transistor leakage current Ippg above 200°C. Present
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devices fail catastrophically at ~ 400°C because of
the Au-metallization. for the development of a
reliable GaAs dipolar IC-techology for the 350°C-range
the following subjects have to be addressed:
Implementation of refractory-metal contacts; raising
of doping levels to minimize the depletion layer width
and to decrease the temperature sensitivity;
tmprovement of surface passivation. The performance
of GaAlAs structures should be studied with respect to
leakage currents and surface degradation. It fis
known, e.g. that the addition of small Al con-
centratfons to the active zone of 1injection lasers
reduce degradation.
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Abatract

This report describes a class of devices known as
integrated themionic circuits (ITC) capable of ex-
tended operatian in ambient temperatures up to 500°C.
The evolution of the ITC concept is discussed. A set
of practical design and performance equations is dem-
onstrated. Recent experimental results are discussed
in which both devices and simple circuits have suc-
cessfully operated in 500°C envirorments for extended
periods of time.

Approach

The approach taken for ITC active devices has
been to use the intringically high-temperature phe—
namenon of thermionic emission in conjunction with
thin-film integrated~circuit technology to produce
micraminiature, planar, vacuum triodes. The re-
Xulting technology uses photolithographically delin-
eated thin films of refractory metals and cathode
material on heated, insulating substrates. Typical
geametries and dimensions are shown in Fig. 1. Many
such devices are simltanecusly fabricated on a single
substrate, giving high packing density. The inte-
g:;ited grid-cathode structures are intrinsically rug-

Ihe ITC Structure

Notice in this structure, the anode is in the
natural path of the electrons, and the closely inter-
digitated grids and cathodes are usid to maximize grid
control. In a sense, this structure is like a stan—
dard triode with the grid moved down into the plane of
the cathode. In fact, it has been shown through com-
puter simulation and experimentally verified that the
fundapental equation governing conventional triode
performance may be used to describe the performance of
an ITC device,

AN
Ip = x(vg + ") (1)
where Ip is the place current,

V_ is the grid voltage,

V., is the plate voltage,

M is the amplification factor, and

K is a constant called the perveance,

T W

Furthermore, from electrostatic analysis it has been
shown that for a device with grid width, cathode
width, and grid-to-cathode spacing equal to a and
cathode-to-anode spacing equal to d,

4_1
H20.5611 5 -5 . (2)

. Thus, u, the electrostatic amplification factor, is

linearly related to the ratio d/a, with no other geo~
metrical factors. This result is remarkably similar

* This work was spported by the Division of
Geothermal Enerqgy, US Department of Enerqy.

** TBM Research, San Jose, California

#**niversity of Arizona, Tucson, Arizona
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Fig. 1. Basic ITC gain device.

to that obtained for a conventional triode. There-

fore, depending on the circuit application, the de-

gsired amplification factor can simply be selected by
determining d/a,

A similar analysis for the device shown in Fig.
2, where a is the width of the cathode, b the distance
between the grid and cathode, ¢ the width of the grid,
T:ddthedistamebememplateaxﬂm&ode, results
u=- (73557
a+2b+c

0 (3)
.4 2z nﬂ:u_m_m_m__.)
bn=l n a+2b+c a+2b+c/

which can easily be summed on a calculator.

Device Processing

To date, device processing has been the most en
phasized portion of the ITC development program.
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Fig, 2. Unequally spaced device.
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Sapphire was chosen as the substrate material for
ITC devices because of its high quality surface finish
and high electrical resistivity at high temperatures
(=8 x 10’ 2-am at 800°C).

Figure 3 is a side view of the ITC metalizations
on the circuit or device side of the substrate,

Notice that all the metals are refractory because
of the need to withstand high-temperature environ-
ments, (This is in contrast to the gold and aluminum
used in conventional silicon integrated circuits.)

The bond pad is platinum, and the platinum bond wires
are attached by parallel-gap or ultrasonic wire bond-
ing, The base metal under the cathode is tungsten,

The cathode coating technique was developed by
Geppert, Dore, and Mueller at Stanford Research
Institute in 1969. This technique uses photoresist
mixed with oxide cathode coating, which is then delin-
eated photolithographically.

In practice, the cathode coating is spun onto the
wafer and delineated like photoresist. The circuit is
then packaged and placed on a vacuum pump. The pack-
age is evacuated and the cathode coating activated by
applying power to the heater until the substrate ap-
proaches 900°C.

During normal operation, the heaters are used to
heat the substrate to 750-800°C in order to provide
le electron emission fram the cathode
(>100 ma/cm?).

a k& Pachoei] ) Limitati

Figure 4 is a picture of the first Los Alamos ITC
device, manufactured in 1977. The lines and spaces
are 5 mils, The heater pattern is visible on the back
of the sapphire. The darker fingers are the cathodes.

Figure 5 is an array uf three devices from 1979.
The cathode and grid lines are 1 mil, and spaces be-
tween grids and cathode are 0.2 mil.

Because the oxide cathode is granular in nature
(with crystals on the order of 1 um), the 0.2 spacing
appears to represent an optimal limit to device size,

This technology yields a minimum device size of
approximately 10 by 3.5 mils, which is enough to hold
over 12,000 devices on a pair of 3/4-in.-diam sapphire
substrates., As will be described later, factors other
than minimum device size currently limit the useful
density of devices on a substrate,

Higt-Temperature Operation
The 400°C and 500°C Operations to Date

The high-temperature operation tests conducted to
date fall into two categories by time frame and pack-
age material., The run September 1979 through February
1980 used the stainless steel (302) or Kovar envelope
materials. High-temperature vacuum feedthrc ighs using
stainless steel, aluminum, and high-temperature brazes
were designed for these packages by Ceramaseal Corpo-
ration, New Lebanon, New York. Initially, these pack-
ages had problems with the evolution of manganese,
iron, and chromium, (in the form of diatamic oxides,
for example Mn,0,), plus the liberation of gases at
higher temperatures. As a result, these tests, de—
scribed in the upper portion of Table I, should only
be considered preliminary. Even so, the 400°C test
device operated successfully for over 7000 hours. A
number of simple circuits were also run in high-tem—
perature enviromments using these initial packages.
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CATHODE COATING APPLIED AND DEFINED PHOTOGRAPHICALLY
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CATHODE PAD

Fig. 3. ITC metalization and photolithography.

Fig. 4.

First Los Alamos ITC device (1977).

Fig. 5. Three triodes (1979).



TRELE I

HIGH TEMPERATURE LIFE TEST SUMMARY - lst SERIES

Start Bulb
Tep.,  Date  Hours Tvpe Material  Qomments
" ~79 7750 Triode Kovar No appreciable degradation through 6000 hours;
nall s emission loss thereafter stopped at 8C% loss.
500°C 9-27-79 1608 Amplifier Kovar Stopped ~ gain of 1; individual tests indicated
(2-device) emission loss,
500°C 9-17-79 25% Triode Kovar No emission degradation through 2000 hours; increasing

ga”. load, emission loss thereafter stopped at 50%.
500°C  10-18-79 430 Triode Stopped - loss of emission.

500 79 4 Triode 2 No degradation through 4000 hours; emission loss
¢ 1 e thereafter stopped at 508 loss.

Stopped - loss of emission.

Stopped - decreasing qain; electrical leakage
on substrate.

600°C 9-20-79 328 Triode

560°C 11-2-79 1070 Differential amp
(6-device)

500°C 11-7-79 6144 Triode in Ti jig Gradual decline in emission with increasing

gas loads after 2000 hours; stopped at 50% loss,

500°C 1-31-80 588 5-Miz oscillator Oscillation stopped; electrical leakage on substrate,

i1 i1

500°C 2-19-80 816 5-Miz oscillator Oscillation stopped; electrical leakage on substrate,

The above tests have all been terminated, Following tests are ongoing using high-purity nickel bulbs and "clean"
welding techniques,
HIGH TEMPERATI T LIFE TEST SUMMRY - 2nd SERIES - IMPROVED BULB
Start  10-8-80 Bulb
Top, Dete  Hours Type ~ Materjal — Comments
No degradation in emission; no leakage.

500°C 5-9-80 3648 Triode

zZ

550°C 7-8-80 2208 Triode

=3

Valved off pump to facilitate gas burst tests;
developed loops. Burst test at 1400 hours indicated
argon present; evidence of gas cleared and did not

In all cases, failure was due to electrical leakage on
the substrate because the metals were being liberated
fram the package. The 5-Miz Hartley oscillator oper-
ated with both the capacitor and inductor at 500°C.

With the understandings evolved from the stain~
less steel and Kovar tests, a newer package was de-
signed using nickel. The first test began May 19,
1980, and is still running after 6312 hours. Figures
6 and 7 show the device characteristics on May 139 and
October 9. The device characteristics are virtually
unchanged.

The second test, also ongoing, uses a device
operating at 550°C; the device is valved off the pump
to allow periodic gas-burst tests. This device is
still being evaluated after 2200 hours. The results
are tentative because no signs of gas have been seen
in the characteristics after the 1400-hour gas burst.

Gnclusions et Hia

Based on the tests performed to date, ITC tech- .
nology has demonstrated the ability to operate Fig. 6. Improved package (500°C) first day.
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Fig. 7.

Device (500°C) after 3600 hours.

successfully and reliably for thousands of hours at

t ratures up to 500°C. This temperature is not the
f tal limit for ITC devices, and with the evolu-
tion of better gettering techniques (more complex than
titanium) and packaging techniques (perhaps glass-
ceramic - reference paper to be given at this confer-
ence by Dr. Cliff Ballard, Sandia Laboratories),
higher temperature operations are expected in the
future.

o

The design of ITC circuits is in many ways simi-
lar to the design of conventional integrated circuits.
Therefore, ITC design techniques use the advantages
gained from the simultaneous fabrication of many de-
vices on the same substrate. The inherent matching of
device characteristics and the tracking of these char-
acteristics over temperature and life are exploited.
Functional circuit elements such as differentional
stages, current sources, and circuits that use active
devices as loads have been fabricated using discrete
TTC devices, and their performance has been verified
against theory. The simple active load, shown in
Fig. 8, is particularly valuable because its gain

—

Pig. 8. Gain stage with active load.

(-u/2) is only dependerit on device geometry, the ratio
of line width to cathode-anode spacing. Therefore,
the gain of the stage is independent of the trans-
conductances of the two devices and, hence, of the
operating temperatures.,

As a result of the success of designing func-
tional ITC circuits using discrete devices, the design
of integrated ITC circuits has become the recent em-
phasis of the program. Because these efforts are on-
going, this section will mainly contain general com-
ments and directions for future work.

The design of integrated circuitry with complex
functions on a single pair of substrates presents new
challenges and possibilities as a result of device
matching and, unfortunately, some problems, in partic-
ular, electrostatic interactions between devices.

Figure 9 schematically depicts the origin of
such interactions,

Ay . Az
e T = T e
G K G
—» =ELECTRIC FIELD
Fig. 9. Electrostatic interactions.

The key to increasing the functional complexity
and maximum gain on a single substrate pair will be
the development of appropriate technianes for making
design tradeoffs between device layout (position on
the substrate) and circuit function.

Although results are still tentative, Figs. 10
and 11 show the layout of one experimental pair of sub-
strates for a differential gain stage. In current ex-
periments, a series ¢f device masks are used to photo-
lithographically generatic an array of devices, which
are then interconnected using a series of masks with
line segments. Results suggest that a reasonable
2-year goal for ITC teclinology is the design of an
operational amplifier with a voltage gain of 1000 or
more on a pair of 0,75-in.,-diam substrates,

Conclusions

Based on the results described above, the future
for ITC technology is bright. Programmatic efforts
have led to an ITC technology with demonstrated high-
temperature capability (500°C for thousands of hours)
and to fabrication techniques commensurate with mass
production. Physical models and detailed device un-
derstandings have heen developed. Preliminary cir-
cuits using discrete devices, single not integrated,
have danonstated the potential of ITCs, All that re-
mains is the final development of integrated circuit



design techniques and the demonstration of integrated
circuity,

The results of the ITC development program Suy-
gest that ITCs may became an important technology ?or
high-temperature instrumentation and control systems
in geothermal and other high-temperature enviromments.
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GALLIUM PHOSPHIDZ HIGH TEMPERATURE DIODES*

R. J. Chaffin, Division 5133
L. R, Dawson. Division 5154
Sandia National Laboratories
Albuguerque, New Mexico 87185

SUMMARY

The purpose of this work is to develop The figure shows that for temperatures in the
high temperature (>300°C) diodes f{or geothermal and 20-300°C range GaAs and Si have similar leakage
other energy applications. A comparison of reverse currents. (The high depletion region generation-
leakage currents of Si, GaAs and GaP is made.o recombination current in GaAs oftsets its wider
Diodes made from GaP should be usable to >500 C. An bandgap.) Calculations show that GaP diode reverse
LPE process for producing high quality, grown junction leakage should be dominated by generation-recombina-
GaP diodes is described. This process uses low vapor tion current up to 650 C and is at least 5 orders of
pressure Mg as a dopant which allows multiple boat magnitude lower than Si. Hence it can be seen that
growth in the same LPE run. These LPE wafers have GaP should be an excellent choice for high temperature
been cut into die and metallized to make the diodes. semiconductor devices.
These diodes produce leakage currents below 10-3
A/cm? at 400°C while exhibiting good high temperature This fact is demonstrated in Figure 2. Tais
rectification characteristics. High temperature life figure shows a V-I characteristic of a Sandia-made
test data is presented which shows exceptional stabil- p* -N GaP diode at 400°C. The leakage of the GaP
ity of the V-I characteristics. diode is not discernable cn the figure. The measured

current density at -3V and 400 C was 7 x 107" amp/cm3
I THEORY for the GaP diode.

The choice of semiconductor material used to
fabricate diodes is dominated by the reverse leakage
characteristics desired. The reverse leakage current

density of an abrupt P* -N junction is given by:!r2 #1558 valrd

(1)

where D = hole diffusion coefficient T

= hole lifetime (in the n region) -

"
LI RV I S A e

= depletion regicn carrier lifetime

s

n, = intrinsic carrier concentration

La . . “ "

| L e e . “ae e
e = electronic charge TEMPERATURE (degrees C

.
5
=

.

L

N_. = donor concentration : §
D Figure 1. Coumparison of reverse leakage current

W = depletion layer width density vs. temperature for GaAs, Si and GaP.

The first term on the right side of Eg. (1)
represents the diffusion of minority carriers within
a diffusion length of the junction which produces a
reverse leakage current. This component is indepenc-
enc of bias. The second term on the right of Egq. (1)
represents generation-recombination current in the
depletion region and is dependent on bias through the
depletion width. Generally the recombination current
term will dominate at low temperatures and the diffusion
current term will d-minate at higher temperatures.

The crossover point .3 primarily dependent on the
seniconductor band gap and carrier lifetime. The
appropriate parameters for Silicon (Si), Gallium
Arsenide (GaAs) and Gallium Phosphide (GaP) were used
to evaluate Eq. (1) as a function of temperature for
the three materials. The results for reverse leakage
current density at -3V are shown in Figure 1. The
arrows on the curves mark the crossover temperature
of the two components of leakage current. For
temperatures to the left of the arrows generation- Figure 2. GaP grown junction diode characterist-
recombination current dominates and diffusion current ic at 400°C. (Horizontal = 5V/div, vertical = ) mA/
dominates at tempe: ~"ures to the right. div.)

II DIODE FABRICATION

To realize a device whose operation will not be
*This work sponsored by the U. S. Department of Energy degraded by the high density of chemical impurities
(D.0.E.) under Contract DE-AC04-76-DP00789 and structural defects present in typical bulk GaP
substrate material, the all-epitaxial structure of
Figure 3 is used. The N side of the junction is

TA. U. 5. Department of Energy facility.
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lightly doped to provide as high reverse breakdown
voltage as possible. The P side can then be relatively
highly doped to facilitate ohmic contacting of the top
surface.

This structure was prepared using liquid phase
epitaxy for the growth of both layers during a single

growth cycle,
Be/Au CONTACT
e
/(?*
. 51

&

S

9 x 107 p*
x0* N
<i00> Ga P "
)
| x 10" v&‘“

T
mi

Figure 3. Grown Junction GaP Diode.

The growth apparatus shown in Figure 4 is a
sliding boat assemLly constructed from high purity
graphite. The body of the assembly contains wells
for two growth solutions, one for the growth of the
N layer, a second for the growth of the P layer. To
maintain background (no intentional doping) carrier
concentration as low as the 1 x 10! cm™? level desired
for the N layer, the growth temperature used was 850°C.
At this relatively low growth temperature, Si contamin-
ation of the growth soluticns from the quartz walls of
the system is minimal. To ensure that no cross
contamination of the N solution occurs from the
neavily doped P solution, relativelv non-volatile Mg
is used us the P dopant in place of the highly volatile
Zn normally used to dope GaP P r.ype.3 Since Mg
possesses a stable oxide, provision is made for adding
this dopant after a pre- bake cycle removes residual
oxygen from the growth solutions, as in Figure 4A.

The system is then permitted to equilibrate at the
growth temperature (850 C) for 2 hours, as in 4B,
after which the slider is translated to bring the

GaP substrate into contact with the first growth
solution, as in 4C. Cooling then causes the solution
to become super-saturated and epitaxial growtn occurs
on the substrate. When the N- layer is sufficiently
thick, the slider is again translated to bring the
substrate in contact with the second melt for growth
of the P layer, after which further translation of the
slider separates the substrate from the liquid.

The diode metallization system used was:

P* contact - Be/Au (3000 ~ 1% Be by weight)
(7 mi) dot) followed by 3000 of pure Au
(vacuum evaporated)
N contact - The contact was sputtered (full
surface) in the followigg sequence :
Au:/Ge (88/12) %1000 A, Au ~ 250K,
Ni v 600 &, Au ~ 4000 R,
Contacts annealed at 450°C (10 minutes) in H2
The first lot of diodes tested were mounted in ceramic
flat pack headers (N* side down) with a high tempera-
ture, polymide silver loaded adhesive. Gold wires
(1.5 mil) were used to make contact to the top of the
die. However, this configuration was found to be
unsatisfactory due to deterioration of the adhesive at
high temperatures The scheme finally chosen was a
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stress-free configuration using 1.5 mil diameter gold
wires bonded to each side of the chip. This was done
to eliminate any die attach stresses or material
interactions due to the header attachment scheme.
These devices are shown in Figure 5. It should be
emphasized that the mounting configuration shcwn in
Figure 5 is not proposed for fielded devices, but
rather it is a scheme used to remove any contrilution
of header stress or bonding agent reactions for
testing device characteristics,

Mg
I —— o - . .Y - . e
— T
PUSHRO Ga-P| [Ga-P
L L7777 777 i
GaP SUBSTRATE
(A) BAKE OuUT
r . - v N . ~ - - J
— JJ[LL///H = e MIF 7J77'J
(B) EQUILIBRATION
o> Sm— - = .Y = i X3
| S
r— LT L LT 7AW A W |
(C) GRUWTH
Figure 4. Liquid Phase Epitaxial Growth System.

Stress-Free Diode Mount.

Figure 5.

IIT DIODE CiiaRACTERISTICS

A typical I-V characteristic of a Gap diode was
shown in Figure g. The breakdown veltage was measured
to be 90V at 400 C; the breakdown characteristic re-

1ins fairly sharp even at this elevated temperature.
«ne fact that the leakage current is larger than the
value predicted (nee Figure 1) means that there s some
leakage at the sawed edges of the die.

The zero bias capacitance of the 15 mil £quare
chips was measured to be 22 PF. Thie correspc s to
a 0.56 u zero bias depletion width,
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IV_ENVIRONMENTAL TESTS

The GaP diodes were subjected to a life test 1.
under bias. Three bias conditions were used; forward
bias (5 mA), reverse bias (~10 V) and open circuit
(zego bias). The diodes were placed in ovens at
300°C. The devices were not sealed and the oven 2.
contained room air. The parameters of the diodes
were checked as a function of time in the oven.

The results of this test are summarized in
Figure 6. This figure shows that no detectable
degradation in series resistance occurred in any of
the three bias states. The room temperature reverse
leakage did show a slight increase, increasing from
nom%nally 10~? amps to 107 amps after 991 hours at
300°C. There was not a strong correlation between
bias stateoand leakage increase. The reverse leak-
age at 300 C showed a slight decrease after 991
hours. This stability in diode parameters is inter-
Preted as meaning that the diode metallizations and
junction dopants are stable at 300°C wita bias for at
least 1000 hours.

7 T T T T T
RB:REVERSE ~10V
6} FB=FORWARD 50 mA -
OB OPEN CIRCUIT
P CONTACT Be/Au
5 - .
t N CONTACT Au/Ge
(=]
()
- GoP DIODES
Ll 3 o 300°C DATA -1
s
o STRESS FREE
s .
g 3l .
[
>
2 08, FB, RB -
t - -
0 1 1 1 1 1
0 200 400 600 800 1000 1200

TIME = HOURS (ot 300°C)

Figure 6. 300°C Life Test Data on Stress Free GaP
Diodes.

V_CONCLUSIONS

This paper has presented data on gallium-
phosphide, grown junction diodes for high temperature
applications. Information on fabrication methods
were presented. Evaluation data shows: good low
leakage rectification characteristics at 400°C and
stable junction and metallization parameters at 300°¢c
for at least 1000 hours. The only problem encountered
was the "high temperature” polyimide adhesive used to
bond the diode chips to the headers. A new eutetic
chip bonding procedure is presently being developed
to solve this problem.
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A GALLIUM PHOSPHIDE HIGH-TEMPERATURE BIPOLAR JUNCTION TRANSISTOR®

T. E. Zipperian, Division 5133
L. R. Dawson, Division 5154
R. J. Chaffin, Division 5133
Sandia National Laboratoriest

SUMMARY

Preliminary results are reported on the develon-
ment of a high-temperature (>350°C) gallium phosphide
bipolar junction transistor (BJT) for geothermal and
other energy applications. This four-layer p*n pp*
structure was formed by liquid phase epitaxy using a
supercooling technique to insure uniform nucleation
of the thin layers. Magnesium was used as the p-type
dopant to avoid excessive out-diffusion into the
lightly doped base. By appropriate choice of elec-
trodes, the device may also be driven as an n-channel
junction field-effect transistor.

The gallium phosphide BJT is observed to have a
common-emitter current gain peaking in the range of
6-10 {for temperatures from 20°C to 400°C) and a room-
temperature, puiichthiough-limited, collector-emitter
breakdown voltage of approximately -6V. Other vara-
meters of interest include an f_ = 400 KHz (at 20°C)
and a collector base leakage current = -200 uA (at
350%) .

The initial design suffers from a series resist-
ance problem which limits the transistor's usefulness
at high temperatures. This is not a fundamental
material limit, and second generation structures are
presently in process which will alleviate this problem
as well as improve the device's output resistance and
breakdown voltage.

INTRODUCTION

Recent successful operat:i.onl of gallium phosphide
high—temperatgre diodes at temperatures and times
exceeding 300 C and 1000 hours respectively, has
prompted the development of a gallium phosphide
bipolar junction transistor (BJT) for geothermal and
other emergy applications. Using contacting and epi-
taxial growth technologies similar to the diodes of
Ref. 1, a prototype, four-layer p*n'pp+ structure
has been successfully fabricated and evaluated at
temperatures up to 440°C. The processing sequence
and device characteristics of the GaP BJT, as well
as suggested improvements and predicted characteristics
will be discussed.

FABRICATION

The structure of the prototype GaP transistor
is shown in Pig. 1. This all-epitaxial device
incorporates a double-base stripe geometry, a mesa-
isolated emitter region, and a saw-isolated
collector region. Important structural information
is summarized in Table I below. By appropriate
connection of electrodes, the device may also be
driven as an n-channel junction field-effect
transistor (JFET).

*This work sponsored by the U. S. Department of Energy
(D.0.E.) under Contract DE-AC04-76-DP00789.

fA U. S. Department of Energy facility.
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TABLE I

Emitter acceptor concentration

Emitter thickness

Emitter-Base junction area

Base donor concentration

Base thickness

Epitaxial collector acceptor
concentration 1.5x10!7 /cm™3

Epitaxial collector thickness 4 um

Collector-Base junction area 4.x10"3cm?

Substrate acceptor concentration 1.x10!8cm—3

BnrTTER Coact
{Upper Gate)
Base Contact #1
{Source) /
/
/
/
/
/
LLLTIP 7277 / R
PC“-*E_"’*_ - Nke | st comact @
¢ SupsTRATE D
4 CoLLEcTor ContacT
(Lower Gate)
Figure 1. Structure of a prototype GaP high-tempera-

ture bipolar junction transistor (BJT) with a mesa-
etched emitter, chip size 500x750 um. The device
may also be driven as an n-channel junction field-
effect transistor (JPET) where the base region

serves as the channel and the emitter and collector
regions function as upper and lower gates, respective-
ly.

The device of Fig. 1 is fabricated from a
3-layer p*n”p structure prepared by liquid phase
epitaxy (LPE) on a p* substrate. The graphite
sliding boat assembly used to grow these layers
is shown in Fig. 2. Non-volatile Mg is used as
the p-type dopant to avoid vapor-phase contamina-
tion of the lightly doped n-type growth solution. -
A pre-bake under flowing purified H2 in position
2a is used to remove residual oxygen from the
growth solutions before addition of the Mg dopant.
After addition of Mg, the system is raised to the
growth temperature (850°C) and held for ~2 hrs. to
allow saturation of the solution with phosphorus
(Fig. 2b). Growth is initiated by quickly de-
creasing the system temperature by 15 C, causing
each solution to become correspondingly super-
cooled. The slider is then translated to bring
the GaP substrate in contact with the first super-
cooled solution, as in Pig. 2c. Due to the super-
cooling, nucleation immediately occurs on the
substrate, leading to epitaxial growth. Subsequent
translation of the slider brings the substrate in
contact with the other growth solutions for the
completion of the multilayer structure.




By adjusting the amount of supercooling and
the duration of contact between substrate and
growth solutiorn, layer thicknesses as small as
0.2 um can be controlled. Interface planarity,
as delineated by staining in m:mzoz. is
excellent, owing to the superccooling technique,
which avoids nonuniform nucleation and island
growth.

—
PUSHROD ravaive e
{A) BAKE OUT
(C} GROWTH
Figure 2. Graphite sliding boat assembly used for

liquid phase epitaxial growth of the three active
layers of the GaP BJT.

Once the resistivity and thickness of all
three active layers are defined by LPE, the
processing sequence of Fig. 3 is implemented to
uncover the base and contact all three regions.
The first step (Fig. 3a) involves definition
of a thermally evaporated Au-Be/Au emitter
metalization by a single-step optical lift-off
process.? Next, 300 nm of plasma-enhanced
CVD Si-N is deposited and patterned to serve
as a masking material for the GaP etchant. The
emitter mesa is then formed (Fig. 3b) by chemical-
ly removing unwanted p* material in a K Fe(CN) o
(0.5 molar): KOH (1.0 molar) solution ag 17°c.
Without agitation this mixture etches p-type GaP
at 80 + 8 nm/min. The Au-Ge/Ni/Au base metal-~
ization is then defined (Pig. 3c) by deposition
through a shadow mask. After thermal evaporation
of the Au-Be/Au collector metalization on the
back of the wafer, the contacts are annealed
at 500°C for 15 min in H,. Individual transistors
are then formed (Pig. 3df by sawing the wafer
into dice with a high-speed diamond-impregnated
saw. The transistors are then mounted in ceramic
headers using a silver loaded polyimide adhesive
and contact is made using thermocompression-
bonded, 1.0 mil Au wire. This packaging technique
is unsatisfactory for life testing, however, as
the polyimide adhesive is known to fail’ after
extended use at or above 300°%.
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DEVICE EVALUATION AND DISCUSSION

The GaP transistor described above was evaluated
in both the bipolar and JFET wodes. Camono-en.u:ter °
output characteristics of the device at 20°C and 350 C
are shown in Fig. 4. The transistor is observed to
have a common-emitter current gain (at 20°%C or 350°C)
peaking in the range of 6-10 and a room temperature,
punchthrough-limited, collector-emitter breakdown
voltage of approximately -6V. Other Parameters of
intgrest for this device include an fr = 400 Knz
(20°C) agd a collector-base leakage current = . 200 uA
(T = 350 C, Vep = -4V). A simple amplifier construct-
ed from this transistor prodiced power gains of:
16dB at 20°C and 350°C; 12.5 dB at 400°C; and 2.2dB
at 340°C. Operated as a JFET the transistor had a
double-gate pinchoff voltage = 1.8V (20°C) and a
common-gource transconductance = 120 us (20°) . No
extended life tests have been performed on these
structures to date.

The low value of the common-soyrce transconduct-
ance and the degradation of the common-emitter output
characteristics at high-temperature are both due to
excessive series resistance in the lightly doped
n~type region of the initial design. In the JFET
mode, this resistance appears in series with the
source and drain. This seriously degrades the JPET
Properties as any voltage drop across the source
resistance appears as negative feedback on the gate.



a7

350°C

Figure 4. Common-emitter ogtputchatacteristics of
the GaP BJT at 20 C and 350 C., (1, = -0.5mA/div,

VCE = -1V/div, LIB = -0.05mA/step.” The curves are

inverted for clarity).

In the bipolar mode the resistance of the n-type
region appears as a parasitic base resistance. The
voltage drop developed across this resistance by the
base current causes a decrease in the effective emitter
area of the device. This effect is accentuated by the
transistors' low value of current gain. The effective
emitter area in turn modulates the effective collector
and emitter resistances. As tole and electron mobil-
ities decrease at high temperature, all series
resistances increase and the common-emitter output

characteristics Aappear to collapse from the saturation
side.

Looking at this effect in adifferent way, Fig. 5
shows common-emitter, a. c¢. current gain as a function
of collector current and temperature. The current
gain below the Xirk effect® limit stays relatively
constant with temperature whereas the peak in the
current gain decreases. The important point to note
from Fig. 5 is that the poor high-temperature
properties of the device are limited by the series
resistance of our rather crude initial geometry and
not be any fundamental materials limit.
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Figure 5. Common-emitter current gain vs. collector
current and temperature for the GaP BJT.
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An improved structure presently in process which
addresses sume of these problems is shown in Fig. 6.
This device utilizes selective thinning of the base
region and a metallorganic CVD deposited emitter to
determine active device areas. A thicker inactive
base region with an optimized doping concentration
should decrease base resistance, increase the
collector-emitter breakdown voltage and ircrease thz
output resistance. An etched rather thar. sawn
termination of the collector-base junction should
reduce collector-base leakage at high-temperatures.
Utilizing improved structures such ac the one shown
in Fig. 6, a GaP device operating at 400°C for periods

in excess of 1000 hours is expected in the near
future.

" EmiTTeR
~ Base

p (ouLECTOR
p* SussTRATE

Figure 6. An improved GaP BJT incorporating a
selectively thinned base region, an emitter region
deposited by metallorganic CVD, and an etch-
terminated collector-base junction.

CONCLUSION

Preliminary results have been reported on the
development of a GaP bipolar junction transistor
for geothermal and other high-temperature applications.
A fabrication sequence for the transistor as well
as device characteristics have been described. A
series resistance problem with the initial design

has been identified and suggestions have been made for
improved structures.

The authors wish to thank T. A. Plut
J. B. Snelling, and R. Chavez for their expert assist-
ance in the preparation and measurement of these
samples.
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RELIABILITY STUDY OF REFRACTORY GATE GALLIUM ARSENIDE MESFETS*

John C.W. Yin and William M. Portnoy
Department of Electrical Engineering
Texas Tech University .
Lubbock, Texas 79409 -

Summary

Refractory gate MESFETs have been fabricated as
an alternative to aluminum gate devices, which have
been found to be unreliable as RF power amplifiers.
The reliability of the new structures has not yet
been determined, and this work was undertaken to pro-
vide statistics of failure and information about
mechanisms of failure in refractory gate MESFEIs.
Test transistors were stressed under conditions of
high temperature and forward gate current to eanhance
failure; results of work at 150 °C and 275 °C are
reported here.

Introduction

Until recently, the semiconductor industry metal
standard for MESFET fabrication was aluminum, par-
ticularly for the gate. The reliability of aluminum

metaliized MESFETs has been extensively studied, ™0
and certain failure mechanisms have been identified,
all involving the aluminum gate metallfzation. The
most important of these are aluminum electromigration
and gold-aluminum phase formation. The failure prob-
lem in aluminum metallized power MESFETs has become

so acute that the aluminum gate is being abandoned,
and a refractory gate is being introduced in its
place. This gate consists of a refractory metal
Schottky contact and a conducting gold metallizationm,
separated by some intermediate metal to provide metal-
lurgical stability; the most common refractory gate

is titanium-platinum-gold. The reliability of refrac-
tory gate MESFETs has been assumed to be better than
that of aluminum gate MESFETs. However, electro-

11-12

migration has been observed in gold and in tita-

niun—goldla—lb f{ims, and failure modes in refractory
gate devices similar to those in aluminum gate devices
are possible. This work was undertaken to obtain
statistics on failure for and to determine failure
modes of refractory gate MESFETs.

Experimental Procedure

The MESFET used in this work is the Texas Instru-
ments MS801 gallium arsenide transistor in the strip-
line package. Each packaged chip consists of two
individual cells, each cell delivering 250 mW of micro-
wave power at 8 GHz; only one of the cells is used in
the MS801. Normally, the chip is sesled in epoxy for
protection; however, the epoxy fails near 200 'C, so
that the devices tested hers were unencapsulated to
permit measurements at higher temperatures. Source
and drain ohmic contacts are formed by evaporating a
gold-germanium-nickel layer over the entire contact
region and alloying, evaporating titanium-gold or
chrome-gold, then gold-plating the source and drain
pad regions. The source-drain separation is 6 um;
four central gate stripes, 2 um by .006 inch, are
connected in parallel at the gate pad. The gate
stripes and pad are formed by electron beam evaporating
successive layers of titanium (the Schottky contact),
platinum and gold.

The test fixture is made from a nickel-clad high
temperature laminate; contact is made between a high
temperature PC board connector and the device leads by

#This work was supported by the Naval Air Systems
Command under Contract N00014-78-C-0738. ’
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way of striplines patterned in the nickel. The con-
nectors accomodate two fixtures side-by-side; a
stainless steel tray holds fourteem connectors, so
that up to twenty-eight devices can be stressed simul- ‘
taneously. The temperature test chamber is a 315 %
inert gas oven configured for nitrogen flow. A three
inch diameter feedthrough port, cipped with a PTFE
feedthrough, completes the test chamber arrangement.
A thermocouple measures the temperature at the geo-
metric center of the tray at sample height.

The devices were stregsed electrically at two

" channel temperatures, 150 °C and 275 °C. Electrical

stress consisted of biasing each device near 1 and

dss
driving the gate into forward condition, in some cases,

. quite heavily. The devices could not be biased at the

same values of Idss’ and simultaneously at the same

drain-source voltages, because of their different
characteristics; in order to maintain equal DC channel
power dissipation, and equal channel temperztures for
all devices during stress, the device with the lowest
Idss curve (VBB = () was biased at the intersection

of the load line and the I curve and the other

dss
devices (at the same chamber temperature) were biased
at a drain current equal to that value of Idss' For

equal load lines, all devices then were biased at the
same quiescent value of vds' Although the other de-

vices were biased below their Idss values, forward

gate current flowed for sufficient positive gate-
source voltage swing. The gate-source voltage swings
were set to provide equal drain-source voltage swings,
in order tov obtain the same AC channel power dis-
sipation.

The output resistance of the MESFET becomes nega-
tive at certain values of the drain current and drain-
source voltage. It the load line passes through a
region of device negative resistance, there is a con-
siderable possibility of oscillation, so that the
drain resistance must be such as to limit operatiomn to
a safe region, that is, to a region of positive output
regigtance. The safe value of the drain resistance is
obtained by drawing a load line which begins at the
drain bias voltage on the vds axis and which crosses

the Idss curve at its corner, just below the point at

which the output resistance becomes negative. This
value is, of course, different for different devices,
and even for a single device at various temperatures.
Idss decreases with increasing temperature; for a

given tranmsistor, a drain resistor will have its high-
est saufe value at the highest test temperature. If
that highest value is chosen as the drain load, the
load line will be safe at all lower temperatures.
Furthermore, if that safe value is calculated on the

basis of the lowest Idss curve out of the entire set

.of transistors, that value will assure a safe load

line for every device in the set, at any femperature
below the maximum test temperature. (This assumes
that all devices exhibit roughly the same percentage

decrease in Idas with increasing temperature; the as—

sumption was validated by comparing the behavior of
several devices.) If the same load resistance is uged
for every test device, each MESFET can be biased to
the same quiescent point, and driven with identical
AC swings. The average drain power dissipated is the
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same for each device, so that power (of channel tem-
perature) is the same; however, if the gate of each
device is driven into forward conduction, the forward
current drawn by each gate is different for equal
drain current swings (for different Idss values).

The statistically significant stress is then the for-
ward gate current.

The gate voltage was varied around its quiescent
point, so that forward current flowed only during part
of the AC cycle. Very low reverse gate currents
flowed when the drain current was below Idss’ that is,

for negative gate-source swings, so that a roughly
half-wave rectified forward gate current was obtained;
true sinusoidal behavior could not be obtained be-
cause of the non-linearity of the d.ode curve. The
high temperature stress was interrupted at logarithmic
time intervals and the devices were cooled down tc
room temperature for failure characterization. The
stress periods were nominally 20, 50, 100, 200, 500,
and 1000 hours.

Electrical Measurements

Five measurements were originally planned for
high temperature characterization and failure analysis:
the characteristic curves, from which the transcon-
ductance, By could be obtained; the piunch-off vol-

tage, V_; anl vs., V

po dss — ds
verse leakage current (drain-source short), I

curve; the gate-source re-

rgss’
the forward gate-source current-voltage characteris-

tics (drain-source short), Ifgss; and the zero bias

gate-source capacitance (drain-source short), cgss'

The capacitance measurement could not be performed
because of the very high parasitics associated with
the test assembly. The gate leakage current measure-
ments were not made at clevated temperatures, inasmuch
as the very high reverse gate-—source currents made
these measurements impractical. The time required to
make a complete series of measurements at high tem—
peratures for the total number of devices involved

was long enough to be comparable to the stress periods
between room temperature measurement; elimination of
the reverse leakage measurement, which is primarily of
value as a room temperature failure criterion, reduced
the total high temperature measurement time signifi-
cantly. In order to reduce the time even more, high
resolution pinch-off voltage measurements were not
made at elevated temperatures; that is, vpo could be

estimated from the high temperature characteristic
curves, but no special measurement was made. The
pinch-off voltage, like the gate-source reverse

leakage, is a useful room temperature failure cri-
terion. However, the characteristic curves, Idss’

, can be related theoretically to tem-

perature; these measurements were performed for every
device at high temperature. The forward gate-source
current measurements are particularly important,
inasmuch as they provide the n-Zactors and saturation
currents (and barrier heights) for the gate Schottky
diodes. Characterization of the devices was performed
initially at room temperature and each time the de-
vices were cooled back to room temperature (nominally
at 20, 50, 100, 200, 500, and 1000 hours) after a high
temperature stress. High temperature measurements
were made after the oven temperature had stabilized at
its high temperature value, just before the oven power
was turned off to cool the devices, and at daily in-
tervals in between.
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Results and Discussion

v8., V., curves were obtained and provided

1dsa — 'ds
values of xdsa at Vds = 2.5V and at vds = 0.5 V; the

latter is essentially the slope of the I curve be-

dss
fore current saturation, and is related to the channel
resistance. The pinch-off voltage was defined as the
gate-gource voltage required to reduce the drain cur-
rent, at Vds = 2.5V, to 20X of the value of Idss at

that voltage. Inasmuch as Id changed during the

88
stress, two pinch-off measurements were made; one was
based on the original value of Idss before stress,

Idsso’ and the other, on the valuc of Idss at the time

of the pinch-off voltage measurement. The characteris-
tic curves were also obtained and the values of the
transconductance, 8y Were calculated at the point of
intersection of the load line and vds = 2.5V. The
reverse leakage current, Irgss' was measured at a nega-
tive gate-source vultage of 4 V, with a drain-source
short. Finally, the forward gate-source diode charac-
teristics, with a drain-source short were measured.

The high temperature measurements were made under the
same conditions, except that the pinch-off voltage and
the reverse gate leakage current were not measured.
The zero voltage saturation current, Ia' and the

ideality factor, n, were calculated from the measured
forward gate-source diode characteristics. The bar-
rier height at the gate-source interface was estimated
from the values of Is at room temperature and at the

stress temperature. Failed devices were examined
under a microscope, and their appearance was compared
with the appearance of similarly stress unfailed de-
vices.

Ten devices out of twenty-one failed as a result
of stress at 150 C; seven failed catastrophically be-
cause of damage to the gate lead and pad (five) or to
the drain pad (two), and three exhibited electrically
degraded behavior. Two of the latter became leaky,
vhile the third exhibited a sharp reduction in Idss;

no physical changes could be seen in the three under
the microscope. There was no clear change in any of
the measured electrical parameters for any device pre-
ceding failure, nor for any unfailed device to the end"
of stress, either at room temperature or at 150 C; in
other words, there was no obvious electrical indication
of degradation or as a precursor for catastrophic fail-
ure. No evidence of electromigration could be seen by
ortical microscopy in any devicz, failed or not.

These results at 150 "C are consistent with results

obtained in other DC and RF measuraments.ls

Twenty devices were stressed at 275 °C; seventeen
failed catastrophically. Six of the catastrophic fail-
ures were infant failures, occurring at the stress
temperature within five hours of the beginning of the
stress. The electrical failure mode here was high gate
leakage and high channel resistance; microscopic exami-
nation revealed gate pad damage in every case, with a
burned area bridging the gate pad and source pad. Some
drain-source common damage was also observed, but this
may have been spill-over. The other eleven devices
failed at times up to 1000 hours; six had high gate
leakage and five were open gates. The open gate de-
vices had lost their gate leads; the gate pads were
blackened and heavily damaged. Four of the six de-
vices with high gate leakage displayed the same kind
of gate pad-source pad damage and bridging as did the
infant failures. It was not possible to determine
from the microscopic examination whether the gate pad

.,
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failed, or if it fused as the result of failure else-
where in the device.

The eleven devices failed at the stress tem-
perature also. All failed before the final room
temperature measurements, at 1000 hours, could be
performed. However, certain room temperature trends
could be established by 500 hours of stress. In
general, Idas decreased from its pre-stress value,

on the average, by 12Z, although decreases as great
as 252 were observed; channel resistance increased
by around 15%; differential transconductance re-
mained about the same, although the absolute trans-
conductance decreased because of the compression of
the characteristic curves; pinch-off voltage de-

creased because of the reduction in Idss; the re-

- verse leakage current became very high, in the order

of microamperes. The zero bias saturation current
showed considerable variation; it is difficult to
obtain precige values of Is inasmuch as an extrapo-

lation to zero voltage is required, and a small
change in the slope (the ideality factor, n) of the
forward log current vs. voltage curve will iatroduce
considerable inaccuracy. The ideality factor, n,
increased from between 1.12 and 1.28 to around 1.18
to 1.47. The barrier height at the gate-substrate
interface was estimated, and decreased, in general,
from around 0.8 eV to 0.7 eV.

The devices which did not fail catastrophically
exhibited the same trends, except that the changes
after 1000 hours of stress were greater than those

after 500 hours for the failed devices. Idss de-

creased by an average of 172; channel resistance
increased by around 30%; the reverse leakage current
was in the order of tens of microamperes; the change
in n was about the same as for the failed devices;
and the estimated barrier height decreased from :ome
0.8 eV to 0.6 eV. )
Excluding the infant failures, all devices, in-
cluding those which did not fail catastrophically,
showed significant alterations in the drain stripe
metallization. There was also some lifting of the
silicon nitride overcoat; this is probably an effect
of the high stress temperature, inasmuch as it also
occurred in the adjacent cell, which had no gate or
drain connection, and carried no current. There was
a build-up of metal at the gate pad end of the drainm
stripes, appearing as raised hillocks, and a thinning
of the drain stripes near the drain pad. This 1is a
surprising result, and does not agree with other ob-

servations on similar devices under RF conditions,l6
in which the direction of metal migration is toward
the drain pad end of the drain stripes. The latter
results, however, were obtained with essentially
linear operation, and in the stresses imposed in this
work, substantial forward gate current (between 50 mA
and 100 mA) flowed. No control meaguremeuts on only
DC biased devices were made at 275 C, so that it is
not possible to assess the effects of the forward
gate current at this time.
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ELECTRICAL SWITCHING IN CADMIUM BORACITE SINGLE CRYSTALS

Tatsuo Takahashi and Osamu Yamada
RCA Research Laboratories, Inc., Machida City, Tokyo, Japan

Abstract - Cadmium boracite single crystals at high
temperatures (3 300°C) were found to exhibit a
reversible electric field-induced transition between
a highly insulative and a conductive: state. The
switching threshold is smaller than a few volts fo:
an electrode spacing of a few tenth of a millimeter

corresponding to an electric field of 102 ~ 103 V/em.
This is much smaller than the dielectric break-down
field for an insulator such as boracite. The insuia-
tive state reappears after voltage removal. A pulse
technique revealed two different types of switching.
Unstable switching occurs when the pulse voltage
slightly exceeds the switching threshold and is charac-
terized by a pre-switching delay and also a residual
current after voltage pulse removal. A stable type of
switching occurs when the voltage becomes sufficiently
high. Possible device applications of this switching
phenomenon are discussed.

Invroduction

A series of compounds having a chemical formula

HJB7013X (M = divalent metal, X = halogen) have been

known to be isostructural with ihs mineral magnesium
chlorine boracite (h533701301). “?  These compounds
have an orthorhombic Cgv-Pca structure at room tem-
perature and transform to a cubic Ti-FZﬁc structure

Extensive investigations

of physical properties of boracite compounds were made
in the past and some boracites were found to be ferro-
electric and gggronagnetic simultaneously at low
temperatures. Recently, we have successfully grown
single crystals of Cd boracites, Cd3B70131; X = Cl or

Br, by a cnemical vapor transport method. The
crystallographic transition temperatures were 520 +
5°C for the Cd-Cl boracite and 430 + 5°C for the Cd-Br
boracite. During measurements on these crystals, we
found that the crystals abruptly became conductive
when a dc bias voltage was applied at above 300°C,
temperatures considerably below the transition tem-
perature. The switching was reproducible and closely

resembled that observed in chalcogenide glasses.11
However, the critical field strength required for such

switching (102 ~ 103 V/cm) was at least one or two
orders of magnitude smaller than that in the case of
anwrphous semiconductors. The results of dc and pulse
reasurements of this interesting switching phenomenon
are described below. Possible device applications of
this phenomenon will also be discussed.

Sample Preparation and Measuring Technique

The Cd boracite cr{stals were grown by a method
described elsewhere.l0 The crystals (max. edge length
A5 mm) were cut into slices having a simple crystallo-
graphic face such as (100), (110), and (111) in
pseudo-cubic indices. Each slice was ground and
polished with diamond paste., Electrodes of Au/Cr film
were evaporated. The Cr inner layer adheres rigidly
to boracite surface to make a good supporting film for
the Au overlayer. Gold lead wires were attached to the
electrodes with Ag-conducting paste. In the dc
measurements, the sample was connected in series with

a large protective load resistance RL (10 ~ 100 KQ).

A voltage across the sample (X) and a current through
the load resistance (Y) were recorded on an X-Y

recorder.

In the pulse measurements, the pulse generator (Toyo
Telesonics) was capable of delivering a square pulse of
maximum amplitude 10 V with various pulse lengths (1
psec ‘v 10 msec) and pulse repetition rates (single

sweep NIO6 pulses/sec). Both the dc pulse and the
current through a 50 K load resistance were recorded
on a storage oacilloscope (Tektronix type 564).

DC Measurement

When a crystal was heated to above a certain critical
temperature Tc' the crystal could be made conductive

upon the application of a dc voltage. Figurel is a
schematic illustration of current-voltage characteris-
tics for such switching. As can be seen, the switching
is symmetrical with respect to voltage polarity.

Before switching, the current is determined by the
sample resistance since it is much larger than RL.

Vi

e

Fig. 1. dc current-voltage characteristics of a
Cd-X boracite crystal (X = Cl or Br) at T > Tc'

After the threshold is exceeded, a negative resistance
region appears. In the 'on' state, the dynamic resist-
ance of the sample dV/dI takes a small positive or zero
value. Unlike the case of threshold switching in
amorphous semiconductors, there does not exist a criti-
cal current, or a so-called holding curremt at which

the sample abruptly switches back to the 'off' state.
1: seems that the sample gradually returns to the 'off'
state as the current is decreased. Therefore, the
sample resistance in the ‘on' state cannot be clearly
defined. The threshold voltage Vth is dependent upon

temperature and decreases with temperature increase.
In Fig. 2, the temperature variation of Vth for Cd-Cl

boracite sandwich electrode samples of two different
thickness are shown. Figure 3 is a similar result for
a Cd-Br boracite sandwich electrode sample that shows
the presence of temperature hysteresis on cooling. An

apparent critical temperature Tc, obtained by extra-
polating Vth to infinity, is dependent upon sample

thickness. The thicker the sample, the higher Tc. The
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threshold voltage Vth is not a linear function of

thickness; the critical field increases with thickness.

The Vth vs temperature curve does ncc show any anomaly
at the crystallographic transition temperature Ttr at

which the peculiar twin lamellar structure dlsappears{
It may be pointed out that Tc for thinner samples is

indeed very close to the inflexion temperature which
appeared in differential thermal analysis (DTA) curves
of the crystal which are believed to show the exist-
ence of a higher order phase transition. Much the
same results were obtained in the case of coplanar
electrode samples.
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sample.

When a sample is kept in the 'on' state at a certain
temperature, stabilization of the conductive state
seems to set in. That is, if the 'on' state is main-
tained for a shoit time, Vth measured immediately

afterwards is considerably smaller than its previous

as a function of tem-
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value. After repeated switchings, the 'on' state is
temporarily stabilized. The stabilization of the 'on'
state, or 'memory switching,' is always preceded by
threshold switching in Cd boracites, just as in the

case of memory switching in chalcogenide glasses.11

The stabilized 'on' state in Cd boracites eventually
returns to the 'off' state after the removal of a dc
voltage. Complete recovery requires times ranging

from seconds to hours. The occurrence of stabilization
of an 'on' state makes interpretation of dc measure-
ments somewhat ambiguous. Accordingly, pulse
measurements were carried out with results as next
discussed below.

Pulse Experiments

Threshold switching was clearly observed in the
pulse experiments. The critical temperature for
switching was comparable to that observed in the dc
experiments. However, there occurred several other
peculiar phenomena not observed in the dc experiments.

Two different types of switching were distinguished
in the pulse experiments. The first type appears near
the voltage switching threshold and is characterized
by a time delay before switching and by an unstable
current. There also exists residual current after the
pulse is removed. In Fig. 4, an example of such
'unstable' switching is shown. The photograph was
taken by multiple exposures at various pulse voltages.

Fig. 4. Scope trace of unstuble switching pulse
(multiple exposure). Cd-Br boracite sandwich elec-
trode sample with electirode spacing 0.38mm; voltage
(upper trace) of 2V/div; current (lower trace) of
40pA/div; time of 2 msec/div; single sweep trace;
and temp of 340° + 2°C.

As can be seen, the delay time shortens as the voltage
increases. After the removal of the pulse, the current
disappears with a decay time of 15 v 20 usec. An
example of such a decaying current is shown in Fig. 5.
When the applied voltage becomes much larger than the
threshold voltage for unstable switching, the switching
begins to take place with almost no delay. The current
ice stable and disappears instantaneously after the
removal of voltage (Fig. 6). Typical threshold voltage
values for unstable switching Vth(USSW) and threshold

voltage values for stable switching Vr‘(SSU; for vari-

ous pulse lengths are shown in Table I. These voltage
data were taken under constant duty operatign, i.e.,
pulse length (sec) X pulse repetition {(sec *) = 0.1.

As can be seen, both Vth's increase as the pulse length

decreases. Vth(SSW) is at least 3 v 4 times V[h(USSN).

When the applied voltage is kept constant, there exists
a critical pulse repetition rate at which unstable
switching takes place. The critical pulse repetition




rate increases with decreasing pulse length as expec-
ted. 1In all cases, little or no stabilization effect
was observed after repeated applications of voltage
pulses.

Fig. 5. Scope trace of unstable switching pulses.
Cd-Cl boracite sandwich electrode sample with elec-
trode spacing of 0.48mm; voltage (upper trace) of
5V/div; current (lower trace) of 40 pA/div; time of
5 usec/div; pulse repetition rate of 2 KPPS; and
temp of 345° + 2°C.

Fig. 6. Scope trace of stable switching pulses. The
sample is the same as in Fig.5 with voltage (upper
trace) of 2V/div; current (lower trace) of 40uA/div;
time of 5 psec/div; pulse repetition rate of 10 KPPS;
and temp of 345° + 2°C,

Table 1

Vth's for Constant Duty Operation

Pulse Width Pulse V., (USSW) V_ . (SSW)

Repetition 2L th

(sec) (Pulses/sec) (V) (V)

1078 10’ 2 748

=, 4

1072 10 1.2 3

1074 10° 0.2V 0.4 4

1073 102 0.2~ 0.3 4

1072 10 0.3 " 0.4 3

Sample: Cd-Cl boracite (001) cut, 0.48 mm thick,
T = 340 + 2°C.

Throughout the present switching experiments, dc or
pulse, the aforementioned switching characteristics
changed little with crystallographic orientation of
the sample.

In the present experiment, Au lead wires were
attached tv the sample with Ag-conducting paste. In
this case, a Ag-boracite contact is presumably formed
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at high temperatures by the diffusion of Ag through
the Au/Cr film. It was found that the sample did not
switch when a Au lead wire was thermally bonded onto
the Au/Cr film. It seems that Ag is indispensable to
form a good electric contact to a boracite crystal.
However, little is understood about the electrode
effect as well as the switching phenomenon in general
at present. Several mechanisms that had been proposed
to account for the other switching phenomena have been
discussed in connection with the switching in Cd-
boracite crystals elsewhere.l?

Device Applications

A number of functional devices can be fabricated by
making use of the newly found threshold switching in
Cd-boracite single crystals. Since the switching takes
place only at high temperatures (3 300°C), such devices
may be found to be useful in the fields where a high
ambient temperature or a lack of workable heat sink
prevents the use of ordinary solid state devices. Such
devices include:

1. Current controlling devices having non-blocking
Ag electrodes for dc, dc pulse and ac circuits
(symmetric devices).

2, Current controlling devices having one blocking
and one non-blocking electrode (asymmetric devices).
Such asymmetric electrode devices can be used in a
logic circuit for dc and dc pulse voltages.

3. Current rectifiers for low frequency ac.

Since the operative principle of devices of first
and second categories are obvious from the foregoing
discussion, only the current rectifiers will be des-
cribed in some detail. Figures 7 and 8 show the
circuits for half-wave and full-wave rectifiers, res-
pectively. The half-wave rectifier of Fig. 7 consists
of an ac source, a load resistance RL’ a blocking

capacitance C, , a boracite crystal element, and a dc

b

Fig. 7.

AC nput

Fig. 8. Circuit of full-wave boracite rectifier.




control circuit. The boracite element in this case Cbl’ Cb2' a boracite element, and a dc controlling
can be either a symmetric or asymmetric device. The
dec control circuit consists of a variable dc veoltage
source and a large protective resistance R_to block

circuit. The boracite element in this rectifier has
three electrodes. In Fig. 8, the two side electrodes
are positively biased with respect to the middle one.

ac current. When a small ac voltage is applied The current through RL will be 11 in the first half cycle
followed by a dc voltage, a regulated current begins =
to flow at a critical dc voltage. Figure 9 shows a of ac and 12 in the next half cycle so that the full
scope trace of such a regulated current. Because of wave rectification will be completed. The direction

of current through RL reverses when the polarity of

side and middle electrodes is reversed. Figure 10
shows a scope trace of such a rectified current
obtained by the circuit of Fig. 8. As in the case of
half-wave rectification, the minimum dc bias voltage
increased with increasing ac voltage.

The above examples are illustrative of potential
usefulness. Other circuit applications of the Cd
boracite switching devices seem possible.
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bI’

CbII d
Ac rectitied current (upper trace): 0.1V/div. Applied
50 Hz ac voltage (lower trace): 0,5V/div.
Time: 5 msec/div.
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Summar

Silicon carbide has been used extensively as an
abrasive, but only in the last twenty-five years has
its potential as a semiconductor been exploited. The
rationale for S1C semiconductor devices is their high
temperature performance. Rectifiers, field effect
transistors, charged particle detectors, and other
devices operate efficiently at temperat:ras about
800°K.

It 1s the purpose of this paper to examine the
progress made in SiC devices in the 1955-1975 time
frame and suggest reasons for the present lack of
interest in this unique material. '..e data given in
this paper has been abstracted from previously pub-
1lished work.

Introduction

In the last seventy years, considerable use has
been made of the abrasive characteristics of silicon
carbide (hereafter SiC); however, only recently were

its potentialities as a semiconductor exploited.(l-A)
It 1s the purpose of this paper to discuss SiC devices
in the 1955-1975 time frame. Since SiC device proper-
ties are intimately connected with its material proper-
ties, crystal growth and fabrication techniques will
also be discussed. Finally, I will suggest reasons it
is no longer considered a viable product for exploita-
tion.

The work discussed in this paper was performed at
various industrial and college research laboratories.
Thegse programs are no longer active, and there are no
known plans or interest in their reactivation.

Physical and Chemical Properties

Silicon carbide exists in the hexagonal (a) and
cubic (B) phases with the a phase occurring in a vari-
ety of polytypes. The various forms of SiC have the
largest energy gaps found in common semiconductor
materials, ranging from 2.39 eV (cubic) to 3.33 eV (2H)
The bonding of Si and C atoms is basically covalent
with about 127 ionic bonding. The structures are tem-
perature stable below 1800°C and thus form a family of
semiconductors useful for high temperature electronic
devices. Table 1 shows the lattice parameters and
energy gap (C°K) for the common polytypes.

Table 1. Lattice Constants and Energy Gsp of Common $1C Polytypes
Lattice Paramaters Snergy Gap (0°K)

Structure (i)

] a*3.09 ,ce 5.0 .33

] a=3,09 ,c=10.05 3.26

64 a = 3,0817, c = 15.1183 3.02

n 3.01

158 e= 3,079, cw=37.78 2.986

ar a=3.079, cs 52.88 2.86

[} 2.80 - 2.90
cublc-3c a=4.35 2.3
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S1C 18 inert to nearly all laboratory reagents,
and the usual techniques for chemical etching employ
molten salt or salt mixtures (NaOH, Nazo. borax) at

temperatures above 600°C. Electrolytic etching, suita-
ble for p-type material and etching with gaseous chlo-
rine near 1000°C, may also be used.

The physical hardness and chemical inertness im~-
pose great restraints on device fabrication techmniques.
Although SiC technology has progressed along the same
lines as that of silicon, many techniques had to be
developed which were peculiar to SiC and which inevi-
tably made the fabrication more difficult and expen-
sive.

Methods of Preparation

The oldest and perhaps the best known method of
SiC crystal growth is the sublimation method. This
technique uses the vaporization of a SiC charge at
about 2500°C {nto a cooler cavity with subsequent con-
densation. Initially the charge formed its own cavity,
but more uniform crystals are grown when a thin graph-
ite cylinder is used in the center of the charge. This
thin cylinder also reduces the number of nucleations so
that fewer but more perfect crystals are grown. The
crystals are grown as thin hexagonal platelets, perpen-
dicular to the growth cavity. Doped crystals, contain-
ing p-n junctions, can be prepared by adding proper
dopants to the ambient during growth. The power r-cti-
fiers, to be described later, were prepared by this
method.

Other methods of crystal growth are epitaxy, trav-
eling solvent and solution growth.

The hexagonal a phase is grown epitaxially from
1725° to 1775°C with the cubic phase being grown from
In both cases, equal molar percent-

1660°C to 1700°C.
ages of CCla and SiClk are used. Polished and etched

SiC crystals were generally used as substrates although
Ryan and co-workers at Air Force Cambridge Research
Laboratory have investigated the growth of SiC onto
carbon substrates using the hydrogen reduction of
methyltrichlorosilane (CH351013) (called the vapor-

liquid-solid growth). At 15000°C, a-SiC whiskers on the
order of 5 mm long by 1 mm diameter were grown. These
whiskers were of the relatively rate 2H polytype.

S1C crystals have been grown together, and p-n
junctions formed by passing a heat zonme through two SiC
crystals separated by a solvent metal (traveling sol-
vent). The temperature gradient across the thin sol-
vent zone causes dissolution at both solvent-solid
interfaces. However, the equilibrium solubility of SiC
in the solvent is greater at the hotter interface, a
concentration gradient is established. The solute,
then, will diffuse across the liquid zone and precipi-
tate onto the cooler crystal. 1In this way, two dissimi
lar conductivity type SiC crystals can be grown togeth-
er.

In the solution growth technique, a small amount
of SiC is dissolved in molten 31 (or in some cases Fe
or Cr). As the melt is slowly cooled, the SiC becomes
less soluble; and SiC crystals nucleate and grow in the
crucible on prepared graphite substrates. The grown
crystals are normally of the B-phase. Improvements in
the crucible geometry and cooling rates have led to



cubic crystals up to 4 mm across and 0.1 um thick.
¥ith the use of pure starting materials and extensive
degassing, quite pure crystals can be grown; and

electron mobilities of 500 cm2 per volt-sec have baen
neasured.

Device Techniques

The specific device techniques used will vary
from device to device, and it is the purpose of this
section to discuss fabrication methods in a general
manner. In later sections when the individual devices
are described, any special techniques required will be
discussed. .

The mechanical shaping of a hard cryatal such as
$1C is generally accomplished by scribing and breélking,
lapping and polishing, ultrasonic cutting and air
abrasive cutting. Boron carbide and/or diamond are
used for these purposes since they are the only mate-
rials sufficiently hard.

Scribing the crystal with a diamond point and
breaking it along the scribe line can also be used.
As will be discussed later, a number of field effect
transistors were fabricated on a single crystal; and
these transistors were separated by scribing. Obvi-
ously this is best carried out on a scribing machine.

All of these mechanical shaping operations inevi-
tably leave surface and bulk damage in the crystal.
Some studies have indicated that the damage may propa-
gate into the crystal by microcracks to a depth of tens
of microns. For optimum device performance this dam-
age must be removed, e.g., by chemical etching.

The etching of SiC using molten salts has been
described in detail by Paust in 1959. 1In his paper,
Faust describes the side of the SiC crystal which
etches in a rough "wormy' pattern using molten salt on
the carbon side and the side where the etch is smooth
as the silicon side. This data has also been con-
firmed by Brack in 1965, using X-ray techniques.

Chang and co-workers studied the diffusion of
aluminum into SiC from 1750°C to 2100°C, using both
closed tube and open tube flowing gas techniques.
Since the SiC crystals will decompose at these temper-
atures, it was neceisary to provide an equilibrium
pressure of Si and C vapor species around the crystals
during the diffusion process. OGriffiths in 1965 and
Vodakov et al in 1966 reported further experiments
using similar techniques. The activation energy for
the diffusion of aluminum into SiC found in these
three studies agreed within 5% {~4.8 eV).

Further refinements in uapublished work by Canepa
and Roberts of the Westinghouse R&D Center resulting in
junction depletion widths up to 25 ym were obtained
using a combination of infinite source and finite
source diffusion techniques.

Another technique is to use gaseous etching, e.g.,
CL, at 950°C to 1050°C (Thibault) or C1, +0, at 1000°C

(Smith and Chang).

Characteristics of SiC Devices

Figure 1 shows the reverse characteristics of the
IV properties of a S1C rectifier prepared by the grown
junction method, operating at one ampere and 30°C and
500°C. The forward voltages of these devices, even at
500°C, are alvays larger than 1 volt (half wave
average). Thus far, rectifiers operating up to 10 A
have been fabricated, and specially procersed low
current devices have exhibited reverse capability of

72

600 P1V. The reverse characteristic of 81C rectifiere
generally show a "soft" breakover, rather than the
avalanche breakdown sometimes noted in silicon. This
is generally attributed to the carrier generation
mechanism at the junction and to local areas breaking
down at different voltages, so that the total effect is
one of gradually increasing reverse current.
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Figure 1. Representative properties of silicon carbide
grown junction rectifiers - reverse charac-
teristics

Although very limited life test data have been ob-
tained for these grown junction rectifiers, a few de-
vices have been gperated at several amperes for up to
200 hours at 500 C in air, with no change in electrical
characteristics. Devices operating at one ampere and
using approximately the same encapsulation have been
successfully life tested for 1000 hours at 500°C.

The operation of a p-n junction nuclear particle
or photon detector depends on the collection of elec-
tron-hole pairs produced by the ionizing particle or
photon as it passes through the detector. The elec-
tron-hole pairs are separated in the junction region,
collected, and give rise to a charge or voltage pulse.

S§ilicon photovoltaic diodes have been developed for

the detection of infrared and visible » iiation. These
diodes exhibit a sharp drop in response as the wave-
length of the incident 1ight approaches the uitraviolet
region with most detectors showing negligible response

below 3000 ﬂ. This decreasing response is due to the
increase in the absorption coefficient with decreasing
wavelength. A large absorption coefficient indicates
nearly all the l4{ght will be absorbed at the surface of
the device, and electron-hole pairs generated may be at
a great distance from the p-n junction. Thus, surface
effects, such as carrier recombination, will decrease
the response of the detector.




81C, with a band gap near 3.0 eV, has an absorp-
: tion ccefficient several orders of magnitude less than

that of 81 at 4000 X. and therefore suzface effects
would not. b so important. Detectors lavc been pre-
pared from S4C, and these devices were four: to have
a spectral response which were a maximum . the ultra-
violet region and which could be shifted by varving
the junction depth.

A gimple theoretical model was originally derived
by Chang and Campbell which quantitatively explained
the dependence of the peak wavelength on *he junction
depth and the depletion width of the diode. Consid-
ered in this model were the wavelength and rempuarature
dependences of the absorption coafficient in SiC be-
low the band edge. An approximation was made that at
the peak response wavelength the rutal number of
electron-hole pairs generated in the depletion layer
is a maximum for a given intensity of transmitted
radiation at the surface.

Pigure 2 shows the variation of peak response
wavelength calculated from this model. The curves are
shown for values of the effective depletion width (w)
from w = 1 micron to v = 10 microns.
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Pigure 2. Peak spectral response of silicon carbide
junction diode as a function of junction

depth (after Campbell and Chang)

In addicion to these photon detectors, SiC diode
structures, epecially prepared with graded junctions,
have been used to detect alpha particles; and with the
addition of a conversion layer, thermal neutrons have
been counted.

The fission products of U-235 irradiaced with
thermal neutrons are not unique but have a distribu-
tion with two peaks occurring in the fission product
mass distribution curve. The total energy liberated
is 157 MeV with peaks at 66 and 91 MeV. Figure ?
shows a comparison of the alpha and fission product
spectra for a SiC diode. The fission products spectra
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are very close to those predicted from the a-particle
response taking into account the differont distribution
in the incident energy. The SiC diode, which had a
peaked a-spectra, also shows a neak fission product
spectra; in fact, the fission spectra of the diode
resolves the double peaks.
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Figure 3. Comparison of alpha particle and fission
‘fragment counting of silicon carbide junc-

tion diode (after Canepa et al)

Turnel diodes in SiC can be made by forming a
heavily dojed alloved junction in either n- or p-type
aegenerate SiC crystals, using a very fast alloying
cycle similar ir principle to that originally used to
produce Ge tumnel diodes. Degenerate n-type SiC can
¢ grown readily with heavy nitrogen doping. The
p-type degeneracy in SiC cannot be established uatil
the uncompensated acceptor level approaches 1020 -

1021 cm-a

, which has not been achieved.

An operable $iC tunnel diode was reported by Rutz
in 1964. The junction was formed by alloying Si in a
nitrogen-containing atmosphere to very heavily Al-

doped a-S1C crystals (4.5 x 1020 - 9 x 1020

sated acceptors cm_s). The highest peak-to-valley
current ratio achieved was 1.37 at room temperature,
but negative resistance was obsersed at temperatures
as high as 500°C. The peak voltage is unusually high,
approximately 0.9V and 24%c. Figure 4 shows the IV
characteristics of a 5iC tunnel diode £t several tem-
peratures,

uncompen-

The channel dimensinas and other device dimensions
in a SiC junction gate field effect transistors are
quite small due to the low carrier lifetime and cor-
respondingly short diffusion lengths. Thus, the fab-
rication of these devices require photolithographic
techniques. Using a self-masked diffusion process and
gaseous etching (see Figure 5), Chang et al fabricated
§1C PET's which exhibited current gain from room tem-
perature to 500 C.

A silicon carbide thermistor was described by
Campbell in 1973. This device takes advantage of the
exponential decrease in resistance of a $1C junction

L. -



55 with temperature. Since this resistance changes by an
Joo.J order of magnitude for every 100°C temperature change,
——- a change of a few tenths of a degree is easily de-
tected. Prototype devices have been operated several
thousand hours (with frequent cycling) without degrada-
tion. -

- e
N 200°0
‘s

-

Y Conclusions
>sf- -~ Lonclusions
-~ . Thus far I Lave given a brief outline of SiC
sof - N e semiconductor devices and methods for their fabrica-

tion. The data given show that SiC devices are feasi-
ble and have properties that should be of interest to
several high technology fields. The question then
arises: Why is there so little interest in this mate-
rial today, and why are thers no SiC devices currently
in use?

I believe there are three specific reasons for
this. First, ir the later 1960's there was a decline
in corporate an< Govermment R&D funding due to econom-
ic conditions. At this time, SiC had not carved out
its niche in the semiconductor device market and thus
was a prime candidate for any cutback. A second, some-
what related, cause was the disappearance of the small
market where SiC devices did have a chance to make an
impact. These were high technology areas such as near
sun space missions, supersonic and hypersonic aircraft,
etc. When these markets disappeared, much of the
ifnterest in SiC also disappeared. Finally, the fabri-
+ .ion techaniques for SiC devices (including growth
methods) did not improve appreciably in the twenty
years under question. This lack of progress may have
been due to misplaced emphacis in device programs, but
‘ VOLTS the net result was that the favrication techniques for
SiC devices improved only slightly in this time span.
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Figure 4. 1IV characteristics of silicon corbide tunnel

diode from -1969C to 400°C (after Tutz) Now, where do we go from here? . I see no viable
) market for SiC semiconductor devices in the near fu-
\ ture. Improved Si devices, better insulation, improved
. circuit design all mitigate against any extensive use
Carbon-Face Sioz Mask of SiC devices. This may be viewed as an uufortunate
5 circumstance to many of us who were professionally and
% I mar=—0 S S emotionally involved with this intevesting material
i n-type SiC for a number of years.
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=55 TO +200°C 12 BIT ANALOG-TO-DIGITAL CONVERTER

Lewis R, Smith and Paul R, Prazak
Burr-Brown Research Corporation
Tueson, Arizona

The 12 bit successive approximation A/D converter offers
moderately high speed precision data conversion at o reason=
able level of cost and complexity, The ADCIOHT extends
this capability over a temperature range of =55 to +200°C.
No missing-code performance is maintained over the entire
temperature range. The converter is completely self-con-
tained with internal clock and +10 wolt reference. Figure 1
shows a block diogram of the ADCI0HT,
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Figure 1

The internal 12 bit D{A converter is a monolithic die-
lectrically isolated chip.” The successive approximation
register (SAR) is a commercially available CMOS chip. The
clock and the comparator were designed with a single LM119
dual comparator made with conventional junction isolated
bipolar technology. The clock also contains an MOS
capacitor chip and a nichrome thin film resistor network chip.
These five chips make up the basic A/D converter. The
reference circuit consists of a dielechically isolated op am
chip, zener diode and nichrome thin film resistor network.
The ADCTOHT con be used with an external +10V reference,
if desired,

The SAR could have been either bipolar TTL or CMOS
since both technologies exhibit altered but useful charact-
eristics at temperatures well above 200°C. However, CMOS
device; offer low power dissipation, so that the internal
temperature of the hybrid circuit does not rise as much from
self-heating, Also, CMOS SAR's have better noise margins
than TTL devices at kigh temperatures,

A major problem at high temperature is that caused by
pn junction leakage currents, The largest of these currents
is the epi to substrate current in junction isolated circuits
due to the very large size of the isolation pn junction
relative to the device junctions. In CMOS circuits, these
leakages are returned to the supplies, ond therefore, do not
degrade performance. Therefore, the logic keeps working
at temperctures up tc 250°C, Above that temperature, a
four layer latch mechanism, inherent to junction isolated
CMQOS, limits the devices performance.
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Since the internal D/A converter is dielectrically
isolated, there is no epi to substrate leakage component, By
eliminating this error mechanism, the useful temperature
range of the device is increased. Dielectric isolation is also
used in the reference circuit operational amplifier for similar
reasons.

Although the dual comparator is junction isolated, the
epi to substrate leakage currents are second stage effects emd4
furthermore, tend to cancel out. Another potential difficulty
in bipolar circuits is the poor performance of lateral pnp
fransistors at high temperature. This particular comparator
does not contain any lateral transistors, Instead, resistors are
used for level shifting purposes.

The nichrome thin film resistor networks are stabilized
at over 500°C and, therefore, are stable® at temperatures
well above 200°C, The current densities have been reduced
by a “==tor of three from those densities used in normal
commercial practice fo prevent electromigration ot
high temperature .6

The absolute value of resistors in the converter is not
critical, but resistor tracking with time and temperature is
very important, For this reason, critical resistors of
different values are comprised of equal resistance elements.
Thus, even though the resistors may shift due to the extreme
ambient conditions, the linearity, gain and offset of the
A/D converter itself should remain stable.

The converter is packeged in a conventional 28 pin side-
brazed ceramic package. Figure 2 shows the placement of
the various chips in this package, The eight chips are
eutectically attached to the substrate and ultrasonic wire-
bonded to a doubl 2 layer thick film substrate, The substrate
is then attached to the header using a high temperature gold
tin preform,

BIPOLAR
ZENER DIODE DUAL COMPARATOR
;':‘1:"‘ NICHROME THIN-FILM

BIPOLAR 12 BIT DAC RESISTOR NETWORK

RESISTOR NETWORK  CMOS 12 BIT SUCCESSIVE-
APPROXIMATION REBISTER
Figure 2

A platinum/palladium doped thick film gold system is
used to minimize purple plogue. Average wirebond pull
strengths of three grams after 1000 hours at 250°C have been
obtained. A 1000 hour test at 250°C exhibited only an 80%
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increase In bond resistonces.

Connection between the double layer subsirate and the
ceramic side<brazed package Is made with gold wire, The
converter is hermetically sedled udng a gold germanium pre-
form to attach the ceramic cop.

To ensure the relicbility of the converter, all ports are
burned-in ot 200°C and all ports are 100% screened. Due
to the limited life of the connectors, the tempercture testing
and burn-in fxtures use printed circuit boards that pass
through the oven doors, thus allowing board connection to be
made at room temperatwe. The test sockets themselves are
zero Insertion force types made of Torlon with bemryllium/
nickel contacts. The boards are made of Norplex copper clad
polyimide with nicke! plating. A high-temperature solder
with a 300°C melting point is used for the test boards,

Table | shows the important electrical specifications
for the ADCIOHT, Figure 3 shows linearity error vs, con-
version speed ond indicates that 12 bit accuracy con be
attained ot 25ps. The clock frequency con be odjusted ex-
ternally,

TABLE |

Typical Performance .
Resolution 12 bits

Accuracy at 25°¢c
Gain error: $0.05% (edjustoble to zero)
Offset error: 10.05% (adjustable to zero)
Linearity error: 10,005%

Drift (-55°C < T, < +200°C)
Gain: 15 C
Offset (unipolar): 1 ppl'nfC
Linearity: 0.5 ppm/°C

LINEARITY ERROR VS CONVERSION SPEED

0.200 ppmm ey
0175 1/2.S8 for 8 Bits ~
S 0.150
Iihi
2 018 G Operation
l% 0.100 i IOIBRO;:nun’leﬂ
Z oors / \ 12 8it Operation
/ 172,58
= 0050 T\ N-F-F- B~ —
RN Miatss |
0.025 1 . for 12 Bits T
- - e —l_—l————

[}
0 S5 10 15 20 25 20 35 40 45 S0
Conversion Time (usec:

Figure 3

Shift in bipolar offset and goin vs. time during oper-
ation at 200°C are shown for three devices in Figures 4 ond
5. Both parameters con be adjusted to zero Initially by the
use of external trim resistors, Offset in the unipolar mode is
much less than the bipolar shift shown in Figure 4, Differ-
ential nonlineority shifts with time during operation ot 200°C

SIPOLAR OFFSET SIFT VS, TIIE DURING OPERATION AT 202°C.

Figure 4
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Figure 5

are shown in Figure 6, Differential nonlinearity is defined as
the deviation from the ideal one LSB step size. Overall non-
linearity is not shown but has similar shift vs. time charocter=

-t -
<t m:»um
s SEMAL 00208
TIE
b I ™ » - sap W 0URS

MASNITUDE OF DIFFERENTIAL SONLINEANTY V5. FIE BUNING OPERATION AT 200°C.

Figure 6



Istics to that of differentiol nonlinearity, Flgure 7 shows
differential nonlinearity vs. temperature, All parts are
tested for no missing codes over the temperature range,
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Figure 7
Future Direction

Although the present design was not intended for use
above 200°C, it is believed thot a successive approximation
aonalog-to-digital converter could be bullt for 300°C
operation with 8 bit performance. Lower power cireuitry
‘will reduce peck junction temperatures. The present circuit
dissipates most of its power in the digital-fo-anolog converter
chip ond In the reference. Both circuits could be redesigned
fo operate ot lower supply voltoge and hence lower power,

Although the zener diode used in the reference exhibits
a nonlinear temperature coefficient above +125°C, accept-
able performance was obtoined to +200°C, At much higher
temperatures, a nonlinear zener temperature coefficient
compensation method is likely to be required,

Very careful oftention must be paid to motching of the
internal D to A converter’s collector=base leakage currents
if nonlinear transfer characteristics are to be avolded of high
temperatures, Although leckage currents can still cause goin
ond o errors, these con be removed using digital tech-
niques, '

The CMOS high temperature latch tion con be
eliminated by using dielectric Isolation. 141 logic
circuitry also hos potential for use in the SAR,

Finally, o high temperature metal system such as 'gte
Py, T Au metollization reported on by Peck and Zierdt 8 is
required if reasonable MTBF Is to be obtalned ot 300°C.
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PROCESS CHARACTERISTICS AND DESIGN METHODS
FOR A 300° QUAD OP AMP

By:

J. D. Beasom

R. B. Patterson, 1II

Harris Semiconductor
P. 0. Box 883, Melbourne, Florida 32901

SUMMARY

There is a growing need for electronics which
oajerate over the 125°C to 300°C temperature range in -
such applications as well logging, jet engine contro)
and industrial process control. This paper presents
the results of an IC process characterization, circuit
design and reliability studies whose objective is the
development of a quad op amp intended for use up to
300°C to serve those requirements.

PROCESS CHARACTERIZATION

A dielectrically isolated complementary vertical
bipolar process was chosen to fabricate the op amp.
DI eliminates isolation leakage and the possibility of
latch up, two of the major high temperature sources of
circuit failure which are present in junction isolated
processes. The complementary vertical PNP offers
superior AC and BC characteristics compared to a
lateral PNP allowing simpler stabilization methods.
The junctions are relatively deep (2 3u) to minimize
sensitivity to intercomnect pitting. Device cross
sections are shown in Figure 1.

Figure 1. vevice Cross Sections

Characterizationn of the NPN and PNP show them
to be quite suitable for use up to 300°C, however
certain parameters change drastically over the
temnerature range and require special consideration
in a high temperature design. Leakage currents in-
crease to micro amps as shown in Figure 2. An
important point illustrated in the figure is the fact
that ICES is several times larger than ICBO.
Significant, but not shown on the figure, is the fact
that the leakage currents for matched devices on the
same chip typically match to 10%. These character-
istics are exploited in the circuit design.

The effect of leakage current on NPN common
emitter characteristics can be seen in the 300°C
photo of Figure 3. The base current has been offset
by 4.5 ua to compensate for Icgg bringing the first
trace to the origin. This illustrates the base
current reversal which occurs before 300°C. One can
also observe the monotonic increase in hfe with
-temperature in the photos.

VBE- decreases with the well known -2mV/°C slope
to about 100mv as shown in Figure 4.

*Work sponsored by Sandia Laboratories,
Albuquerque, New Mexico

|

Figure 2.

Leakage Current vs. Temperature
RELIABILITY

Reliability is a particularly important con-
sideration in high temperature circuit design because
w~-% failure mechanisms have exponential temperature
dependence. Perhaps the greatest concern is that of
interconnect reliability. Calculations using Black's
expression! for electromigration in Al interconnect

. predict MTF of greater than 4 years for the maximum
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current density to be used in the op amp. This far
exceeds the goal of 100 hours operating life. 325°C
life tests have been conducted on Al interconnect test
structures at J = 3.3 x 104 A/cm2, on small geometry
transistors at 1 ma and VCB = 30V and on minimum area
contacts to P+ and N+ silicon at 4 ma all fabricated
with the proposed process for more than 500 hours each.
No failures have been observed.

Another potential source of failure, parasitic
MOS formation, is eliminated by isolation of each
device in its own dielectrically isolated island.
This eliminates the isolatfon diffusion which can act
as drain for a parasitic PMOS in JI circuits.



Figure 3.

300°C

NPN Common Emitter
Characteristics at
Three Temperatures
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Figure 4. Temperature Dependence of VBE

SPECIFICATIONS

An initial set of target specifications was
arrived at. They were based on preliminary high
temperature device measurements and extrapolations
from available data. The target specifications are
given in Table 1.

CIRCUIT DESIGN

Conceptually, certain things had to be done
differently from a similar design for the commercial
or military temperature ranges. Leakage currents put
practical limitations on minimum operating bias current
levels. Diode connected transistors are unworkable
because of low forward biased junction voltages. Base
current reverses because of increasing collector to
base leakages and increasing beta. This last con-
sideration means that the base voltage node for strings
of current sources must have current sinking as well as
sourcing capability at high temperatures. Diffused
resistors are almost twice their room temperature
values at 300°C. While this must be borne in mind,
this high positive temperature coefficient can be used
to offset changes in the forward biased junction
voltages.

The primary bias circuitconsists of a buried zener
72, in Figure 5, biased by a pair of 12K/ resistors,
R1, and R16, going to the positive and negative power
supplies, which develops a current through the 9K/
resistor, R11, and diodes, D5 and D6, through the four
Q11's and the four Q20's (whose bases and emitters are
parallel but whose collectors go to separate
amplifiers). A buried zener was chosen because it is
quieter than a surface zener. The temperature co-
efficients of the zener, the transistor base-emitters,
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and the diodes aggroximtely cancel the rature
coefficient of the resistor, R11, keeping the current
delfvered to the positive and negative current source
base nodes approximavely constant over the temperature
range.

The ingut stage of the amplifier consists of the
differential PNP pafr, Q21 and Q22, along with Q16, Q17
and R13 (which make up a leakage current compensation
network) and the current source consisting of Q5 and
R4. PNP devices were chosen for the input pair because
their collector to base leakage is significantly lower
than that of the NPN devices. R13 provides most of the
collector base voltage for Q16 and Q17 whose 1CBQ's
cancel those of Q21 and Q22 to within the limits of
their match. The collectors of Q21 and Q22 go to the
following stage which consists of Q26 and Q27.

NPN transistors Q26 and Q27 along with R18 and R19
constitute grounded base stages. They translate the
signal toward the positive side of the circuit. The
stage consisting of Q27 and R19 shields the input
device, Q22, from the large voltage excursions of the
high impedance node to which its collector is common.
The collector of Q26 drives the current mirror stage.

The current mirror consists of Q2, Q3, Q7, Q8,
Qi2, Qi3, 01, 02, D3, D4, 21 and R3. The primary part
of the mirror consists of Q7, Q8 and Q13. Q12 is added
to make the collector to base voltage of Q7 equal to
that of Q8. This removes a sm*11 offset problem due to
hep effects but (more importantly in this case)

TABLE 1
TARGET SPECIFICATIONS AND BREADBOARD RESULTS

Parameter

Temperature Limit BB Units

Offset Voltage 25°C 3.0¢ 0.2 mV
300°C 6.0 -5.3 mv

Avg. Offset 25°C to 300°C 10 < 20 uv/°C
Voltage Drift
Input Bias 300°C 5¢ 2.1 A
Current
Injut Offset 300°C 1.3€ 3.4 WA
Current
Common Mode 25°C to 300°C 210 $13.9
Input Range
Differential 25°C to 300°C 7¢ v
Input Signal
Covon Mode 300°C > 60 .7 dB
Rejection Ratio
Voltage Gain 300°C - >70 7.9 dB
Channel 300°C 780 dB
Separation
Gain Bandwidth 300°C >3 MHz
Output Voltage  25°C to 300°C D>:10  13.7 v
Swing
Slew Rate 300°C )12 V/usec
Output Current 300°C 5¢ mA
Power Supply 300°C >60 n.7 d8
Rejection Ratio
Noise 25°C 8< nv//Mz
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equalizes the collector base leakages of Q7 and (8.
Ordinarily, Q8 and Q12 would be connected as trans-
diodes but, because the forward biased junction
voltages are so low at high temperatures, D2 and D3 are
used to tie the base to the coliector of Q8 and 21 is
used to tie the base to the collector of Q12. At low
temperatures D2 and D3 are forward biased by the base
drive requirements of Q7 and Q8 as 21 is reverse biased
by the base drive requirements of Q12 and Q13. At high
teaperatures Q2 and Q3 supply ICES to forward bias D2
and D3 and reverse bias 21 as well as supply the re-
versed base current of Q7 and Q8 and of Q12 and Q13.

D1 and D4 provide a voltage drop equal to D2 and D3 to
make the voltage across Q2 more nearly the same as that
across Q3. R3 provides most of the voltage for 3
(and, therefore, Q2). The collector of Q13 is cormon
with the high impedance node.

The next stage -onsists of a complementary pair of
emitter followers, Q15 and Q18, biased by current
sources consisting of Q6 and RS and of Q28 and R20
respectively. There is also a leakage current com-
pensation network associated with each follower con-
sisting of Q9 and R7 for Q15 and Q24 and R14 for Q18.
The bases of Q15 and Q18 are common to the high
impedance node. Oifference in ICBO between Q15 and Q18
at high temperature would be reflected to the amplifier
input as an offset.

No special design considerations because of high
temperature were necessary in the output stage design
which consists of Q14 and Q19 driven by Q15 and Q18
respectively. :

The positive and negative current source base
nodes remain to be discussed. The positive node is set
up by Q4 and R2. Emitter follower Q10 supplies the
base drive requirements of Q4, Q5 and Q6 until the
base currents reverse at high temperature. Then they
are supplied by Q1's ICES whose excess fs then supplied
by the emitter follower. This excess flowing through
R6 and Q10 provides some collector to base voltage for
Q4. ICES seems to be a minimum of tnree times ICBO at
300°C so Q1 is made a double sized device because three
sources of ICBO (one of them, Q5, is double sized) have
to be supplied by it along with excess for the emitter
follower. The same considerations apply to the
negative node which is set up by Q25 and R17. Q23
serves as the emitter follower, Q29 the source of ICES
and Q25, Q26, Q27 and Q28 receive their base drive from
the node.

BREADBOARD

In order to test the validity of the design it was
breadboarded using four subcircuit chips made from an
existing circuit by custom interconnect patterns. A
schematic of the breadboard is shown in Figure 6. The
package pins are designated as follows. The first
number designates the type of package then there is a
dash and the second number designates the pin on that
package type. Package type 1 contained the primary
bias circuitry. Package type 2 contained the negative
bias circuitry. Package type 3 contained the input
stage and positive bias circuitry. Package type 4
contained the current mirror and output circuitry.

Several breadbvards made up of packaged sub-
circuits were socket mounted inside an oven door,
externally connected as in Figure 6 and tested over
temperature. Results are shown in Table 1.




predict 3.5 Mdz gain bandwidth, 2.6V/us s ate at
300°C. Simulated noise at 25°C is 8.7 nv/4M2.

CONCLUSION

A dielectrically isolated complementary vertica)
bipolar process has been characterized for use at 300°C
and been shown to oe useful and relfable for 1inear
design at that temperature. Circuit design methods for
a 300°C op amp have been developed and demonstrated on
IC test chips and an entire op amp design has been
proposed.
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Figure 5. Circuit Schematic
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Figure 6. Breadboard Schematic

COMPUTER SIMULATIONS

The computer simulations were done using a Harris
version of SPICE called SLICE. Problems arose with
the models at 300°C.

Saturation current for the reverse biased diode
<5 modeled as having a linear voltage dependence
matching the true value at Vg = O to solve an under-
flow problem in the computer. At 300°C Ig is so high
that this approximation has the effect of placing a
shunt resistor of less than 10K across each reverse
biased junction. The problem was circumvented by
using a smaller value for saturation current which
results in the model giving higher Vgg than true value
but otherwise accurately representing the device.
Leakage current was modeled by placing a current source
shunted by a resistor (to simulate voltage dependence)
across each reverse biased junction.

The simulations were used to set the values for
the compensation networks C1 - R8 and €2 - R9, They
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HYBRID A/D CONVERTER FOR 200°C OPERATION

Mark R. Sullivan
Jeffrey B.Toth
Micro Networks Company
324 Clark Street
Worcester, Massachusetts 01606

ABSTRACT

This paper describes the design and development of a high performance hybrid 12 bit analog to digital converter,
which will operate reliably at 200°C. A product of this type was found to be necissary in areas such as
geothermal probing, oil-well logging, jet engine and nuclear reactor monitoring, and other applications where
the environments may reach temperatures of up to 200°C. This product represents an advancement in electronics
as it proved the operation of integrated circuits at high temperature, as well as providing information about
both the electrical and mechanica! reliability of hybrid circuits at 200°C. Becsuse the circuit design of the
A/D converter involved both digital and linear circuitry, this produced an opportunity to evaluate the
performance of both technologies at 200°C. Initial mechanical failure modes 1cd to researching more reliable
methods of wire bonding and die attachment. The result of this work was a 12 bit A/D converter which will
operate at 200°C with ,05% linearity, 1% accuracy, 350 uSec conversion time, and only 4550W power consumption.
This product also necessitated the development of a unique three metal system in which aluminum wire bonding is
done utilizing aluminum bonding pads, gold wire bonding to all gold sreas, and employment of a nickel interface
between gold and aluminum.connections, This sytem totally eliminates the formation of intermetallics at the

bonding interface which can lead to bond failure. o
INTRODUCTION

Recently the electronics industry has been made aware temperature electronics has shown that the rate of

of the need for electronic components and systems which aging, those factors that produce changes in para-

will operate at temperatures as high as 200°C. These meter of key components, will apgroxlmately double

applications include geothermal probing, oil well with each 109C temperature rise.

logging, jet engine and nuclear reactor monitoring and

other hostile environments where the temperature may For a hybrid circuit the substrate temperature will

reach 200°C or higher. In some of these applications, Increase as the power consumption increases. As a

as in oil well logging and geothermal probing, it is design goal the typical substrate to ambient temper-

necessary to transmit data through long lengths of ature rise was not to exceed 10°C. The 32 pin double

cable which run from deep into the earth to the sur- PIP Package, selected primarily for its form factor,

face.l These applications are where a high tempera~ has a typical substrate to ambient rise of 27°C/|vlatt.3

ture A to D converter becomes highly desirable. Trans- Thus to keep this rise under 10°C, the typical

mitting low level analog data over a long distance power consumption was limited to 311 milliwatts. To

such as this would be very difficult without intro- reduce the complexity, as few 1.C.s were used as

ducing significant extraneous errors. Through the possible.

use of an A to D converter it becomes possible to take

_ outputs from strain gauges and thermocouples, convert There are several different approaches to A to D

them to ''ones' and 'zeros' and then transmit this data conversion which are currently used. The MN5700 uses

digitally to the surface. the successive approximation method. This allows a
converter to be made using few components and has

ADVANTAGES OF HYBRIDS good characteristics in speed, resolution, and

accuracy. A successive approximation A to D converter

An A to D converter can be fabricated in many differ- consists of four sections, D to A converter, reference,

ent forms such as a module, printed circuit board, or comparator, and successive approximation reglster

hybrid circuit. Hybrid reliabiiity at 125°C has been ( SAR). See Figure 1.  Each of these sections will

proven to be excellent through many thousands of hours be discussed showing the design considerations for

of qualification tests., This reputation makes hybrid 200°C operation.

technology a wise choice for 200°9C operation. A

hybrid circuit can contain several different 1.C.s in D to A Converter

one small package, which is advantageous in applica- .

tions where space is limited. The D to A section of the MN5700 utilizes a voltage
switching R-2R ladder network. The switch is CMOS

A TO D CIRCUIT DESIGN and connects each leg of the ladder either to ground

or a reference voltage. See Figure 2. A CMOS switch

An A to D converter proved to be a challenging was chosen because of Its low power consumption and

product to design and evaluate at 200°C due to the evaluations showed It to be rellable at 200°C.

fact that little information concerning the different

types of components and their properties at high Reference

temperature was available. Passive components, such

as resistors and capacitors and active components The reference clircult shown In Figure_3 consists of

including transistors and integrated circults required a temperature compensated zener diode and a dielec-

extensive analysis and evaluation. The final A/D trically isolated op-amp. The zener was fognd to be

design employs both linear and digital circultry, accurate to about 10ppm/°C from 25°C to 125°C. From
1259C to 200°C the temperature coefficient increased

In the design of the MN5700, rellability was consid- to 40ppm/°C. Figure b shows a graph of zener

cred of prime Importance. Two factors that signifi- voltage vs. temperature.

cantly effect the rellabllity of any clrcuit are
power and level of complexity. Research in high
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A/D Block Diagram
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FIGURE 3

Research and evaluation showed that a dielectrically
isolated up-amp was the best choice for 200°C opera-
tion. Most silicon bipolar [.C.s use junction
isolation between transistors. These types of
circults show transistor interaction at 200°C.3 1.C.s
which are manufactured using dielectric isolation have
the active areas separated by an insulating layer of
material. This reduces transistor interaction and
also reduces leakage current, to the substrate under
high temperature conditions.t
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The change in the reference voltage at 200°C was
found to be typically .2%. The circuit was evaluated
to see why the change in reference voltage was less
than the change in 2ener voltage. Evaluation showed
that the cffset of the op-amp had Its largest change
between 150°C and 200°C, as shown in Figure 5 This
change was in the opposite direction to the drift of

the zener, and therefore the accuracy of the reference ;
became the difference of the two. i
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Figure 5 j

f

The central component of the D to A circuit is a
resistor network. The network used is a thin film chlp
using nickel-chromium resistors deposited on silicon.
The change in resistance over temperature wil! deter-
mine the accuracy and linearity of the devic:. An
absolute change in resistance results in an accuracy
change and a change in resistor ratios will result in
a linearity change. The graph in Figure_6 shows
typical changes in resistance from 259C to 200°C.
Figure 7 shows changes in resistor ratios. In order
to meet design requirements of *1/2 LSB to the 10 bit
level, the resistor ratios must track to better than
+.05% from 259C to 209°C.

The thin film resistor chip also has the advantage of
being actively laser trimmed. This results in an A to
D which will meet all specifications without any exter-
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. hal adjustments. Any external components added

- would be another source of error when raised to 200°¢.
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Comparator

In most hybrid A to D converters, the comparator is a
single |.C. chip. These are usually bipolar devices.
Tests done on most avallable bipotar 1.C.s indicated
they were not the most reliable cholice for 200°C
operation. This is due to the problems of junction
isolation previously stated. Because of this, a

comparator was designed using a dielectrically isolated

op amp and discrete transistors which operated re-
liably at 200°C, :

Successive Approximation Reglister

The SAR used in this design Is a CMOS (.C. This was
chosen because of the good characteristics of CMOS at
high temperatures and the low power consumption.
1.C.s have been constructey which were functioral at
300°C for over 1000 hours.® While leakage current on
CMOS devices aperating at 200°C may be large when
compared to +25°C operation, their voltage thresholds
do not change appreciably.
low Iimpedance sources work very reliably at 200°C.

ELECTRICAL YEST RESULTS

The first prototype units were evaluated for confor-
mance to the 2009C specifications.
ed that these performed as expected.

CMOS

Thus devices operated from

Test results show-
These units were

then put on a 200°C burn=in with frequent monitoring to
observe changes or shifts that occured. After approx-
imately 25 hours, large shifts were seen iIn linearity
and accuracy. The cause of a shift such as this indi-
cated a change In resistors or a change in the output
resistance of the switches. The parts were burned=in
longer and catastrophic fallures were seen. Visual
inspection showed that gold bali bonds were 1ifting
off of the aluminum pads on the I.C. chips.:

BONDING FAILURES

The bonding fallures which occured at the aluminum/
gold interface arose from the formation of an inter-
metallic compound at that point. As the time at high
temperature increases, thase compounds do not exhibit
sufficient mechanical strength to Insure bond integrity.
As a result, the bonds have a tendency to break and
cause an open circult.

DEVELOPMENT OF METALIZATION SYSTEM

It was concluded that the mcst reliable hybrid could
be fabricated if all wire bonding was done to similar
metals. This was a problem because available I.C.
chips use aluminum bonding pads, while the substrate,
resistor chips, and posts have gold bonding areas.

To accommodate this Londing scheme, a substrate was
needed with both gold and aluminum bonding areas.

Three Metal-Metalizatlion Process

In order to construct the type of substrate described,
It was necessary to use three metals - gold, aluminum,
and nickel. The gold Is used for conductor runs and
bonding areas, and the aluminum Is ysed only for bond-
ing areas, at the }.C. chips. The aluminum bonding
pads sit on top of gold pads, but have a layer of
nickel in between the gold and aluminum layers to act
as a diffusion berrier, which eliminates the formation
of Intermetallic compounds.

Figure 8 depicts the major process steps. Starting with
a wholly metallizea Aly 03 ceramic plate (Fig.8a) a
gold conductor pattern s defined using standard photo
tithographic and etching techniques (Fig. 8b). Next

a nickel layer and an aluminum layer are vacuum depos-
Ited (Fig.8¢c). Finally, the aluminum pads are formed
by selective removal of unwanted film (Fig. 8d).

o
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250 g NiCr
&« Al, O3
Substrate
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The process steps, thicknesses, and material selection
have been chosen on the basis of compatibility with
present fabrication techniques, as well as performance
criterla.

Au/Ni/Al Substrate Evaluation

For evatuation purposes, a substrate was made which
had a pattern allowing gold and aluminum wire bonding
to be done between pins of a hybrid package. Connec-
tions were made which consisted of 26 bonds (13 wires)
between pins of the package. Tha bonds consisted of
aluminum wire on gold pads, aluminum wire on aluminum
pads, gold wire on aluminum pads, and gold wire on
gold pads. The aluminum pads were deposited on gold
using a nickel barrier as described in the previous
section. The resistance was measured batween the pins
of the package at various intervals of 200°C bake.
This measurement included the bond resistances along
with the resistance through the aluminum/nickel/go'd
interface. Figure 9 shows a graph of change In
resistance versus time at 200°C for the four different
bond interfaces. It can be seen that the best

results are obtained when bonding is done between
similar metals.

A‘:‘.O 1 Bond Resistance Al/Au
(Q) vSs.
Temperature
.8 =
Wire/Pad
6 -

4 -

Au/Au

-1 - Al/A1
T L | T il
10 20 50 100 200 500
Time at 200°C (Hours)
Figure 9

Figure 10 shows a section of the substrate used in the
MN5700. The shaded areas indicate aluminum pads

which are properly located for aluminum wire bonding
to the 1.C. Chip.

Other Faillure Modes

The next group of catastrophic failures were seen in the
500-750 hcur range. When these units were inspected,

it was seen that some of the epoxy mounted chips had
1ifted off the substrate and caused some bonds to

break. This was corrected by using a different type of
epoxy with better high temperature characteristics.
Evaluation of this epoxy after 1000 hours at 200°C
showed little or no degradation In its bonding and
adhesive characteristics.

d ML

Figure 10

CONCLUS I ONS

Tests have shown that units will operate reliably and
remaln within 2009C specifications in excess of

500 hours. Beyond 500 hours, some units will exhibit
a slow shift in Vinearity and accuracy. This appears
to be caused by resistor aging and changes in the
characteristics of the CMOS switches in the D/A section.
Life testc have shown that most units remain within
specification in excess of 1000 hours. Tests have
also shown that most catastrophic failures and units
with large shifts will show up in the first 24 hours
of operation at 200°C. To help assure reliability, all
units are tested, burned-in for 24 hours at 200°C, and
retested.

All 200°C specifications are also guaranteed at -55°C.
The MN5700 is available with high reliability screening
according to MHL-STD-BB3 for Military/Aerospace
Applications.
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Absatract

An experimental wireless, in-vessel neutron moni-
tor is being developed to measure the reactivity of an
advanced breeder reactor as the core is loaded for the
first time to preclude an accidental criticality inci~
dent. The environment is 1iquid sodium at a temp.-a-
ture of 220°C, with negligible gamma or neutron
radiation. With ulcrasonic transmission of neutron
data, no fundamental limitation has been observed after
tests at 230°C for >2000 h. The neutron sensitivity
was vl count/s-nv, and the potential data transmission
rate was 2104 counts/s.

I. Introduction

An experimental in-vessel monitor was designed and
fabricated and 1s being further developed to ultrason-
ically transmit reactivity data from advanced breeder
reactors. Since such reactors have potentially high
reactivity cores, their initial fuel-loading operation
will require careful surveillance as the core is loaded
to preclude an accidental criticality incident.

An in-vessel neutron detector is preferred to an
ex-vessel detector because it is closer to the fuel
elements and is not shielded by blanket assemblies.
Thus, data from an in-vessel detector are received at a
greater rate (up to 104 counts/s for this model) and
are more easily interpreted. Also, with an in-vessel
detector, the neutron source required to make the sub-
criticality measurements can be reduced in size and
possibly eliminated.

A wireless, completely remote in-vessel detector
can be located at any core position, giving much
greater versatility to the measurements. In addition,
the wireless detector does not need a:.pensive instru-
ment thimbles and does not inhibit the motion of fuel
handling equipment.

The in-vessel environment for this initial start-
up monitor is liquid sodium at a temperature of about
220°C. No existing neutron monitor has the wireless
capability and adequate sensitivity for this applica-
tion. The experimental model described herein has been
successfully tested at 230°C for >2000 h.

IT. Wirelese Neutrorn Monitor Concept

The current concept of the wireless neutron moni-
tor system is shown in Fig. 1. In the sodium-filled
reuctor vessel (w6 m diam x 18 m high), the neutron
monitor is positioned in the reactor core region within
a dummy fuel element. The ultrasonic transmitter is

*Research sponsored by the Division of Reactor
Research and Technology, U.S. Department of Energy
under contract W-7405-eng-26 with the Union Carbide
Corporation.
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Department of Electrical Engineering, University
of Tennessee. Knoxville,
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Fig. 1. Concept of a wireless, initial core-
loading neutron monitor for an advanced breeder reactor.

mounted at the top end of the dummy element where it
can transmit signals along an unobstructed path through
the sodium to a receiver which is also immersed in the
gsodium,

II1I. Instrumentation

A diagran 5. rhe instrumentation is shown in
Fig. 2. A fisz.on ¢nunter senses the neutrons, and the
resulting electrical pulses are processed by a pulse
amplifier and a bandpass filter with single-pole upper
and lower cut-off frequencies (RC-CR filter). Elec-
tronic noise und alpha pile-up noise are rejected by a
discriminator. The discriminator output pulses trigger
a driver circuit which excites a 2 MHz ceramic crystal
to create an ultrasonic burst for each neutron pulse
exceeding the discriminator threshold level. The
primary electrical power, which will be derived from a
radiolsotopic thermoelectric generator, is transformed
by a dc-dc converter to positive and negative 10 V
levels to bias the fission counter and to drive the
active circuitry.

The total quiescent power of the instrumentation
at a temperature of 230°C is ~0.56 W with a dc-dc con-
verter efficiency of ~36%. The ultrasonic driver is
expected to require 10.75 W at an output pulse rate of
104 counts/s. The primary source requirement is 8,0 V
at 1,6 W,

A. Fission Counter

A commercial fission counter (Reuter-Stokes model
RSN-10A) with a 4-mm electrode spacing, 1000-cm* of
sensitive usrea, and a 300°C ma-imum operating tempera-
ture was selected for our use, These features were
required for our special application, and the availabil-
ity of the counter eliminated a costly in-house fabri-
cation program. However, some special alterationa}
were needed to ensure adequate performance (voltage
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Fig. 2. Block diagram of the instrumentation.

saturation, collection time, and ratio of fission pulse
amplitude to alpha pile-up) at a limited counter bias
of 10 V. These alterations included an electrode coat-
ing of highly enriched 235U (99.62) and a zas-filling
of Ar-0.01Z CO3 at ~105 Pa of absolute pressure.

8. JAmplifier-Filter-Discriminator (AFD)

This module? processes aignals from a fission
counter with an electron collection time near 1.0 us.
The input amplifier is voltage sensitive. To achieve
anput bias stabilit - at temperature, the input resistor
is 20 kQ maximum. This resistor value, coupled with
the 130 pF counter capacitance, determines the input
integration time 15 ant and a significant fractiom
of the inpu™noise ot the pulse amplifier.

Two 'r gain stages, each with a voltage gain of
~16 per si..2, produce output pulses in the range of 1-
1-3 ¥V amplitude. A bandwidth of 5 MHz per stage is
mor2 than adequate to amplify the voltage pulse devel-
oped at tae input.

Capacitive coupling between stagces eliminates dc
instability problems. Ome coupling time-constant
determines the high-pass frequency of the filter; the
low-pass response is controlled by intcgratiom in the
output stage.

A monostable multivibrator-d.scriminator generates
a logic pulse of 5.6 V amplitud.: and 5 us width for
each amplifier pulse that exceeds its threshold.

Except for two diodes and a 1-MQ, thin-film
resistor chip in the discriminator the entire circuit
is fabricated around four, dielectrically isolated, IC,
differential operational amplifiers, Harris type
9A2625. One of these amplifiers with appropriate
positive feedback constitutes the monostable multivi-
brator-discriminator combination.

C. Ultrasonic Transmitter

From an analysis of the system,3 a 2-Miz carrier
frequen.y with pulsed modulation was judged to be most
pover efficient for the ultrasonic, data transmi;sion
pracess. Witn an assumption that the receiver band-
width must be 200 kHz to obtain the maximum data rate,
n240 uW/n? of received signal power is required to
yield a signal-to-noise power ratio of >100. This
assumes an acoustic aoise power density of +10 dB
vefereaced to 10712 W/u2-Hz. To create a transmitted
Leax having a cylindrical wavefront with this intensity
ar 4 m, nearly 70 oW of pulse power is required to
aliow for lnsses in the transmitter drive circuit, the

The transducer will contsin a PZT-5A ceramic
crystal similar to that used by the Hanford Eangimeering
Development Laboratory (HEDL)® in their under-sodium
viewing syatems. It is attached to the transducer
face-plate with either a Pb-Sn-Ag solder alloy or a
high temperature epoxy. Both have been successfully
tested.

The transducer is driven by two VMDS transigtors
in parallel, with the power being obtained directly
from the primary power source. A 2.5-yF Teflon capaci-
tor is currently used as an energy storage element to
reduce the ripple on the primary power source.

The crystal ispedance is integrated into a reso-
nant tank in the drain circuits of the VMOS tramsistors.

‘A step-up transformer wound on a high-temperature

ferrite toroid reduces the amplitude of the voltage
pulses on the drain circuitry.

D. DC-DC Converter

The dc-dc converterS fs an astable multivibrator
that drives an n-channel VMOS switch (two in parallel)
in a dual-coil switching regulator. A dielectrically
isolated, IC, differential operational amplifier in
conjunction with a 6.9 V zener diode (at emitter-to-
base junction of a Dionics DI3424 dielectrically iso-
lated transistor) senses the positive 10 V output
variations and adjusts the off-time of the VMOS (on-
time is fixed). Integration in the operational ampli-
fier determines the dominant pole of the forward loop.
The astable circuits comprise dual, dielectrically
isolated, pnp and npn transistors, Intersil IT137 and
IT127, respectively.

The coil is a high-permeability, silicon-steel
toroid with a Curie temperature of 730°C and is wound
with 30 gauge, Teflon-insulated copper wire. The
switching frequency is 60 kHz, and 10-uF electrolytic
capacitors reduce the ripple to an acceptable value
for a total load of +12.5 mA for each positive and
negative 10 V output. T

The internal, drain-substrate, p-n junction diode
of n~channel VMOS transis:ors are used as rectifiers.
At 230°C, the forward drop is 0.3 V, with a leakage
current of <I00 pA, and a reverse 7roltage of 60 V.

E. Primary Power Source

Because of its ruggedness and proved performance
in numerous space problems, a radiofsotopic generator

. is being considered for the primary power source.

crystal transducer,sand the liquid-sodium signal tracs-

mission path. i
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Plutonium as 238Pyu,0; is the neat genmerator, and
silicon-germanium forms the thermocownle junctious.
The liquid sodium serves as the "cold leg" of the
generator system. For an electricil power output
requirement of 1.6 W, a heat source of ~125 Wpy is
considered adequate. Contracts are being prepared for
the procurement of this source.

IV. Hybrid Thick-Film Circuits
Fabrication Details

The AFD circuit and the dc—dc converter are fabri-
cated with thick-film technology on 51~ by 51-um (2- by
2-in.) and 32- by 32-mwm (1.25- by 1.25-in.), 96Z
alumina substrates, respectively. Figures 3 and 4 are
photographs of these two thick-rilm circuits. The AFD
circuit (Fig. 3) was operated at temperatures near
230°C for nearly 2800 h. The metallization is gold
(Du Pont 9210). The thick-film resistors are screened
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Fig. 3. Photograph of the amplifier-filter-
discriminator hybrid thick-film circuit (after 2800 h
at ~230°C).

Fig. 4. Photograph of the dc-dc converter hybrid
thick-film circuit.

from the Du Pont 1600 Birox series. All semiconductor
chips are attached with a silver-filled epoxy (Ablestik
71-1) for electrical attachment to the substrate or
with an insulating epoxy fAblestick 7i-2) for isolation.
Electrical connectionc between chip and substrate metal-
lizations are made with 25-um-diam (1.0 mil) aluminum
-0.57 magnesium wire by ultrasonic bonding. All bonds
to the gold metallization are mechanically reinforced
with an epoxy, either Ablestik 71-1 or Epo-tek H-77.
Ceramic covers and a p-otective semiconducrtor roating
(Mow-Coraing R6100) are both used to protect areas of
tne circuit containing the active elements.

The capacitors contained in these two circuits are
monolithic, ceramic capacitor chips with 50- to 100-V
ratings. The byvpass and decoupling capacitors were
formed from a high-dielectric-constant material (X7R),
but filter and compensation capacitcrs were formed from
a more stable, low-dielectric material (NPO). A gold-
germanium alloy solder (360°C mp) was used to make
electrical connections to the capacitor chips and to
the external wires of the substrate using a reflow
technique. Later, a parallel-gap welder was obtained
to make the external connections with a 25- by 500-um
(0.001- by 0,020-in.) nickel ribbon.

V. Description of the Experimental Monitor

The experimental monitor is shown in Fig. 5. Its
construction does not represent the construction that
would be used in the prototypical monitor. Instead, it
was designed to facilitate data taking and to accommo-
date modifications and improvements as they became
apparent during the testing program. From left to
right in the figure is the fission counter wrapped in
an electrically insulating Teflon jacket to protect the
shell of the counter, which is maintained at a negative
10 V biasing poteatiai, followed by the AFD module, the
dc-dc converter, ar. the transformer for the ultrasonic
transmitter. at the extreme right is an oil-Zilled
test chamber with a transmitter and receiver crystal at
opposite ends. The entire system is mounted on a high-
temperature, rinted circuit board (Du Pont Pyralin)
with a small number of discrete resistors (Caddock) and
ceramic capacitors (San Fernando Electric). The resis-
tors, capacitors, and the hybrid thick-film modules
were attached with 90%Z lead-10%Z tin solder. A test
pulse, dc and pulse monitor points, oil drain and fill
tubes, and thermcocouples are all brought out of a
flanged end of the assembly. The entire assembly, ~1.0
m (40 in.) long, is installed in a cylindrical enclo-
sure, giving a pressure tight containment for an inert
cover gas.

VIi. Test Results and Discussion

The results of the temperature tests of the exper-
imental monitor are summarized in Table 1. The per-
formance of the solid-aluminum electrolytic capacitors
was poor, a result not expected based on previous work
in high temperature electronics®*7 and on preliminary
tests. Preliminary tests were made in air up to 275°C
for hundreds of hours, showing only a slight degrada-
tion of performance. The cause of the capacitor fail-
ures is believed to be outgassing from oil that leaked
out of the ultrasonic test chamber. The oil initially
used in the tests possessed inadequate high-temperature
properties. Also, the high porosity of the printed
circuit board material prevented an adequate clean up
of the test assembly.

Two failures of aluminum wire bonds at the gold
metallization of the dc-dc converter were the first
experienced after nearly 300 successful bonds on other
hybrid circuits. Thi= f ire rate is not considered
excessive at this time, and no changes in our bonding
procedures are planned.

Integral bias responses cbtained for two measure-
ments at “230°C and covering a time span of nearly 1600
h show only slight differences. Projection of the 1.0
count/s noise curve threshold to the neutron curve
sthows an “75% counting efficiency for the monitor.
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Fig. 5. Photograph of the experimental wireless, initial core-loading neutron monitor (externsily powered).

Table 1. Summary of performance of
neutron monitor components

Component Hours at 230°C Performance
Fission counter 2400 More than
adequate

AFD module 2800 Adequate”
DC-DC converter 384b Adequatec
Ultrasonic More than
transmitter 2200 adequate
Solid-aluminum b Not
electrolytics 17€ adequate
Printed circuit

board, with dis-

crete resistors

and ceramic More than
capacitors 2800 adequate

%Some drift in pulse gain (or amplitude of test
signal) not seen in prior 2100-h tests at 250°C.

DHaximum time to failure.

“Failures caused by two faulty wire bonds at
substrate metallization.

dDoes not include a gated oscillator.

eCa:acitor fallure from outgassing effects.

VII. Problem Areas

The failure of the solid-aluminum electrolytics
must be resolved. Although the pro“otypical neutron
monitor will not contain an oil source, the apparent
sensitivity of these capacitors to outgassing must be
determined.

Presently, we are working on a design for a
gated, 2-MHz oscillator that will provide the input
drive signal for the transmitter. Tests are still to
be made on the cylindrical ultrasonic beam generator.

The concept for this ultrasonic beam generator is shown

in Fig. 6.

VIIT. Conclusions

Temperature tests on an experimental assembly of
an initial-core-loading neutron monitor show no unre -

solvable problems. Failure of solid-aluminum electro-

lytics because of off-gassing indicates a need for a

vapor-free environment for these devices. Bond failure

on the dc-dc converter substantiates the need for
pretesting of all hybrid thick-film modules.

e ———r

Fig. 6. Conceptual sketch ol the cylindrical
ultrasonic beam generator.
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SOLID STATE MICROELECTRONICS TOLERANT
70 RADIATION AND HIGH TEMPERATURE
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Abstract

The nuclear and space industries require
electronics with higher tolerance to radiation
than that currently available. The recently
developed 300°C electronics technology based
on JFET thick £film hybrids was tested up to
10® rad gamma (Si) and 10'® neutrons/cm®.
Circuits and individual components from this
technology all survived this total dose
although some devices required 1 hour of
annealing at 200 or 300°C to regain function-
ality. This technology used with real time

,annealin? should function to levels greater

than 10'° rad gamma and 10!® n/cm®.

Introduction

The need for high temperature electronics
in many fields has been amply defined in' the
past.! Recent events suggest an urgently
needed technology extension: temperature and
radiation hardened microelectronics. The
salient applications are nuclear reactor
instrumentation and space probes. In particu-
lar, instrumentation within the containment
structure of a nuclear power plant must be
capable of withstanding a peak of 200°C and a
total of 2 x 10° rad gamma dose during a
40-year plant lifetime followed by a loss cf
coolant accident. Additional temperature
and radiation resistance is needed for monitors
placed within the reactor vessel over the
lifetime of the power plant: 325°C with
S x 10° rad gamma and 10'*n/cm® near the vessel
top and 350°C with 10'° rad gamma and 10'!°n/cm®
closer to the fuel assembly. Intense radia-
tion belts near Jupiter and the Sun demand
enhanced radiation tolerant electronics in
certain extended space rissions. Although
critically dependent on orbit parameters, a
dose of 107 rad over one year may be absorbed
by a Jupiter satellite. Radiation levels
elsewhere within the solar system and inter-
stellar space are expected to be relatively
low; however, the accumulated dose for long
missions can easily exceed existing electronic
tolerances.

Typical tolerances for present electronics
are 2 x 10* rad gamma and 10'?n/cm? for
commercial hybrids and ICs, and 10* rad gamma
and 10'*n/cm® for specially fabricated or
selected rad hard devices (Harris, for
example). The numbers in Table I are somewhat
arbitrary since different degrees of device
parameter degradation are possible in
different circuits.

Most radiation tests on electronics to
date have been motivated by nuclear weapon
applications. These tests therefore predomin-
antly involve pulses of fast neutrons and X-
rays, with a gamma dose that is only incidental
to the neutron presence and usually less than
10° rad. Therefore, tests involving large
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gamma dose alone have not been common. Also
because of the weapon orientation of most
radiation-electronics tests, the interaction
of operational temperature and sustained
irradiation was not investigated. The recent
development of circuitry operational to 300°C
opens the possibility of real time annealing
at high radiation levels.

Table I
Gamma Neutrons Temp.
{rad si) (cm—2) (°c)
Consumer 2x10* 102 85°C
Military
Hardest 10¢ 10t* 125°
Thick Film/
JFET >10° >191° >300°C

The components and hybrid circuits chcsen
for this initial investigation were from
Sandia'’s high temperature circuitry develop-
ment. There are two basic ideas behind this
choice: first, to maximize the rate of
annealing the operatioral temperature must be
as high as possible, and secondly, several
main failure modes are initiated both by
elevated temperature and radiation (ion mobil-
ization, lattice and chemical reactions).

We will discuss both gamma and neutron
tests. Each section will briefly describe the
radiation facility and the effects on passive
components, active compone::s, and hybrid
microcircuits.

Gamma_Tests

Two facilities for gamma irradiation were
used. Both used Cobalt 60 (1.17 and 1.33MeV
photons) with dose rates of 1.7 and 4.3Mrad
(Si)/hr. respectively. Both sources generated
enough heat to raise the sample temperature
by about 15°C. Interactions between gamma
~hotons and a steel liner between the weaker
source and the sample chamber created some
Compton electrons which also had measurable
effects on the devices.

Passive

Passive componcnts were tested in the
weaker source with no biasing duvring irradia-
tion. At 5 pcints during exposure, the samples
were removed, tested, and returned for more
radiation. The components were exposed for a
to:al of 800 hours cr 1.36 x 10° rad gamma
(si). )
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Thick film resistors in the 500 and 900
series of Cermalloy and axial lead units from
Caddock were found to change less than 0.1%
during this exposure. Tais constancy was
somewhat surprising due to positive drifts
seen in earlier tests® and attributed to
Compton electron bombardment.

The high temperature capacitors tested
were: Philips solid aluminum electrolyte,
K&D Mica, Erie red cap, and several thick
film dielectrics (TFS 1005, ESL 4515, ESL
4301, Cermalloy 905HT). Most capacitor
systems tested remained functional throughout
the test (ESL excepted) but all showed some
change in capacitance and degradation in
dissipation factor and insulation resistance
(Figures 1 and 2). The best performers were
the discrete mica and the 500°C thick film
formulation 9015HT. The ESL thick film
dielectric systems that showed considerable
change and instability due to exposure were
returned to near pretest parameters by a 1
hour bake at 300°C. Capacitance and dissipa-
tion factor were measured at 0¢.12, 1, ard
l10KHz. Insulation resistance was measured at
10 volts, with the reading being taken 15
seconds after voltage application.
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Fig 2, IR change with Gamma Dose

Active

To test the effects of gamma radiation on
P-a junctions at various temperatures, 24
diodes were exposed at a dose rate of 4.3Mrad/

hr. (Si) for 23 hours, yielding a total dose
of ~1 x 10° rad (Si). The diodes were grouped
into 3 modules, each containing 2 gallium
phosphide, £ gallium arsenide, 2 low minority
carrier lifetime (gold doped) silicon, and 2
high lifetime silicon diodes. The thick film
hybrid modules were then heated to 50, 175,
and 300°C respectively. During most of the
test one of each type of diode at each
temperature was AC biased. Each diode was
monitored periodically for reverse leakage
current, forward resistance, reverse break-
down voltage and sharpness of reverse
breakdown.

In general radiation effects were minimal.
Measured ghotocurrents were negligible
(<l6uA/cm®) for all devics. AC biasing had
no measurable effect on diode performance over
the span of the test. Low lifetime diodes
(GaAs, GaP, and gold doped Si) displayed’
little or no change in characteristics over
the 23 hour test; however, the high lifetime
silicon diode reverse leakage current
increased appreriably. This effect was,
presumably, caused by degradation of minority
carrier lifetime (increzse in generation rate)
due tc lattice imperf-ctions created by gamma/
silicon interactions. A control group of
identical high lifetime silicon diodes aged
for 24 hours at 300°C without radiation was
found not to show thisg increase in leakage
current, indicating that the effect was not
caused by junction poisoning due to unwanted
diffusion at elevated temperature.”

In anocher experiment, several types of
n-channel silicon JFETs (Motorola 2N4220 and
2N4391 series) were exposed at room temper-
ature to a gamma dose rate of ~l.7Mrad/hr.

(Si) up to 1.36 x 10° rad (Si) total dcse.

The transconductance and Ipss vs. accumulated
dose for a typical transistor are plotted in
Figure 3. Cutoff voltage, Vgs off, remained
essentially constant for all transistors
during the test, indicating that carrier
removal effects were minimal. However, trans-
conductance (and Ipgs) decreased monotonically
for all devices, an effect most likely due to
a redection of carrier mobility in the chanmel.
Both gamma photons and Compton electrons could
have created the lattice damage necessary for
this phenomenon to occur.
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Figure 3. Motorola 2N4220A JFET
Parameters vs. Total Dose
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Because of the layout of the gamma test
facility used in this JFRT experiment, it was
impossible to study the simultaneous effects
of radiation and elevated temperature.
Instead, the devices were annealed for S
minutes at 200°C after a total dose of
1.36 x 10® rad was reached. As Figure 3
shows, 100% recovery was obtained with respect
to gy and Ipgss. This indicates that extremely
high total doses (>10!° rad) may be tolerated
by JPETs if accompanied by moderate heating,
as expected in a loss of coolant accident.

It should be noted that devices held below
30°C for several weeks after irradiation
showed no annealing.

Hybrid

Tests were also performed on a simple
hybrid microcircuit containing 6 JFETs and
3 thick film 500-series Cermalloy resistors.
Circuit performance did not change throughout
the test (1.36 x 10° rad total). The same
technology used for this circuit is employed
in the complete line of Sandia‘'s geothermal
high temperature instrumentation, including
voltage regulators, V/F converters, pulse
stretchers, and multiplexers.3’

Neutrons

The neutron tests have not been concluded
as of this writing. A pulsed reactor with a
fast neutron product was used. The pulse is
about 70usec long and exposes the samples to
approximately 3 x 10!'*n/cm? during each pulse.
This source also produces sample irradiation
of 6 x 10* rad gamma for each 10'*n/cm?.

Passive

Initial exposures of 7 x 10'*n/cm?® were
used in order to induce only a small change in
passive component parameters. As in the case
of gamma tests, the resistors remained stable.
This is in agreement with previously reported
investigations.? Although several capacitors
showed slight changes in dissipation factor
due to this neutron flux, they were all
circuit functional. The extreme tolerance of
these components suggested an ongoinq test
series which will reach 10!'’n/cm®*. As with
gamma tests the sou.ce time and cost may
eventually necessitate extrapolation to higher
exposures.

Active

To study the effects of neutron irradia-
tion and thermal annealing on diode reverse
leakade current, several silicon diodes (all
TRW S21%13) were exposed to 10'*n/cm?. The
results of thermal annealing runs on one
particular (but typical) diode are shown in
Fioure 4. Unfortunately, pre-irradiation
data was not available for these early tests,
but measurements made on a non-irradiated
control group yielded 25°C leakage currents
ranging from 5.5 to llnA at -10 volts, with
most values in the 6 to 8nA range. As can be
seen, recovery of the reverse characteristics
is initially rapid Lbut not complete. Similar
effects were noted for JFETs. The higher
temperatures within the reactor vessel (the
only anticipated application where significant
neutron fluences would be encountered) may
improve annealing.

S min 125°C Anneal
/.
/
30 min 125°c+10mln40°6 Anneal

- ot o S G WA Smen S e g S

e T T T T TTSGAVE PRE TEST

1 2 3 4 H) 6 7 8
REVERSE VOLTAGE

Figure 4. Diode Neutron Irradiation/
Thermal Annealing Behavior

. An interesting and, as yet, unexplained
phenomenon was discovered in another phase of
this experiment. While attempting to anneal
the neutron damage by injecting forward
current across the p-n junction, it was found
that short applications (*1 minute or less)
actually caused an increase in reverse leakage
current. This increase could, in turn, be
annealed by subsaguent heat treatment. Non-
irradiated parts did not exhibit this effect,

. and currents applied for much longer times

initiated thermal annealing. While the exact
mechanism behind this behavior is not certain,
it is thought that charge trapping in gamma
induced states in the passivation laye: near
the edge of the junction may play an important
role. (As mentioned previously, the neutron
facility also has a significant gamma output.)
If this is the case, a similar effect should
be noted on gamma irradiated devices. This
experiment is still in the planning stage.

Neutron effects on SFETs used extensively
in Sandia‘'s high temperature circuits
(Motorola 2N4220 and 2N4391 series) were
examined in another set of experiments in
which th2 devices were irradiated to a level
of ~7 x 10'*n/cm?. As can be seen in Table II
drastic changes occurred in transistor
characterintics. In most cases the magnitude
of Vgs,off increased markedly (average “8%),
indicating carrier removal effects were
occuring. Transconductance and Ipgs decreased
by more than an order of magnitude. Partial
annealing was obtained after 1.5 minutes at
200°c, with only elightly greater annealing
effected at 300°C. The relatively slow
recovery confirms the fact that, unlike
the simple defects created_by Y photons and
Compton electrons, neutron damage is addi-
tionally composed of more stable cluster
defects. It is interesting to note that, at
each temperature used in the annealing
experiments, recovery was extremely slow after
2 minutes; even when the device was held at
temperature for periods of up to an hour, no
further improvement was evident. An increase
in temperature was required to effect further
annealing. While operation at high
temperature may provide the simultaneous
annealing necessary for operation in aigh
neutron fluence environments, it is c¢oubtful
that JFET operation will survive levels much
abqye 10'°n/cm®.
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Table II
g _(mon)
vgs.off va 0.2 Idss(mA)
gs
PRE TEST 1.15 2.00 1.160
x10t afem? | 1.24 0.20 0.073
ANNEAL:
1.5 min@200°C (1.36) 0.80 0.360
ANNEAL:
11.5 min@200°C 1.15 0.84 0.362
ANNEAL:
11.5 min @200°C 1.13 1.08 0.439
+10 min @300°C
ANNEAL:
11.5 min@200°C | 1.14 1.04 0.488
+80 min@300°C

Motorola 2N4220 JFET Parameters
Hybrid

The same hybrid circuit which saw 1.3 x 10°
rad gamma was exposed to 7 x 10'*n/cm2. After
a 5 minute, 200°C post exposure anneal the
circuit functioned normally.

Summary

It is clear from these initial tests that
the traditional limits ascribed to solid state
electronics in radiation environments can be
vastly exceeded. Por example, the thick
£ilm/JFET technology with no modifications to
its high temperature form can survive more
than 10° rad ‘S.). The quick annealing of
passive and active devices at 200°C strongly
suggests that operation to 10!° rad is
possible, a level exceeding any application
now envisioned. Annealing effects seen in
diodes and passive components after neutron
exposure also demonstrate the enhanced
radiation tolerance possible by high : zmper-
ature operation. The JFET response to neu-
trons defines the extent of radiation
possible with this hybrid technology.
Additional tests with high temperature opera-
tion during irradiation up to 10!'7n/cm® are
necescary before the circuitry tolerance to
neutron flux can be ascertained. This limit
is projected as well above 10!°n/cm?, however.

This investigation is only the first
step toward ultra high rad electronics.
Sevecal programs must follow. For example,
the development of JFET ICs will allow
increased complexity and reliability. During
the next year, hybrid prototypes of a control
rod position sensor and a containment vessel
pressure monitor will be fabricated and
tested to the appropriate radiation level.
Device tests will be expanded to include
bipolar transistors, op amps, I2L micro-

processors, and MOS structures.

Although this thick film/JFET technology
appears suitable for reactor instrumentation
in bhoth the containment and reactor vessels,
pover and volume restrictions on space
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probes may demand the CMOS technology which
is now used for similar reasons in weapons.

Analysis by other researchers
has indicated that CMOS should not necessarily
be discarded for use in extremely high
radiation environments, as lcng as elevated
temperature provides sonic annealing of the
trapped charge in the oxide.®’’ petailed
experiments along these lines are planned for
the near future. Although the CMOS technology
has not been addressed in this report nor
extensively tested at these high radiation
levels, it is important to note that at least
two solid state microelectronics options exist
which have capability to the highest radiation
levels expected for nuclear reactor and space
needs.
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Summary
The General Electric Company has befn volved
in developing Integrated Injection Logic (1°L)1,2

technology for reliable operation under a -559°C to
+300°C, temperature range. Experimental measure-
ments indicate that an 80 mv signal swing is available
at 300°C with 100 uA injection current per gate. In
addition, modeling results predict how large gate
fan-ins can decrease the maximum thermal opera-
tional limits. These operational limits and the long-
term reliability factors associated with device metal-
lizations are being evaluated via specialized test
mask.

The correct functional operation of large scale
integrated circuits in a -559C to +300°C temperature
environment for long periods of time will provide
substantial immediate benefits for digital jet aircraft
engine control and geothermal or deep fossil-fuel -
well logging. Most commercially available LSI tech-
nologies are inoperable or suffer long-term instabil-
ities under these conditions. e :

Introduction

There is no inherent reason why silicon bipolar
devices will not operate at +3¢0°C for extended
periods of time, provided the circuit has been prop-
erly designed to tolerate leakage currents in that en-
vironment. A calculation using extrapolated diffusion
coefficients for aluminum in silicon (the worst-case
dopant) at 500°C indicates that p-n junctions would
not move appreciably in 1000 years. However, other
contaminants such as gold or copper not commonly
desired in unlimited quantities have diffusion coeffi-
cients at least ten orders of magnitude higher. In
addition, the metal interconnection system on the
chip’s surface must provide good ohmic contact and
resist the effects of electromigration. This paper
will report on the effort at General Electric to devel-
op reliable high-temperature integrated circuits .
That work has been and is focused on both the design
of silicon bipolar devices and the metallization sys-
tem.

SILICON IzL -DEVICE DESIGN CONSIDERATIONS

The operational limits of 12L gates at high tem-
peratures may be described by a variety of methods.
Measurements of ring-oscillator propagation delays
as a function of current and temperature provide a
direct indication of the operating regions with unity
fan-in but do not provide any information on noise
margins. ‘

A second method of determining I12L operating
limits enables an evaluation of the noise margin and
signal swing. Two I3L gates are connected in series
witk the first connected to 2 switch to provide a zero
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or one input (see Figure 1), Voltage measurements
at the point between the gates are Vg of the second
gate's NPN transistor, with a zero input by the switch
and VgaoT on the first gate collector with a one input.

5
An A
L 35 )

Figure 1. Measurement Method for Determining I°L
Voltage Swing.

Figure 2 plots the measured base-emitter for-

- ward-biased voltage drop for a gate input and the NPN

collector saturation voltages for a gate output as a
function of temperature. During operation, the PNP
injection forward biases the NPN base -emitter junc-
tion and, with the collector conducting, a low (zero)
logic level is supplied to the following stage. The
collector sinks injection current intended for the fol -
lowing stage, bringing its input voltage down to the
VsAT level of the collector. This turns off the fol-
iowiixg stage, producing a high (one) output-logic
evel.
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Figure 2. Measured NPN Base Emitter Voltage and
Collector Saturation Voltage versus
Temperature




The effect of the voltage -swing margin may be
observed from the data presented in Figure 2. The
VBE for 100 ;A injection current is about 550 mV at
about 135°C and steadily decreases with rising tem -
peratures to about 300 mV at +300°C. The Vgpr for
a 100 uA injection increases to a 120 mV level at
this same temperature, resulting in a voltage noise
margin of 80 millivolts. The voltage noise margin
may be obtained for the complete operating region
from the difference between the voltages at similar
injection currents.

Figure 2 indicates that signal amplitude and
noise margin can be improved by increasing the in-
jection-current density.

A third method of determining I2L thermal op-
erating regions is provided by the digital effective
gain, which may be measured or calculated by com-
puter modeling techniques. The effective gain is
defined as

8 _ collector current sinking capability
eff  base current removed from gate input

I2L, logic signals will propagate as long as the digital
effective gain is greater than one. The mechanism by
which the effective digital gain decreases at high tem-
peratures is through collector leakage. The total
leakage currents in all the OR-tied collectors (fan-
in) connected to a gate input rob that gate of some
fraction of its injected base current and thus its
collector-current sinking capability. This phenom-
enon is nbserved-in Figure 3. As the fan-in is in-
creased, the total collector leakage removes an

EFFECT OF FAKIS OX ROLLOFF

EFFECTIVE GAIN (BETA)
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Figure 3. Modeled Temperature and Gate Fanin
Influences on Effective Digital Gain

(1).

appreciable fraction of the injected base current in
the I2L gate at lower temperatures. The effective
gain is forced to less than one. This also impoees a
design rule on the gate fan-in for a given gate to per-
form correct logical operations at some specified
temperature and injection current.

HIGH TEMPERATURE METALLIZATION

The production of a stable, highly-reliable metal-
lization system is equal in importance to the silicon
gate design in the production of high-temperature LSI.
The metal system chosen for the high-temperature
applications is platinum silicide/titanium -tungsten/
gold.

Platinum silicide forms stable ohmic contacts to
silican, and gold was chosen for its ability to inter-
face easily the chip to the outside world. However,
unlimited gold diffusing into the silican would seri-
ously affect device performance, and silicon diffusing
into the gold metallization can produce reliability
problems due to the creation of voids. As a result,

a thin titanium -tungsten barrier metal system is em-
ployed to geparate those materials.

Verification of high reliability metallizations and
silicon devices require accelerated aging to com- -
press time scales to reasonable durations. Since
most failure mechanisms iu integrated circuits are
temperature dependent, an activation energy may be
obtained for the dominant failure modes. A reaction
rate or failure rate may then be predicted at various
other temperatures by the Arrhenius equation:

R = Ae E/XT (2).

However, activation energies determined from high-
temperature testing may be invalid if a phase change
has occurred. This is a problem that provides con-
siderable complications in producing high reliability
circuits for 3000C operation; these circuits must be

accelerated-life tested at temperatures above 350°C.

An independent test mask was designed for metal-
lization evaluations. The mask consists of a repeti-
tion of the 190 x 186 mil master cell shown in Figure
4. The master cell is divided by scribe lanes into
four separable chip types. Each chip, therefore,
has an area of 95 x 93 mils. Within each chip are
two different test element cells. Cells A1, A2, A3,
A4, B1, B2, and B3 gre metallization test elements.
The final cell is an I“L active test circuit.

The metallization test cells were designed to in-
vestigate the electromigration effect on the thin metal
layer as a function of the metal linewidth and metal
line spacing at elevated temperature, The electro-
migration effect could eventually cause metal-line
runoff and resulting open circuits and short circuits
between separated metal lines, The metal test ele-
ments were designed with a four-point probe capabil-
ity to enable precise measurements to be made in
order to detect effects of electromigration long before
catastrophic failure.

The test elements were also designed in a man-
ner that enables ohmic contact resistance to be accu-

i
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Figure 4. Master Cell Block Diagram

rately measured from external package leads, series
resistance to be accurately measured while arbitrary
current levels are passed through a metal thin-film
conductor element, arbitrary voltage levels to be
applied between adjacent metallization runs using ex-
ternal package leads, I2L logic-gate digital gain to be
measured from external package leads, and I2L
propagation delay to be externally measured using
seven-stage ring oscillators. In addition, various
gate sizes and styles were used in the ring oscillators
to provide a convenient method of comparing the ef-
fects of different current densities.

Figure 5 shows a plot of a typical metallizati
test pattern. To cover the range of the current I“L
fabrication process, [our different minimum dimen-
sions were chosen: 0.2, 0.25, 0.3, and 0.4 mil.
The metal stripe spacing was matched to the metal
stripe width in each test element. The metallization
test elements also investigate the effect of contact-

hole size on the ohmic contact resistance for each type

of doped region.
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Figure 5. Plot of the Mask Pattern for a Typical
Metallization Test Element
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On each metallization test cell (from Al to B3),
the top and bottom four pads were used for ohmic con-
tact studies. For reliability studies of the electro-
migration effect at elevated temperature, each of the
two electromigration test vehicles contains three
parallel metal stripes that are greater than 10 mils
in length. The stress pull test on wire bonding can
be done on the 8 mil X 8 mil enlarged metal pad near
the center of the test chip.

Steps in the surface contour of a monolithic cir-
cuit are known to degrade the useful resolution ca-
pability of any given metallization system as well as
to increase electromigration effects. To reveal pos-
sible problems, various combinations of these steps
were intentionally designed into the metal test ele-
ments. Thus, seven test-element cells are devoted
to the evaluation of conductor line -width, spacing,
and ohmic contact resistance. Table I summarizes
the permutations provided on the metal test cells.

TABLE I. METAL TEST CELL FEATURES

- o a——

Cell Features
Cell Oxide Contact Opening, Contact
Designation Feature Line Width, and Test
Under Four- Line Spacing
Probe (mils)
Elec‘ro-
Migration Line
Al P 0.25 ]
P 0.3 P
A2 n 0.25 n
n 0.3 r
A3 pn 0.25 np
- 0.25 Schottky
Ad pn 0.3 nn
- 0.3 Schottky
Bl pn 0.4 np
- 0.4 Schottky
B2 P 0.4 P
n 0.4 n
B3 n 0.2 np
- 0.2 P

Figure 6 shows a comparative photograph of the
B3 metal test configuration along with the I2L test
cell. The test cell's purpose is to evaluate I2L active
circuits with the barrier metallization systema. The
121, circuits' test cell consists of the following com -
ponents: a rectangular symmetrical gate cell and a
slanted, symmetrical gate celJ.3, each cell containing
a dual output logic gate and a quad output logic gate;
seven-stage ring oscillators using these basic gates;
and a reduced geometry rectangular symmetrical gate
seven-stage ring oscillator,

INITIAL EVALUATION RESULTS

Accelerated life tests are being carried out on
the integrated-injection-logic ring oscillators. The
oscillators were powered at 100 microamperes per
gate during stress tests at 340°C. Out of 23 initial
samples. one failure occurred ut 24 hours, leaving
22 active devices. Of these remaining devices, 6
have been under test for 580 hours, while the re-
maining 16 have been stressed for 247 hours. None
of these has degraded.
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Figure 6. Photograph of the B3 Metallization Test
Element and the Active I2L Circuits

CONCLUSIONS

Integrated Injection Logic is a viable approach
for large -scale integrated circuits that will tolerate
300°C. silicon IL gate designs have been shown to
be operable at these temperatures. In addition, a
high-temperature barrier-metallization system has
been chosen and an evaluation mask designed. Initial
stress test results are encouraging, even though the
metallization system has not been ortimized.
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"~ 'will perform adequately at 300°C.

SAND81-0345C
HIGH-TEMPERATURE COMPLEMENTARY METAL
OXIDE SEMICONDUCTORS (CM(:3)

John D. McBrayer
Division 2117
Sandia National Laboratories
Albuquerque, New Mexico 87185

Introduction

The theory on which silicon (Si) metal
oxide semiconductors (MOS) technology is
founded states that this type semiconductor
High
temperature tests conducted on commercially
available MOS field effect transistors (FET)
have confirmed this hypothesis.'”? 1In this
report, we present the results of an irves-
tigation into the possibility of using CMOS
technology at Sandia National Laboratories
(SNLA) for high temperature electronics. A
CMOS test chip (TC) was specifically developed
as the test bed. This test chip incorporates
CMOS transistors that have no gate protection
diodes; these diodes are the major cause of
leakage in commercial devices.

We decided to use CMOS technology because
both n- and p-channel devices could be eval-
uated. We also looked at small-scale inte-
tration, e.g., an inverter using CMOS junction
isolation and a simulation of dielectric
isolation.

Theory and actual data have been compared
before.’ 1In this paper we intend to report
on the aging and stability of CMOS devices;
especially where requirements call for minimal
irift when subjected to 300°C for 1000 hours.
This drift must be less than that in devices
taken from room temperature to 300°C.

Physics

From semiconductor physics, the following
generalization can be made:

* As temperature increases, the
Fermi level moves toward the middle
of the band gap, causing the built-
in potential to decrease, thereby
decreasing the threshold voltage.

e As temperature in-reases, the band
gap narrows, causing a minur increase
in the intrinsic carrier concen-
tratior, (ny).

s Carrier mobility decreases with
increasing temperature, causing
transconductance to decrease.

¢ Increasing temperature increases
leakage of generated =nd diffused
currents.

e The more the doping, the greater
the variation in threshold voltage
as .emperature increases.

¢ The zero temperature coefficient
point occurs at higher gate
voltages as the doping is increased.
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~1 The overall transconductance decreases
rapidly as temperature and doping
increases.

with these generalizations in mind, we made
the process variation listed in Table 1.

Table 1

Rrocessing Variation

e ———

Yafer 3ubstrate Powell

1 8 «1.2 -cm n-type Boron €0 eV 1:10"
~sx101% co™? Ng 2 ax10'6en”3

s .8 =1.2ncm n-type Borcn 60 kev 2xt0?
~3x10'%ca™3 Hg ¥ ax10t7en™

7 .2 -.8a-cm n-type Boron §0 kev 1xtn'?
~2x101%ca™? N & 2x10tca™?

L] «2 = . dn-CR n-type Boron 60 keV 2:10“

~2x1016cn”3 Ng 3 axto'7en3

These variations are adjustments of the
various doping levels that compose the MOSFETs,
and they require many trade-cffs in electrical
performance, making optimization difficult -
(Tables 2 and 3). Table 2 shows that,
although wafer 1 produces symmetrical gate
voltages, leakage and transconductance vary
greatly between the two channels. Wafer 9
performs well in leakage and voltage but not
in transconductance.

All wafers except No. 5 performed as
predicted by theory. The anomaly of wafer 5
remains unexplained. The tables show the
average values derived after subjecting the
wafers to 300°C for 1000 hours. Threshold
voltages for the surviving devices are within
40.1V of those listed in Tables 2 and 3;
leakages are within #5uA of those listed in
Table 2, and 25pA of those in Table 3.
According to theory, the following pattern
should appear.

For wafers 1 and 5, p-channel data should
be similar.

For wafers 7 and 9, p-channel data should
be similar.

For wafers 5 and 7, n-channel data should
be similar.




Table 2

TC-1 Process Comparison at 300°C

Average Leakage

Average Gate Voltage (Vg) @ 10pA

Average Transconductance

(kA) (mmhos )
Wafer n-Channel p-Channel n-Channel p-Channel n-Channel p-Channel
1 12.41 18.85 1.45 -1.45 0.45 0.24
5 21.44 25.86 2.72 -1.26 0.22 0.26
7 3.90 6.15 1.60 -2.41 0.34 0.21
9 4.43 6.07 2.56 -2.50 0.10 0.14
Table 3

Average Leakage

Average Vg @ 100
(1A)

MA

Average Gm (mmhos’

Wafer n-Channel p-Channel n-Channel n-Channel p-Channel p-Channel n-Channel n-Channel p-Channel p-Channel

1 280 460 1.54 1.55 =Ty - .78 1.10 1.07 1.82 1.75
5 88 163 3.08 3.08 -1.18 -1.21 0.61 0.61 1.79 1.79
7 107 139 1.77 1.78 -2.12 -2.14 1.07 0.99 1.27 1.27
9 83 139 2.77 2.49 -2.02 -2.22 0.€6 0.68 1.16 1.14

TC-4 Process Comparison at 300°C

The tables show that, except for wafer 5, the
theory and the actual data generally agree.

The guard-ring, junction isolated CMOS
process is quite clean and uses Qss, Nst
reduction techniques and other schemes to
reduce oxide contamination.®™'! For example,
by annealing with N2 we decrease Qss, and by
annealing with H2 we decrease Ngt. Careful
and clean processing decreases sodium and
potassium contamination. The circuits were
metallized with standard aluminum lum thick,
and standard p-glass passivation was used over
the metal. The components were packaged in
a ceramic, 16-pin flat pack.

Stability

Although we will not discuss all the
parameters tested, as an indication of
stability, we will discuss data for gate
voltage at 10uA (TC-1l) and 100pA (TC-4), and
leakage currents.
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To determine gate voltage, each transistor
was measured separately. The source and sub-
strate were connected to ground, and the drain
was connected to an 8-V source. The voltage
on the gate was slowly increased until 10uA
was measured between source and drain; this
voltage was recorded. The 10pA value includes
the reversce leakage current from drain to
substrate but not from p-well to n-substrate.
In all data obtained, 10uA was not exceeded in
the gate voltages measured for TC-1 (10upA) cr~
for TC-4 (100uA). See Table 3.

lLeakage Curreut

The leakage currents discussed are drain-
to-source channel leakage, drain-to-substrate
reve:se bias leakage, and p-well to n-substratz
leakage. Tl.ey were measured with the tran-
sistors connected as a CMOS inverter. With
one transistor biased strongly on, we then
measured the current thac the other transistor
allowed to pass while it is turned off {(Figure
1). Thus, we have a worst case measurement
for leakage. In all cases, leakage was small
enough (1r, < Igg) to allow the semiconductor
to remain useful in actual circuits.
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Measurement of Leakage
Current for n-Channel

(1) Drain to Source Leakage
(2) Drain to p-well Leakage
(3) P-well to n-substrate Leakage

In all cases, we determined that the n- and
p-channel devices were reasonably stable and
functional except for wafer 5 which remains
an unexplained anomaly.

Wafer 9 demonstrated good stability, low
leakage, and a reasonable Vg at 10uA on both
the n- and p~channel devices. TC-4 data
supports this finding but has an order of
magnitude increase in leakage because of its
larger size.

Inverters

Data from transistors connected as
inverters, show that they will perform as a
small-scale integrated circuit (SSIC) at high
temp?ratures for extended periods of time
(300 C for 1000 hours).

VNL and VNH

In this test, we measured the output
voltage with the inputs at 1.5V (Vyp) and 3.5V
(VNH) obtainirng functionality and noise margin
parameters. ‘

IpN and IDP

With these tests we determined the drive
current capability of the n- and p-channel
devices when hooked together as an inverter.

Results

The data for inverters show that all
processes were functional at 200°C after 1000
hours. 1In all cases, drive currents decreased
with increasing temperatures as theorized;
current is lost to ground through several
leakage paths (Figure 1) as temparature
increases.

Judging from the data obtained, there
seems to be no ouatstanding advantage in one
process over the other. There should be more
dynamic testing to determine this. The data
do suggest that drive currents for the higher
doped devices (wafer 9) are more symmetrical

for a given geometry and are less temperature
dependent than lower doped devices. Further-
more, CMOS, when digitally operated, works in
a complementary mode; that is, when one
transistor is on, the other is off. This is
helpful for reliable high-temperature perfor-
mance because it allows both devices to go
depletion yet still perform a given digital
function (Figure 1). Therefore, we can leave
the threshold voltages closer to zero than when
the devices must remain enhancement at 300°C,
making higher speed devices possible. Wafer
5 has not been discussed because of its
unexplainable behavior.

Simulated dielectric isolation inverters
showed similar trende but with a vast improve-
ment in leakages. This makes a big difference
in noise margin and absolucte temperaturc
optimization.

Many trade-offs are necessary to determine
the best way to build high~temperature CMOS
circuits. The principal parameters that must
vary are drping profiles and size; oxide
growth and overall cleanliness make the circuit
possible.

Process (Doping Profile)

Judging from the results of this study,
doping profiles like those of wafers 7 and 9
are best for high-temperature use. Application
is extremely important because we must know
what is expected from the circuit before the
right process is found. For example, wafer 9
(n~ sub %2 x 10!'® cm?® and p-well Ng %4 x 10'7
cm~') might appear to be the best choice for
high-i{-emperature electronics --- it has good
symmetry, exhibits small variation with
temperature, and has reasonable drive current
capability. However, in some applications, it
may have too high a threshold voltage and coo
low a breakdown voltage (v12V). ‘Therefore,
depending on the circuits used, innreasing
the doping to increase the temperature range
of the CMOS does not always produce an ideal
circuit. 1In fact, some electrical require-
ments may make it impossible to develop a high-
temperature circuit by using silicon planar
technology.

Geometr!

When designing the mask set for high-
temperature circuits, we must include several
considerations not necessary when designing
room temperature circuits. For example, of
major importance is the fact that the area
between the p-well and the n-substrate must be
as small as possible to decrease reverse
leakage. This means that each n-channel
triusistor should have its own p-well. The
price for this jis an undesirable increase in
the silicon area.

The mobility of holes and electrons
decreases with increasing temperature but not
at exactly the same rate. FHowever, the ratio
of Z/L n=-channel to 2Z/L p-channel should be
the same as in room temperature circuits to
keep the circuits complementary. Keeping
their ratio the same as in room temperature
circuits seems to be a good compromise.
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For high temperature circuits, the area
from the drain to the substrate junction
should be as small as posaible to decrease
reverse leakage. This is accomplished by
horseshoeing the 3/Ls, thereby increasing
circuit density -- this method is already in
common use.

To make high-temperature circuits wore
reliable, metal lines should be as hroad and
deep as possible, again sacrificing chip area.

Conclusions

Bxisting CMOS technology can be used to
produce stable and useful circuits that oper-
ate at 300°C for 1000 hours. This accomplish-
ment, however, sacrifices some chip area and
does not provide gate protection. For this
latter problem, high-temperature GaAs and
GaP diodes should be developed as protection
devices. Although these diodes would probably
be outside the CMOS chip, they could be part
of the same flat pack.

Dielectric isolation CMOS would be a

" great improvement over junc:ion isolation and

work has begun in this area. =New solar cell

. diodes show promise as input protection

devices. This would allow us to be completely
integrated again.

(2 2212
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"A PRESENTLY AVAILABLE ENERGY SUPPLY
FOR HIGH TEMPERATURE ENVIRONMENT (550-3000° F)*

by J. JACQUELIN

and R.

L. VIC

Electrochemistry Department

Laboratoires de Marcoussis
Route de Nozay
F. 91460 MARCOUSSIS

ABSTRACT

Sodium-sulfur cells are an attractive electric energy
storage for long service, in sirong enviromment.

State of art is given. More than 00 Wh/kg cells have
been tested. The known range of w.rking temperature is
550 - 750° F. Self-discharge i< quite nonexistent for
months in operation.

Technical basis for expecting an operating range up to
1 000° F under high pressure atmosphere are given. Pos-
sibilities to adapt size and characteristics to parti-
cular interplanetary mission are discussed.

1) - OPERATION AND TECHNOLOGY OF THE SODIUM-SULFUR CELL

Figure 1 is a schematical view of a sodium-sulfur cell.
The sodium, which is the negative pole, is inside a
g-alumina glove finger. g-alumina is a ceramic having
the property of transiting Nat fons ; it is therefore
a solid electrolyte. Outside the g-alumina glove finger
is located the positive electrode which is formed from
sulfur held in a graphite-fibre conducting network.

The whole is enclcsed in two steel containers, separa-
ted electrically “rom each other by a ceramic insula-
ting ring a-alumiia.

The cell is manufactured in the charged condition. Du-
ring discharge, the sodium passes through the solid
electrolyte in the form of Nat jons and reacts with
the sulfur while giving off polysulfides.

For the operation to be correct, it is necessary for
the reagents, sodiua, suifur, polysulfides, to remain
1iquid. For that, the temperature must be greater than
500° F and preferably close to 650° C.

The cell may be recharged and so operate as an accumu-
lator, able to effect a large number of successive
charging cycles. But for that, the sulfur-jraphite
electrode must have special properties which are obtai-
ned through complex and elaborate manufacture. However,
even the primary sodium-sulfur cells are capable of
being partially recharged and of operating for a long
time as an accumulator, but with a capacity of only one-
third of the normal capacity.

The open-circuit voltage is 2.08 volts. The practical
operating voltage may be chosen between 1 volt and
2 volts depending on the power and on the discharg
conditions.
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Fig. | : Schematic section of » sodium-sultur cell

2) - STATE OF THE ART

The principal technological problems have been resolved
during recent years.

It was a question of :
- the manufacture of the solid electrolyte

- soldering of the solid electrolyte to the
" insulating a-alumina ring

- perfectly tight sealing of the steel contai-
ners on the a-alumina ring

- the manufacture of the sulfur électrode

- and different other practical filling problems
and sealing in an atmosphere perfectly free of
any trace of water or of other polluting mole-
cules.

At the L.d.M. sodium=sulfur cells are at present manu-
factured in two sizes.
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. o 99" Figure 3 gives the electrical characteristics of a cell
", ¥ T depending on the charging condition.
- 12" R s It should be noted that manufacture is easier and more
ré¥‘ . HS y reproducible in the large size than in the small size,
) ) which favours then high-energy applications on board
4 and not miniaturized applications.
One very interesting characteristic of the sodium-
* Lt sulfur generators is the absence of self-discharge.
abo8d There is no self-discharge at ambient temperature and
— even after a long period of storage (greater than 1

year) at 650° F no self-discharg was measured.

235 i
= b - {e L1
i Fig. 2. Size of standard L ?%:;ﬂ"ifI?r
sodium-sulfur cells ] s -8 RBRES 48 o 1
L‘TJ B (5 B R A HT 11' !
v SIaNM. S EEREEEEETE:
: (-1 THH T
1 T .‘- -t T:F' +
A small-size cell model (4.5 Ah) is manufactured and d3sdnes L
used solely for laboratory research and experimentation ale '” - =
purposes. A large-size model (260 Ah) is also at pre- t T
sent manufactured in the laboratory. Its dimensions P 852, s
are optimized for load leveling. o L
The principal characteristics of these cells are given
in the following table :
( : : )
( Performances - ) - ' )
% for discharges Small-size 3 Large-size 3
1 : >
( within 10 hours €8 : cel) )
e e |
( Effective capacity : 4.5 Ah : 260 Ah )
( : : )
( Average voltage 2 1.6V 2 1.5V )
( : : )
( Effective energy 5 7.2 Wh ! 390 Wh )
( : : )
( Weight : 100 g - 1730 g )
( : : )
( Energy per mass unit : 72 Wh/kg - 230 Wh/kg )
L e e s : )

The above characteristics relate to cells fitted with
sulfur electrodes able to operate as accumulators (se-
condary generator). Similar cells, but provided with
primary electrodes (primary batteries) would have capa-
cities ana eneraies about 20 % greater.
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3) - SPATIAL APPLICATION

The operating temperature (650° F) which is a difficul-
ty ana a handicap for ground applications may become
an extremely favourable factor for some spatial appli-
cations.

We think immediately of the cases of interplanetary
probes which must travel through high-temperature at-
mospheres. Such is the case of probes whose mission is
the explaration of VENUS. For example, at an altitude
of 17 km, the temperature is 630° F and under these
conditions the sodium-sulfur cells operate freely,
withou> needing any heating or heat insulation. The
high pressure (28 bars) which reigns at this altitude
can be withstood by the containers because of their
cyclindrical shape and small diameter. Nothing stands
in the way of very long duration missions, which may
be considered in months or even in years.

However, it must be recognized that the present cells
have not been optimized for such spatial applications
and that certain modifications would have to be made.
For example, for operating in any position 2 d with
any orientation, it would be necessary to provide the
inside of the solid electrolyte with a porous layer
wettable by the sodium which is designated sodium wick.

A great number of experimental checks remain to be
made, during which certain imperfections might appear
and involving studies and modifications with respect
to the present state of the technique. These tests re-
late for example to :

- resistance to high accelerations (several
hundred g)

- resistance to,.hocks and vibrations

- possible problems of thermal shocks on rapid
entry into hot atmospheres

- the problems of checking and guaranteeing re-
Tiability.

4) - FUTURE POSSIBILITIES

From the mechanical and sealirg point of wiew, present
cells are able to withstand substantially 1 000° F.

But the problems of corrosion of tie containers, which
are overcome at about 650° F, 1imit the serviceable 1i-
fe for higher temperatures.

However certain simple solutions may be considered. For
hich-pressure atmospheres, the use of deformable con-
tainers would be a neat solution, both for reducing
the weight and for resolving the operating problems.
In fact, it would be possible to balance the internal
pressure with the external pressure, which would allow
operation at practically unlimited pressures. Under
high pressures, boiling of the sulfur only occurs at
much higher temperatures and consequently operation
close to 1 000° F would become possitle (at 1 000° F,
it is sufficient for the pressure to be greater than
3.3 bars).

Figure 4 shows the possible operatiny range.
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The principal problem would become that of high-tempe-
rature corrosion of the container by the polysulfides.
The anticorrosion protection used at the present time
and limited by its cost, could be substantially increa-
sed and solutions using more studied materials and
techniques may be considered.

In any cas, the corrosion problems are less serious
when the missions are l1imited to a few days or a few
tens of days and not to years.

It is then not utopian tc put forward tie sodium-sulfur
generators as extremely valid candidates for future
ground explorations on /ENUS (S00° F, 100 bars), for
missions of fairly long duration.
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STUFFED MO LAYER AS A DIFFUSION BARRIER IN METALLIZATIONS FOR HIGH TEMPERATURE ELECTRONICS
John K. Boah, General Electric Company, EP-7, Syracuse, New York, 1322}
Virginia Russell, General Electric Company, EP-3, Syracuse, New York, 13221
David P. Smith, General Electric Company, EP-7, Syracuse, New York, 13221

Abstract

Auger electron spectroscopy (AES) was employed to
characterize the diffusion barrier ?roporties of
molybdenum in the CrSi2/Mo/Au metallization system.
The tarrier action of Mo was demonstrated to persist
even after 2000 hours annealing time at 300°C in a
nitrogen ambient.

At 340°C annealing temperature, however, rapid
interdiffus?- - was observed to have occurred between
the variou. metal layers after only 261 hours.

At 450°C, the metallization degraded after only
two hours of annealing.

The presence of controlled amounts of oxygen in the
Mo layer is believed to be responsible for suppressing
the short circuit interdiffusion between the thin
film layers. Above 340°C, it is believed that the
increase in the oxygen mobility led to deterioration
of its stuffing action, resulting in the rapid
interdiffusion of the thin film layers along grain
boundaries. .

The CrSiy/Mo/Au barrier metallization system lent
jtself easily to fine line patterning.

Introduction

Thin film metallizations play a critical role in the
reliability of microelectronic devices. The
deleterious effects of alyminum alloy penetration!-2
and the “purple plague"3-# in gold-aluminum thin
film couples are well-known examples. Thin film
metallizations are made up of very small grains,
high densities of grain boundaries and dislocations.
It is well established that grain boundaries and
dislocations increase atomic ngbpity by acténg as
. short cirvcuit diffusion paths.”- Gjostein® has
shown that for face centered cubic metals, thin film
interdiffusion is controlled by dislocation pipe
diffusion and grain boundary diffusion in the
temperature range 30-60 percent of the melting
point. Bel.w this temperature range. interdiffusion
is not very ~ignificant. Above this temperature
range, lattice diffusion predominates. Diffusion
barriers/ sich as stuifed barriers, passive burriers,
sacrificial barriers and thermodynamically stable
barriers, are intended to suppress short circuit
controlled interdiffusion. The purplc plague
mentioned earlier can Le accribed o Kirkendall
voiding through short circuit interdiffusion.

Harris et al8 reported that the diffusion of Ti in Mo
waa inhibited by the presence of oxygen in the Mo
layer of a Ti/Mo/Au system. Nowicki and Wang
observed the suppression of Au-Si intermixing in
Si/Mo/Au system 1f the Mo layer was reactively
sputtered in N2-Ar mixture. They attributed the
enhanced Mo barrier action to Ny occupation of the
octahedral sites around the Mo atoms. Neither of
the above studies dealt with prolonged annealing
effects at high temperatures.

1

The need for nigh temperature (up to 300°C) micro-
electronics applications in such diverse fields as
aircraft cn?me controls, nuclear reactor core
mnitoring nstrumentation and oil and gas well
downhole instrumentation has further imposed
stringent relizbility requirements on microelectronic
interconnections. Diffusion barrier protection of
the ohmic contact layer and metal conductor layer thus
assumes new importance. This paper will discuss the
enhanced high temperature diffusion barrier gmperties
achieved through the introduction of controlled
amounts of oxnen in the Mo barrier layer of the
Cr/Mo/Au metallization system.

A barrier metallization system is shown schematically
in Figure 1. It consists of an omic contact layer
(crSi2), a diffusion barrier layer (stuffed Mo) and an
interconnect or conductor layer (Au). Figure 2
illustrates a tri-metal system where diffusion barrier
protection is lost during heat treatment.

Experimental Procedure

Sequential deposition of the thin film layers of Cr,

Mo, and Au on (111)-oriented, N-type silicon single
crystal wafers was carried out using planar r.f.
magnetron sputtering (Perkin-Elmer Ultec Model 2400-
8SA). Sputtering pressures were less than 10 mtorr
using argon. Oxygen-argon yas mixtures were utilized
for reactive sputtering of the Mo. Prior to sputtering,
the silicon wafers were etched in dilute HF, rinsed
thoroughly in de-ionized water, air dried and trans-
ferred immediately into the sputtering chamber.

After sequentially depositing the Cr/Mo/Au system,
sintering was performed in a quartz tube in a flowing
nitroges ambient at 450°C for 15 minutes to affect
CrSip formation.

Annealing experiments were subsequently carried out
at 300°C, 340°C and 450°C. The 300°C anneals were
performed in nitrogen ambients in a quartz tube for
15 nours, 1000 hours and 2000 hours.

Annealing experiments above 300°C were carried out in
vacuum, AES was employed to study the extent of thin
fiim interdiffusion between the various metal layers.
Fine 1ine pattern definition was evaluated using a
combination of photolithographic and chemical etching
techniques.

Resul\s and Discussions

AES profiles of the Cr/Mo/Au system tefore and after
sintering at 300°C are shown in Figures 3-6. There
was limited penetration of the Cr layer by the Mo layer
during the sputter deonsition. After annealing at
300°C for 2000 hours, the diffusion barrier properties
of the Mo layer were found to be intact. Some re-
distribution of the oxygen in the Mo layer occurred
during the 300°C annealing. The suppression of the
expected grain boundary interdiffusion may be




ascribed to the oxygen incorporated into the Mo
layer. The stuffing behavior of oxygen may be
similar to tl\‘ of ni n in Ti-¥ observed by
Nowicki gt all0 in the Al/Ti-W/Au system. HNowicki
and Mang? also reported that controlled - incorporetion
of nitrogen into molybdenum si nificantly reducea the
nulof grain boundary interdi fusion in Mo/Au
couples.

Annealing above 300°C revealed that oxygen stufﬁng
does not completely suppress short circuit controlled
fnterdiffusion such as shown in the AES profile of
Figures 7 and 8. In fact, at 450°C, the oxygen
mobility was so high that stuffing action was lost
with a resultant loss of Mo barrier action after
only 2 hours of annealing. This observation is
consistent with the equations of Gjostein® and
ather mgntly observed thin film interdiffusion
phenomena®. Fine 1ine patterning was accom~” shed
using photol ithography and chemical etching such as
:luu;dg: Figure 9. The fine lines are two microns

n " *

Summary

The diffusion barrier action of stuffed Mo layers
has been demonstrated to be reliable at 300°C for
at least 2000 hours in a nitrogen ambient. The
incorporation of oxygen in the Mo layer is believed
to be responsible for the enhanced diffusion barrier
action of the Cr/Mo/Au metallization system at
temperatures below 300°C. Above 300°C, the Mo
barrier action rapidly deteriorates.

The cooperation of Dr. Joseph Peng (formerly of
ARACOR, Sunnyvale, California, and now with
Fairchild) and Dr. Aristotelis Christou (NRL,
Washington, 0. C.) in the AES amalysis is
gratefully acknowledged. Qur thanks also to
Dr. Christou for many helpful disucssions.
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Figure 5: AES SPUTTER PROFILE OF THE Cr/Mo/Au
SYSTEM AFTER A 1000 HOUR ANNEAL AT 300°C FOLLOWING

THE CrSi2 FORMATION

Figure 6: AES SPUTTER PROFILE OF THE Cr/Mo/Au
SYSTEM AFTER A 2000 HOUR ANNEAL AT 300°C FOLLOWING
THE CrSi2 FORMATION
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REFRACTORY GLASS AND GLASS CBRAMIC TUBE SEALS

Clifford P. Ballard aud Donn L. Stewart
Sandia National Laboratories
Albuquerqua, New Mexico 87185

Complex vacuum tube envelopes are required to
house and support integrated theraiomic circuite (ITC)
during long-term operation at elevated temperatures.
uzo-zno-sioz glass ceramic and c.o-uzo3 glass seals

were investigated because they sre refractory,
moldable, have relatively high thermal expansion
coefficients and bond directly to a variety of metals.

Materials and techniques were developed to 5
fabricate the silicate glaes ceramic (p500°C = 10°0m;
T8 = 450°C) into a toroidal tube design containing
64 Pt/Rh feedthroughs. Subassemblies were exposed
to 600°C for periods in excess of 140 hours with no A
deterioration of vacuum seal integrity. However, ‘
lithium ton conductivity reduced lead-to-lead !
resictance below 1 megohm at 350°C, yielding a
device unacceptable for ITC applications.
The calciua aluminate glass (p500°C = 10°m;
Tg = 900°C) contains no alkali but is more difficult
to fabricate into complex shapes. Special transfer
wolding techniques were developed using pre-enameled
metal piece parts. These subassemblies were vacuum
tight, had a lead-to-lead resistance of 20 megohms
at 600°C and are believed acceptable for ITC
applications.
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This report presents the results to date of a
specific design project, im which a microw ve
beacon 1s required to operate for a limited time at
high temperature (v3235°C) and at high pressure
(+19 bara), in a chemically hostile eavironment,
after surviving large mechanical shock forces (up

. to 280 ga). One of the wost interesting results of

this work is the finding that many existing,
commercially-available components can be used in
such a design with only ainor modifications. A
further result of some interest is that a crude
(and consequently low-cost) testing program can be
designed to identify and select promising commer-
cial components.

S 1s
cos ceramic~oxide-gsemiconductor
DC direct current
8 acceleration of gravity
14 hydrogen fluoride
Mz megabertz
MOS metal-oxide-semiconductor
P/P peak to peak
R-C resistor-capacitor
RF radio frequency
v volt
VBB Venus balloon beacon
Introduction

The goals of this low-cost design effort are
to develop a short-lived microwave beacon which is
capable of intermittent operation while suspended
from a balloon floating in the atmosphere of Venus,
and to do it within a relatively modest budget
(8160K). 1t should be made clear from the start
that we are discussing the beacon developmental
wodel, not flight hardware. The flight model has
not yet been built and, in view of recent changes
in the Venus mission's scope, may not be built for
some time. Still, the design exercise is an inter-
esting example of what can be done with limited
funds and with existing commercial components,
modifying them where necessary, and by using also a
bit of that famous American ingenuity.

The low-altitude Verus Balloon Beacon (VBB)
was concelved as one approach to studying the winds

.of Venus. VBB is a small, L-band microwave trans-

mitter to be suspended from a high-pressure French
ballon, one-meter diameter, filled with water vapor
as the flotation gas. The bescon is designed to
transait a series of 1 microsecond, 1% duty cycle
pulses which will permit Earth ground stations to
track the balloon as {t gets blown about by various
Venusian atmospheric disturbances.

At the proposed 18-kn flight altitude, the
expected ambient conditious are 325°C (617°F) and
10 bars (160 psia), with wind velocities as high as
20 meters/sec. The stmosphere is primarily carbon
dioxide, with traces of other gases including HF.
The forces on the beacon-balloon system during
entry into the Venusian atmosphere are calculated
at 280 g8 for two minutes. The total time of
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PACRAGING TRCHNIQURS FOR LOW-ALTITUDE VENUS BALLOON BEACON

Thomas J. Borden and Johm W. Winslow
Jat Propulsion Laboratory
Califoraia Institute of Technology
Pasadena, California

flight of the balloon will be 240 hrs, with the
transaitter on during 96 fiv -minute periods,
spaced equally during those ten Barth days.,

DRiscussion

The VBB electronic system comprises batteries,
power supply, RF cavity, cavity modulator, timer
switch, and antenna (Figure 1). The major problem
areas are the power supply (1000 VDC needed to fire
the RF cavity), and the cavity modulsto:_(pulse
timing accuracy becter than 1 part in 107 required).
The power supply was designed to use reed switchas
both as input choppers and output rectifiers. The
cavity modulator is a iarge hybrid circuit using an
especially cut crystal as the timing element. Both
will be discussed in detail shortly, but first a
word about the easier parts.

BATTERY _——_—.1 Srmmfd‘
POWER >
UMY MODULATOR
TRANSMITTER ﬁ—-—
1 .
ANTENNA
Figure 1. VBB Block Diagram
Batteries

Powver is supplied by 1.5 V godium cells, whose
electrolyte melts at ~280°C and can operate in the
1iquid phase up to +350°C. These cells hold a
charge indefinitely in their solid state and pro-
duce 20 watt-hr per cell when in the liquid state
(see Figure 2). Since these batteries produce no
power vhen solid, i.e., below 280°C, they hecome a
built-in on-switch for the system, thus eliminating
one set of potential headaches including the mass
of a main powe' :.'itch. To get the power needed
for 8 hours of - _rratfor. requires four cells.

These use up half of VBB's 2-kg total mass limit.

Timer

A timer was needed to spread the power usage
out over the 240~hour flight. A mechanical timer
(either a motor- or solenoid-driven escapement) was
considered, but these had both mass and power-
consumption penalties. In view of the high Venus
ambient tempeirature and other highe. temperature
sources (e.g., the RF cavity operating temperature
is ou the order of 450°C), a bimetallic switch
seemed an attractive solution. Several bimetallic
switches of suitable time constant were found avail:




Figure 2.

Sodium Battery Cell

able commercially, so this approach was considered
the primary solution to the timing problem. The
motor- and sulenoid-driven escapement were relegated
to back-up status.

RF Cavttx

The RF cavity used for the development model
is a standard aircraft transponder RF cavity, made
by General Electric Company, modified by the manu-
facturer to withstand the 325°C environment. The
engineering staff of the GE tube division was inter-
ested in the project and made us an offer that,
from both schedule and financial standpoints, we
could not refuse. In principal the conversion ot
the standard RF cavity to a high tempcrature device
was not too complicated. The major changes centered
around the materials used to make the cavity and the
type of soldering/welding used in its assembly. The
tube itself was already designed to operate we.l
above 325°C.

Antenna

An antenna with the proper radiation pattern
was found and scaled down to operate in |-band.
(See Figure 3.) There is no obvious reason why the
pattern should change at the high temperatures
expected of this project, but the optimum operating
frequency will change if dimensions change. Hence,
a test antenna was built from solid ccpper for pat-
tern verification and for frequency-shift evalua-
tion at L-band frequencie: and high temperatures.
The test model is too massive for flight use; but
given additional time and money, the flight unit
mass could be reduced greatly, e.g., by designing
the flukes hcllow, by incorporating the ground
plane into the transmitter box, and by using
lighter construction materials.

Antenna Cable

One problem which we had to solve that was not
so simple as it at first seemed, was conduc*ing
the RF signal from the cavity to the antenna. The
coax cable industry currently produces high temper-
ature semirigid coax ~able that will withstand
325°C for extended perlods. This cable uses
powered magnesium oxide as the dielectric. Since
this material is hygroscopic, both ends of the
cable must be sealed. Unfortunately, no commer-
clally available hermeticallv-sealed connectors
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Figure 3. VBB Antenna

could be found, for any temperature range. lience

we decided to do it ourselves.

It had been noted that the standard type OSM con-

nectors for 0.14] semirigid cable, used for testing
some multiplier transistors for a possible
oscillator/modulator, were made entirely of metal,
Since the connector leaves the cable dielectric
exposed, plugs of some material were needed to
create seals at both ends of the cable.

Various types of epcxies were considered, but
were found too vulnerable to water. Previous
cxperience with hybrid construction sugiested using
ceramics. After some investigation Macor, a
machinable ceramic manufactured by Corning Class
Works, was selected and machined into several
thick-walled washers. Inner and outer wall sur-
faces then were coated with low frit gold and
fired at 850°C to create solderable surfaces.

These surfaces next will be coated with a gold
germanium solder, the washer placed in the end of
the cable, and the cable end heated above 360°C to
complete the solder joint. Post-soldering helium
leak tests will be performed to assure tha® no
detectable leaks larger than 1079 cc/sec are pre-
sent. Given that no surprises develop from solder-
ing plug and connector simultaneously, this problem
is solved.

Power Supply

Figure 4 is a schematic of the power supply-
chopper-rectifier-driver circuit. The principal
component of the circuit, the transforrer, proved
to be the simplest to find. In the literature
study at the beginning of the work, a reliable sup-
plier of high temperature transformers (Gereral
Magnetics) was located. The test transformers pro-
cured {rom this source have funcrtioned without
problems in all testing performed to date.

The tougher problem has been posed by the
chopper/rectifier requirements. When first con-
sidered, it was though* that the only practical
solution to this problem lay in the reed switch
approach. Since the reed swi'ches were large . nd
relatively heavy, we were motiva,ed to look for
other possibilities.
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Figure 4.

One of these leld us to test some very small
(TO-5 can) relays to get an idea of their useful
life and voltage-switching capability. When
run as self drivers at room temperature and
9 volts, these relays ran for 23 da:s at 350 Hz
with no apparent degradation. At about 700 V,
however, the contacts were burnt at a few micro-
amps. Since they worked so well at their rated
winding voltage of 9 volts, it was felt that they
might suit the low-voltage side of the chopper/
rectifier circuitry.

Accordingly, one of these devices was dis-
sected and examined to determine what modifications
they would need to survive at 325°C. These modifi-
cations, which consisted mostly of substituting
high temperature wire insulation and struct ral
components for their existing counterparts, would
have required procedural changes during manufac-
ture, rather than post-assembly retrofits. The
changes were modest enough to be quite feasible for
typical development projects, but were not feasible
within the time and cost limits available for VBB.
Consequentlv, we feel that this approach is worth
stating for consideration in future high-temperature
projects, even though we could not use it in our
case.

Another approach explored was based on the use
of semiconductor devices as low-voltage switches.
The chief advantage of such an approach would be a
significant simplification of the chcpper/rectifier
synchronization problem.

Preliminary tests indicated that the Harris
CD 4009D Ceramic Pack COS/MOS inverter and the
IRF 351 HEXFET power transistor would function at
temperatures above 250°C. A DC/DC converter was
designed, using the CD 4009D as the oscillator and
driver of a pair of the 331's (see Figure 5).

For the ccnvertcr tests, the 1 kV secondary
was rectified by off-ihe-chelf diodes (not shown in
Figure 5). These diodes functioned satisfactorily
up to about 200°C, at which point they were removed
from the oven and operated at room temperature for
the higher temperature part of the tests.

The test converter (see Figure 6) functioned
for 50 hours at 250°C. Efficiency dropped from 93%
at room temperature (20“C) to 73% at 250°C. 1In
view of the limitations on power available in the
VBB mission, this approach was rejected. Fo: cases
not so limited, however, this approach should be
quite useful.
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Figure 6.

The approach finally selected for VBB uses
reed switches supplied by Gordos Corporation.
These high-voltage switches are packaged with
driver coils similar to one of their standard
lines. The contact bounce on these switches was
markedly less severe than some others tested, and
are capable of switching the 1 kV secondary without
difficulty.

We found in our testing that improper synchro- *
nization can result in destruction of the switches,
but that if a very precise R-C circuit is employed
contact burnout on the 1 kV side of the circuitry
can be avoided. We have found also that type C
switches (i.e., SPDT, see Figure 4) can be used on
the low-voltage side and in the driver circuit, but
the standard type A (i.e., SPST) switches are
required in the se-cudary side to survive the 1 kV.




Hybrid Modulator

Earth station tracking of VBB requires the
timing accuracy of the transmitted pulses to be at
least as good as 1 part in 107. This requirement
precluded the self-blocking mode of tube operation,
and imposed a need for some sort of modulator. A
high-temperature test program at JPL several years
ago had established that properly cut crystals were
capable of maintaining the required accuracy.

Three crystals (3 MHz, 5 MHz, and 10 MHz, respec-
tively) cut for minimum drift at 325°C, have been
acquired from a commercial supplier. As of this
writing, these crystals are being tested at temper-
ature to verify turnover points and drifts.

The crystal control circuit designed as a
result of the above considerations is shown in Fig-
ure 7. A breadboard model of this circuit, shown
in Figure 8, was fabricated from materials known to
function satisfactorily at high temperatures. The
principal testing goal was to evaluate the 2N5911
dual JFET's operations and to determine what would
be required to keep it operating satisfactorily at
high temperature.
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Figure 7. Crystal Control Circuit

Testing showed that a tuned circuit feeding
Ql (as shown in Figure 7) was required for satis-
factory operation. The results of operating the
test circuit at 280°C for 100+ hours, which pro-
duced no failures, are shown in Figure 9. It will
be noted from these data that increasing the tem-
perature reduces the output amplitude. If the rate
at which the output drops remains fixed, a second
tuned circuit, feeding Q2, will have to be added to
achieve satisfactory performance at 325°C. This
presents no obvious problems.

It should be noted in passing that it was notr
absolutely necessary for all materials in the test
circuit to be high-temperature substances. Low

\ 4
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Figure 8. Breadboard Model
AMBIENT 4V P/P
+280°C 1.6V P/P
Figure 9. Output Wave Forms

temperature solder, for example, melted at the test
temperature, but remained in puddles around the
component leads and performed iis electrical func-
tions satisfactorily.

As of this writing, ¢ refined test circuit has
been laid out on a 2 in x 2 1/2 in, 96%Z alumina
core substrate. Thanks to extensive testing ur
hybrid inks for high temperature service corducted
previously by Sandia Laboratories, a satisfactory
ink (Du Pont 9910) was found easily. Gold-
germanium solder has been chosen for connecting
discrete component leads to substrate inks. The
high temperature epoxies and/or potting compounds
for bonding the discretes to the substrate have
not yet been chosen.

The refined test will be conducted using all
discrete components. For later tests ard flight
hardware, 2N5911 and 2N3821 dies have been ordered,
along with chip resistors rated for 325°C operation.
It is anticipated that the complete circuit will
fit on a much smaller substrate.

Conclusions

The principal conclusion to be drawn from the
work reported here is that many ordinary components,
designed for operatioa under Earth-normal condi-
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tions, may be used in extreme environments «-
either "as is," or with minor-to-moderate changes
in their construction. A catalog of such extend-
abilities was gtarted by previous researchers, and
has been augm:nted by the present work.

In addition, a great deal of useful extend-
ability information pertinent to a particular pro-
ject may be gained at relatively low cost, by
employing "rough and dirty" test procedures,
custom-designed to fit the needs of that project.
In our case, even though the development model has
not yet been tested as a complete system, the
prospects for a positive, within-budget outcome of
the May-June time-frame development-system tests
(schedule dependent upon receipt of the final-

'deaign cavity, reed switches, etc.), appear quite

bright. At that time, our principal problem will -
become meeting the 2-kg mass limit. Given the
results to date, it appears that the only section
requiring extensive redesign here will be th.
antenna, and this does not appear to pose any
significant problems.
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HIGH TEMPERATURE (AL,0,) INSULATION AND LIGHT WEIGHT COMDUCTORS

by

Henry Walker, Director of Research, Permaluster, Inc., Burbank, California

The search by the electronic industry for components
that are light weight, more compact, are capable of operat-
ing in very high cemperature and all environmental condi-
tions is now proving rewarding.

‘The properties of such a flexible, transparent, thin
film of aluminum oxide insulated wire or strip (with a
melting point of 2050°C.) is unique for applications in the
electronic, missile, atomic reactor, aerospace, and aircraft
industries. The oxide film is highly flexible, suitable for
all windings of any size and shape of coil (magnetic).
Briefly touched upon are the ultraviolet, proton gamma ra-
diation uses, as well as high vacuum and cryogenic applica-
tiors.

Since the film is inorganic and chemically inert, it
does not age or Jeteriorate in storage and has good
dielectric properties (1000 volts per mil). In brief,
components designed around this unique material will keep
abreast of present day and future technology.

Designers of electro-magnetic components can now
achieve higher ratings per unit of weight and a reduction in
size. With proper design, less insulation will be required
and the dielectric losses are reduced.

The use of an aluminum conductor (round or rectangular
wire or strips) will save 507 in weight, which is a distinct
improvement in commercial applications such as linear
motors, medical instruments, etc., where lower mass will
result in lower inertia. Rotary equipment with low mass
simplifies dynamic balancing. As vibration from dynamic
imbalance is reduced, gr:ater sensitivity and improved high
frequency response in moving coil applications results from
this lower mass. In all, it is a dream come true for most
engineers.

Compared to copper, aluminum with Al,0; insulation
operates cooler and will not oxidize. When operating temp—
eratures of above 100° C., copper will form an invisible
film of cuprous oxide; above 200° C. cuprous and cupric
oxide are formed readily on the surface, thus reducing the
conductance as ultimately severe corrosion occurs and even—
tually the conductor is rendered useless. Even nickel
coated copper is subject to a galvanic action of the two
metals. In a high temperature operation, migration of atoms
is created.

Performance of electrical compoments in high tempera-
ture is seriously handicapped due to the lack of suitable
insulating materials as the components are subjected to
severe physical stresses in emvironmental conditions. When
failure occurs in organic insulation, the failure remains
permanent owing to the electrically conductive carbon paths
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that are formed throughout the insulation as well as other
endangering problems, such as lack of adhesion, oxidationm,
evaporation, and aging.

Aging is accompanied by weight loss in organic material
where shrinkage results in the resin portion causing it to
lose its bond in the slot cells, thus creating failure.
Variation of temperature or rotating speed causes mechanical
abuses of the insulation. Thermal degene-ation is faster
close to the current-carrying conductors wnere the tempera-
ture is at a maximum; Therefore, the failure is induced at
the hottest spot of the winding.

Aluminum conductor and Al203 insulation, which is cer—
amic in nature, is free of galvanic action or oxidation. In
case of a breakdown, the insulation does not create tracking
of a permanent conductive path throughout the insulation.
In fact, oxide from the air creates a new insulated oxide
and could repair itself. Therefore, it is a good reason to
consider the relation between operating temperature and
insulation life. A component made with higxh temperture
insulated material will be more recliable and will protect
itself and its payload from instant heat and pressure.

For several decades aluminum has been successfully em-
ployed in the electrical engineering field and in various
other applications such as in transformers, generators,
etc., using bulky interleaving materials such as paper,
plastics, or laquer as insulation—far from satisfactory.

TABLE |—Thermal and electrical conductivities of
aluminum and copper.

RELATIVE THERMAL CONDUCTIVITIES (%)
By volume (ot Room Tempersturel
Wetels 8w o 3 e 30 e W W %W %
Copper (99 906} 1 P11
(Annecied)
Auminum (99 99] ’ | | |
Liyminym (1100-0) |
By Weight (ot Aoom Tempersture)

Motwls 920 e e 0 ©0 20 40 ws e 3¢
|

Capper (99 306 1| [ |
(Annecied) |
Alumingm (99 99)
Rlymngm (1100-0)

Aluminum for electric conductors has a resistance of
about 34.5 ohnl/mz, which is equal to approximately 62Z or
the conductivity of electrclytic copper. The specific
weight is 2.7 gm/mz, or about 30Z of that of copper. This
means that an aluminum conductor of equal conductivity
weighs only 502 of that of a comparable copper conductor.
In many cases, depending upon design, the conductive weight
can be further reduced depending on the dielectric loss, as
aluminum operates cooler, and dissipates heat more rapidly.

Copper clad aluminum wire is re-inforced with EC grade
aluminum conductor of an improved design developed to give
electric power new versatility in comstruction. In addition
to the contribution of its high strength to the comductor,
it adds to the total conductivity of the conductor, so that
it performs a dual function of strength and conductance. Of
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course, it is lightweight in all given gauges of wire. It
is sleo corrosion resistant, making-it sasily applicsble to
mognet vire, cables, ete. Copper clad aluwizunm is a compo~
site materisl; The ioterdiffusion of copper end slumimm
Stoms OGturd o0 that thé materisls are insapirable. 7They
are joined in a metalluvigicsl bond. Nurthermove, wvhen the
conposite zod is drawn to fine wire sises, izs concentricicy
and the proporticns of both metsls remain unchsoged. The
same- concept can be applied for copper clad steel, which is

: Coppor “SvAl —
M_“_':"E‘, 033 o 0008
Denslty wn X7 27
Tasiativity GHNE/OWF _ 0.7 e | ww
Resisiivity Bicrche OM 1720 3 X
Coaducsivity IACS %) ) (L)

Weight % Copper 100 f Y] bl
Tensite K PHi-Hierd %0 0.6 T
Teraite €. an 180
Tensile K PSi-Annseled %0 79 o
Tonsile KG/AMTAnnesied M8 120 12.0
Specific Gravity (7] [X7) 2N
*Somi-gnnesled ’

Copper clad aluminum lends :tself to shaping, forming,
and draving. Wire is produccd from 003" diameter and
rectangular vire from 001" sad is very suitable for winding
fine, emall coils. Larger wire is suitable for lightweight
cables.

The adaptation of aluminum wire or foil snd/or copper
clad sluminum conductor is s step to attain improved opera-
tion and relisbility through better balance in components
with theefollowing results:

1) This msterial can be operated at & greater speed than
copper wire using less power in wovable coils.

2) "Bun” has been reduced 0 that & decible measurement of
sound levels in statiovary coils has been reduced.

3) Load cepacity of given ratings have been effectively
increased.
b)mm-ummwmoﬁmw
5) Opezating temperatures are from ~450° F. to 2000° plus F.

| I
§

it

'+ § of Cupger ot 3°C

Comparison of thermsl and electrical
conductivities of copper and sluminum at
vsrious temperatures.

FORATRON

Note the incressing demand in the slectromic industry

for vire or strip to be lighter in weight—elmost weight-
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less=—end an insulation so thin—almost spacsless—thet

should withetand 1000° P, or higher tempervatures, and sur=

vive alnost any euviroumental conditions.
Additionally, there is sn incressing demand that it bet

8) Sufficiently flexible, to allov vinding in any foiw,
including ministure coils end edgewinding of rectangulse
wire vound under grest stress.

b) Sufficiently thick, to insure good insulstion end
sbrasion resistsoce, as well as thermal shock resistance,
ete.

Permsluster, Inc., has pionsered in this techmical
advancement after years of ressarch and has cbtained such an
inorganic, flexible insulated film that is produced contin-
uously on wire and otrip aluminum.

The oxide film is formed by an electo-chemical msthod
which is a conversion process for thickeming the nsturally
occuring fila seversl hundred times or more. This method is
known as “snodising.” Permaluster’s patented process is
similar to anodizing except:

ljnhmtmedvithhiﬁw(jutifyinmt).

2) It eliminates mechanicsl contact to svoid racking
spots.

3) It is controlled to eliminate crazing whem bent.

Oving to the strict contvol methods employsd in the
processing, mmmmuwwqm
vaxrying thicknesses sad pre-structures. thraz.m
the formed alumina film is sbout 1800 ohms per ca

The mechanism of the snodic file formation snd the fine
structure of the film sre not fully understood, but iaforma~
tion is derived from the availsble evidence thst under the
iofluence of the elctrolyte and the mechsnical solvest ac-
tion, alun‘mm ions migrate from the metal surface through
the barrier layer to the oxygen rich upper porticn of the
film where the ions react with t i aluminum oxide to form am
anhydrous slumina. The oxide 1syer formed differs in cher-
scter from the more porous outet layer. The slumins has am
electrostatic charge and can fraction to sbeozd other imor-
ganic or orgsnic matarisl. ’

PROPERTIXS OF AL,Oy

This step in the crestion of aluminum oxide insulsted
film is an advancement in the techwology of processiog for
spplications in electo-magoetic coils. Thinmer iusulation
with high dislectric strength, lower dislectric losses, and
mors compact components are the results. The inorgsnic
insulated film with its advantageous dislectric properties
will withstand:

1) Higher tempersture (to the melting poiot of the

conductor) .

2) Fungus, coroms and contsminants
3) Thermal or storsge aging

4) Oxidation

$) Radiation

6) Corona

7) Thermal shock

8) High frequencies




T

9) Cryogrnics (liquid gasses)
In sddition, it will not outgas in high vacum.

1) Breskdown Voltage: -
The porous film of 8
produced on grade and

imately 30 to 40 volts per
micron (0.00004%). The bk
material composition af-
fects the breakdown voltage
which increases with the o

- )
incressing purity of the  Fig. 1—Thickness of fim va. bresk-

aetal, The film is homo-  down voltage (rmse).
geneous, uniforaly thick
without cracks, controlled ¢ron
to any thickness. The di-
electric strength varies nesrly in a linear fashion with the
thickness as per Figure 3.

3

00004”).

2) Resistivity: The resistivity of the aluminum oxide
varies vith temperature and humidity. When the film is
unsealed, it mly vary 7 x 10/ to 3 x obms/ca. Under
i conditions in a dry atmosphere, rzesistivity of 5 x

ohms/cm. vas obtained st 20° C. after charging for 60-
80 seconds. i

tmw—mhu&um-u&m.

C Sgesilic gravity (30°C) 4 (spgrws.)
sverage dewsity (30°C) 23
." mﬂ 2030°C (IT2°F)
Eloagaties (%) 10 (winimum)
Corl. of finser thrrmal espansivn [ 3.3 ad
Refractive 150
Relectivity (%)
Emissivity (st 6 » thicknews ) - "=::$ ,
Speeilic reslativity (olwas/com = average
¢ '(SS'C; 107 { average)
Dielectric strvasth {velts rues/micon ) ©33.40
Dialectric consteat (20°C) (a2 § Mc/s) seg508
Loss factor (tam delts) (20°C) *°0.0004
NOTES: .
‘Sh-:*d—a.ﬂnb n:h-nn‘_“h
water shuorption ot swistive eacess of S0%. these
fpwres to valyes obtained i alr with relative hemidity
betwven and 65%.
©*These figures relate to values sbtained in dry aiv.

3) Dielectric Coustant: The dielectric constant (per—’

mittivity) of Al1,03 filw lies retveen 8.5 and 9.5 vhen
measured in dry air st one megshertz. Similsrly, loss
factor (tan delta) is 05004 \~der like conditions,

1) Bardoess: The film is cersmic in nature and will
vesist surface scratches and sbrasion. The degree of hard-
ness depends on the porosity and the depth of the oxide
layer. Tests wmade on numerous samples of varying degrees of
porosity by means of scratching the suriace with a needle
having a constant load of 130 grams showed that breakthrough
was achieved in the most porous sample after 16 strokes and
the least porous sample after 48 strokes.

2) Flexibility: The film is highly flexible, unlike
other forms of cersmic insulation, and retains the inherent
qualities as long as the metallic bere materisl is not
subjected to undue strains, If the base materirl is over
stretched or sharply bent, it exhibits cracking, wiom seps:~
stion of the film may occur. A hard temper mw-a' vill nmot
allow small diameter bending. In bare stete, su~h vire will
over stretch on the ipper part of the bend, eud the surface

will be distorted at the lower bend. Owing to the firm boad
betveen the aluminum subatrate and the inmermost layer of
slusioum oxide, the imsulated conductor can de made flex-
ible, provided also that the temper of the conductor is such
that it exhidits & good degree of ductility. Ductile wire
and strip were vound around a mandrel heving dismeter four
times the thicknese of the conductor without flaking or
cracking of the insulatiom.

3) Patigue: Tests have indicated that there is no
fatigue loes due to tae anodic film, even with & film thick-
ness more then fifteen microns. This is owing to the flex-
ibilicy of the film; there is no stress concentration
betwesn the metsl and the film.

4) Strength: Tensile strength and elongstion are not
altéred by the snodic' film. With very thin waterial, al-
lovance should be made for the thickness of the metal that
is converted to oxide. There is no reduction in fatigue
strength even at relatively high stresses. The alumins fila
has significant strength when detsched.from the watal. :

5) Corona: As insulation is exposed to high voltage,
the critical voltage is reached when visidle or audible
discharge occurs. This is the coroma start voltage (CSV),
and it is heze thet the ambient air becomes ionized snd
permits free flow of current. Most insulstions exposed to
this corons effect suffer erosionm. It is also sttacked by
ozone produced from the oxygen of the atmosphere. Such
chamical erosion within the body of the insulation is con
centzated and results in s serious degradation of the quali~
ty of the insulation and causes premature failure of the
systea. .

6) Bigh Temperature: Hest is a very important factor
in the use of a barrier type electrolyte, as it thickens the
barriar layer for higher dielectric strength, Reatimg
changes the electrical resistance and wodifies the physical
counstance of the film; therefore, the pre—amodized sluminum
hested up to 1000° P. lesds to an incresse in resistance and
an - spparent thickening of the bsrrier layer. It also in-
fluences the flexibility of the film. Yt will mot blister
or peel, slthough the thermal expansion of the filw and the
conductor is® different.

Since the aluminum oxide melts at 3722° . (2050° C.J),
the tempersture maximum st vhich Permaluster insulated con-
ductor may be safely employed is dictated by the melting
point of the metallic conductor, which for alusinum is 1218°
7. (659° C). The imulation properties of the oxide fila
improves ss the temperature incresses as the moisture factor
is eliminated. It holds its dielectric properties whether it
is opersted at 50° C., 500° C., or -400° F. (cryogenic),
thus aciing it suitedble for Classes B snd C insulation es
wvell as sxceeding Mil-Spec. for high temperature applica-
tion, -

1t Z: iasensitive to thermal shock. The insulated
condu’ioc ca? ssfely carry short term overload currents
vhil- v ~ inch ambient temperature and can be subjected to
mdd. 2 chasses of tempersture having a wide differentisl
w'thout deterioration

Thermsl conductivity of the Al~0y is relatively close
to the aluminum conductor as the €iln is sinate. It has the
ability to radiate hest rapidly in bigh tampersture. A
small coil with less weight and with high thermal conduct-
ivity will facilitate the transmission of hest. To achieve
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such & performsnce, the round wire has been replsced vith
flac vire or slumioua foil where all voids in the vindings
ave filled.

gy

—te A Y ' A

TREERATURE IR °F.
Amngaled EC aluminum wire, Permaluster
anndically processed of sluminum oxide
Film thickness 8 microns (.0003")

IREAKDOWS
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7) Radistion: Inorganic Al,0y film bas in initial coo-
ductivity at sero dose rate of 10°12 (ohnlc-)'l. the con-
ductivity incresses at the same magnitude the dose rate
increases; dmthdourmofm’mmluc.. the
conductivity will bave increased to 1079 (chms/ca)™l. Vhen
msterisls are subjected to a short durstion extreme mumi-
ty ganms pulse as encountered in nuclear explosions (vhere
the intensity may reach to more than 10’ roentgens/sec. in a
fraction of a microsecond) the resistance of most organic
insulations diminishes in value, while the inorgsnics in-
cluding Al,0, will recover rapidly after 10 to 100 micro-

seconds. -8

]
Al704 is successfully w' —
spplied in a radiation "

envirooment. A typical
reaction environment of 8
x 1012 wv/ca?/sec. for
neutrons and 6 x 1032 1
mev/can“/sec. for famma
radiation, wvhere the Fad
equivalent absorbed dose
for each is spproximately Ve w W e W
equal to 1 x 10° rads, Dun Rate: Rosutgons/Soven.

has shovn no deletericus 6 2—Alumina (A150,) conductivity

st various temperstures in gamma
effects. rldl?tloﬂ.'

A

c-a—::yu—u"
1]
s

In a raport by Idabo Nuclesr Radistion and Argonne
Rational Laboratories was described the design of sn Anmmulsr
Linesr Inductjon Pump for the Mark 11 Loop, placing the most
stringent requirements on the sodium pump. The four-pole

Fig. 3. Annular Lincas Induction Pump for Mark 11
Integra} Sodium TREAT Loop

version of the pump used 24 coils, and the five-pole version
used 30 field coile. The field coils vere designed to
cousist of flat ridbbon wound pancake type coils of tully
snodized EC alumionm. The insulated conductor vas
wound without interlesving and was successfully operated as
the primary of a 60 herts, one phase, 230 volts AC stepdown
transformer at 425° C, for over 500 hours without malfunc-
tion or failure (AML~-7369-Argoune Mationsl Lsboratory), THE
DEVELOPMENT OF PUMPS FOR USE IN FAST-REACTOR-SAFETY 1N~
TEGRAL-LOOP EXPERIMENTS by L. E. Robinson and R. D. Carleon.

8) Lov Temperature: Aluminum with oxide film excels in
super cold envirouments; it is insensitive to abrupt
changes st lov temperatures, remsins tough, ductile and
strong. The high thermal conductivity of sluminum (the
ability to transfer best rapidly) wmskes it especially ef-
fective in high evergy absorption.

/
2350 0 30 350 400 300 POC
Temperature in degrees Kelvin
Under pressure in liquid hydrogen

1P

4

20t VA
iz :
3 4
1 7/
Jm“

At sub-zero temperatures the tear resistance is as high
or higher than that at room temperature. Aluminum has been
used to stabilize super—conducting magnets and reacts only
slightly in increases in magnetic field in resistivity or
about 5KG. In a typical room temperature, under zero
stress, zero field resis.ivity of high purity aluminum is at
253 + 107 ohm/cm. Pure aluminum, oxidized with lov strain
vas found to have low resistivity even in a high magnetic
field. In cryogenic spplications at -450° F. in a magnetic
field, such materisl operated easily at 120,000 gauss. The
less strained sluminum retained its properties in high mag-
netic field. Its magno-resistance exhibited s predominstely
ssturating behavior.

9) Frequency: Specific resistance of snhydrous and
partislly hydrated alumins is very hsgh. The anodic film is
spproximately suQ/ca? per 15 x 107 cm fils. There is mo
significant change over a vide frequency range. At frequen—
cies above IKHz/S R, it is mearly constant. At 2SQI¢:-2
changes vwill appear vith varied film thicknesses. At fre-
quencies below 10 XHz/S, capacitance is nearly constant at
0~99u F/cm“, Figure shows some indication of fair represen-
tatia of the impedance component of Permaluster tested base
Al,04 insulated material at room temperature.

Different values and properties can be sbtained if the
pores are sealed or impregnated.

The impedance obtained in high frequency gives a more
unifors response, as the mass of & moving system limits high
frequency response of scoustic transducers.

By reducing the weight of the masr by more than 0%,
frequency can be increased. The more dense the material,
the faster the sound waves travel. For a given frequency,
nass of the magnetic coil exhibits s msjor portion fo: the
length of the wave to cycle. Lightweight aluminum rectangu-
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ler vire, edge wound, with thin Al,0, insulation, improved
the design objective in obtaining the maximum power output
per pound of weight and condensed unit for wmoving transducer
coil and waveguides.

500
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0 |
o F Frequency dependence of
balancing series (a)
L resistence (b) capa-
300 citance for asnnealed
0 aluminum oxide - Film
LX 2 IS thickness 15 x 1073 ca.
0.4
ol
Joo}
bt
o N 3 1 )
10 102 100 10
Prequency cfe

Steady state lov frequency voltage would be distributed
across a sheet vinding in direct proportion to the turn

impedance giving an essentislly linear distribution of such

voltage across the turms.

The capacitance and inductance between adjacent or
physically close turns and the capacitance to rround are
uniform throughout a contimuous sheet coil. Coils wound
from Alj0; thin insulated strip have no interlayer capaci-
tance, but only interturn capacitance; total capacitance of
the coil is thus reduced.

Waveguide wound, fo. transmission of
signals, using coi) made of anodized
slusinum rectangu'asr wire, edge wound.
Such coils are fas’. moving, lightweight,
suitable for ac.uators, voice coils,
sexvo systems, s'akers, etc.

10) Vibration: An sdge wound flat wire coil produced «
flux density of “18 ki’ogauss in an air gap (using 3 1lbs. of
Alnico 5 - 7 nagnetic core) to provide a 6 1b. force for
displacement snd arceleration as shown in chart. The im-
proved moving voire coil onit hes sn efficiency of 50X in
the frequency rzoge from 400 - 10,000 Hs. in a maximum
scoustic output f 20 watts with a high degree of relisbili-
ty. Of course, higher frequency is no problem. The film is
extremely tough and exhibits little deteriorstion under
extensive me:bmical vibration for extended periods of time.
Coils wvound with thin film insulated aluminum conductor have

been successfully subjected to vibration tests both at room
temperatures and elevated temperatures. Under 24 G vibre-
tion, applied et various frequenciss betvesn 50 cps and 5000
cps for one hour along esch axis, no change in resistivity
and only a slight change in inductance vas rvecorded. During
the test the curremt flowing through the coil increases to
raise the temperature to its limiting value and then reduces
.“mo

11) Bigh Vacuum: Aluminum oxide insulation msy be used
effectively in high vuuuri The fila shoved no effects
under pressure below 107°% Torr at 500° C. Other tests
indicated that when Al,0; was impregnated with carbon-free
silicons, there wvas no evidence of any hydrocarbon residue
when operated sbove 400° C. in extremely low pressure.

12) Design Consideration: Aluminum also has a high
heat capacity with high capacitance for even voltsge distri-
bution. Alumioum strip or rectangular vire winding permits
higher current density, due to each turm having lateral
radiating edges exposed to the cooling medium, thus provid-
ing effective beat dissipstion. This permits considersble
Aesign latitude in either reducing the cross section of the
slumioum used or incressing the current rating for equivae~
lent heat rise. Layer-to-layer temperatures are nearly
uniform; hot spots inherent in conventionsl windings are
virtually eliminated. The use of a thin high temperature
dielectric film on flat material will require 1) less volt-
age, 2) minimal amount of insulation, 3) minimal amount of
thermal insulation. It renders greater volume in equal
space and affords greater mechanical strength.

Consideracion is given to life expectancy, reliadbility
and normal stresses in performance. It is importaat to
choose a dielectric with thermal stability when the rate of
heat generation at some point will exceed the ability of the
material to dissipste it. Heat is generated by conduction
current flow, principally ionic or by hysteresis under sl-
ternating stress. The heat generatiom rste is an increasing
function of temperature in the electric field. An insuls-
tion with thermal stability should not be the limiting
factor as it is the most important part of the compouent.

13) The Oxide Film Structure: The Al203 insulated film
can be varied in processing to meet different requirements.
Permaluster produces suck film that is flexible to allow
winding in any form, including ministure coils and edge
winding of rectangular vire under great stress. A film
thickness sufficiently thick to insure good insulation and
abrasion resistance csn be produced.

Owing to the porosity of the oxide surface, the film
exhibits hydroscopic properties, and its resistivity changes
with relative humidity ss well as vith temperatures ranging
from 10° obm/ca to 1012 Otm/cm. If relative umidity is &
factor, additionsl inorganics or organics can be impregnated
into the pores of the film,

- Py jo 1w - d

¥ 1 IT* Fq*‘_r- Structure of pores on
b H HE I 44 ig apodic porous fig.
110 A 32 type film. Pore va-
4 { A b/ £ ries vith operating
oo . Vrt's®  conditions.

aluminium
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14) Impregnsted Films: Inorganic costings have the
advantage of resistance to environmentsl: conditions, with mo
degradation by exposure to radistion. 41,04 produced anod-
icelly is an intergrsl part of the conductor. The inner

layer of the oxide film is relatively compact snd anhydrous,

end on the surface is highly sbsorbent and ready to absord
either dissolved substances or molecules in state of col-
loidal dispersion. It is axiomatic that absorbing is a
function of the porosity of the outer layer of the film, It
is probable the oxy-type anions are a part of the pores that
sve capable of hydrogen bonding.

The conductivity of the outer layer provides the wmeans
of transporting enions hydroxyl ions from solvents or water
tovard the condensed layer, and hydrogen ions are easily
bonded or fused with other rubstances. The transistion
frequency of protons in a hydrogen bond has found to be
on of the order of infrared frequencies (1013 to 1014 per
second). On this basis, the proton mobility in hydrogen
bonded structures differs from the electron mobility in
metal itself by only 1 or 2 orders in magnitude. The pore
dismeter of the surface of the film is in the order of 10.50
uillimeter microns, or their demsity is between 100 to 800
pores per squsre microm, sufficient to absord other mater-
ials, In some areas of applications, porous surface could
have value, since it is chemically active surfsce. It acts
as a8 good agent for mechanical bonding; other advantages
include its retention of photo-litho emulsions, and it
serves as a base for electroplating, printed circuitry and
peinting. .

Pores can be impregnated with various materials, i.a.,
organics to inhibit water absorption, orgauo-cersmics for
use in high temperatures, The Georgia Institute of Techno—
logy (WADC Tech. Report 58-13) sesled the film with Colloid-
8l Silics in sn electrophoresis deposition, also with a true
lijuid of ceramics that wet the inside pores by gelling a
hydrolized solution of ethyl silicate so the particles of
silica were trapped in the pores of the costing.

Actually, the barrier lasyer of the oxide is sufficient-
1y protective for organo-ceramic filling of the pores. There
is oo danger that s carbon conductive path will pass the
barrier lsyer in high temperature operation. ia fact, even
the organic materisl will operate at twice the temperature
without effect.

15) Impregnation With Inorganic Material: The snodic
porous base coating with a barrier layer is a refractory,
flexible film and can absorb or sesl other organic and inor—
geanic film vwith or without an organic vehicle. Another
anodic or eletrophouatic process can be applied for forming
another composice film that is absorbed into the pores of
the anodic base insulated lsyer. Barrier type electrolytes
can be used. Tests performed showed that higher dielectric
strength and flexibility were obtained after vacuum annesl-
ing at 450° to 500° C.

Oxide pores can be "sesled” with Tetraethyl orthosili-
cate, wvhich is & refractory binder, s gelling sgent for
impregoation of porous msterisl and is highly heat resis-
tant. A hydrolised silicate gel heated to silics becomes s
hard, vitrecus type materisl; s pure silica bonding agent
which has the adventage of being insoluble in water. It is
impervious to most acid and is excellent in high tempers-
tures. HRydrolization, using ethyl silicate solution, can be
sccouplished, as it penetrates completely into the porous
nzc, to & complete hardness after hesting.

A watsr solurion of porcelsin evamel or combinations of
‘inreganie fritr with or without resin combinatioo, can be
applied tu create a stroag bond with the oxide base., A
strcog intermolecular bond is responsible for the inertoess
of the base costing.

16) Organic Impruognation: 4 silicon-oxygen nstwork
interspersed with organic groups can be stabilized to s
valusble film in conjunction with slumioum oxide. Tha sol-
vent of the silicon mixture will oxidize and vaporise with
other organic compounents, while the inorganic silica matrix
resains (crosslined organopolysilozans) are slmost unsurpas-
sed for heat resistance. With aluminum oxide, the structure
can withstand over 1400° ¥. without deterioration. A mumber
of modified silicon resins have been used, such as silicon
alkyds, or wod ficotions with scrylics, epoxies or phenolics
with a silicon content of sbout 25X%. Such different varie—
ties of resin combinstions cen be formulated either by
blending or co-polymerization to obtain heat resistance up
to 1000° P. Such combinations are excellent in thermal
shock resistance. Resin can be applied in pure form or can
be combined with other resinous material. A mixture of
resins put together to develop suitable properties that are
compatible with the base Al,0; can be achieved.

4000}~
0 Aged st 50097, ,tested st SOO° P,
only
@ Aged at 70097, , tested at 700° P,
3000]~ polyser o

100 2000 3063 4000 hrs

pet (ATTH-01002) Load st failure
o

Heat aging of poly—(amide-imide) adhesive
on alumioum and snodized aluminum.

The choice of resin to be impregnated into the pores
depends upon the application. The choice of an organic
binder is made where little or mo carbon residue remain,
though it will have no effect on the insulation, as the
pores are protected by the refractory oxide film that has s
melting point three times that of aluminum,

High temperature polymers offer versatility for use in
electronic insulation and show stability in performance when
impregnsted into the Al,05 "prime coat™; Greater depend-
ability has been achieved at high operating temperatures
(about 850° F. ).

Thermal aging of insulstion in organic material is
probably responsible for most failures found in the compo-
nent, Thermsl aging itself dozs ot produce failures, but
it riuwders insulstion vulnersble to other factors, such as
moisture, penetration, brittleness, loss of thermsal expan—
sion before complete failure. Figure shows some experiments
vith organic film over Al,05.

Such organic overcost is produced in s cured or quasi-
cured stste. A coil can be formed and wound in any shape
vhen & quasi-cured state is required. When heated, the
turns bond together to form a solid structure. By employing
tbis method, cores are eliminated; The coil becomes very
strong sand self-supporting.

128



-

<TTREPT W MR S R

53888

LIFE MRS
B%

180°C,~ 22000,] 2409C{ 3200C,-3600C.| 500°C,

Polyurethene | Poly-| Polymmide | Alumimm
ester 41,05,

Thermal aging of ZC aluminum wire, anod-
ically insulated films. Dark bars indi-
cate aluminum and oxide wire.

Most insulations are based on a thermal theory. Should
a wveak area in the organic insulation be heated more than
other areas, and if the heat is not removad as rapidly as it
is generated, the weak spot grows hotter and the resistance
will be lower. As the temperature continues to rise in
operation, instability occurs; this will be followed by a
breakdown in the weakest point of the insulation. This will
not occur ia Al,0; insulation. In fact, the a'uminum oxide
insulation improves at temperatures above 220° F. The
choice of insulation is often a decided factor that will
govern the performance and reliability of the components.
In applications where peak load 1s energized during low
demand period, overall losses are always less in high tem—
perature design. Examples are transformers, gemerators,
solenoids, alternators, magnets, etc., whether for environ-
mental or cerrestrial operation.

It will make good sense to comstruct electronic com-
ponents by using lightweight conductors to improve opera-
tion: better balance and higher efficiency operation
through the reduction of mass. It will make good sense to
use aluminum oxide thin film insulation for better dissipa-
tion of heat, higher current flow, and consequently higher
temperature operation in adverse environments.
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SESSION VI

SPECIAL KEYNOTE ADDRESS

A CONFERENCE PERSPECTIVE
Technology Tranafer and Commercialization of High Temperature Electronics

Dr. Robert Pry
Gould, Inc.
Roiling Meadows, Illinois

Dr. Robert Pry, Executive Vice President for R and D, Gould, Inc., has been
invited to the conference to listen to the proceedings, have discussions with the
authors and attendees and from this background provide insights on the status of
effort, interfaces between, and perception of tne research, manufacturing and
user commmities in high temperature electronics. The progress of R and D, fabrica-
tion technology and commercialization of useful measurement systems at temperatures
greater than 200°C will be assessed. The gaps between user needs, R and D results
and on-going projects will be susmarized yielding market expectations as projected
from user applications and manufacturer viewpoints. The apparent determinants for
commercialization of current research projects and the perceived interface barriers
to technology transfer will be detailed.
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