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DEVELOPMENT OF INTEGRATED THERMIONIC CIRCUITS R'R HIGH-TEMPERATURE APPLICATIONS

J. Byron McComick, Dale wWilde, Stephen t)ew,'M Douglas J, a.ilbon.“.

William Kerwin,"' Charles Derouin, Lorenzor Roybal, and Richard wooley
Los Alamos National Laboracory
Log Alamog, NM 87545

Abgtract

This report describes a class of devices known 2s
integrated themionic circuits (ITC) capable of ex—
tended operation 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—
nngtrated. Recent experimental results are discussed
in which both devices and simple circuits have suc-
cessfully operated in 500°C enviromments for extended
periods of time.

Agproach

The approach taken for ITC active devices has
been to use the intrinsically high-temperature phe-
namenon of themionic emission in conjunction with
thin-film integrated-circuit technology to produce
micraminiature, planmar, vacuur triodes, The re-
sulting technology uses photolithographically delin-
eated thin films of refractery metals and cathode
material on heated, insulating substrates. Typical
geametries and dimensions are shown in Fig. 1. Mary
such devices are simultaneously fabricated on a single
substrate, giving high packing density. The inte-
grated 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 clorely incer—
digitated grids and cathodes are used to maximize grid
control. In a sense, this structure is like a star-
dard triode with the grid moved down into the plane uf
the cathode. In fack, it has been shown through com-
puter simulation and experimentally verified that the
fundamental equatiaon governing conventional triode
performance may be used to describe the perfommance of
an ITC device.
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where Ip is the place current,

Vg is the grid voltage,

vp is the plate voltage,
# is the amplificatjon factor, and
K is a constant called the perveance,

Furthemmore, fram electrostatic analysis it has been
shown that for a device with grid width, cathode
width, and grié-to-cathode spacing equal to a and
cathode-to-anode spacing equal to 4,

d_1
H=20.5611 2 (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
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Fig, 1. Basic ITC qain device.
to that obtained for a comventional triode. There—

fore, Zepending on the circuit application, the de-
Firec amplification factor can simply be selected by
dete.mining d/a.

A similar analysis for the device shown in Fig.

2, where a is the width of the cathode, b the Aistance

between the grid end cathode, c the width of the grid,

zddﬂr distance between plate and cathode, results
,,=_(_.b_+_c__)
a+2b+c

_::‘:o . . (3)
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which can easily be summed on a calculator,
Pevice Processing

T date, device processing has been the mosc em-
phasized portion of the ITC develcgment program.
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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" {!-cm at 800°C).

Figure ;i 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 _ase metal under the cathode is tungsten,

The cathode coating technigue was developed "W
Geppert, Core, and Mueller at Stanford Research
Institute in 1969. This _echrique uses photoresist
mixed with oxide cathode coating, which is then delin-
eated photolithographically.

In practice, the cathode coating 1s spun onto the
wafer and delircated like photoresist. The circuit is
then packaged and placed on a vacuum pump. The pack-
ag® is evacuated and tne cathode coating activated by
app.ving 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
acceptable electron enission fram the cathode
(>100 mA/am*) .

Figure 4 is 2 pictute 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
or the sapphire. The darker fingers are the cathodes.

Figure 5 is an array of three devices from 1979.
The cathode and grid lires 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.z spacing
appears to represent an optimal limit to device size,

This technology yields a minimun device size of
approximately 10 by 3.5 mils, which i enough to hold
over 12,000 devices on a pair of 3/4-in.—diam sapphire
substrates. As will be describted later, Factors other
than minimum device size currently limit tre useful
density of devices on a substrate.
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The high-temperature operation tests conducted tc
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 feedthroughs 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 chramium, (in the form of diatamic oxides,
for example Mn,0,), plus the liberation of gases at
higher temperatures. As 2 result, these tests, de-
scribed in the upper portion of Table I, should only
be considered preliwminary. 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 environmente using these initial packages.

CATHODE COATING APPLIED AND DEFINED PHOTOGRAPHICALLY
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Fig, 3. TTC metalization and photolithography.

Fig. 4.

First Los Alamos ITC device (1977).
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Fig. 5. Three triodes (1979).




TAELE 1

HIG! TEMPERATURE LIFE TEST SUMMARY - lst SERIES

Start Bulb ‘
Temp,  Date  Howrs @ Tvpe __Material ~ Qomments
400°C -26-719 7730 Triode Kovar Mo appreciable degradation through 6000 hours;
emission loss thereafter stopped at 80% loss,
500°C 9-27-79 1608 Amplifier Kovar stopped - gain of 1; individual tests indicated
(2—device) emission loss.
°C 9-17-719 25% Triode Kovar No emission degradation through 2000 hours; increasing
e gas load, emission loss thereafter stopped at 50%.
500°C  10-18-79 430 Triode Kovar Stopped - loss of emission.
500°C 10-4-79 4464 Triode 8.S. No degradation through 4000 hours; emission loss
thereafter stopped at 50% loss.
600°C 9-20-79 328 Triode Yovar Stopped - loss of emissian.
500°C 11-2-79 1070 Differential amp Kovar Stopped - decreasing qain; electrical leakage
(6—device) on substrate.
500°C  11-7-79 6144 Tricoe in Ti jig  Kovar Gradual declire in emission with increasing
gas lcads after 2000 hours; stopped at 50% loss.
500°C 1-31-80 588 5-Miz oscillator Kovar Oscillation stopped; electriczl leakage on substrate.
500°C 2-19-80 816 5-Miz oscillator Kovar Oscillation stopped; electrical leakage an substrate

The above tests have all been termirated. Following tests are ongoing using high—purity nickel bulbs and "clean”
welding techniques.

HIGH TEMPERATURE LIFE TEST SUMMARY - 2nd SERIES - IMPROVED BULB

Start 10-8-80 Bulb
Temp, Date  Howrs Type Material  Comments
500°C 5-9-80 3648 Triode Mi No degradation in emission; no leakage.
550°C 7-8-80 2208 Triode Ni 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, railure was due to electrical leakage on
the substrate because the metals were being liberated

from the package. The 5-MHz Hartley oscillator oper-

ated with both the capacitor and inductur at 500°C.

With the understandings evolved fram 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 19 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.

Gincluaiong Segarding fial :

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 nours.

successfully and reliably for thousands of hours at
temperatures up to 500°C. Thic temperature is r3t the
fundamental 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 Laboraiories),
higher temperature operations are expected in the
future.
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The design of ITC circuits is ia 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 Lemperature and life are exploited.
Functional circuit elements such as differentional
stiges, current sources, and circuits that use active
devices as loads have been fabricated using discrete
ITC devices, and their performance has been verified
against theory. The simple active load, shown in
Fig. 8, is particularly valuable because its gain

&\‘c

1
[~

g ¥
- out
SR VA

Vino—— = - —
=

L
|

Fig. 8. Gain stage with active load.

\=dy £) is orly dependent on device geametry, 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, heace, of the
operating temperatures.

As a result of the surcess of designing func-
tional ITC circuits using discrete devices, the design
of integratad 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 Jirections for future work.

The design of integrated circuitry with complex
functions on a single pair of substrates presents new
challenges and possibilities as a r2sult of devic»
matching and, unfortunately, some problems, in p rtic-
ular, electrostatic interactions between devices.

r wmre 9 schematicallv depicts the origin of
sucht. interactions,
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Fig, 9. FElectrostatic interactiouns.
The key to increacing the functional lexity

and maximum gain on a single substrate pair will be
the development of appropriate technique: for making
design tradeoffs between device layout position on
the substrate) and circuit function,

Although resulis 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 of device masks are used to photo-
iithographically generate an array of devices, which
are then interconnected using a series of masks with
line segments. Results suggest that a reasonable
J-year goai for ITC technology 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

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




design techniques and the demonstration of int-grated
circuity.

The results of the ITC development program sug-
gest that TTCs may become an important technology ?0[
high-temperature instrumentation and control systems

in geothermal and other high-temperature environments.
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Fic. 10, Substrate 1, differential gain stage.
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