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THERMIONIC INTEGRATED CIRCULTS:
ELECTRONICS FOR HOSTILE ENVIRONMENTS

D. K. Lynn, J. B, McCormick, M. D. J. MacRoberts,
D. K. Wilde, G. R, Dooley, and D. R. Brown
Electronice Divisicun
Los Alamos National Laborstory
Los Alamos, NM 87545

ABSTRACT
Thermionic integrated circuits combine vacuum tube technology with

integrated circuit techniques to form integrated vacuum triode circuits.
These circuits are capable of extended operation in both high—temperature

and high—-radiation environments.
INTRODUCTI1ON

Thermionic integrated circuits (TICs) combine thermionic emisrion of
vacuum tube technology with the chin-film deposition and photolithographic
delinearion techniques of conventic 11 silicon integrated circuite to form
micronminiature~integrated vacuum triode circuits. The resulting integrated
circuits are extremely tolerant to both high-radiation and high-temperature

1
environments. '

TIC STRUCTURE AND PROCESS

A typlical esingle TIC device 18 shown in Fig. 1. The grid and cathode arc
sh..n on the lower heated insulating substrate, and the anode is shown on the
upper hecated substrate. As in a standard triode, the cathode emits electrons,
the anode coilects electrons, and the grid provides gnin by modulating the
electron flow. The typical vacuum trlode v - { characteristics of this device
are shown in Fig. 2,

Tiw TIC process 18 a simple, high-yleld process, capable of producing a
high—component denslfty. The process uses four masking steps to photolitho-
graphlically delincate thin films of refractory metals and cathode material
deporited on insulat ing subst raten.  The cathode=cont ing technigque wan
developed by Geppert, Dore, and Mucller at the Stanford Research Institute in
l9b9.3 This teclinique user a standard oxide cathode coat ing mixed with

photoresist. The cathode can then be delineated photolithographically.,
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Figure 3 shows a side view of the TIC metalization on the circuit side of
the substrate (on the opposite side of the substrate is a resistive heater
used to maintain the 750°C operating temperature of the TIC). Currently
sapphire is used for the substrate; however, as explained in the radiation
section the polycrystalline structure of alumina offers advantages in high-
radiation enviromments.

All the metals used are refractory because of the high-temperature
operation. The base metal under the cathode is tungsten since this provides
a long lived cathode. On the other hand, titanium base metal produces a short
lived cathode. Titanium is used on the surface of all the other electrodes
since it inhibits epurious emisgion if cathode coating is inadvertantly
present. The bond pads are platinum since platinum bona wires are used.

The titanium under the bond pad enhances adherence to the sapphire substrate.

T1C DEVICE CHARACTERISTICS

The structure of Fig. 1 is similar to that of a conventional triode.
The anode is in the natural path of the electrons and the closely spaced grid
cathode structure maximizes grid control. The TIC device is much like a
standard triode but with the grid moved down into the plane of the cathode.
The characteriatics shown in Fig. 2 also suggest that the TIC device behaves
much like a conventional triode. 1In fact, it has been shown with computer
simulation, and expcrimentally verified that, with some modification, the
conventional triode equation can he used to desceribe the performance of a TIC
device.

The modificati1on arises because there are many devices on cach substrate
pair. The electrode potentials of one device can interact with another device
by modulating Its cathode current. The modified triode characteristics, which

include the interactions, are glven by

“,-k(%:+\bh|+!:%/%93/2 (1)

where

'P = anode current

k = perveance
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grid-to—cathode voltage

anode-to-cathode voltage

_"C

<
1

S interaction electrode to cathode voltage

=
1

triode amplification factor

us describes the effect of electrode S on the device characteristics

The standard triode equation includes only the first two terms inside the
perentheses of Eq. (1), the I vg/us terms model the electrostatic interactions.
The amplification factor, y, describes the relative influence of the grid
and anode and is the maximum voltage gain of the device (the open circuit
voltage gain). The g terms describe the relative influence of the
interaction electrode and the grid.

While improvements will certainly be made in the future, Eq. (1) has
proved to be an important TIC device model. It has been used to aralyze
simple TIC circuits and has provided insight into the effects of devica
interactions on circuit gain and bias levels. Once this model is incorporated

into A rircuit simulation program such as SPICE, more complicated TIC circuits
can be analyzed.

Y1GH-TEMPERATURE OPERATION

TIC devices have been operated in ambient temperatures of 500°C for over
13 000 hours. The 1 ngest~lived device showed no degradation in device
characteristics just bhefore fatlure; device failure resulted from oxidation of
a pin seal on the package causing afr to leak into the vacuum. Thet is,
lifetime wne determined by a package failure,

The 500°C temperature is not a fundamental limit for TIC devices, but is
a limlt of current packaging technology. With the development of becter
gettering techniques and better packaging techniques, longer lifetimes and

higher temperature operat fon can be expected.
OPERATION IN RADIATION ENVIRONMENTS
Under funding from the Department of Energy, Office of Basice Encrpy
Sclences, the TIC program han been directed primarily toward high-temperature
operatfon, although a lmited number of radiatfon tests have been performed on

slingle active devices and on different electrode conf igurat fons.

U513l 3 00-21-8%



Active devices vwere tested to total dose levels of 1017 n/cm2 and
8
2,5x 10

During these tests the devices were active and were centinuously monitored for

Rad (Si1) gamma in a Triga Reactor at the University of Arizona.

changes in characteristics. The devices showed no degradation in either case;
the tests were terminated because of reactor time constraints. The Triga

16

reactor was also used to test to 1.4 x 10 n/cmzls. again with no

degradation.

0

TIC devices were tested to dose rates of 4.5 x 101 Rad (S1)/s gamma

at the Air Force Weapons Laboratory (AFWL) Febetron and to 2 x 108 Rad
(Si)/s protons at the Weapons Neutron Research Facility of the Los Alamos
National Laboratory. These tests showed no permanent degradation, but did
show transient effects with an immcdiate return to normal operation. These

results are summarized in the following Table.

THERMIONIC INTEGRATED CIRCUIT OPERATION IN HOSTILE ENVIRONMENTS

High Temperature 500°C For Over 13,000 Hours, Pin Seal

Total Radiation Dose - Tested To 1017 neutron/cmz, No Degradation

2,5x 103 Rad(Si) (gamma), No Degradation
Radiation Dose Rate - Tested To 4.5 x 1010 Rad(Si)/sec (gamma)

2 x 108 Rad(Si)/rec (proton)
1.4 x 10'°

Projected Upset Level 4 x ]011

n/cmzfsoc
Rad(S1)/sec (gamma)

Because the total dose tests produced no observable degradantion in the
TIC characteristics and bhecnuse the intital dose rate tests showed transient
effects, effort war concentrated on analyzing, measuring, and understanding

the dose rate response.,  Specifically, the goals were to

0 Gain an understanding of the dose rate response mechanfswms by
annlyzing o number of device ard electrode configurations and then

conduct {ng measurcments to verify the annlyses.
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o Design etructures that would have reduced responses and then verify
that the rcsponses are indeed reduced.
o Project the dose rate tolerance of a TIC flip-flop when improved

substrate and device structures are used.

Photon Interactions. The photon energies produced by the AFWL Febetron
are in the 1 MeV range. In this energy range the dominant interaction

mechanism is the Compton scattering of photons by electrons. Compton

scattering imparts energy to the electrons; the average motion of these
electrons is in the direction of the incident photons. Thus, there is a net
transport of negative charge in the direction of the photons which produces a
dose rate response in the TIC electrodes.

For a thin sample of material in a photon beam, approximately one

electron is ejected for each captured photon. Then the ejected charge is

q = eNe S efp = epix C/cm? (2a)
|l -5 2
- E—?T;7;;T 10 C/cm (2b)
P
where

- 1.602 x 1017 ¢
= ejected electrona/cm2
AP = photons removod/om2
p ™ incident photonn/cm2
p = photon absorption coefficient (cross section), cm—]
X =~ material thickness, cm
Y, - dosc in rads (material 1)

r = energy of incident photons, ev

The subscript 1 in Eq. (2b) indicates the reference material (e.g.
silicon).
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The thin electrodes should have much less effect than the much thicker
substrate. For 1 MeV photons the charge ratio for 5000 A tungsten and
750 ym sapphire is

q _
M w4310

s
This indicates that for the current substrate and device structures the
transient gamma response 1s dominated by the sapphire substrate.

A second transient radiation effect that can occur in the substrate is
radiation induced conductivity (RIC). However, RIC can be reduced by several
orders of magnitude by use of chromium—doped sapphire, neutron irradiated
sapphire or polycrstalline a]uminaA’S. Because of this, RIC effects are not

expected to be a problem.

Transient Radiation Measurements. In order to confirm the results of the

analysis, additional tests were performed on operating triodes, on electrode
pairs with different Z numbers, on electrode pairs with different thicknesses,
and electrode pairs with different areas. These tests were conducted in a
screen room with short lengths of coax cable between the test device and
shielded line drivers. For these tests the package, pins, bond wires, and
bond pads were also shielded so that only the electrode response was

measured. 1ln all cases the transicent response was proportional to the
electrode area but different Z numbers and different electrode thicknesses did
not produce a measureble difference in transient response. These tests verify
that the dominant mechanism in the TIC photo response is the Compton
scattering of electrons in the sapphire substrate. The charge displaced from
the substrate cauwes a replacement charge to flow in the electrodos which
conptitutes the TIC translent response.

These teste indicate that thinner substrates should reduce the transient
photo response. Further, if the conclusion la correct, a ground plane on the
opposite slde of the aubstrate s&liould supply about half of the replacement
clectronn and so ghould reduce Lthe response by about a factor of two. In
order to verify thls, the test structure shown In Fig. 4 was designed. The
ground plane should reduce the response of electrode A to about half that of

electrode B. The test results are ghown in Fig. 5.
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These results indicate that the Compton response could be greatly reduced
by electrically shielding the TIC devices from the bulk of the substrate
support structure. The ground plane in the layered structure shown in Fig. 6
should accomplish this isolation. Such a device was fabricated and tested;
the results are shown in Fig. 7. The response appears to be noise with a
maximum amplitude of 3 mV (the respone of an empty socket .ad an amplitude of
abovt 3 mV).

Projected ¥ Response. Based on these results the y response of a TIC

flip-flop has been calculated. The electrodes and interconnect metal
associated with each node must supply replacement electrons for those ejected

from the substrate. The node potentials will change by an amount
Av = A Qn/Cn

where A Qn is the total replacement charge supplied by node n, and Cn is
the total capacitance assoicated with node n.

The analysis assumes that the charge is deposited in a time short
compared to the flip-flop response time, that the most critical node is the
cross coupled node, that the logic swing 1s 5 volts and that a Av of 2 volts
is sufficient to upset the flip-flop. A Q is calculated from Eq. (?) and
the total area of the node metal. For a flip-flop built on a 25 ym thick

011

insulator on a ground plane, the calculated upset level i8 4 x 1 rad

(S1)/s. 1f the logic swing 15 increased above 5V, the upset level is

increased proportionately.
CIRCUITS

The first completely inteprated circuit fabricated with the TIC
technology was a simple flip-flop conslsting of ten triodes on two closcly
spaced substrates. One of these substrates 18 shown on the top in Fig. 8.

Since this {lip-flop was designed, much smaller test triodes have been
designed and tested. The device whose cnaracteristics are shown in Fip. 9 has
1/28th the cathode area and 1/5th the total arca of the flip-flop devices.
Except for the redured current level, the chatacteristics are similar to those

of the large device shown in Fig. 2.
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The flip-flop was redesigned with these smaller devices and modified to
function as a clocked RS flip-flop. A preliminary layout of a 16-bit shift
register, which uses the new fiip~flop, 1s shown on the bottom in Fig. 8. The
shift register contains 199 devices in the same area previously occupied by 10

devices.

NEAR-TERM PERFORMANCE LEVELS

Projection of the near-term level of integration, device speed, and power
consumption are addressed. These projections are based on the current TIC
technology. Significant improvements in processing such as raised electrodes,
cathode improvements, additjon of resistors and capacitors, two-laver
interconnect capability, or closer anode/ cathode spacing could improve TIC
performance dramatically.

Because there are many devices on a substrate, one device can be affected
by parasitic electrostatic interactions from other devices that can modify the
expected device current. These interactions are reduced to an acceptable
level by placing shield electrodes and ground planes between devices and by
placing the devices sufficiently far apart. These shields occupy most of the
wafer area so that the interactions limit the level of integration. The
16-bit shift register shown in Fig. 8 has about 1000 deviceq/in.2 of active
area., However, the high yleld process makes l-in.2 wafers possible so that
MSI level circuits with 1000 devices would be practical.

The gain bandwidth product of current TIC devices 1s on the order of
100 MHz. These devices are relatively large; the gain bandwidth will improve
as the TIC devices are scaled down in size.

Most of the power consumed by current T1C devices is used to heat the
tubstrate. Most of the heat loss is through radiation, but heat shields can
reduce this luss substantially., The power required per substrate pair can be
reduced by placing wultiple pairs in a single vacuum packege. With proper
heat shields, 10 substrate pairs per packagce and 1000 devices/in.z, the
projected power requirement is 2.5 mW/device. Lower-temperature rathodes

6,7,8

appear to be a real poasibility. This would reduce TIC power

consumpt {on substantinlly because radiation losser vary as TA.
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FUTURE PLANS

The near term plans include developing an improved substrate to ncrease
the transient radiation upset levels, develop an improved package, and design
and fabricate TICs at the SSI to MSI level. The initial emphasis will bLe on
analog circuits with a 1line driver and an operational amplifier being early
goals.

The longer-term plans involve developing advanced processing techniques,
including 3-D structures, smaller feature sizes, advanced cathodes,
crossovers, resistors, and capacitors. This will lead to a higher level of

integration, higher speed, lower power consumption, and a much higher circuit

complexity.
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THIN 15y By SUBSTRATE
METAL hEATED TO
GRID ~ 730 °C
PHOTOLITHCGGRAPHICALLY
DELINEATED CATHODE

Fig. 1. Structure of the vertical TIC active device.



Fig. 2. TIC v - 1 characteristics.
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Fig. 5. TIC Metallizativun
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Filg, 4. Ground plane test structure.



Fig. 5.

Y response of the ground
plane test structure.
Bottom sweep is pin A
(with ground plane), top
swveep 18 pin B (without
ground plane).
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Fig. 6. Thin Jusulator on metal pround planc.



tig. 7. Y response of the elec-
troages on a thin insulator
on metal ground plane.



Fig.
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TIC Intepration. The oripinal 10 device flip-1lop
is shown on the top; a preliminary layout ol a 10-
bit shift repiuter with 199 devices Is shown on the
buttom. Buth circulty (It on a 19-mm-diamceter waler.
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Fig. 9. v-1i characteristics of the redesigned TIC device. Tkis device has a
single cathode stripe and a cathode area of 2D sguare zils. (The
device use¢ in the original flip-flop had 7 cathcde strires and a
cathode arei of 567 square mils.)



