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THERHIONIC INTEGRATED CIRCUITS:
ELECTRONICS FOR HOSTILE ENVIRONMENTS
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D. K. Wilde, G. R. Dooley, and D. R. Brown

Electronic~ Diviei~n
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ABSTRACT
Thermionic integrated circuite 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 environment.

INTRODUCTION

Thermionic integrated circuits (TICIB)combine thermionic emisnion of

vacuum tube technology with the thin-film depo~ition and photolithographic

delineation technique of conventio II silicon integrated circuit~ to form

❑icrominiature-integrated vacuum triode circuite. The resulLing integrated

circuits are extremely tolerant to both high-radiation and high-temperature

environments}D 2

TIC STRUCTURE AND PROCESS
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Figure 3 shows a side view of the TIC metalization on the circuit aide of

the wb-trate (on the opposite aide of the substrate ia a resistive heater

used to ❑aintain the 750”C operating temperature of the TIC). Currently

sapphire i~ u~ed for the eubstrate; however, as explained in the radiation

section the polycryatalline structure of alumina offers advantage in high-

radlation enviroumenta.

All the metals used are refractory becauae of the high-temperature

operation. The baae ❑etal 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

Bince it inhibits epuriou6 emi~gion if cathode coating i~ Inadvertently

present. The bond pads are platinum since platinum bona wires are used.

The titanium under the bond pad enhancea adherence to the sapphire aubetxate.

TIC DEVICE CMRACTERISTICS

The structure of Fig. 1 la similar to that of a conventional triode.

The anode ia in the natural path of the electronn and the closely npaced grid

cathode structure ❑aximizes grid control. Th~ TIC device la much like a

standard triodc but with the grid ❑oved down into the plane of the cathode.

The characteriaLicm shown in Fig. 2 alao suggest that the TIC device bchavc~

❑uch like a conventional triode. In fact, it hRa been shown with computer

simuluLion, and experimentally verified thnt, with nomc modiflcntfon, thu

convcntionnl trlodr cquntinn cnn hc UHLIdto drl:rribctho p~’rformnnroof a TIC

devirc.

The modifirntlnn nrlHr~ hvrnuHr thorc nrv mnny dcvircH on onch Bulmtrntr

pair. Thr eltw-trodupoLrntinl~ of ont”drvicr CIIIIintttrnrtwith nrmthor dcvjcr

by rnodulntin}:ltH rnthnrlrrl,rronr. Tlw modified trlod~icllnr~l(.L~~rlstlr:l,wlllrll

inrludr thr fntrrwtfonH, urr glvrn hy

3/2
1p m k(v(;+ W/n+ x @@ (1)
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‘G “ grid-to-cathode voltage

~ = anode-to-cathode voltage

‘s
- interaction electrode to cathode voltage

P = triode amplification factor

%
describes the effect of electrode S on the device characteriatice

The etandard triode equation includes only the first two terme ineide the

pe.renthesesof Eq. (l), the Z vs/~ terms ❑odel the ●lectrostatic interactions.

The amplification factor, V, describes the relative influence of the grid

and anode and in the ❑aximum voltage gain of the device (the open circuit

voltage gain). The ~ terms describe the relative influence of the

interaction electrode and the grid.

While improvements will certainly be ❑ade in the future, Eq. (1) haa

proved to be an important TIC device ❑odel. It hns been ueed to a~alyzc

~imple TIC circuite and haa provided insight into the effecte of devic?

interactions on circuit gain and biaa levels. Once this ❑odel is incorporated

into n Pircuit ~imulation program such as SPICE, ❑ore complicated TIC circuit~

can be analyzed.

!IIGII-TEMPERATUREOPERATI(’)N

ol’ERATIL)N IN RADIATION KNVIRONMENTS
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Active device~ were teeted to total doee levele of 10
17

n/cm2 and

2.5 x 108 Rad (S1) gamma in a Trigs Reactor at the University of Arizona.

During these temte the deviceeiwere active and were continuously monitored for

chdngea in characteristics. The devices showed no degradation in either case;

the teata were terminated becauae of reactor time constraint. The Trigs

16 n/cm2/ai,again with noreactor wae aleo ueed to teat to 1.4 x 10

degradation.

TIC devices were tested to doee r~tes of 4.5 x 1010 Rad (S1)/s gamma

at the Air Force Weapons Laboratory (AFWL) Febetron and to 2 x 108 Rad

(S1)/s protons at the Weapons Neutron Research Facility of the Los Alamos

National Lsborato~. These tests showed no permanent degradation, but did

show transient effects with an Immediate return to normal operation. These

results are summarized in the following Table.

THERMIONIC INTEGRATED CIRCUIT OPERATION IN HOSTILE ENVIRONMENTS

High Temperature

Tot~l Radiation Dose - Tested To

Radiation Dose Rate - Teatcd To

ProjecLed UpHt*tLrvrl

500”C For Over 13,000 Iiours,Pin Seal

1017
2

neutron/cm , No Degradation

2.5 x 10F Rad(Si) (gamma), No Degradation

4.5x lo10 Rad(Si)/acc (gnmmn)

2 x 108 R:ld(Si)/wc (proton)
, 4 ~ ~016 n,rm2,~Pc

ix 101’ Rnd(Si)/~rc (~nmrnn)
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o Demign structures that would have reduced rceponses and then verify

that the rcrnponseaare indeed reduced.

o Project the dose rate tolerance of a TIC flip-flop when improved

substrate and device atructuren are used.

Photon Interaction. The photon ●nergies produced by

are in the 1 MeV range. In thla energy range the dominant

the AFUL Febetron

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 la 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

~ = eNe @ e~ = eppc C/cm2 (2a)

where

e = 1.602 X 10-19 C

Ne 2
= c~ectcd elertrons/cm

as = photon~ removed/rm2
2

P = jncldcnt photons/rm
-1

v = photon absorption corfflrjrnt (crog~ section), cm

x = mntrrjnl thlcknc~s. cm

Y~ = dosr in rndH (m~ltrrl~ll1)

1! = ~sn(~rgy Of jnrjdl$ntptlotollH) QV
p

Tlu~Hubfirrjp[ 1 in Hq. (2h) indlc;ltl’t+tll{’r(’fvr~’nrc mntvrln] (P.R.

slllron)m

(2b)
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The thin ●lectrodes should have ❑uch lees effect than the much thicker

oubstrate. For 1 PleVphotons the charge ratio for 5000 A tungsten and

750 P sapphire is

3.43X10.3

% “

indicates that for the current aubet.rateand device structures the

trangient gamma response is 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 uae of chromium-doped sapphire, ueutron irradiated
4,5

sapphire or polycrstalline alumina . Becauae of this, RIC effects are no~

expected to be a problem.

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

analyaie, additional teata were performed on operating triodes, on electrode

paira with different Z numbers, on electrode pairs with different thickneaaes,

and electrode pairs with different areas. These te~ta were conducted in a

screen room with short lengths of coax cable between the test device and

shielded line drivers. For th~ae teal~ the pnckagc, pins, bond wire~, and

bond pada were also shielded so that only the electrode responRe waa

meaeured. in all caaea the transicnL responau was proportional to the

electrode area but differenl Z numhrr~ and dlffer~’nlcl~rtrodr thicknesses dld

noL produce n mcaHurcblc differ(’nrrin tran6~enL rr~ponsc. TIK*sc*tesL~ v~trlfy

Lhnt thr dom~rwlntmrrhnnj~m in Lhr TIC photu responfir is thr UompLon

scattering of elecLrun~ in thr ntipphlreaubstrn~c. Thl,cll[lrgl~dl~p]~ct.dfrom

thr nubtitrnLccnuHcH n rcplaccmont chnrge to flow jn LIW vlrctrod.s~which

con~Litutc~ thr TIC lrii~~l~nt rcsponm.

Tl~cRctcatc Indfrntc thnt Lhlnncr tIuhHLr14tl’6 Rhould roducc thu trunHlcnl

photo rcHponHr. Furthrro if Lho concluHlon lH currcrt F :1 grt~llndplnnc nilLhll

fil:ouldsupply about hnlf of ~.hurvplwem~nt

Lh(’ rcciponm’ hy nhc,ilt n fnrltlrof two. 111

ntructurt*ehown in Fig. t4w:iH druj~nrd. ‘Ill!

r~*HponH(* of clrrtrodp A to nhout hnl!’t.hntof

nrc FIhnwIl jn Fig. 5.
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These results indicate that the Compton response could be greatly reduced

by ●lectrically mhielding the TIC devices from the bulk of the substrate

support structure. The ground plane in the layered structure shown in Fig. 6

should accomplish thiB isolation. Such a device wag fabricated and tesited;

the results are shown in Fig. 7. The reapon~e appears to be noise with a

maximum amplitude of 3 ❑V (the respone of an empty eocket !@d an amplitude of

about 3 mV).

Protected ~ Response. Based on these results the ~ response of a TIC

flip-flop hss been calculated. The electrodes and interconnect ❑etal

associated with each node ❑ust supply replacement electrons for those ejected

from the substrate. The node potentials will change by an amount

A Vn “ AQnlc
n

where A Qn is the total replacement charge supplied by node n, and Cn is

the totsl capacitance aagoicated with node n.

The analysis assumes that the charge is deposited in a time short

compared to the flip-flop response time, that the ❑ost critical node is the

cross coupled node, that the logic swing is 5 volts and that a Av of 2 volts

16 sufficient to upset the flip-flop. AQ is calculated from Eq. (7) and

the total area of the node ❑etal. For a flip-flop built on e 25 P thick

insulator on a ground plane, the calculated upset level la 4 x 10~1 rtid

(s1)/s. If the logic swing is increa~ed above 5V, the upset level iB

increased proportionately.

CIRCUITS

“ihe first comp]eLely integrated circuit fabricntcd with thr TIC

technology WUH u ~jmpl~ flip-flop con~[~lin~ of ten triodes on two cloacly

Hpur.edHubHLrntcti. Onr of thesr Huhhlrates is cihown on the top in Fig. 8.

Since thlfi flip-flop was desi~ncd, much smnllcr test triodes hnvr brcn

dc~igncd nnd tu~tccl. Thc~devlcr whogr cnnructoristicq are shown in FIR. 9 hns

l/2NLh thr cuthodr oren nnd l/5LlI th~’ LoLnl nrua of 111(sflip-flop devircH.

Exrcpl for the redurrd currc’nt levr], LIMIrhnli!rLrrfHLicH arc simllnr to tlwe

of Lhr lnr~r drvft-r Hhuwn in FIR. 2.
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The flip-flop waa redesigned with these smaller devices and modified to

function as a clocked RS flip-flop. A preliminary layout of a 16-bit shift

regieter, which uaea the new flip-flop, ie ehown on the bottom in Fig. 8. The

ehift regi~ter contain6 199 deviceB In the same area Frevioualy occupied by 10

devices.

NEAR-TERM PERFORMANCE LEVELS

Projection of the near-term level of integration, device ~peed, and power

consumption are addreased. These projections are based on the current TIC

technology. Significant improvements in procegging such as raiaed electrode,

cathode improvements, additjon of resi6tor6 and capacitor, two-layer

interconnect capability, or closer anode/ cathode spacing could improve TIC

performance dramatically.

Becauae there are many devices on a sub6trate, one device can be affected

by para6itic electrostatic interaction from other devices that can modify the

expected device current. These interactions are reduced to an acceptable

level by placing shield ●lectrodes and ground planes between devicee and by

placing the deviceg sufficiently far apart. These shields occupy ❑ost of the

wafer area so that the interactions limit the level of integration. The
2

16-bit shift register shown in Fig. 8 has about 1000 deviceq/in. of active
2

area. However, the high yield process makes l-in. waferB possible so that

FISIlevel circuits with 1000 devices would be practical.

l’hegain bandwidth product of current TIC devices is on the order of

100 MHz. These devices are relatively large; the gain bandwidth will improve

as the TIC devices are scaled down in Bize.

Mout of the power consumed by current TIC devicen is used to heat the

mbstrate. Most of the heaL IOSB is through radiation, but heat shields can

rcducc thf~ 106s substantially. The power required per sub~trate pair can br

reduced by placing ~lul.tiplepair~ In a single vacuum pack~gc. with proper
2

heat shieldu, 10 Bubstrate pnirs per package and 1000 devices/in. , thr

projcctcd power requ!remcnt IB 2.5 mW/device. Lower-temperature cathodes
6,7,8

tipprar10 iw a rra] poHslb~lity. This would reduce TIC power
4

con~umptlun substnntlnlly brrnusv rndint.lonIOSSC6 VH?Y as ‘f .

05131, H 06-21-85



FUTURE PIANS

The near term plans include developing an improved substrate to ?.ncrease

the tranaient radiation upset levels, develop an improved package, and deeign

and fabricate TICISat the SS1 to FISI level. The initial emphasis wtll be on

analog circuits with a line driver and an operational amplifier being early

goale.

The longer-term plans involve developing advanced processing techniques,

including 3-D structures, smaller feature aizeg, advanced cathoden,

crossovers, resistors, and capacitors. This will lead to a higher level of

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

complexity.

1.

2.

3.

4.

5.

6.

7.

8.
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Fig. 1. Structure of the vertical TIC active device.



Fig. 2. TIC V - i characteristics.
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Fig. 9. v-i characteristics of the redesigned TIC de-:ice. Tnis ce~-icehas a

single cathode stripe and a cathode area of 23 scuare =ils.
(Tine

device usei in the original flip-flop tiad7 cathcde stri~es and a
cathode arex of 567 square roils.)
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